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NATIONAL COOPERATIVE HIGHWAY RESEARCH
PROGRAM

Systematic, well-designed research provides the most effec-
tive approach to the solution of many problems facing high-
way administrators and engineers. Often, highway problems
are of local interest and can best be studied by highway de-
partments individually or in cooperation with their state
universities and others. However, the accelerating growth
of highway transportation develops increasingly complex
problems of wide interest to highway authorities. These
problems are best studied through a coordinated program of
cooperative research.

In recognition of these needs, the highway administrators of
the American - Association of State Highway and Transpor-
tation Officials initiated in 1962 an objective national high-
way research program employing modern scientific tech-
niques. This program is supported on a continuing basis by
funds from participating member states of the Association
and it receives the full cooperation and support of the Fed-
eral Highway Administration, United States Department of
Transportation.

The Transportation Research Board of the National Re-
search Council was requested by the Association to admin-
ister the research program because of the Board'’s
recognized objectivity and understanding of modern research
practices. The Board is uniquely suited for this purpose as:
it maintains an extensive committee structure from which
authorities on any highway transportation subject may be
drawn; it’ possesses avenues of communications and cooper-
ation with federal, state, and Jocal governmental agencies,
universities, and industry; its relationship to the National
Research Council is an insurance of objectivity; it maintains
a full-time research. correlation staff of specialists in high-
way transportation matters to bring the findings of research
directly to those who are in a position to use them.

The program is developed on the basis of research needs
identified by chief administrators of the highway and trans-
portation departments and by committees of AASHTO.
Each year, specific areas of research needs to be included in
the program are proposed to the National Research Council
and the Board by the American Association of State High-
way and Transportation Officials. Research projects to fulfill
these needs are defined by the Board, and qualified research
agencies are selected from those that have submitted pro-
posals. Administration and surveillance of research contracts
are the responsibilities of the National Research Council
and the Transportation Research Board.

The needs for highway research are many, and the National
Cooperative Highway Research Program can make signifi-
cant contributions to the solution of highway transportation
problems of mutual concern to many responsible groups.
The program, however, is intended to complement rather
than to substitute for or duplicate other highway research
programs.
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FOREWORD

By Staff
Transportation
Research Board

. This report contains the findings of a study that was performed to develop
procedures for the computation of design moments in precast prestressed bridge girders
made continuous through connections in cast-in-place slabs and diaphragms at bridge
piers. Based on these procedures, recommended specification provisions have been
developed that can ensure more rational design and economical construction for
simple-span precast prestressed bridge girders made continuous. The recommended
procedures and specifications are based on a comprehensive experimental and ana-
lytical research program. The contents of this report will be of immediate interest
and -use to bridge engineers, researchers, specification writing bodies, and others
concerned with the design and performance of precast prestressed bridge girders made
continuous.

The design and construction of bridges composed of simple-span, pretensioned
girders made continuous for composite dead loads and for live loads has become
widespread. In general, the design of these structures has been based on the procedures
outlined in “Design of Continuous Highway Bridges with Precast, Prestressed Con-
crete Girders,” which was published by the Portland Cement Association (PCA) in
1969. Although existing bridges designed by these procedures are generally performing .
well, it is believed that this method may not accurately predict the true behavior of
these structures in light of new knowledge regarding material properties and behavior,
new methods of analysis, and expansion of this concept to longer spans and wider
girder spacings.

One of the major uncertainties in the design of these structures is the prediction
of the elastic, inelastic, time-dependent, and ultimate positive and negative moments
at the cast-in-place connections at bridge piers. This uncertainty is caused by a number
of different loading and construction stages, time-dependent effects, and the details
used to make connections. Because of these uncertainties and the lack of guidance in
the AASHTO Standard Specifications for Highway Bridges, widespread differences
exist in applying the results of the PCA procedure for selecting the continuity moments
used for the connection design at the piers.

NCHRP Project 12-29, “Design of Simple-Span Precast Prestressed Bridge Gir-
ders Made Continuous,” was initiated with the objective of resolving the uncertainties
in the prediction of positive and negative moments for the design of the connections
in precast prestressed bridge girders made continuous. The research included exper-
imental investigations of concrete creep and shrinkage, and analytical investigations
of typical bridge designs accounting for the time-dependent nature of the materials



and loading stages. The work was performed by Construction Technology Labora-
tories, Inc., in Skokie, Illinois.

This report summarizes the findings from that study. The report contains rec-
ommended procedures for determining the positive and negative moments at the cast-
in-place connections, recommended specification provisions for incorporation into the
AASHTO Standard Specifications for Highway Bridges, and a description of a sim-
plified computer program that will calculate the design moments. The recommended
specification provisions may be considered for adoption by AASHTO in 1990.

The report notes that time-dependent effects and various construction timing
sequences must be considered for service-moment design. Continuity will result in a
reduction of midspan positive design moments for the prestressed girder. Recom-
mended combinations of girder age at time of deck and diaphragm casting, and age
at application of live load for analyses to determine maximum service moment, are
also contained in the report. The report also notes that there is no structural advantage
in providing positive moment reinforcement at the supports, and it can therefore be
omitted, leading to economies in construction. The improved analysis and design
procedures developed in this study will provide a more rational design and simplify
construction of this type of bridge. '

Two computer programs that will calculate service moments were developed
during the study. The prbgrams, which are fully described and documented in Ap-
pendix E, will operate on an IBM PC or compatible computer. The programs are not
included in this report, nor are they available from the Transportation Research
Board. They can be obtained from the McTrans Software Center. Interested parties
should contact McTrans and ask for computer programs BRIDGERM and BRID-
GELL. McTrans can be reached at: The Center for Microcomputers in Transportation,
University of Florida, 512 Weil Hall, Gainesville, Florida 32611 (904/392-0378).
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SUMMARY

DESIGN OF PRECAST PRESTRESSED
BRIDGE GIRDERS MADE
CONTINUOUS

This study was carried out to resolve uncertainties associated with behavior and
design provisions for bridges constructed with precast prestressed girders and a con-
tinuous deck. The girders behave as simple-spans for dead load. However, with the
continuous deck providing a negative moment connection at support piers, the bridge
girders may behave as a continuous structure for loads applied after casting the deck
and diaphragms. The degree of continuity depends on time-dependent material be-
havior. Current criteria for design in the AASHTO Standard Specifications for High-
way Bridges is vague. The appropriateness of design methods currently in use are
uncertain because of the complexity of time-dependent behavior and construction
sequences. Common practice includes design provisions for a positive moment con-
nection in the diaphragms. Construction of the positive moment connection is generally
cumbersome, time consuming, and costly.

The first task of NCHRP Project 12-29 was a compilation of current knowledge.
A literature review was conducted and a questionnaire was distributed to state de-
partments of transportation, bridge designers, and precasters. Also, creep and shrink-
age tests were performed to provide data on steam-cured concrete loaded at an early
age. From this information, analytical techniques capable of simulation of the complex
behavior were determined. Also, potential variations in design parameters were selected
in order to study the expected range of behavior for this type of bridge.

A series of computer simulations was carried out to study the effects of variation
in time-dependent material behavior and variation in bridge design parameters on the
resultant service moments in the bridge girders. Results indicated that the positive
moment connection in the diaphragms does not provide any structural advantage and
is not required. Also, results show that effective continuity can vary from O to 100

-percent with variation in time-dependent effects. Also, construction timing has a major

influence on resulting effective continuity. Maximum potential continuity occurs with
a combination of the deck and diaphragms cast on relatively older girders, and
relatively early application of live load. This combination, however, also produces the
highest potential for transverse cracking in the deck over the supports. Cracking
reduces the stiffness of the negative moment connection and limits the effective reliable
continuity moment to a value equal to 125 percent of the negative cracking moment.

Maximum potential for loss of continuity occurs with a combination of deck and
diaphragms cast on relatively young girders, and late age application of live load.
Variations in construction sequencing of casting the deck before the diaphragms, or
casting the diaphragms before the deck, have only minor influence on resulting service
moments.

A series of computer simulations was carried out to study the influence of the
amount of deck reinforcement and the girder cross-sectional shape on the potential
for premature crushing of the bottom flange of the girders near the supports. Results
indicate that limiting the negative moment reinforcement ratio, p, to a value less than



or equal to 0.5 p, will ensure ductile behavior and attainment of maximum girder
strength. The balanced reinforcement ratio, p,, must be calculated considering the
depth-to-neutral axis and bottom flange geometry as described in this report.

Time-dependent effects and various construction timing sequences must be con-
sidered for service moment design. Continuity will result in a reduction of midspan
positive design moments for the prestressed girder. Recommended combinations of
girder age at time of deck and diaphragm casting, and age at application of live load
for analyses to determine service moments, are contained in this report. Computer
programs developed in this project and capable of running on IBM PC and compatible
computers are available to calculate the service moments. Proposed revisions to the
AASHTO Specifications along with a Commentary to define design requirements for

this type of bridge are also included in this report.

CHAPTER ONE

INTRODUCTION AND RESEARCH APPROACH

PROBLEM STATEMENT AND RESEARCH
OBJECTIVES

Application of precast, prestressed girders to bridge construc-
tion started in the United States in the early 1950’s. Use of
pretensioned I-girders with cast-in-place concrete decks grew
rapidly. Until the early 1960’s, bridges built with pretensioned
I-girders and cast-in-place concrete decks were designed as sim-
ply supported spans. However, longitudinal reinforcement
placed in continuous deck slabs above the piers provided neg-
ative moment capacity. Therefore, these I-girders could be con-
sidered as partially continuous for negative moments at the piers.
The degree of continuity depends on the time-dependent effects
and the effective stiffness of the moment connection provided
at the piers.

In a pretensioned member, prestress will usually cause the
member to camber. If the member is simply supported, the ends
of the member will tend to rotate, as shown in Figure 1(a).
When members are made continuous through positive and neg-
ative moment connections at the piers, the ends of the preten-
sioned girder are restrained from rotating. As a result, a positive
restraint moment, as shown in-Figure 1(b), may occur at the
pier. Positive moment also occurs at the piers when alternate
spans are loaded.

In 1961, the Portland Cement Association (PCA)) conducted
an experimental research program on this type of bridge. The
research program studied the influences of creep in the precast
girders and differential shrinkage between the precast girders
and the cast-in-place deck slab on continuity behavior after an
extended period of time. As a result of these studies, procedures
were developed for design of the positive moment connection
and the negative moment reinforcement over supporting piers.
Reinforcement for positive moment connection is designed for

the summation of positive moment due to time-dependent effects .
and live load application. Construction of the positive moment
connection detail is generally expensive and time consuming.
Although existing, bridges designed by the PCA procedure
are generally performing well, it is believed that this method
may not accurately pfedict the true behavior of these structures.
Since the PCA research was completed over two decades ago,
there have been significant advancements in understanding of
the time-dependent effects of creep and shrinkage in concrete.
Recent research has also made it possible to refine computations
for prestress losses. In addition, inexpensive computers with
large capacity are currently available. These advancements make

Prestress ‘Related Deformation

Z4

Restraint Moment From
Time - Dependent Deformations

(a) Simply Supported Precast Girders
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M M
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Reinforcement

%
(bj Cast-In-Place Deck Siab and Diaphragm Form a

Continuous Girder for Live-load and Time-Dependent
Effects

Figure 1. Two-span bridge with precast, prestressed girders made
continuous. -



it possible to perform more rigorous analyses of prestressed
bridge girders made continuous.

There are several uncertainties associated with the PCA pro-
cedures. Some of the uncertainty stems from the simplifying
assumptions made in the PCA procedures. One assumption is
that girder concrete and deck concrete have the same creep and
shrinkage properties. This would not generally be the case, par-
ticularly if the sequence of construction results in significantly
different ages between the girder, diaphragm, and deck concrete.
Different concrete mixes and curing conditions for girder, dia-
phragm, and deck concretes also cause differences in creep and
shrinkage properties. Also, for the PCA simplified analyses, the
continuity connections are considered to have zero length and
to be fully rigid. Full continuity is assumed in calculation of
live load positive and negative moments. The actual connections
have finite lengths and rotational stiffnesses. The moment of
inertia of the reinforced concrete section at the connection after
cracking from either positive or negative moment will be sig-
nificantly lower than the moment of inertia of prestressed girder
section. In addition, when positive restraint moment from time-
dependent effects causes cracking in the diaphragm concrete,
these cracks must close before the full section becomes effective
for negative live load moment.

Because of the various design methods, construction se-
quences, connection details, and materials in use in different
states, the degree of continuity which develops at supports of
this type of bridge varies significantly. Because of uncertainty
in prediction of the positive and negative moments and because
of the lack of guidance in the AASHTO Specifications, wide-
spread differences exist in the design approach used for the
connections at the piers.

The objectives of this investigation are to: (1) investigate the
behavior of precast, prestressed bridge girders made continuous
by connections using cast-in-place slabs and diaphragms at the
piers; and (2) develop design procedures and guide specifications
that can be used to compute elastic, inelastic, time-dependent,
and ultimate moments commensurate with the degree of con-
tinuity developed by the connections at the piers.

SCOPE OF STUDY

The foregoing objectives were accomplished within the fol-
lowing scope:

1. Current practice in analysis, design, and construction of
bridges built of prestressed girders made continuous was inves-
tigated.

2. Analyses were conducted to study the effects of variation
in time-dependent material behavior and variation in bridge
design parameters on the resultant service moments at continuity
connections and girder midspan regions.

3. Analyses were conducted to study the effects of variation
in bridge design parameters on inelastic redistribution of mo-
ments and development of the maximum strength of the bridge
girders.

4. Computer programs were developed for simplified analysis
methods.

5. Recommendations were developed for design procedures.

RESEARCH APPROACH

The project was divided into four tasks. This section briefly
describes each of these tasks. The results and interpretation of
the results are covered in Chapters Two and Three, respectively.
The conclusions derived from the study are included in Chapter
Four. The material provided in the appendixes consists of further
detailed discussion on questionnaire responses (App. A), creep
and shrinkage test results (App. B), methods of analysis (App.
C), parametric study (App. D), program documentation ( App.
E), design examples (App. F), and finally the proposed
AASHTO Provisions and Commentary (App. G).

Task 1—Review of Existing Data

Task 1 consisted of reviewing current design and construction
practices, performance data, and research findings related to
simple-span precast, prestressed bridge girders made continuous.
This information was assembled from both the technical liter-
ature and the unpublished experiences of designers and owners
of structures of this type.

A review of published literature was conducted focusing on
the following items: (1) creep and shrinkage data for steam-
cured concrete loaded at an early age; (2) data on camber or
sag of noncomposite and composite members; (3) mathematical
formulations to predict creep and shrinkage; and (4) analytical
techniques to account for the time-dependent effects of creep,
shrinkage, relaxation of strands, and construction sequence on
the behavior of continuous prestressed girders.

A questionnaire was prepared to obtain information from
members of the AASHTO Subcommittee on Bridges and Struc-
tures, bridge designers, and girder fabricators. Respondents were
requested to provide information on typical bridge configura-
tions, material properties, positive and negative moment rein-
forcement details for connections at piers, design procedures for
connection details, and bridge construction timing and sequence.
Respondents were also requested to provide available unpub-
lished data and descriptions of experience with specific bridges.
Information gathered from questionnaire responses was used to
select parameters for analytical studies of restraint moments and
negative moment strength.

Because of the scarcity of published data on creep and shrink-
age of steam-cured concrete loaded one or two days after casting,
creep and shrinkage tests were conducted at the Construction
Technology Laboratories (CTL). Four precasters provided cyl-
inders from concrete used in actual bridge girder production.
Precasters were selected to represent various regions of the
United States. Creep and shrinkage measurements were con-
ducted for at least one year. Measured data were compared to
the American Concrete Institute (ACI) Committee 209 rec-
ommendations and other data. Results of the tests were used
to select the range of creep and shrinkage properties used in
the analytical study of service moments.

Task 2—Analytical Study of Service Moments

In Task 2, improved procedures were used to determine the
degree of continuity and the moments resulting from dead loads,
live loads, and time-dependent effects. Advanced analytical tech-
niques were applied. Realistic geometry and material properties
were used for analyses.



Time-dependent deformations and restraint moments induced
in multispan bridges built of precast, prestressed girders made
continuous were studied using computer analyses. The computer
program used is capable of analyzing composite prestressed
concrete structures of any cross-sectional shape having one axis
of symmetry. The program accounts for the effects of nonlin-
earity of stress-strain responses of materials and variations with
time of strength, stiffness, creep, and shrinkage of concrete, and
relaxation of steel. The program also allows flexibility in ana-
lyzing various construction sequences and live load applications.

Initial analyses were conducted for verification of the com-
puter program by comparison of analytical results with exper-
imental data. Extensive computer analyses were then carried
out for a parametric study of the effects of various amounts of
continuity reinforcement, different construction sequences, gir-
der age at deck casting, and variation in time-dependent material
properties for concrete and prestressing steel in bridges with a
range of girder types, spans, and spacings. The primary factor
used to evaluate and compare results was the response to live
load applied at various stages of service life. Time-dependent
support restraint moments and live load service moments at
supports and midspan were evaluated.

Task 3—Flexural Strength Analysis

Improved analytical procedures were used to predict ultimate
strength and inelastic deformation capacity of negative moment
regions for this type of bridge. Available flexural strength and
ductility were determined using computer analyses. The com-
puter program used is capable of determining flexural and shear
strengths, inelastic deformation, and failure modes for the hing-
ing region of reinforced or prestressed concrete sections sub-
jected to combined axial load, moment, and shear.

Initial analyses were conducted for comparison of calculated
and measured behavior of negative moment hinging regions of
bridge girder sections. A parametric study was then carried out
to evaluate effects of girder bottom flange configuration, amount
of negative moment deck reinforcement, and material properties
on negative moment strength and rotational ductility. Rotation
capacities of analyzed sections were compared to required ro-
tations for development of full failure mechanisms under ulti-
mate load after redistribution of moments.

Task 4—Pier Connection Design

In Task 4, improved procedures to determine the strength
and serviceability requirements for the positive and negative
moment connections at the piers were developed. Advantages
and disadvantages of providing positive moment reinforcement
at continuity connections were weighed. Implications of the use
of positive moment reinforcement were evaluated. Two com-
puter programs were developed to assist in determination of
service moments at supports of continuous bridges constructed
of precast, prestressed girders and cast-in-place deck. Program
BRIDGERM is an improved version of the PCA procedure for
calculating time-dependent restraint moments. Results of anal-
yses using this program were compared to results of analyses
conducted in Task 2 and with results of analyses using the PCA
procedure. Program BRIDGELL was developed to calculate

live load moments in a continuous bridge under AASHTO HS
loading.

Results of analyses conducted in Tasks 2 and 3 were used to
establish recommendations concerning: (1) the need for positive
moment reinforcement within the connection at the piers; (2)
conditions for determination of design moments; and (3) min-
imum and maximum limitations on the amount of deck rein-
forcement used in this type of bridge to ensure sufficient strength
and ductility.

NOTATION

Ay =cross-sectional area of deck slab

A =cross-sectional area of bottom flange, up to junction
with web

A, =cross-sectional area of girder

A =cross-sectional area of positive moment reinforcement
provided at supports

Ag =cross-sectional area of reinforcement in the deck slab

a =empirical constant used in the age-strength relation-
ship for concrete

b =width of bottom flange

c =depth from extreme compression fiber to the neutral
axis )

d =depth from extreme compression fiber to centroid of
deck reinforcement

E =modulus of elasticity

E, =initial modulus of elasticity of concrete

E,; =modulus of elasticity of deck concrete at time T;

E, =modulus of elasticity of girder concrete

e =-eccentricity between centroid of prestress and centroid
of girder section

e, =distance between the top of the girder section and the

) centroid of the composite section

F =discrete element axial force

F, =prestress force after losses

Fy =initial prestress force

F, =axial force in girder element

AF,; =tension in deck to establish compatibility with the
girder

f =parameter defining the hyperbolic time function for
shrinkage

fa =stress at the bottom of the section

fe =concrete compressive stress

fe =concrete cylinder compressive strength

" =maximum compressive stress iri concrete stress-strain

curve

(f'.). =concrete cylinder compressive strength at time ¢

(f'.),s =concrete cylinder compressive strength at age of 28
days

Jou =ultimate tensile strength of prestressing steel

Joy =stress at one percent elongation of prestressing steel

, =modulus of rupture

(f.),  =stress in prestressing strand at time ¢

(f.);; =stress in prestressing strand at time ¢/

fr =stress at the top of the section

5 =steel yield stress

hs =depth of bottom flange, up to junction with web

I =moment of inertia of cross section

I, =moment of inertia of composite section

K =stiffness matrix



=length of girder span
=total transverse length of section
cont. = POSsitive moment in midspan region of continuous gir-
der due to restraint, additional dead load and live
load plus impact moments
M~ oo =negative moment at support due to restraint, addi-
tional dead load and live load plus impact moments

L
L
M+

M,  =negative cracking moment of composite section

M'p  =restraint moment due to dead load

M’',  =restraint moment due to creep under prestress

M';  =restraint moment due to differential shrinkage between
deck slab and girder

My  =restraint moment at time T °

M, =positive moment capacity of composite girder section

M', =negative moment capacity of composite girder section

M, =bending moment in girder element

=change in restraint moment at time step /

=change in restraint moment at time step / resulting
from the difference in deck shrinkage strain and
girder shrinkage strain

P =column vector associated with the loading conditions

P, =concentrated load of AASHTO lane load configura-
tion at maximum strength of girder

6P;,, =change in load between load step / and i+ 1

8P,,, =equilibrium error at load step i+1

SB =section modulus for bottom fiber stress

SL =span length

ST =section modulus for top fiber stress

T,, =average age of loading from time /—1 to time i

t =time
t =thickness of deck slab
t, =web thickness
V. =nominal shear strength provided by concrete
V. =nominal shear strength provided by concrete when
diagonal cracking results from combined shear and
moment
V. ~ =nominal shear strength provided by concrete when
diagonal cracking results from excessive principal
tensile stress in web

V, =nominal shear strength provided by shear reinforce-
‘ ment

w =displacement vector

8W,;,, =change in displacements between load step i and L+ 1

W, =crack width at interface of girder and diaphragm

W, =crack width in deck within hinging region of com-

posite girder

W, =distributed load of AASHTO lane load configuration
at maximum strength of girder

XLD =diaphragm length

X =depth of compression block

Vo =distance from the bottom to the centroid of the section

Yi =distance from the centroid of the cross section to the
centroid of the fiber /

a =parameter defining the hyperbolic time function for
shrinkage

a =coefficient used to determine modulus of rupture

a =ratio of total load to AASHTO lane load

a, =load ratio at formation of negative moment hinge

a, =load ratio at formation of failure mechanism

B =factor defining depth of compression block

€ =concrete compressive strain .

€comi —offset strain in fiber / due to composite action

€. =instantaneous elastic strain of fiber i

€, =strain at peak stress in the concrete stress-strain curve

€.qi =shrinkage strain in deck at time '

€gpi =shrinkage strain in girder at time ¢

€;;  =initial strain in fiber /

(€;), =shrinkage strain at time ¢

(e;), =ultimate shrinkage strain

€ime,i —time dependent strain in fiber i

€o1,; —total strain due to curvature in fiber 1

€, =ultimate compressive strain of concrete

8Ae; =change in differential shrinkage between girder and
deck concrete at time step /

6. =rotational capacity of hinging region of girder

0, =required hinge rotation at support to attain full mech-
anism and maximum flexural strength of continuous
girder

v, =creep coefficient at time T days

v’y =creep coefficient at time 7T; after prestress release for
time step i

v,  =creep coefficient at time ¢ where ¢’ is the loading age

Vg =ultimate creep coefficient

p =ratio of reinforcement area to concrete area

[ =reinforcement ratio at balanced condition

() =ratio of creep strain to elastic strain

' =change in creep coefficient at time step /

¢, =curvature in girder section at yield of flexural rein-
forcement

b, =curvature in girder section at maximum flexural ca-
pacity

L 4 = parameter defining hyperbolic time function for creep

CHAPTER TWO

FINDINGS

This chapter presents the results of the research including
review of existing data, analyses for service moments, analyses
for flexural strength, and development of analysis procedures
for design. Interpretation of the results and recommendations
for design procedures are presented in Chapter Three.

SUMMARY OF LITERATURE REVIEW

Advantages of Continuous Bridges

The design and construction of bridges composed of simple-
span prestressed girders and cast-in-place decks have become
widespread. Continuous bridges of this type have several prac-
tical, economical benefits. A primary reason for using continuity
with precast, prestressed girders is the elimination of the main-
tenance costs associated with bridge deck joints and deck drain-



age onto the substructure. To avoid problems that occur at
expansion joints, the State of Tennessee designed and con-
structed a 2,700-ft long prestressed concrete bridge with pro-
vision for expansion at the abutments only (/). Joints at
abutments have been eliminated in several states that use girders
built integrally with the abutment (2).

A method of bridge construction in Great Britain, utilizing
precast, pretensioned concrete beams with cast-in-place concrete
decking, is presented in Ref. 3. This paper discusses a number
of different methods of eliminating joints in the decks of com-
posite bridges. It is shown that an additional advantage of con-
tinuity for live loads in the bridge superstructure could be
achieved. The same is presented in Ref. 4, where it is reiterated
that, in continuous spans, the positive moment due to live loads
is decreased at girder midspan. As a result, for a given span,
fewer prestressing strands are needed in continuous spans com-
pared to simply supported spans. The advantages of continuity
were also studied in New Zealand (5). It was concluded that
use of continuity will lead to greatly enhanced structural per-
formance, particularly in earthquake zones, and will produce
savings in the cost of construction. Additional reasons for using
continuity with pretensioned girders are to improve the ap-
pearance and riding qualities of this type of bridge.

Portland Cement Association Research

An extensive experimental and analytical investigation on
long-time behavior of continuous precast, prestressed concrete
bridges was reported in a series of Portland Cement Association
Research and Development Bulletins (6, 7, 8 9, 10, 11). Be-
havior of structures consisting of two half-scale I-shaped girders
connected by a continuous cast-in-place deck slab and a cast-
in-placé diaphragm at the interior support was investigated. The
results of the experimental investigation clearly showed the fea-
sibility of establishing continuity between precast girders from
span to span. Long-term measurements were made at suitable
time intervals after casting the deck slab. Continuity moment
at the interior support was studied for the two continuous bridge
structures. The structures were identical, except that one in-
corporated a positive moment connection at the interior support
while the other did not. Restraint moments due to creep and
shrinkage of concrete were studied for these two bridges.

It was shown that higher restraint moments were present for
the bridge with positive moment connection. On the other hand,
when no positive moment connection was provided between the
ends of the girders, cracking occurred at the bottom of the
diaphragm enclosing the ends of the girders, and continuity
between the girders for live loads was reduced. As a result of
the theoretical and test studies, a design procedure developed
by PCA (J2) was published in 1969. This publication offers
guidelines for the design of the positive moment connection
between adjacent girders and the negative moment reinforce-
ment over the piers. For design purposes, it was 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 present.

As a result of the PCA investigations (6-11), the structural
continuity obtained in bridges built with precast, prestressed
girders and cast-in-place concrete deck was recognized by in-
troducing design guidelines in the 1971 Interim AASHTO Spec-

ifications (73). These guidelines have not been revised and
appear in Article 9.7.2 of the 1983 AASHTO Specifications
(14), entitled “Bridges Composed of Simple Span Precast, Pre-
stressed Girders Made Continuous.” That section states that
“the effects of creep and shrinkage shall be considered in the
design” of this type of bridge. No specific guidance is given as
to how these effects should be considered in design. Some general
guidelines for design of the positive moment connection as well
as the negative moment reinforcement at piers are provided.

Although existing bridges designed by this procedure are gen-
erally performing well, it is believed that this'method may not
accurately predict the true behavior of these structures. This
uncertainty is due to different loading and construction stages,
time-dependent effects, and details used to make the connec-
tions.

Two papers (15, 16) relating portions of the resedrch carried
out in this study have been written prior to this report. In the
initial paper (15), the PCA analysis method (/2) was evaluated
by comparison with more sophisticated computer analyses. ACI
Committee 209 (/7) procedures for the estimation of the time
variation of compressive strength, creep, and shrinkage of con-
crete were used in the computer analyses. It was concluded that
girder restraint moments at pier supports are similar for early
age at continuity, say 17 days after girder prestress. However,
as the age at continuity increases, so does the difference between
the computer analysis and the simplified method. In a second
paper (16), the need to consider construction timing in deter-
mining design moments, and the effects of providing positive
moment reinforcement at the diaphragms are discussed.

Time Dependent Material Properties

Composite members, consisting of precast prestressed bridge
girders and cast-in-place deck slabs, are sensitive to creep and
shrinkage of concrete and relaxation of prestressing steel. Dif-
ferential shrinkage between girder concrete and deck concrete
and creep of girder concrete due to combined effects of prestress
force and dead load produce secondary forces and deformations
in the composite member. A complex interaction exists between
concrete aging, creep, and shrinkage and relaxation of pres-
tressing steel. In the literature, several state-of-the-art papers
exist. Major contributions have been made by Sattler (/8), Bran-
son and Ozell (19, 20), Branson (21), Roll (22), Birkeland (23),
Trost and co-workers (24, 25), and Dilger and Neville (26).
The last three references make use of the aging coefficient de-
veloped by Trost (27) and later by Bazant (28). This approach
has been used by many authors (29, 30, 31) because of its relative
simplicity.

Several practical models for predicting mean cross-section
creep and shrinkage exist at present. These models (Model of
ACI Committee 209 (17), Model of CEB-FIP (32), and Model
of Bazant and Panula (33)) differ in their degree of accuracy
and simplicity.

The ACI model is the simplest one, while the Bazant and
Panula model is the most comprehensive. Experimental creep
and shrinkage studies have been performed by many authors.
Properties of steam-cured concrete loaded at an early age have
been reported by ACI Committee 209 (/7), Hanson (34), Klie-
ger (35), Gamble (36), and Pfeifer (37).

Various publications (/7, 38-41) present prestress loss mea-
surements and methods to predict prestress losses due to steel



relaxation, and elastic shortening, creep, and shrinkage of girder
concrete over the structure’s service life.

Methods of Analysis

The problem of predicting complete time-dependent response
of a continuous prestressed concrete bridge is very complex. It
depends on time-dependent properties of materials, geometry of
the structure, amount of prestressing, methods and sequences
of prestressing and construction, loading arrangement, and age
at loading. There are a number of mathematical formulations
to predict time-dependent effects for prestressed structures. They
have been reported by Bazant and Wittmann (42), Aswad 43),
Scordelis (44), and Anderson (45). Various computer programs
(46, 47, 48, 49, 50, 51, 52, 53) use step-by-step procedures to
calculate prestress loss and deformations due to loading, creep,
shrinkage, and steel relaxation. Since the first application of the
finite element method to the analysis of reinforced concrete
structures, made by Ngo and Scordelis (54) in 1967, numerous
studies have taken place covering all aspects of structural be-
havior of concrete structures. A comprehensive review has been
made by Bazant, Schnobrich, and Scordelis (55).

Computer Program PBEAM (53), developed by C. Suttikan,
is capable of analyzing composite prestressed concrete structures
of any cross-sectional shape having one axis of symmetry. The
program accounts for the effects of nonlinearity of stress-strain
responses of materials and variations with time of strength,
stiffness, creep, and shrinkage of concrete, and relaxation of
steel. A step-by-step method is used in the time-dependent anal-
ysis with a tangent stiffness method implemented for solving
nonlinear response. Precast, prestressed bridge girders with com-
posite cast-in-place decks are modeled using a discrete element
method as developed by Hays and Matlock (56).

In order to study the parameters affecting bridge girder ca-
pabilities to attain maximum strength, methods of analyses to
determine ductility capacity of girder sections and the ductility
demand for hinging regions of bridge girders are required. Pro-
gram WALL__HINGE (57) was developed to “analyze rein-
forced concrete shear walls and predict failure modes including
web crushing and compression zone crushing. The program is
used to determine the strength, inelastic deformation capacity,
and failure modes for the hinging region of structures subjected
to combined axial load, moment, and shear. The analysis con-
siders both longitudinal and transverse equilibrium through the
hinging region and across the transverse plane near the support.
The analysis accounts for important behavioral effects within a
hinging region including a nonlinear strain distribution, dowel
action, aggregate interlock, and the interaction of compressive
stress and shear stress in the compression zone with a strength
criteria based on a critical octahedral shear stress.

A general method for calculating required hinge rotations is
described by Park and Paulay (58). Using this method, the
required plastic rotation at the supports is equal to the discon-
tinuity of slope between the ends of adjacent members deter-
mined from an elastic analysis of each member supporting the
maximum load condition including the external load and mo-
ments at support hinges.

Other Research

Time-dependent behavior of noncomposite and composite
prestressed concrete structures under field and laboratory con-

ditions was also studied by Mossiossian and Gamble (59, 60).
Instrumentation was installed in three structures and defor-
mation data were gathered and interpreted. Also, two Vith-scale
models were constructed to simulate portions of the field in-
strumented structures. The models were tested to provide data
to help confirm some information developed in the field study.

Extensive parametric studies were carried out (46, 47) as part
of the project to develop a relatively complete understanding of
the factors influencing the growth in camber in bridges, the loss
of prestress with time, the development of moments at interior
supports, and the various interactions between the time-depen-
dent strains in the deck and girder concretes which exist in
composite structures. Experimental studies of camber and de-
flection of prestressed concrete beams were also presented in
Ref. 47, where various mathematical models for creep, camber
and deflection are discussed. Studies on camber or sag of non-
composite (61, 62, 63) and composite (64, 65, 66) members are
also published.

RESULTS OF QUESTIONNAIRE

Questionnaires were sent to transportation officials, designers,
fabricators, and others to obtain knowledge on the current state
of practice in design and construction of bridges constructed of
precast, prestressed girders made continuous. Information gath-
ered from 49 questionnaire responses was used to establish typ-
ical ranges for the various parameters used in analytical portions
of this project. In this section, the major categories of responses
will be discussed. The questionnaire and a detailed summary of
responses are included in Appendix A.

Bridge Configuration

Several questions dealt with configuration of bridges con-
structed of prestressed girders made continuous. In the expe-
rience of the respondents, the maximum number of continuous
spans ranged from 2 to 29, with the majority falling between 3
and 7. The most commonly used standard girders were
AASHTO-PCI sections (4) particularly Types II, III, and IV.
Span lengths and girder spacings for the AASHTO-PCI sections
were consistent among the respondents using a particular sec-
tion. A large variety of non-AASHTO sections were indicated,
none of which were used in a particularly wide area. Non-
AASHTO girders were primarily I or Bulb-Tee sections, al-
though several box girders were also specified. Twenty respon-
dents used a standard profile for draped strands. Forty-two
respondents indicated that positive moment connection is used
in their continuous bridges.

Material Properties

Specified properties of concrete, prestressing strand, and con-
ventional reinforcement used in simple span bridges made con-
tinuous were requested of questionnaire recipients. The most
common girder concrete strengths at prestress transfer were
between 4,000 and 5,500 psi. The most common concrete
strengths at 28 days were between 5,000 and 6,500 psi. All
respondents indicated that they used grade 270 prestressing
strand. The type of strand used was nearly evenly divided be-
tween stress-relieved and low-relaxation. The most common
strand diameter was ! in. with 0.6 in. and ¢ in. the only



exceptions. Nearly all of the specified deck and diaphragm con-
crete strengths ranged between 3,000 and 4,500 psi, with most
between 4,000 and 4,500 psi. Deck reinforcement used by re-
spondents was primarily Grade 60.

Design Procedures

Questionnaire recipients were requested to provide informa-
tion on procedures used in design for service loads and long-
term effects. Most respondents indicated that provision was
made for an additional wearing surface during a bridge’s service
life. Average magnitude of the additional load was 25 psf, and
the average age at which the load is applied was about 15 years.
Thirty-eight respondents indicated that they use AASHTO
HS20-44 (14) live load alone or in combination with other loads.
Several respondents used HS25 or larger design loads.

In order to calculate midspan and support design moments,
the degree of continuity for negative and positive moments at
supports must be established. A variety of procedures was spec-
ified by questionnaire recipients. Current practice includes:

1. Designing and providing positive moment reinforcement
or using standard details at the pier connection and considering
negative moment continuity for reduction of live load positive
moment near midspan.

2. Designing and providing moment reinforcement or using
standard details, but ignoring negative moment continuity for
reduction of live load positive moment near midspan.

3. Providing no positive moment reinforcement, but consid-
ering negative moment continuity for reduction of live load
positive moment near midspan.

4. Providing no positive moment reinforcement and ignoring |

negative moment continuity for reduction of live load positive
moment near midspan.

The most common design method employed by respondents
for proportioning positive moment reinforcement at piers was
that published by PCA in Ref. 12. Thirty of the 42 respondents
who provide positive moment reinforcement indicated that their
design process is based on the PCA method, occasionally with
supplementary information or procedures. Several respondents
indicated that they do not calculate long-term positive moments
at piers and provide standard reinforcement based on previous
experience with specific girder types, spacings, and span lengths.

Reinforcement Details

Recipients of the questionnaire were requested to provide
information on typical details used for positive moment rein-
forcement at piers as well as negative moment and deck rein-
forcement. The most common positive moment details used by
respondents were the embedded bent bar and the extended
strand details shown in the questionnaire. Eighteen respondents
returned information on the embedded bent bar detail. The area
of provided reinforcement ranged from 1.2 to 7.2 sq in. for each
girder end for this detail. Twenty-one respondents provided
information on the extended strand detail. The area of provided
reinforcement ranged from 0.61 to 3.06 sq in. for each girder
end for the extended strand detail. Miscellaneous details in-
cluded embedded straight bars extending into the diaphragm
welded to a steel angle, overlapping U-shaped bars with the legs

embedded in ends of adjacent girders and longitudinal post-
tensioning over the pier through bottom flanges of adjacent
girders. Thirty-four respondents. provided information on deck
reinforcement and negative moment reinforcement at supports
in the form of drawings or sketches.

Construction Sequence

Questionnaire recipients were requested to give a brief de-
scription of a typical construction sequence based on their ex-
perience with simple span bridges made continuous. Thirty-four
respondents provided this information. The majority of the re-
sponses indicated that girders were between 10 to 90 days old
at the time of construction. The sequence of placing concrete
in the deck and diaphragms at supports has an influence on the
long-time behavior of the bridge. Nine respondents indicated
that bridge decks are typically cast before diaphragms at piers.
A common variation consists of casting positive moment areas
of the deck first and then casting pier diaphragms and negative
moment areas of the deck. Sixteen of the respondents typically
cast deck and pier diaphragm concrete simultaneously. Ten
respondents typically cast pier diaphragms before deck concrete.

Bridge Performance

The questionnaire requested information regarding problems
encountered during the service life of simple span bridges made
continuous. Specifically, information was requested about con-
struction, service, and maintenance problems. Twenty-eight re-
spondents returned information on problems encountered in
their experience. Most common among the responses were prob-
lems encountered during bridge construction. Specific problems
in each of the three areas were mentioned by several respondents.
Some of these common problems are listed below:

o Positive moment reinforcement which required field ad-
justment because of poor fit.

o Misplacement of reinforcement, such as extended strands
inadvertently cut off.

o Transverse cracking of the deck in negative moment areas
and throughout the bridge.

o Excessive girder camber, requiring adjustment of profile
grade, etc.

o Incorrect construction sequencing.

o Cracking of pier diaphragms due to long-term creep and
shrinkage.

¢ Cracking and spalling of pier diaphragms when diaphragms
are cast before the deck.

o Spalling of piers and abutments due to poor girder location
or inadequate seat detailing.

« Movement of girders during construction when deck con-
crete is poured before diaphragms.

Each of these problems was mentioned by at least two re-
spondents. In addition, several problems were mentioned indi-
vidually, such as brittle fracture of bent reinforcing bars during
girder placement, corrosion of deck reinforcement after cracking
has taken place, opening of expansion joints due to long-term
girder movements, and difficulty in replacing girders when nec-
essary.



Miscellaneous

Questionnaire recipients were requested to provide informa-
tion on previously conducted measurements of camber or sag
of prestressed girders, deflections of composite deck-girders, and
creep and shrinkage of concrete used in bridge girders. Nine
respondents indicated that they had conducted measurements
in these areas or were initiating projects. Six of the nine re-
spondents were transportation officials. Two girder fabricators
and one designer also had conducted tests. Eight of these re-
spondents had conducted or were initiating measurements of
camber or sag of prestressed concrete girders. Two respondents
returned brief summaries of their measured data and one in-
dicated a reference for published data.

The last section of the questionnaire requested information
on specific bridges designed or constructed by the respondent.
Eleven respondents provided this information.

A detailed summary of questionnaire responses is given in
Appendix A.

CREEP AND SHRINKAGE TESTS

Creep tests were conducted on concretes obtained from pre-
casting plants from different regions of the United States to
broaden the knowledge of creep and shrinkage properties of
steam-cured concrete loaded at an early age. Prestressed girders
are usually steam cured. Transfer of prestress can occur as early
as 18 hours after casting. Review of the literature indicates that
data on creep of steam-cured concrete loaded at one day are
scarce. Within the limited data on steam-cured concrete loaded
within the first week, there is a lot of scatter in the test results.
Creep and shrinkage tests were conducted at CTL to increase
the data base and to compare results with mathematical models.
In this section, the creep and shrinkage test data are presented
and comparisons are made to coefficients determined using ACI
209 (/7) recommendations. Further details of the creep and
shrinkage data are included in Appendix B.

One local (Chicago area) and three nonlocal precasting plants
were selected for participation. Standard 6-in. by 12-in. cylinders
were cast from concrete used in actual bridge girder production.
The cylinders were steam cured at the plants. Cylinders from
the three nonlocal plants were shipped air freight to CTL as
soon as possible after the steam curing was completed. Creep
tests conforming to ASTM Standard C 512 (67), “Creep of
Concrete in Compression,” were begun immediately upon ar-
rival.

Initially, two sets of cylinders were obtained from a local
precasting plant. For one set, creep tests were initiated following
steam curing within a minimum time required to transport the
cylinders to the laboratory. This condition simulates cylinders
loaded at about the same age as the concrete in girders at transfer
of prestress. Creep tests were initiated on the second set from
the local plant at a concrete age equivalent to the average age
of the cylinders received air freight from the nonlocal plants.
Because of unreliable test results, a third and fourth set of
cylinders were obtained from the local plant. Creep tests on
these cylinders were repeated to duplicate the timing of creep
tests on the first two sets of local specimens. Results of tests on
the first two sets of cylinders from the local plant are not
reported here. A total of five creep and shrinkage tests are
included in this report.

Table 1 shows the concrete mix designs for cylinders from
the four precasters. Precaster A is located in the Eastern U.S.,
Precasters B and C are located in the Western U.S. Precaster
D is located in the Chicago area. Table 2 gives the pretest
conditions and concrete properties just prior to the start of creep
tests.

Appendix B contains measured values of creep test parameters
for the five creep tests. The initial elastic strain was computed
by dividing the unit pressure acting on the loaded cylinders by
the pretest modulus of elasticity determined from tests on com-
panion cylinders. Drying shrinkage strains are measured on
unloaded cylinders stored in the same controlled environment
(75°F and 50 percent relative humidity) as the loaded cylinders
are stored in. Creep strain is determined by measuring total
strain of loaded cylinders and subtracting shrinkage strains.
Creep strain/psi is determined by dividing creep strains by the

Table 1. Concrete mix designs for creep test specimens.

Precaster

Component A B ¢ 9
Cement, pcy 750 800 800 660
Sand, pcy 1020 1oe 1320 1230
Stone, pcy 1860 1780 1620 1840
Water, pcy 270 240 230 210
W/C Ratio 0.37 0.30 0.29 0.3
Cement T;ae 11 It 111 111

Granite, Limestone,
max. size 3/8°| max. size 3/4"

Stone Limestone, Basalt, Volcanic
Description | max. size 3/4"| max. size 1/2°

ASTM C 33 to 5/8*, uniform{ ASTM C 33 ASTM C 33
Size No. 67 gradation Size No. 8 Stze No. 6
Admixtures Air-Entraining} High Range ASTM C494 Type| ASTH €494 Type
Agent, Water Reducer F High Range G High Range
ASTM C494 Water Reducer | Water Reducer,

Alr-Entraining
Agent,
Retarder

Type D Water
Reducer -
Retarder,
ASTM (494 Type
F High Range
Water Reducer

Table 2. Pretest concrete conditions for creep test specimens.

Precaster

A 8 c 0*
Curing Steam Steam Steam Steam
conditions 12 hr Yovernight” 14-1/2 hr | “overnight"
Time from 54-1/2 hr 51-1/4 hr 48 hr 26 hr (1d)
casting to 50 hr (2d)
loading for
creep test
Pretest comp. 6570 7510 6800 4770 (1d)
strength, pst 4830 (2d)
Pretest Mod. 5850 5310 4500 4640 (1d)
of Elasticity, 4650 (2d)
kst
*Designations (1d) and (2d) refer to cylinders loaded for the creep

test at 1 day and 2 days after casting, respectively.
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Table 3. Curve fit parameters for creep coefficient data.

Table 4. Curve fit parameters for shrinkage strain data.

Precaster Days of Data Test ACI-209
vy ¥ d vy

A 635 2.36 0.50 6.8 2.49

B 606 3.42 0.68 23.1 2.12

[ 365 1.50 0.56 6.4 2.19

0 (1d)* 334 3 0.65 mna 2.33
0 (2d)* 305 3.15 0.60 na 2.33

*Designations (1d) and (2d) refer to creep tests started at 1 day and
2 days after casting, respectively.

stress acting on the loaded cylinders. The creep coefficient is
determined by dividing creep strain by the initial elastic strain.
The forms of equations used to fit the drying shrinkage and
creep coefficient data are those given by ACI-209, *“Prediction
of Creep, Shrinkage, and Temperature Effects in Concrete Struc-
tures” (I7). For creep coefficient, the standard equation is:

t\ll

T o

v, =

where: v, = creep coefficient at time ¢ days, v, = ultimate
creep coefficient, and ¥, d = parameters defining the hyperbolic
time function.

Normal ranges for v,, ¥, and d are: v, = 1.30 to 4.15, ¥
= (.40 to 0.80, and d = 6 to 30.

For shrinkage strain, the standard equation is:

~

€ = @1 777

@

where: (¢,), = shrinkage strain at time ¢ days (millionths), (¢;),
= ultimate shrinkage strain (millionths), and a, f = parameters
defining the hyperbolic time function.

Normal ranges for (¢,),, a, and fare: (€;), = 415 to 1,070,
a = 0.90 to 1.10, and f = 20 to 130.

Curves were fit to the measured data by applying linear regres-
sion analyses to converted data. For creep coefficient, curve fit
parameters were determined for ¥ /v, versus t¥ data. Similarly,
for shrinkage strains, t*/(¢€,), versus ¢* was analyzed. In each
case, a range of exponents was specified for ¥ or a. A least
squares regression was performed for each specified exponent.
For each resulting curve fit, the sum of squared errors between
the fit curve and the actual data was calculated. The exponent
which yielded the minimum sum of squared errors was used to
determine the best fit curve.

The curve fit parameters for results of the five creep tests are
given in Tables 3 and 4. The creep test for Precaster C was
terminated after one year. Figures 2 and 3 show plots of creep
coefficient and shrinkage strain data for Precasters A, B, C, and
D. Also shown on Figures 2 and 3 are ACI-209-recommended
equations with upper and lower limits for ultimate values. In
all cases, curves for creep coefficient and shrinkage strain are
within the range recommended by ACI-209 for later ages. Par-

Precaster Days of Data Test ACI-209
mgii?zgéhs ¢ f mg§??ggéhs
A 635 574 0.54¢% 11.6¢4 585
8 606 884 0.68+ 12.3¢4 593
c 365 809 0.66+ 20.2 671
0 (1d)* 334 no 0.9 22.5 616
D (2d) 305 . 660 0.92 1.2 616

*Designations (1d) and (2d) refer to creep tests started at 1 day and
2 days after casting, respectively.

+0utside of ACI-209 Normal Range.

ticularly for shrinkage strain, the time functions are somewhat
different from ACI-209 recommendations. The differences occur
primarily in the early age behavior of the time functions. This
can be seen in Figures 4 and 5, in which test results for the
first 100 days are shown. Creep coefficient results for all spec-
imens fall within ACI-209-recommended bounds. For very early
age, less than about 15 days, shrinkage strain results for all five
specimens were slightly greater than the ACI-209 recommended
upper bound.

Also given in Tables 3 and 4 are ACI-209 recommended
values for ultimate creep coefficient and shrinkage strains. These
values were determined using ACI-209 concrete composition
modification factors, which account for variations in slump,
percent of fine aggregate, cement content, and air content. These
modification factors were applied to the recommended ultimate
creep coefficient of 2.35 and the recommended ultimate shrink-
age strain of 780 millionths. Generally, the ACI-209 recom-
mended values underestimate test results. In Appendix B, ACI-
209 recommended time curves are further compared to test
results.

During the work on this study, the measured creep data were
also compared to predictions using the simplified Bazant-Panula
(BP2) relations}{ip (33). Although the Bazant-Panula approach
is significantly more complex than the ACI-209 approach, in
general, the results of the BP2 relationships are expected to be
more accurate. However, as stated in Ref. 33, the BP2 approach
is not intended to be used for concrete loaded earlier than 7
days. The comparisons made in this study indicated that the
application of the BP2 relationships to steam-cured concrete
loaded at 1 or 2 days resulted in significantly larger errors than
with the use of the more simplified ACI-209 relationships. Al-
though there is some inaccuracy in the ACI-209 relationships,
as shown in Tables 3 and 4, the error for the steam-cured
concrete loaded at 1 or 2 days in this study is not any larger
than the expected error for concrete loaded. at a later age. The
ACI-209 recommended time functions were used for analyses
conducted in this study.

VERIFICATION OF ANALYTICAL PROCEDURES

Existing computer programs PBEAM (53) and
WALL__HINGE (57), discussed in the summary of literature
review, were selected for use in this study because of the direct
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Figure 2. Creep coefficient test results.
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Figure 4. Creep coefficient test results—early age. Figure 5. Shrinkage strain test results—early age

applicability of each of these programs to the analytical tasks. ~ Analyses for Service Moments

Information concerning verification of each of the programs by

comparison with experimental data was contained in the liter- Program Description. Time-dependent deformations and re-
ature on the programs. However, further verification analyses  straint moments induced in multispan bridges built of pre-
were carried out in this study. This section presents a description  stressed girders made continuous were studied using a modified
of the programs along with comparisons between analysis and version of computer program PBEAM (53). A detailed descrip-
test results. More detailed descriptions of the programs are  tion of the program is given in Appendix C. This program,
included in Appendix C. developed by Suttikan, is capable of analyzing composite pre-
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stressed concrete structures of any cross-sectional shape having
one axis of symmetry. The program accounts for the effects of
nonlinearity of stress-strain responses of materials and variations
with time of strength, stiffness, creep, and shrinkage of concrete,
and relaxation of steel. A step-by-step method is used in the
time-dependent analysis with a tangent stiffness method imple-

mented for solving nonlinear response. )
Precast, prestressed bridge girders with composite cast-in-

place decks are modeled using a discrete element method as
developed by Hays and Matlock (56). Element deformations
and forces are estimated by analyzing stress-strain relationships
of a series of rectangular fibers distributed over the depth of
the cross section. It is assumed that strain in each fiber is
constant at the centroidal axis of the fiber and strain distribution
varies linearly through the depth of the section. For each time
step, equilibrium at each element is maintained by determining
the time dependent stress corresponding to the level of strain
in each fiber. Stress multiplied by area is summed over all fibers
and force equilibrium is checked. If necessary, the strain dis-
tribution is adjusted and the process is repeated until forces
balance.

The ACI Committee 209 (17) procedures to estimate the time
variation of compressive strength, creep, and shrinkage of con-
crete and relaxation of prestressing steel are used in the PBEAM
computer program. The rate of creep method and method of
superposition are available in the program to account for the
effect of concrete creep on the distribution of stresses in a section.
The method of superposition was used for the studies conducted
in this project.

The PBEAM computer program allows unlimited flexibility
in analyzing various construction sequences and live load ap-
plications. The analysis accounts for construction sequence such
that the simple span behavior of the girder before casting of
deck and diaphragm, and continuous behavior thereafter, are
correctly modeled. Casting of deck and diaphragm can be done
at any girder age and in any sequence. Live load can also be
applied at any stage of service life and in any configuration.
The program can therefore be used to investigate behavior under
a wide variety of conditions likely to be encountered in actual
use of this type of bridge. ) :

The program’s capabilities also allow a realistic analysis of
the influence of diaphragm cracking on the behavior of this type
of bridge. Depending on stress level and time-dependent material
properties, the program accounts for cracking of the girder and/
or the deck concrete under positive or negative moments. For
each time step of the analysis, the program stores the stress-
strain relationship in every fiber of each element. These stored
conditions serve as the starting point for the behavior calculated
for the succeeding time step. In this way, the program can follow
both crack development and crack closing. This analytically
models the situation shown experimentally in Ref. 10, in which
cracks, which had opened at the bottom of the diaphragm under
the influence of positive restraint moments, were closed by the
negative moment induced upon application of live load. With
initial application of live load, the diaphragm crack is open and
girders behave essentially as simply-supported beams. With in-
creasing live load and rotation at the diaphragm, the bottom
crack closes and negative moment continuity becomes effective.
The amount of rotation needed to close the crack is dependent
on the creep and shrinkage properties of both the girder and
deck concrete, the ages of the two concretes at the time of live
load, the amount of restraint provided by the positive moment

reinforcement in the diaphragm, and the girder type, span length
and spacing. Therefore, the degree of negative moment conti-
nuity is dependent on all these parameters. With proper incre-
mental application of live load, PBEAM correctly models the
change in negative moment stiffness that accompanies closing
of the diaphragm cracks, thereby providing an analytical tool

to evaluate the effects of all these parameters.
A “tension stiffened” effective stress-strain relationship for

top and bottom reinforcement at supports was also used in
PBEAM in order to model behavior of reinforcing steel at
cracked sections (37). These features allow application of
PBEAM to predict the changes in continuity at supports due
to cracking of diaphragm and deck concrete as well as closing
of cracks upon reversal of moments from application of live
load.

Comparison Between Analysis and Test Results. To confirm
the PBEAM analytical methods of predicting the time-depen-
dent response of precast, prestressed bridges, results of computer
analyses were compared to the PCA test observations conducted
by Mattock (/0). The test bridges included precast, prestressed
girders with continuous cast-in-place deck slab and diaphragm.
Long-term behavior of two half-scale model structures, identi-
fied as Girder ! and Girder ¥, were recorded by PCA. The
two bridge girders were virtually identical except that Girder
% incorporated both positive and negative moment connections
at the interior support while Girder % had only a negative
moment connection.

The precast girders were I-shaped in cross section and 33-ft
long. The prestressing force was released when the age of the
girders was about 8 days. The girders were positioned on load
cells on the top of columns, with their adjacent end faces 3 in.
apart. About 13 days after positioning the girders, 800-1b con-
crete blocks were hung at points 3 ft apart along the entire
length of each girder to compensate for the dead weight of the
half-scale model. The continuity reinforcement was placed and
the deck slab and diaphragm were then cast when the age of
girders was about 28 days.

The girders were monitored for long-term behavior. Also, at
intervals throughout the test period, the girders were subject to
live load tests by concentrated loads applied at the middle of
each span. This was done in order to check continuity moment
developed at the center support by service load.

The comparison of test results and computer analysis for long-
term variation of the center support reaction is shown in Figure
6. It can be seen that variation of the center support reaction
with time as estimated by the program PBEAM and from the
test are in a good agreement.

Continuity behavior of the girders with live load applied at
various stages of the long term test was compared to the com-
puter time-dependent analysis. Results for Girder % at age 45
days are shown in Figure 7. Before cracks were observed in the
deck, elastic theory midspan moment and time-dependent mo-
ment from PBEAM computer program differed by approxi-
mately 5 percent. After cracking of the deck slab, a significantly
lower degree of continuity was observed for both the test girder
and the PBEAM analysis.

Test observations and results of computer analysis at age 694
days for Girder }; are compared in Figure 8. Time-dependent
positive moment had induced a crack in the bottom of dia-
phragm concrete over the pier. Girder ) did not have any
positive moment reinforcement within the diaphragm. With ap-
plication of live load, the positive moment crack must close
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prior to including negative moment at the continuity connection.
The test continuity moment during closing of the crack averaged
only about 18 percent of the elastic continuity moment, com-
paring with 12 percent from computer analysis. Test results and
time-dependent computer analysis showed that stiffness of the
connection in Girder ! became fully restored after closing of
the crack at the bottom of the diaphragm. However, the negative
continuity moment was significantly below the value determined
from analysis as a fully continuous beam. Consequently, the
positive moment at midspan was larger than that determined
from a fully continuous analysis. )

The observed correlation between test results and computer
analyses indicated that PBEAM is capable of adequately mod-
eling the time-dependent and nonlinear behavior of these simple
span girders made continuous.

Analyses for Flexural Strength

Program Description. Program WALL__HINGE (57) was
developed to analyze reinforced concrete shear walls and predict
failure modes including web crushing and compression zone,
crushing. A detailed description of the program is given in
Appendix C. The program is used to determine the strength,
inelastic deformation capacity, and failure modes for the hinging
region of structures subjected to combined axial load, moment,
and shear. The analysis considers both longitudinal and trans-
verse equilibrium through the hinging region and across the
transverse plane near the support. The analysis accounts for a
nonlinear strain distribution within the hinging region using a
compatibility relationship between the summation of tensile
strain over the hinge length resulting from the “fanned” crack-
ing pattern with the summation of compressive strains within

,. L1

a relatively short length near the tip of the fan as shown in
Figure 9. This is an important effect to consider in analyses for
flexural-compression or shear-compression failure modes that is
not accounted for in typical sectional analyses made assuming
a linear strain distribution. The important effects of dowel ac-
tion, aggregate interlock, and interaction of compressive stress
and shear stress in the compression zone for analysis of trans-
verse equilibrium across a plane near the support were included.
The program uses a complete tri-axial concrete stress-strain
relationship developed by Ahmad and Shah (70), with strength
criteria based on a critical octahedral shear stress.

In order to analyze negative moment ductility of composite
prestressed girders, the precompression effects of prestressing
strand in the bottom flange of the girder were included. The
effective prestress in strand was estimated at an assumed critical
plane located a distance from the end of the girder equal to the
neutral axis depth at ultimate moment. This accounts for ex-
perimentally observed behavior in which concrete crushing oc-
curs beyond the end of the girder enclosed in the cast-in-place
diaphragm. ,

Comparison Between Analysis and Test Results. In order to
verify the applicability of program WALL _HINGE to analysis
of negative moment ductility of composite prestressed girders,
the program was used to analyze girders tested in Ref. 6. This
test program investigated experimentally the feasibility of es-

_tablishing continuity in a bridge constructed .of precast, pre-

stressed concrete girders by casting a concrete deck with negative
moment reinforcement over supports and a diaphragm between
ends of girders. In the experimental program, the girder was a
Y%-scale model of a 44-in. deep I-girder. Tests were conducted
with varying amounts of prestressing steel and conventional deck
reinforcement. Program WALL_HINGE was used to analyze
three of the tested girders. The three analyzed girders had 0.9

£ ’

For Compatibility of Tensile and Compressive
Deformations Within the Fanned Crack Pattern,

A Concentration of High Compressive Strains Occur
Over a Short Distance Near the Tip of the Fan

' Figure 9. Negative moment hinging region.



sq in. of prestressing steel and deck reinforcement ratios of 0.83,
1.66, and 2.49 percent. The girders were constructed of two 6-
ft long I-girders connected by a diaphragm and a deck slab.
The structure was supported at the diaphragm and loaded at
the ends of the girders. Program BEAM BUSTER was also
used to analyze these girders. This program generates moment-
curvature relationships for reinforced and prestressed concrete
sections based on equilibrium and linear strain compatibility.

Table 5 summarizes ultimate moments observed during tests
and calculated using programs BEAM BUSTER and
WALL__HINGE. Table 6 contains measured strains from tests
and calculated strains for deck steel. Predictions from program
WALL__HINGE are in better agreement with test results than
are results from BEAM BUSTER. This is particularly true for
Girder 3, which failed by crushing of the bottom flange prior
to yielding of the deck reinforcement.

Results from both programs indicate failure modes similar to
observed behavior from tests. For Girder 1, failure of the PCA
test structure occurred well after yield of deck steel. Program
WALL__HINGE predicted failure after high strains are
reached in both deck steel and bottom concrete. Crushing of
concrete occurred after strain hardening of deck ‘steel started.
BEAM BUSTER results also show crushing of concrete after
large strains developed in the deck steel.

For Girder 2, failure of the PCA test structure occurred in
a nearly balanced mode. Experimental and analytical results
indicate that crushing of concrete occurred nearly simulta-
neously with or just after yielding of steel. In PCA test results,
measured strains indicated that deck steel yielding occurred
simultaneously with crushing of concrete. Both programs
showed failure occurring while steel stress was in the flat region
of the stress-strain curve just beyond yield. It should be noted
that program WALL_HINGE includes a “tension-stiffened”
stress-strain relationship for reinforcement which includes ef-
fects of bond and slip between concrete and reinforcement and
the effects of concrete cracking. The deck reinforcement strains
reported in Table 6 for WALL__HINGE results are the peak
calculated strains occurring right at crack locations. The rela-
tionships between strain gage locations and crack locations in
the PCA test specimens are unknown.

For Girder 3, test results indicate that failure occurred due
to crushing of concrete before yielding of steel. BEAM BUSTER
results indicate that failure occurred when concrete crushed
essentially simultaneously with yielding of the steel.
WALL__HINGE results more accurately predicted failure due
to concrete crushing before yield of steel.

SERVICE MOMENTS

A primary task of this project was to determine the time-
dependent effect on continuity of precast, prestressed girders
made continuous. To accomplish this, a parametric study was
carried out using PBEAM to examine the range of bridge be-
havior as related to ranges of material properties and bridge
design parameters. The main emphasis of the parametric study
was on the resultant design service moment for the girders. This
section presents the results of the parametric study concerning
continuity effects for positive and negative service moments.
Further detailed results of computer analyses are included in
Appendix D.
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Table 5. Negative moment capacities from tests and analyses.

BEAM BUSTER WALL_HINGE
Deck PCA
Steel, Test, Calculated, | Mtest Calculated Mtest
Girder % in.-kip in.-kip Mcale in.-kip Mcalc
1 0.8) -2440 -2060 1.18 -2230 1.09
2 1.66 -3490 -3610 0.97 -3570 0.98
3 2.49 -4000 -4960 0.81 -4290 0.93

Table 6. Deck reinforcement strains near moment capacity from
tests and analyses.

Deck
Girder Steel, PCA Test BEAM BUSTER WALL_HINGE
%
1 0.83 0.0019 0.0195 0.0320
H 1.66 0.0016 0.0065 0.0118
3 2.48 0.0012 0.0020 0.0014

Parametric Study

The program PBEAM was used to evaluate the effects of
variations in several parameters on the behavior of bridges con-
structed of prestressed girders made continuous. Table 7 pro-

, vides a summary of the parameters analyzed in the study. The

basic model used for the parametric study consisted of a bridge
of four equal length spans, as shown in Figure 10(a). Charac-
teristics of the model which were varied included:

. Girder type.

. Span length.

. Girder spacing.

. Positive moment continuity reinforcement.

5. Time-dependent material properties (a) concrete (com-
pressive strength, creep coefficient, shrinkage strain) and (b)
prestressing steel (relaxation characteristics).

6. Girder age when deck and diaphragm are cast.

7. Girder age at application of live load.

8. Construction sequence.

SN -

Values for these parameters were chosen to reflect the range
of current practice as indicated by responses to the questionnaire.
Following are brief discussions of the variables used in the
parametric study.

Four girder types, shown in Figure 10(b), were used in the
parametric study, AASHTO Types IV and VI, Modified Bulb
Tee BT72/6 (4), and a box section. Questionnaire responses
indicated that AASHTO standard sections were most commonly
used. The AASHTO-IV and AASHTO-VI sections were chosen
to represent girders used for medium to long span bridges. The
AASHTO-IV girder was used with span lengths of 70 ft and
100 ft in the parametric study. The AASHTO-VI girder was
used with span lengths of 100 ft and 130 ft in the parametric
study. These AASHTO standard girders have heavy cross sec-
tions for their span length capabilities. Questionnaire responses
also indicated that a variety of lighter girder sections are in




‘Table 7. Bridges analyzed in parametric study.

Bridge Girder Span, |Spacing,| Ultimate Ultimate Ago at Age at Prostrosse f'c Positive Miscellaneous
Number Type ft. ft. Creep Shrinkage, { Continuity, | Live Load, Steel Girder/Deck, | Reinforcement,

Coefticient | miiiionths days days psl oq In.

1 AASHTO-VI 130 8 3.25 800 17 650 .SR 6500/4000 7.2, 36, 0.2

2 AASHTO-VI 130 8 1.825 600 17 650 SR 6500/4000 72 3.6, 0.2

3 BT 7278 130 8. 3.2 600 17 650 SR 850014000A 7.2, 0.2

4 BT 72/6 130 8 1.625 600 17 650 SR 6500/4000 7:2. 3.6, 0.2

5 AASHTO-VI 100 8 3.25 600 17 650 SR 6500/4000 72, 02 20 x LL

[] AASHTO-Vi 100 8 1.625 800 17 850 SR 8500/4000 7.2, 0.2

7 BT 728 100 8 3.25 600 17 650 SR 6500/4000 7.2, 0.2

8 BT 726 100 8 1.825 600 17 650 SR 6500/4000 7.2, 0.2

9 AASHTO-IV " 100 8 3.25 600 17 650 SR 8500/4000 7.2, 0.2

10 AASHTO-IV 100 8 1.625 600 17 850 SR 8500/4000 7.2, 0.2

11 AASHTO-IV 70 8 3.25 600 17 650 SR 8500/4000 3.6, 0.2

12 AASHTO-IV 70 8 1.825 600 17 650 SR 6500/4000 O.é

13 AASHTO-VI 130 8 1.825 600 67 100 SR 6500/4000 7.2, 0.2

14 BY 728 130 8 1.625 600 87 100 SR 6500/4000 7.2, 3.6, 0.2

156 AASHTO-VI 130 8 3.25 600 67 100 SR 6500/4000 7.2, 0.2

16 BT 72/6 130 8 3.285 600 67 100 SR 6500/4000 7.2, 3.6, 0.2

17 BY 726 130 8 3.25 780 87 100 SR 6500/4000 0.2

18 AASHTO-IV 100 8 3.25 600 67 100 SR 6500/4000 7.2, 0.2

19 AASHTO-lV 100 8 1.825 600 67 100 SR 6500/4000 7.2, 0.2

20 BT 76 100 8 3.26 600 67 100 SR 8500/4000 7.2, 0.2

21 BY 72/6 100 8 1.625 600 67 100 SR 6500/4000 7.2, 0.2

91



Table 7. Continued.

Bridge Girder Span, |Spacing,| Ultimate Ultimate Age at Age at  Prestress f'c Positive Miscelianeous
Number Type ft. ft. Creep Shrinkage, | Continuity,| Live Load, Steel Glirder/Deck, | Reinforcement,
Coefficient | milllonths days daye’ psi sq in.
22 AASHTO-IV 70 8 3.25 600 67 100 SR 8500/400.0 3.6, 0.2
23 AASHTO-IV 70 8 1.625 800 67 100 SR 6500/4000 . 3.6, 0.2
24 AASHTO-Vi 130 8 3.25 600 67 100 SR 6500/4060 0.2 25 x LL
25 AASHTO-VI 130 8 1.625 600 67 100 SR 6500/6500 7.2, 0.2
26 AASHTO-VI 130 8 1.6256 600 67 100 SR 6500/4060 0.2 Deck Steel 32 sq In.,
27 BT 7276 130 8 3.25 600 17 650 LR 6500/4000 0.2‘ 2extt
28 BT 726 130 8 3.25 200 17 850 SR 6500/4000 0.2
29 AASHTO-VI 130 8 1.625 800 67 100 . SR 6500/4000 0.2 Deck Steel 16 eq in.,
30 AASHTO-VI 130 8 1.825 600 87 130 SR 6500/4000 0.2 2oxlt
31 AASHTO-VI 130 8 1.625 600 190 230 SR 6500/4000 0.2
32 AASHTO-VI 100 8 3.25 800 17 650 SR 4600/4000 0.2
33 AASHTO-VI 130 8 1.825 800 17 650 SR 4000/4000 0.2
34 80X 100‘ 1.7 3.25 600 17 650 SR 6500/4000 7.2, 0.2
35 ax 100 11.7 3.25 800 87 100 SR 6500/4000 7.2, 0.2
36 AASHTO-iV 100 8 1.625 800 10717 850 SR ' 6500/4000 7.2, 0.2 Deck Before Diaphragm
37 AASHTO-IV 100 8 1.625 800 67/ 74 100 SR 6500/4000 7.2, 0.2 Deck Before Diaphragm
38 AASHTO-IV 100 8 1.625 600 87 -850 SR 6500/4000 0.2 »
39 A AASHTO-IV 100 8 3.25 600 87 650 SR 6500/4000 - 0.2
40 AASHTO-\V 100 8 1.625 600 87/ 74 650 SR 8500/4000 7.2 Diaphragm Before Deck
41 AASHTO-IV 100 8 1.625 600 67 /74 100 SR 6500/4000 7.2 Diaphragm Before Deck

L1
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current use, particularly for longer spans. The BT72/6 section
was chosen to represent girders with a lighter, more efficient
cross section. This girder was used with span lengths of 100 ft
and 130 ft in the parametric study. The girder spacing used for
these three girders throughout the majority of parametric study
analyses was 8 ft. Preliminary studies indicated that girder spac-
ings varying between 4.5 and 8 ft had a minor influence on
bridge behavior. The box girder span length and girder spacing
used in the parametric study were 100 ft and 11.7 ft, respectively.
For AASHTO-IV, AASHTO-VI, and BT72/6 sections, deck
dimensions were 92 in. by 6.5 in. For the box girder section,
deck dimensions were 140 in. by 9 in. The dimensions for girder
areas, composite section areas, and simple span composite dead
load moments at midspan for the four sections are given in
Table 8.

One of the main priorities of the parametric study was to
determine the effect on bridge behavior of varying amounts of
positive moment reinforcement at supports. For each analyzed
combination of parameters, positive moment reinforcement was
set equal to one or more of 0.2, 3.6, or 7.2 sq in. These values
represent a range of reinforcement equivalent to one No. 4 bar
up to twelve No. 7 bars and encompass the range of reinforce-
ment areas specified by questionnaire respondents. The 0.2-sq
in. reinforcement is intended to represent an unreinforced sec-
tion. A small amount of reinforcement had to be used in the
PBEAM program to obtain a satisfactory numerical solution.
Bridges analyzed with 3.6 sq in. or 7.2 sq in. of positive moment
steel will be referred to as reinforced. Bridges analyzed with 0.2
sq in. will be referred to as unreinforced.

Preliminary PBEAM results indicated that variations in deck
and girder concrete compressive strength had a minor effect on
bridge behavior. Therefore, for the majority of parametric study
analyses, girder and deck concrete compressive strengths were
6,500 psi and 4,000 psi, respectively. Two ultimate creep coef-
ficients were used throughout the parametric study. A value of
3.25 represented the high end of the range and 1.625 was used
for the low end value. Three values of ultimate shrinkage strain
were used in the parametric study. A value of 200 millionths
was used for a low end value and 780 millionths was used to
represent a high end of the range. A value of 600 millionths
was used for most PBEAM runs. Preliminary PBEAM results
indicated that the difference in bridge behavior between stress-
relieved and low-relaxation strand was minor. For most para-
metric study runs, relaxation characteristics for stress-relieved
strand were used.

From responses to the questionnaire, it was learned that cur-
rent bridge construction practices include a number of aspects.
Girder age at the start of bridge construction varies from about
10 days up to about 300 days. The majority of respondents
indicated that construction of deck and diaphragm fell into three
general categories: (1) casting the deck and diaphragms simul-
taneously at various girder ages; (2) casting the deck approxi-
mately 7 to 10 days before the diaphragm at various girder ages;
and (3) casting the diaphragm approximately 7 to 10 days before
the deck at various girder ages.

For purposes of the parametric study, the majority of PBEAM
runs were conducted assuming the deck and diaphragm were
constructed simultaneously. The girder age at which continuity
was established for these runs was either 17 or 67 days. Ad-
ditional runs were conducted with girder age at continuity up
to 320 days. Several runs were also done to investigate behavior
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Table 8. Girder sections used in parametric study.

Girder Cross Composite Midspan Composite
Girder Section Area, Section_Area, Dead Load
Type in. in. Moment,* kip-in.
AASHTO-IV 789 1387 21,700
AASHTO-VI 1085 1683 26,300
BT72/6 01 1299 20,300
Box 920 2180 34,100

*For simple span length = 100 ft

when the deck was cast 7 days before the diaphragm and vice
versa.

To evaluate the behavior of bridges under service conditions,
bridge response was analyzed for the live load configuration
shown in Figure 10(a). The pattern of live load was chosen
because it is symmetrical about the central support and produces
the maximum negative moment at the central support. The
magnitude of the loads is based on the AASHTO (/4) HS20-
44 lane load with a girder spacing of 8 ft, two girders per lane
of traffic, and an impact factor for span length equal to 130 ft.
For purposes of comparison, the magnitude of load was not
changed to account for different impact factors for 70-ft and
100-ft spans. For bridges with girder age at continuity of 17
days, live load was applied at 650 days. For bridges with girder
age at continuity of 67 days or greater, live loads were generally
applied approximately 30 days after continuity was established.
However, for several runs with continuity at 67 days, live loads
were applied at 650 days.

Appendix D contains the parametric study results for
PBEAM analyses of 41 combinations of variables.

Continuity Connection Effects for Positive Moment. The effects

. of providing varying amounts of positive moment connection

steel on typical bridge behavior when positive support restraint
moments develop are illustrated in Figures 11 and 12. The
results shown are from PBEAM analyses for AASHTO-VI gir-
ders with 130-ft span lengths and ultimate creep coefficient of
3.25. The girder age at which continuity was established was
17 days, and live load was applied at 650 days. The results
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Figure 11. Central support moments for continuity at girder age
of 17 days, loading at 650 days.
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Figure 12. Interior span midspan moments for continuity at girder
age of 17 days, loading at 650 days.

shown in Figures 11 and 12 and the following discussion are
typical of all girder types, span lengths, and ultimate creep
coefficient combinations analyzed in the parametric study for
continuity age of 17 days and live load applied at 650 days. In
these cases, a large proportion of girder prestress creep occurs
after continuity is established, causing positive restraint mo-
ments to develop. Also, negative restraint moments caused by
differential shrinkage between deck and girder concrete are less-
ened because a relatively small amount of girder shrinkage has
occurred before the deck is cast.

Time-dependent restraint moments at the central support of
the four-span bridge up to day 650 are shown in the left side
of Figure 11. The right side of Figure 11 indicates moments
upon incremental application of live load at day 650. The three
curves on the graph are from PBEAM analyses with three
quantities of positive moment reinforcement at supports, A..
With positive moment reinforcement provided, 4, equal to 3.6
or 7.2 sq in., positive restraint moments develop over time. At
an age of 650 days, restraint moment at the central support is
equal to about 8,000 kip-in. With a small amount of positive
reinforcement, A, equal to 0.2 sq. in., positive restraint moments
are negligible. With a small amount of provided reinforcement,
the girder end rotation causes cracks to develop in the bottom
of the diaphragm. The flexural stiffness of the diaphragm is
therefore reduced and restraint against girder end rotation is
decreased. When a substantial amount of reinforcement is pro-
vided, girder end rotation is more effectively restrained.

Figure 11 also shows response of central support moments
to application of live load at 650 days. Live load was applied
in three increments to reach 23, 50, and 100 percent of the load.
It can be seen that the behavior of the reinforced and unrein-
forced sections differs. For analyses of bridges with reinforced
diaphragms, application of live load causes an immediate de-
crease of the central support moment. At 100 percent live load,
the moments are negative. In general, moments decrease linearly
up to 100 percent of live load. For the analysis of the unrein-
forced diaphragm bridge, application of live load causes only a
slight decrease in central support moment. This results from

the fact that girder end rotation due to the applied live load is
not restrained because of the low rotational stiffness of the
cracked diaphragm. The positive moment crack at the bottom
of the diaphragm must close prior to inducing negative moment
at the continuity connection.

Time-dependent interior span midspan moments up to day
650 are shown in the left side of Figure 12. The right side of
Figure 12 indicates midspan moments due to incremental ap-
plication of live load at day 650. The three curves on the graph
are from PBEAM analyses with three quantities of positive
moment reinforcement at supports. With provided positive mo-
ment reinforcement at the diaphragms, midspan moments in-
crease due to the positive restraint moments which develop at
the supports. On the other hand, with unreinforced diaphragms,
midspan moments remain essentially constant through day 650.
Because the girder ends are virtually unrestrained, small re-
straint moments develop at supports, and midspan moments
remain approximately equal to the composite section simple
span dead load moment of 44,500 kip-in. The difference in
midspan moments at 650 days between the unreinforced and
reinforced diaphragm analyses is due to the difference in re-
straint moments at supports.

Upon application of live load at day 650, midspan moments
increase in amounts dependent on the degree of continuity at
supports. For analyses of bridges with reinforced diaphragms,
support regions have relatively high rotational stiffnesses. As a
result, continuous sections at supports resist some of the applied
live load and the increase in midspan moment is reduced. For
the analysis with negligible positive reinforcement, support re-
gions have very small rotational stiffnesses because of diaphragm
cracking. Therefore, essentially all of the applied live load is
resisted by bending of the composite girder and midspan mo-
ments increase substantially until girder end rotation results in
closing of diaphragm cracks.

An important feature of the data shown in Figure 12 is that
the resultant moment is the same regardless of the amount of
positive moment reinforcement provided. The resultant moment
is defined as the moment resulting from the summation of dead
load, restraint, and live load plus impact moments. The resultant
midspan moment is equal to 66,000 kip-in. for the bridge ana-
lyzed in Figure 12. The average change in midspan positive
moment with application of live load for the reinforced dia-
phragm analyses is 11,000 kip-in. For the unreinforced dia-
phragm analysis, change in midspan moment with application
of live load is 20,000 kip-in. However, because of the differences
in time-dependent restraint moments, net positive moments at
midspan resulting from the combination of dead load, time-
dependent restraint, and live load plus impact are virtually iden-
tical. This is a feature of behavior that was observed within all
the analyses carried out for the various parameters used in this
study.

Table 9 gives the parametric study results for bridges with
100-ft span lengths with various girder cross sections and ul-
timate creep coefficients. Resultant moments at interior span
supports and midspan are given. These results, which are typical
of parametric study results for age of continuity of 17 days,
indicate that, for an interior span, the resultant midspan moment
is practically identical for a bridge with and without positive
moment reinforcement provided at the pier connections. Since
providing positive reinforcement connections at piers is a time
consuming and expensive procedure, the economical effect of
minimizing or not providing positive moment steel at the piers



should be considered in the design procedure of multispan
bridges consisting of precast, prestressed girders made contin-
uous.

The results in Table 8 also show influences of girder type and
creep coefficient on behavior of this type of bridge. The four
girders used in the parametric study represent a range of cross-
sectional areas in use for medium to long span bridges. As may
be noted in Table 9, sections with larger areas and as a result,
larger dead loads, have larger resultant midspan moments. These
range from about 30,000 kip-in. for BT72/6 to about 48,000
kip-in. for the box section. Higher ultimate creep coefficients
result in more positive restraint moments at the supports. Also,
upon application of live load, the girders with higher creep have
more positive resultant moments at supports and midspan.

Continuity Connection Effects for Negative Moment. Results
of the analyses indicate that negative restraint moments can
develop in the diaphragms at the supports, dependent primarily
on the age of the girder when the diaphragm and deck are cast.
The maximum resultant negative moment that can develop de-
pends on the differential age between the girder and deck, and
on the age of the bridge when live load is applied. Figure 13
shows typical time-dependent restraint moments at the center
support for a bridge with continuity made by casting the deck
and diaphragm at a girder age of 67 days. The data shown in
Figure 13 are for AASHTO-1V girders with 100-ft spans and
ultimate creep coefficient of 1.625. This figure is typical of
parametric study results for a late age of continuity of 67 days
with deck and diaphragm cast simultaneously, regardless of
girder type, ultimate creep coefficient, and amount of positive
reinforcement at supports. High negative restraint moments de-
velop initially due to differential shrinkage between the cast-in-
place deck and the precast girder. At the age of 67 days, a large
portion of girder concrete shrinkage has occurred. Therefore,
the difference between deck shrinkage and remaining girder
shrinkage is large and dominates restraint moment development
immediately after continuity is established. As time progresses,
creep reduces the large initial negative restraint moments. Figure
14 shows resultant moments at the center support for live load
applied at 100 days and 650 days. It can be seen that negative
resultant support moments are higher for the earlier age of
loading. At 100 days, resultant moment at the central support
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Figure 13. Central support restraint moments for continuity at
girder age of 67 days.
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Table 9. Resultant moments from parametric study—100-ft spans, gir-
der age at continuity 17 days, age at loading 650 days.

Ultimate Positive Resultant Moments, kip-in.

Girder Creep Reinforcement, [1] At At

Type Coefficient in.2 Support B | Midspan Support €

AASHTO-VI 3.25 1.2 2940 39,200 -4750
0.2 490 40,200 - 160
1.625 1.2 -960 36,000 -1150
0.2 -400 36,600 -6500
BT72/6 3.25 1.2 -100 31,100 -6750
0.2 1100 31,900 -6310
1.625 1.2 -3130 28,600 -8700
0.2 -2110 29,200 -8390
AASHTO-IV 3.25 1.2 4370 35,800 -3930
0.2 320 36,000 400
1.625 1.2 1230 33,300 -5900
0.2 230 33,900 -3680
Box 3.25 1.2 7230 48,800 -5790
0.2 -640 47,700 40

is —15,300 kip-in.; and at 650 days, the resultant moment is
— 10,800 kip-in. There is a corresponding difference in resultant
midspan moments for live load applied at the different ages.

Table 10 gives parametric study results for an interior span.
Support and midspan resultant moments are listed for 100-ft
and 130-ft girder lengths for various girder sections and ultimate
creep coefficients. It can be seen that different amounts of pos-
itive reinforcing steel at supports have a negligible effect on
resultant support and midspan moments. Because the positive
reinforcing steel is in the compression zone of the section under
negative moment, varying amounts of reinforcement have a
small effect on bending stiffness. For a given girder type and
span length, PBEAM predictions given in Table 9 indicate that
resultant moments are independent of ultimate creep coefficient
for age of continuity of 67 days and live loading at 100 days.
This is because early age restraint moments are dominated by
the negative restraint moment contribution of differential shrink-
age. :

\ Total Live Load, percent
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Figure 14. Central support resultant moments for continuity at
girder age of 67 days, loading at 100 days and 650 days.
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Table 10. Resultant moments from parametric study—girder age at
continuity 67 days, age at loading 100 days.

Table 11. Resultant moments for various girder ages at establishment
of continuity.

Span Ultimate Positive | _ Resultant Moments, kip-in.

Girder Length, Creep Reinforce- At At At
Type ft Coefficient | ment, 1n.2 Support B | Midspan Support C
AASHTO-1v 100 3.25 1.2 -16,100 19,800 -15,500
0.2 -16,000 20,000 -15,300
1.625 7.2 -16,100 19,800 -15,500
0.2 -16,000 20,000 -15,300
BT72/6 100 3.25 7.2 -16,800 18,500 -15,200
0.2 -15,100 19,300 -15,200
1.625 1.2 -16,500 18,700 -15,000
0.2 -14,900 19,500 -15,100
Box 100 3.25 1.2 -30,300 19,000 -21,900
0.2 -29,400 19,700 -27,200
AASHTO-VI 130 3.25 1.2 -19,200 46,000 -20,400
0.2 -18,700 46,500 -20,000
1.625 1.2 -19,200 46,000 -20,400
0.2 -19,000 46,300 -20,200
8772/6 130 3.258 1.2 -17,100 38,700 -18,400
0.2 -15,200 39,600 -18,500
1.625 7.2 -16,400 38,500 -19,400
0.2 -15,800 39,000 -19,000

Table 11 presents the effects of increasing the girder age prior
to casting the diaphragm and deck. These results are for analyses
of AASHTO-VI girders of 130-ft span with ultimate creep coef-
ficient of 1.625. Each of these runs was made with positive
moment reinforcing steel of 0.2 sq in. With increasing girder
age at continuity, negative resultant moments at the supports
increase by about 50 percent for continuity at 320 days compared
to 67 days. The corresponding decrease of the midspan resultant
moment is about 20 percent. There is a structural advantage
gained for design of the prestressed girders for positive midspan
moment by delaying casting of the diaphragms and deck. How-
ever, construction of the bridge is then delayed. Also, the design
moment for negative reinforcement in the deck over the supports
is increased and the potential for transverse cracking in the deck
is increased by delaying construction.

If live load is applied relatively soon after continuity is es-
tablished for late girder age, high negative service moments at
supports will develop. In several of the analyses conducted for
the parametric study, the negative cracking moment as defined
by AASHTO (/4) Eq. 8-2 was exceeded. In this situation, the
flexural stiffness at negative moment regions is reduced from
the gross section value to a cracked section value, as shown in
Figure 15(a). Resultant negative moments at a cracked section
are less than the elastic moments determined assuming stiffness
of the gross cross section. This can be seen in Figure 15(b),

which shows negative moment upon application of live load for

a PBEAM analysis of an AASHTO-IV girder. After negative
moment cracking occurs, the negative moment does not increase
significantly above the cracking moment. Therefore, negative
moment continuity is reduced when negative moments exceed
the cracking moment. Based on the parametric study results for
girders with restraint moment at or above cracking, the resultant
moments with application of live load and impact can be ex-
pected to reach approximately 125 percent of the cracking mo-
‘ment.

The data in Figures 13 and 14 and Tables 9 and 10 are for
girders with a relatively low creep coefficient. As indicated in

Girder Age at | Girder Age at Resultant Moments, kip-in.

Continuity, Loading, At . At At
Days Days Support B Midspan Support C
67 100 -19,000 46,300 -20,200
97 130 . -21,200 42,900 -24,700
190 230 -25,300 40,200 -26,100
320 350 -29,900° 36,000 -29,700

Figure 13, the restraint moment may remain negative for the
life of the structure. The response will be as a fully continuous
girder for application of live load. As shown in Figure 16, with
high creep values and/or earlier age of girder at the time of
casting the diaphragm and deck, the restraint moment can be-
come positive at late ages. At this time, some degree of effective
continuity will be lost either because the positive restraint mo-
ment adds to the midspan moment or because of diaphragm
cracking that must be closed with application of live load before
inducing negative moments at the support.

Effects of Construction Sequence. Restraint moments at sup-
ports of bridges constructed of simple span prestressed girders
made continuous are highly dependent on the timing of con-
struction. The primary factor is girder age at the time continuity
is established by construction of the cast-in-place deck and the
diaphragm. However, the sequence of deck and diaphragm con-
struction, either simultaneous or one before the other, also af-
fects the development of restraint moments.

From the responses to the questionnaire, actual construction
sequences fell into three general categories: deck and diaphragms
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(b) Typical Results of PBEAM Analyses

Figure 15. Negative moment cracking.



cast simultaneously, deck cast before diaphragms, and dia-
phragms cast before deck. In some cases, respondents indicated
that portions of the deck in positive moment regions were cast
before the deck in negative moment regions and diaphragms.
For purposes of the parametric study, the majority of PBEAM
runs were conducted for the deck and diaphragm cast simul-
taneously at girder ages of 17 days or 67 days. Resultant mo-
ments from PBEAM analyses for the deck cast before the
diaphragms and the diaphragms cast before the deck are com-
pared to the results for simultaneous casting in Table 12. The
girder age at continuity is the age at which the diaphragm is
cast. The analyses for the data in Table 12 were made for
AASHTO-IV girders of 100-ft span length with ultimate creep
- coefficient equal to 1.625. For all PBEAM runs, the deck is
cast over the full length of the girder at the indicated time.

The results in Table 12 show that for the construction se-
quence of the deck cast before the diaphragm compared to
simultaneous casting, resultant moments at the supports and
midspan have a higher positive value for both 17-day and 67-
day continuity. This may be seen by comparing runs 1 and 2
with runs 6 and 7, and by comparing runs 3 and 4 with runs
8 and 9. When the deck is cast before the diaphragm, the two
components contributing to negative restraint’ moments are re-
duced. When the deck is cast, girder end rotation due to the
additional dead load of the deck is unrestrained. More impor-
tantly, end rotation due to differential shrinkage between the
deck and girder is unrestrained until the diaphragm is in place.
As a result, the negative restraint moment component and the
potential for transverse cracking in the deck are reduced. In
turn, resultant moments_ after application of live load have a
higher positive value, as shown in Table 12.

Table 12. Resultant moments for various construction sequences.

23

Girder Age at Continuity
37 days

4000 '
Time, days

100 200 300

1 1

500 600

Moment 4000
kip-in.

Girder Age at Continuity

-8000 |- . 67days

-12000 -

Figure 16. Central support restraint moments for continuity at
girder age of 37 days and 67 days. :

When the diaphragm is cast before the deck, resultant mo-
ments are only slightly affected. For run 11 with a girder age
at continuity of 67 days and deck cast at 74 days, results for
loading at 100 days are virtually identical to run 3 with simul-
taneous deck.and diaphragm casting. Comparing run 12 with
run 5 for loading at 650 days, however, the resultant positive
moment at midspan is reduced slightly by casting the diaphragm
7 days before the deck. For early age of continuity with the
diaphragm constructed before the deck, run 10, resultant mo-
ments have a higher negative value than run 2 with deck and
diaphragm cast simultaneously. With the construction sequence
of diaphragm before deck, the diaphragm has attained a higher
strength at the time the deck is cast. Therefore, the diaphragm

Construction Run | Girder Age Girder Girder Resultant Moments, kip-in.
Sequence No. at Deck Age at Age at Positive
Casting, | Continuity, | Loading, | Reinforcement,
Days Days Days in.2 At At At
Support B Midspan Support €
Deck and 1 17 17 650 1.2 1230 33300 -5900
Diaphragm 2 17 17 650 0.2 230 33900 -3680
Simultaneous
3 67 67 100 1.2 -16100 19800 -15500
4 67 67 100 0.2 -16000 20000 -15300
5 67 67 650 0.2 -11700 24400 -10800
Deck Before 6 10 17 650 1.2 5320 37600 -3400
Diaphragm 1 10 17 650 0.2 390 36000 490
[:] 67 14 100 7.2 -14200 22100 -11600
9 67 74 100 0.2 -13900 23000 -11300
Diaphragm 10 17 10 650 0.2 -490 31700 -7330
Before Deck
n 74 67 100 7.2 -16300 19800 -15400
12 714 67 650 1.2 -13200 23200 -11700
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resists some negative moment induced by the deck dead load
and develops higher negative restraint moment from differential
shrinkage between the newly cast deck and the restrained girder.
The end result is that restraint moments and resultant moments
after application of live load have a somewhat higher negative
value. This sequence increases the probability of establishing
full continuity and reducing resultant positive moments at mid-
span but only slightly. In turn, the potential for transverse deck
cracking is slightly increased.

FLEXURAL STRENGTH

In a continuous bridge structure, the maximum strength is
reached when a full mechanism develops after redistribution of
moments. When the mechanism forms, the structure theoreti-
cally has no resistance to additional load and failure occurs.
Ideally, a bridge girder should be designed to be capable of
attaining the full mechanism state without premature failure of
connections in order to obtain a maximum safety margin against
collapse of the bridge.

For an interior span of a continuous bridge, a full mechanism
occurs when plastic hinges develop at each support and near
midspan. Depending on the configuration of load and relative
positive moment and negative moment structural resistance, the
first plastic hinge(s) will form at the supports or near midspan.
After the occurrence of the first hinge(s), the yielded region(s)
must possess adequate ductility to allow the redistribution of
moments until the full mechanism is formed.

If the ratio of negative to positive moment capacity is equal
to the ratio of negative to positive elastic moment under the
given loading, hinges will form simuitaneously in positive and
negative moment regions at the maximum load. In this case,
the required inelastic rotation at the central support will be zero.
When the ratio of negative to positive moment capacity is less
than the ratio of elastic moments, the negative moment hinge
will form first. The required inelastic rotation at the central
support will then be dependent on the ratio of negative to positive
moment capacity. As the ratio of moment capacities approaches
the ratio of elastic moments, the rotational demand decreases.
Therefore, for a given continuous bridge configuration in which
negative moment hinges form first, a lightly reinforced section
at the supports will require more ductility than a heavily rein-
forced section to form a full mechanism under the maximum
load.

In a bridge constructed of prestressed concrete girders with
a composite cast-in-place deck, the positive moment region
within the span is inherently much more ductile than the neg-
ative moment region at the supports. The large compressive area
of the concrete deck in the positive moment region ensures that
yielding of prestressing steel occurs before crushing of concrete.
As a result, the positive moment region reaches its flexural
strength after a large amount of deformation, giving adequate
warning of failure. The negative moment region has only the
bottom flange area and web of the prestressed girders available
for compression. Because of this relatively small compression
area, crushing of concrete in the bottom of the girder can occur
before yielding of the reinforcement in the deck, particularly
for heavily reinforced decks. This type of failure is brittle, with
little or no deformation prior to failure. If brittle failure of
negative’ moment regions occurs before the positive moment

capacity is reached, the full mechanism will not form and the
maximum strength of the span will not be reached. In order
for sufficient redistribution of moments to occur to form the
full mechanism and to avoid brittle failures, adequate negative
moment ductility must be provided.

The current AASHTO Specifications (/4) Article 9.7.2.3.2
implies a critical value for deck reinforcement ratio, p = A,/
bd, of 0.015. It appears that this value is based on testing (6)
that included 40 ksi deck reinforcement, 5,000 psi to 6,000 psi
concrete, and an AASHTO-type girder. Therefore, an investi-
gation of negative moment ductility which included effects of
variations in deck reinforcement yield strength, concrete com-
pressive strength, and relative girder bottom flange area was
needed.

This section of the report describes parameters and results of
an analytical study conducted to investigate the effects of varying
amounts of negative moment reinforcement, various girder bot-
tom flange configurations, and varying material properties on
the negative moment ductility of composite deck-girder sections.
Results of the study are used to establish criteria to limit the
amount of reinforcement in the deck to ensure ductile behavior.

Analytical Study

The two main parameters used in the study were size and
shape of girder bottom flange and amount of negative moment
reinforcement. Figure 17 shows the five girder sections used:
California 66, BT72/6, AASHTO-IV, AASHTO-VI, and BIV-
48. These girders represent a range of girder bottom flange
configurations in current use. The California 66 and BT72/6
girders represent deep girders with a small bottom flange area.
The AASHTO-IV, AASHTO-VI, and BIV-48 are girders with
large bottom flange areas. Girder bottom flange areas range
from 27 percent to 46 percent of the total girder area for BT72/
6 and AASHTO-IV, respectively. Negative moment reinforce-
ment areas of 8, 16, and 24 sq in. were used for each of the
girders analyzed. Reinforcement ratios based on width of
compression flange and depth to reinforcement ranged from
0.0036 to 0.0109 for BIV-48 up to 0.0060 to 0.0180 for California
66. All five girders with three amounts of deck reinforcement
were analyzed with girder concrete compressive strength of
6,500 psi and deck steel yield stress of 60,000 psi. Analyses were
also conducted with 5,000 psi concrete and 40,000 psi deck steel
to investigate the influence of material properties on ductility.

Results of Analytical Study

Program WALL__HINGE (57) was used for the study of
negative moment ductility. The program generates information
about elastic and inelastic behavior of girder sections up to
failure. Program results include bending moment, shear force,
steel and concrete stresses and strains, neutral axis depth, de-
formation and mode of failure. Deformation results include
rotation at selected locations. To evaluate rotational ductility
of analyzed sections, rotations at a distance equal to d away
from the support were used. The distance d is the distance from
the bottom of the compression flange to the centroid of deck
reinforcement. This length was taken as representative of the
length of the post-yield hinging region.
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fore, the analysis method presented by Park and Paulay (58),
with a constant effective flexural rigidity calibrated against
PBEAM results, was used to define required rotations. This
method is further described in the remainder of this section.

yses.

Ré'alion, radians

Figure 18. Moment versus rotation from WALL _ HINGE anal-
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Figure 17. Girder sections for flexural strength study.
Figure 18 shows typical moment-rotation relationships from . 7500
- WALL _HINGE analyses. Comparisons of WALL__HINGE
analyses to test results from Ref. 6 are presented in Chapter
Two. AASHTO-VI
Required Rotations. Calculated rotation capacities from the 5000 - BT72/6
WALL__HINGE program were compared to required rota-  Moment, California 66
tions developed using an analysis method presented by Park ~ *P~#!
and Paulay (58). Initially, analyses were made with PBEAM 2500 - Biv-48
to attempt to define required rotations. However, results indi-
cated that PBEAM was not reliable in finding convergence at
high load levels when flexural hinges were forming and slopes
of material stress-strain relationships were relatively flat. There- % 0‘0'05 0.10| O.(l)ls
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Required rotations were calculated for the central support of
a two-span continuous beam. Each span was loaded with uni-
form load and a single point load with relative magnitudes
conforming to AASHTO-HS lane loading as shown in Figure
19(a). Under these conditions, with typical ratios of negative
to positive moment capacity, the first hinge will form at the
central support, as shown in Figure 19(b). The required hinge
rotation, 6, in Figure 19(c), is the change in slope at the central
support determined from an elastic analysis of the maximum
load condition. The maximum load condition causes formation
of the failure mechanism. The required rotation is determined
by assuming a frictionless hinge at the central support and
calculating the rotation at the support under the combination
of maximum external load and the negative maximum moment
at the interior support hinge. This method is based on the
following assumptions. The moment-curvature relationships for
positive and negative moment are bilinear, with post-yield mo-
ments constant and equal to flexural strength moments. An
effective flexural rigidity, EI, is assumed to be constant over the
entire girder length.

Following is the derivation of the expression used to calculate
6, for girders analyzed in this study. The rotation at the central
support under maximum load is:

9, =

L. [w,,Lz PL M, )

EI 24 16 3

The terms used in Eq. 3 are defined in Figure 19. The ultimate
load is assumed to be a multiple of AASHTO lane loading.
Therefore, w, is proportional to 0.64 kip/ft and P, is propor-
tional to 18 kip, and

% =064 18 )
w, = P,/28.125 )

Substituting this into Eq. 3 gives
L PL* PL M,

% =m*|es T 16 3

X 12 (6)

where L is in feet, moment is in kip-ft, and other quantities are
in inches and kips. Assuming that the positive moment hinge
forms under the point load at midspan:

PL wJI?® M
= _u _ u 7
M, T T 2 ™
PL PIL> M,
=7t 2 ®)
P,L =M, + M, /2)/(L/225 + ) )

Substituting P,L into Eq. 6 gives the expression for required
rotation, 6,:

0 = ML [(Mu 1) (L/675 + Ye) 1

M2 | x12 @0
EI |\M, ' 2 X (19

L7225 + %) 3

It can be seen from the expression for 8, that the required
central support rotation depends on the magnitude of the con-
stant EI, the magnitudes of positive and negative moment
strengths, and span length. Where possible, values selected for
calculation of @, were chosen to produce a conservative (large)
estimate of required rotation. Rotational demand increases with
decrease of EI and increase of span length.

Values for flexural regidity, EI, were calculated using a
weighted averaging procedure which gave conservative values
compared to results of PBEAM analyses. As suggested by ACI
318-83 (68) Section 9.5, a weighted average of EI values from
positive and negative moment regions can be used to represent
a constant flexural rigidity. Several PBEAM analyses were con-
ducted in which girders were loaded to a level well beyond the
load producing yielding of support regions. An average value
of EI was computed from elastic deflection equations using
midspan deflection of a loaded interior span, applied external
loads, and changes in support moments. This calculated average
EI was considered an effective constant EI for the span.

Based on the PBEAM analyses, a conservative value for the
effective EI for use in calculating required rotation was deter-
mined to be the sum of 80 percent of the gross composite section
EI and 20 percent of the elastic cracked section negative moment
EI from WALL _HINGE results.

Span lengths were chosen to" be near the upper end of the
feasible span range for a particular girder.

Positive moment capacities, M,, were calculated using
AASHTO procedures for a quantity of prestressing strands con-
sistent with the chosen span length. Positive moment capacities
used to calculate required rotation were reduced by the service
dead load simple span moment due to girder and deck weight.
This accounts for the fact that positive live load plus impact
moments are superimposed on the simple span dead load mo-
ment. The discontinuity in slope at the support due to deck and
girder dead load is accommodated in the casting of the dia-
phragm.

Negative moment capacities, M’,, were calculated using
AASHTO procedures for each girder with 8, 16, and 24 sq in.
of deck reinforcement. Negative moment capacities calculated
using AASHTO procedures agreed well with WALL__HINGE
results. Negative moment capacities for use in calculating re-
quired rotation were reduced to 80 percent of calculated values.
This accounts for a possibility of negative restraint moment
equal to 20 percent of the strength existing at the support before
application of live load.

Resulting ratios of reduced negative to reduced positive mo-
ment capacity used for calculating required rotations ranged
from 0.18 to 1.14.

For the two-span bridge with AASHTO-HS lane loading, the
ratio of elastic negative support moment to midspan positive
moment is about 1.66 for span lengths considered here. There-
fore, negative moment hinges form first for all cases analyzed
in this study.

Rotation Capacity. Table 13 gives required central support
rotation, 6,, and rotation capacities, ., calculated at a distance
d from the support using Program WALL__HINGE. Calcu-
lated required rotations, 8,, averaged 0.007, 0.005, and 0.004
radians for 8, 16, and 24 sq in. of deck reinforcement, respec-
tively. Both required rotations and rotation capacities decrease
with increasing amounts of deck reinforcement. In only one
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Figure 19. Model for negative moment ductility study.

case, BT72/6 with 24 sq in. reinforcement, is required rotation
greater than rotation capacity.

Table 14 lists ratios of rotational capacities from
WALL_HINGE divided by required rotations; ultimate cur-
vature, ¢,,, divided by yield curvature, ¢,; and reinforcement
ratio, p, divided by balanced reinforcement ratio, p,, for each
analysis. Rotation ratio is calculated from data in Table 13. The
ratio of curvatures or ductility ratio was determined from
WALL __HINGE results by dividing rotation at the ultimate
moment by rotation at yield of deck reinforcement. Since average
curvature can be obtained by dividing rotations at d from the
support by the distance d, the ratio of ultimate to yield rotations
is equal to the ratio of ultimate to yield curvatures.

The typical failure mode for these analyses was flexural
compression, in which yield of deck reinforcement was followed
by crushing of compression zone concrete. As can be seen by

examining the data in Table 14 and the example output in Figure
18, girders with larger bottom flange areas, such as AASHTO-
V1, are much more ductile than sections with small bottom
flange areas, such as BT72/6. The ratio of calculated to required
rotation, 0./6,, averages 2.2 for AASHTO-VI and 1.1 for
BT72/6. The ductility ratio, ¢,/ ¢,, averages 6.0 for AASHTO-
VI and 2.9 for BT72/6.

The data in Table 14 show that for a given area of deck
reinforcement, use of lower strength girder concrete reduces
ductility. With lower strength girder concrete, a larger compres-
sion zone is required to equilibrate the force in the yielded deck
reinforcement. For a given area of deck reinforcement, use of
Grade 40 deck reinforcement significantly increases ductility,
as shown by rotation ratio and ductility ratio values in Table
14. The compression zone is required to equilibrate a signifi-
cantly lower force when deck reinforcement yields. As a result,
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Table 13. Rotation at central support—required and WALL __ Hinge results.

Deck Reinforcement, 1n.2
Span Concrete | Deck Reinf. 8 16 24
Length, | Strength, Yield,
Girder ft psi psi 0., rad. 6., rad. (o, rad. 6., rad. | o, rad. | e rad.
Cal. 66 100 6500 60000 0.0054 0.0103 0.0035 0.0060 0.0021 0.0039
AASHTO-IV | 100 6500 60000 0.0075 0.0116 0.0055 0.0091 0.0039 0.0075
AASHTO-VI 130 6500 60000 0.0076 0.0185 0.0059 0.0126 0.0045 0.0096
BT72/6 130 6500 60000 0.0076 0.0097 0.0054 0.0069 0.0037 0.0028
RIV-48 90 6500 60000 0.0080 0.0180 0.0058 0.0137 0.0040 0.0067
Cal. 66 100 5000 60000 0.0061 0.06093 0.0040 0.0045 0.0026 0.0029
AASHTO-1V { 100 5000 60000 0.0085 0.0096 0.0062 0.0082 -- --
Cal. 66 100 6500 40000 0.0061 0.0162 0.0049 0.0108 0.0039 0.0060
AASHTO-IV 100 6500 40000 0.0083 0.0186 0.0069 0.0109 0.0058 0.0087
Table 14, Comparison of rotation and ductility ratios. sists of bottom flange and web concrete in compression and
: deck reinforcement in tension. In calculating the balanced re-
Concrete | Deck Reinf. | Deck Reinf. | Rotation ( Ductility inforcement ratio, the actual compression area of concrete in
Strength, Yield, Area, Ratio, Ratio, »/ph
Girder psi pst 1n.2 8c/er oty the bottom flange and web must be used. At the balanced
cal. 66 6500 60,000 o 191 5.2 0.2 condition, the extreme compression fiber is assumed to reach a
;‘: };; H gg: strain of 0.003 at the same time as deck reinforcement reaches
£0.000 . ‘s ' yield strain. The effects of reinforcement and prestressing strand
ANSHTO- TV 6500 ! 16 1.65 f: 85? in the bottom flange are neglected. Using the assumed linear
u 1.92 3.1 0-8) | strain distribution, the compression block depth can be deter-
AASHTO-VI 6500 60,000 8 2.43 8.4 0.17 mined from the neutral axis depth.
16 2.4 5.5 0.33
24 2.13 4.2 0.50
87,000
8172/6 6500 60,000 8 1.2 01 0.26 _ )
16 1.28 3.0 0.52 X =Bigar74 amn
24 0.76 1.0 0.78 87’000 + -/:v
BIV-48 6500 60,000 8 2.25 8.3 0.2 ) .
;f: 2.36 gg g:; where: 8, = factor defining depth of compression block, from
) ) ) ACI 318-83 Section 10.2.7.3 (68); f, = steel yield stress, psi;
cal. 66 5000 60,000 8 1.52 o 0.13 and d = depth from extreme compression fiber to centroid of
;s Hg gg ggg deck reinforcement, in.
The balanced reinforcement ratio, p,, can then be calculated:
AASHTO-IV 5000 60,000 8 1.13 4.5 g :3
. 16 1.33 s . ,
— 085fc(Af + (xb_hf)tw)
Ps = bd
cal. 66 6500 40,000 8 2.66 n.e {0 S5
16 2.20 6.2 0.33
2 1.54 3.4 0.49 where: f’, = girder concrete compressive strength, psi; 4, =
AASHTO-1v | 6500 40,000 8 2.4 12.8 0.13 cross-section area of bottom flange, up to junction with web,
16 1.58 1.5 0.25 . . .
2 1.50 5.5 0.38 sq in; x, = depth of compression block, in.; A, = depth of

N

prior to failure the compression zone can accommodate more
deformation and force as strain hardening of deck steel occurs.

Use of the reinforcement ratio p without consideration for
cross-sectional shape or material strengths is not a particularly
good indicator of ductility. The ratio of p to p, was considered
likely to be a better indicator in that p, includes the effects of
fp f'e and cross-sectional shape as follows. The reinforced
concrete section which resists negative moment at supports con-

bottom flange, up to junction with web, in.; ¢, = web thickness,
in.; f, = steel yield stress, psi; b = width of bottom flange, in.;
and d = depth from extreme compression fiber to centroid of
deck reinforcement, in.

Design Implications. Requirements of ACI 318-83 Section
8.4.3 (68) limit reinforcement ratio for continuous nonpres-
tressed flexural members to 0.5 times the balanced reinforcement
ratio if moment redistribution is to be allowed. Therefore, a
reinforcement ratio of 0.5 times p, was investigated as a possible
limit to ensure sufficient ductility to form the full failure mech-
anism in bridges of the type investigated in this study. In Figure
20, the ratio of rotation from WALL__HINGE results to re-
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Figure 20. Rotation ratio versus percentage of balanced rein-
forcement ratio.

quired rotation, 8./8,, is plotted versus the reinforcement ratio
divided by p,. The reinforcement ratio is calculated by dividing
deck steel area by the product of bottom flange width and depth
from extreme compression fiber to centroid of deck steel. No
steel in compression zone was included. The single section with
rotation less than required has a reinforcement ratio of 0.78
times balanced. The trend of the data is negatively sloped, but
there is a large amount of scatter. All analyzed sections with
less than 50 percent of the balanced reinforcement ratio theo-
retically had adequate rotation to form the failure mechanism.

In Figure 21, the ductility ratio, ¢,/¢,, is plotted against
the reinforcement ratio divided by p,. The data show a strong
trend of decreasing ductility with increasing percentage of bal-
anced reinforcement ratio. The intersection of 0.5 times p, and
the best fit exponential curve occur at a ductility ratio of 3.4.
All analyzed sections with reinforcement ratios less than or equal
to 50 percent of the balanced reinforcement ratio had ductility
ratios greater than or equal to 3.4. All analyzed sections with
reinforcement ratios greater than 50 percent of the balanced
had ductility ratios less than 3.4. Although all but one of the
analyzed sections with reinforcement ratio greater than 50 per-
cent of balanced reinforcement ratio theoretically have sufficient
ductility to form a full failure mechanism, these failures will
occur with a relatively small amount of deformation prior to
failure. With deck. reinforcement limited to S0 percent of the
balanced reinforcement ratio, composite girder-deck sections
will have adequate rotation available to form the failure mech-
anism and sufficient ductility to ensure that failure occurs with
enough deformation to provide warning.

Table 15 contains limiting reinforcement ratios and deck steel
quantities for the girder sections and material properties used
in this study. Depth to reinforcement is girder depth plus 4 in.
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Figure 21. Ductility ratio versus percentage of balanced rein-
forcement ratio.

It can be seen that limiting reinforcement ratios for Grade 60
deck steel are generally less than the limit of 0.015 implied in
Section 9.7.2.3.2 of the 1983 AASHTO Code (/4).

ANALYSIS PROCEDURES

Results of the questionnaire indicated that the method of
design most commonly used was the method published by PCA
(12). In this section of the report, the PCA method is described
briefly and predicted moments using the PCA method and the
computer program PBEAM are compared. New simplified com-
puter programs developed in this project and proposed for use
in calculating design moments are then presented.

Table 15. Deck reinforcement limits.

Girder fé, fy. :mg: s Max\mum2
pst ps .5*%pp Agt . in.
Cal. 66 6500 60,000 0.0110 14.6
AASHTO-1V 6500 60,000 0.0130 19.6
AASHTO-VI 6500 66,000 0.0113 24.0
BT72/6 6500 60,000 0.0084 15.3
8lv-48 6500 60,000 . 0.0087 1%.2
Cal. 66 5000 60,000 0.009 121
AASHTO-1IV 5000 60,000 0.0105 15.8
cal. 66 6500 40,000 0.0183 24.3
AASHTO-1V 6500 40,000 0.0209 3.5
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PCA Method

In current design practice, the PCA method developed by
Mattock (12) is generally used for predicting restraint moments
at supports. For this analysis, it is 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. A similar ap-
proach to account for time-dependent forces in continuous struc-
tures built in stages is given in Ref. 31.

Using this method, the restraint moments due to dead load,
prestress, and differential shrinkage between deck slab and girder
are calculated. These moments are calculated for a continuous
girder, assuming rigid connections between individual spans at
the piers. Any convenient method for the analysis of statically
indeterminate structures may be used.

The creep restraint moments are determined by multiplying
the dead load and prestress moments by a coefficient (1—e~*).
The coefficient ¢ is the ratio of creep strain to elastic strain.
The resulting restraint moments are those which will be caused
eventually by creep of the precast girder after the creation of
continuity.

Restraint moments due to differential shrinkage are deter-
mined using a multiplier of (1—e~*)/¢.

The restraint moments over piers are calculated as the sum
of moments due to creep and differential shrinkage. The max-
imum positive and negative moments due to live load and impact
are determined from analysis of the girders as a fully continuous
beam. The time-dependent restraint moments are superimposed
on the live load and impact moments for design of the positive

Table 16. Comparison of restraint moment results using PCA method
and PBEAM analysis.

Restraint Moment Restraint Moment

Age at at B, kip-ft at C, kip-ft

Continuity,

Days PCA PBEAM PCA PBEAM
17¢ 849 867 5688 933

37 105 253 491 n

67 302 -333 222 -188
17 849 658 588 842

*Area of positive reinforcement = 7.2 sq in.
**Area of positive reinforcement « 3.6 sq in.

Table 17. Comparison of resultant moments with application of live
loads.

Moment at B, Moment at Midspan Moment at C,
Age at kip-ft of BC, kip-ft kip-ft
Continuity,
Days PCA PBEAN PCA PBEAM PCA PBEAM
17+ 402 -19§ 5421 5458 -753 138
37 258 -833 5301 4833 -850 -522
67t =145 -152§ 4965 4343 -1119 -809
170 402 -16 s421 5558 -753 158

*area of positive reinforcement = 7.2 sq in.
**Area of positive reinforcement = 3.6 sq in.

moment connections at the supports and for design of the girder
for positive midspan moments. The negative moment connec-
tions are designed for the full negative moment due to live load
and impact without consideration of the time-dependent re-
straint moments. The PCA design procedure does not address
design implications of situations in which negative restraint
moments occur.

Comparison of PCA Method and PBEAM Analyses

The accuracy of the PCA method of design of continuous
highway bridges with precast, prestressed concrete girders was
evaluated using the computer program PBEAM (353). For the
purpose of comparison, a sample calculation was taken from
the PCA design procedure publication (/2). The positive re-
straint moments at piers due to creep and shrinkage, and neg-
ative moments from live load plus impact, were calculated for
a bridge with four 130-ft spans, shown in Figure 10(a). Degree
of continuity was studied, assuming continuity connections are
made at 17, 37 or 67 days after girder prestress release. Analyses
were also carried out assuming a reduced amount of positive
moment reinforcement and reduced tensile capacity of the con-
crete in the continuity connection.

The following data from the PCA example were used: ex-
posure at 50 percent relative humidity, ultimate shrinkage equal
to 0.0006 in./in., ratio of creep strain per psi of stress to elastic
strain per psi of stress with a continuity connection made at 28
days, ¢ = 1.95, which corresponds to an ultimate ¢ = 3.25.
All other design criteria for the Type VI AASHTO girder used
for this study are given in the PCA example (/2). For evaluation
of live load response, AASHTO HS20-44 lane load was applied
at spans BC and CD only, as shown in Figure 10(a).

Results of the comparison between the PCA method and the
time-dependent computer analyses are presented in Tables 16
and 17. Restraint moments at the cast-in-place connections at
the Piers B and C are given in Table 16 for 650 days after
casting the girder. Resultant moments, including live loads, in
the girders at an age of 650 days are presented in Table 17.

As can be seen from Table 16, restraint moments at Support
B for both methods are similar for the age at continuity of 17
days. However, as the age at continuity increases, so does the
difference between the computer analysis and the PCA method.
The same relationship between the restraint moment and the
age of continuity can be seen at Support C. Both methods of
analysis indicate a tendency of the positive restraint moment to
decrease with the increased continuity age. However, the time-
dependent computer analysis predicts significantly more change
and reversal of sign of the restraint moment at age of continuity
of 67 days. The largest absolute difference between the PCA
method and time-dependent computer analysis results occurs at
support B for the age at continuity of 67 days.

Differential shrinkage induces a negative restraint moment
and creep induces a positive restraint moment. Therefore, the
data in Table 16 demonstrate that differential shrinkage restraint
moment becomes more influential with increasing age at con-
tinuity and creep becomes less influential than is predicted by
the PCA method. This has the effect of decreasing the proba-
bility of positive moment cracking at the connection and avoid-
ing the behavior illustrated in Figure 8. However, the probability
of negative moment cracking at the connection is increased.

Comparison of resultant moments, including restraint mo-



ments and dead load plus live load plus impact moments at
Supports B, C, and midspan for different ages at continuity, are
shown in Table 17. The PCA method assumes that live load is
applied to the elastic continuous structure. This elastic analysis
does not consider the finite length of the connection nor does
it consider the loss of stiffness with possible cracking in the
connections. The negative moments over piers from live load
plus impact shown in Figure 10(a) for the fully continuous
beam are —447.0 kip-ft at B, and — 1,341 kip-ft at C.

The PBEAM computer analysis for live load plus impact
applied at girder age of 650 days accounted for realistic stiffness
of girders at this age, including finite length of the connection
and the effects of cracking of the concrete in the connections.
Comparing results from Table 16, the PCA method predicts
the highest negative moment to occur at Support C for conti-
nuity age of 67 days with a value of — 1,119 kip-ft. The computer
solution shows the highest moment to be — 1,525 kip-ft and to
occur at Support B. Even though there is a difference in the
relative magnitude of negative moments at Support B and Sup-
port C, it is interesting to note that maximum midspan moments
are practically the same for two methods for the 17-day age of
girder continuity. That may not be the case for a different
structure. However, in this example, with increased age of con-
tinuity of 37 days and 67 days, the value of midspan moments
is higher and, therefore, more conservative when calculated by
the PCA method. The data in Table 16 suggest that, although
more negative moment reinforcement might be required, there
is a potential for more economical design for positive moment
in the prestressed girders depending on the age at continuity.

It should be noted, however, that the degree of continuity is
not only dependent on the age at continuity but also on the age
at application of service load. For age of continuity at 67 days,
negative moment at C from PBEAM analyses changes from
—809 ft-kip to —1,225 ft-kip when loaded at 100 days rather
than 650 days. This demonstrates that while long-term effects
produce the more critical situation for design for positive mo-
ments, short-term loading effects are more critical for negative
moment.

To examine the effects of joint stiffness, comparable analyses
were made assuming only one-half the amount of positive mo-
ment reinforcement. The PCA sample calculation resulted in a
required 7.20 sq in. of positive reinforcement. The girders were
reanalyzed using only 3.60 sq in. of positive reinforcement. The
results of PBEAM analysis for restraint moments and resultant
moment with application of live loads are given in Tables 16
and 17. The moments predicted using the PCA method are not
affected by the amount of positive moment reinforcement and
are repeated in Tables 16 and 17 for comparison purposes. These
data indicate that, for this example, the long-term positive re-
straint moments are sensitive to the amount of positive rein-
forcement provided. However, the net effect on the resultant
midspan positive moments with live load is not significant.

Some of the factors that contribute to the differences in cal-
culated restraint and resultant moments are discussed below. A
major difference is that the PCA method assumes full structural
continuity for calculation of moments. Supports at piers are
considered to be ideal pin supports. The PBEAM analysis con-
siders the finite length of the diaphragm between supported ends
of adjacent girders. The PBEAM analysis also accounts for
cracking of concrete and yielding of reinforcement as critical
moment levels are reached. Therefore, a realistic stiffness of
support regions is used in the determination of restraint and
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resultant moments. The PCA method also has limitations in
the handling of time-dependent effects. The design method in
Ref. 12 does not incorporate up-to-date models for shrinkage
and creep of concrete. PBEAM uses more recent models, such
as that of ACI Committee 209 (17), for prediction of time-
dependent behavior. Another advantage of PBEAM’s analysis
is that separate time-dependent functions can be used for deck
and girder concrete shrinkage. The PCA method uses the same
time-dependent curve for both deck and girder concrete shrink-
age. The PBEAM analysis incorporates an incremental analysis
using the method of superposition. This allows the time history
of behavior to be studied. The PCA method is configured to
produce restraint moments at one point in time rather than a
complete history. Also, the shrinkage restraint moment com-
ponent in the PCA method is defined by an equation which
does not correctly account for compatibility between the girder
and deck as shrinkage occurs. This is correctly accounted for
in the analyses using PBEAM. These factors contribute to dif-
ferences in moments shown in Tables 16 and 17 for PBEAM
and PCA method results. Also, Ref. 12 does not include con-
sideration of negative restraint moments in the design procedure.

Computer Programs for Proposed Analysis
Procedures

Determination of time-dependent effects for this type of bridge
is a necessary part of analyzing behavior of the structure. The
degree of continuity to be counted on for reduction of midspan
live load plus impact moments can vary from essentially zero
to fully continuous, depending on time-dependent effects and
construction timing and sequence. In order to determine design
moments for service conditions, restraint moments due to creep
and shrinkage should be evaluated to determine the appropriate
degree of structural continuity. The current restraint moment
analysis method from PCA’s design procedure (/2) has been
shown to have shortcomings. The computer program PBEAM
is capable of carrying out the complex analyses accounting for
the time-dependent effects. However, use of PBEAM is very
cumbersome, time consuming, and requires a large amount of
computer memory. There was a need for an improved simplified
analysis procedure for use in design.

One of the complex time-dependent effects modeled by
PBEAM was the opening of cracks in the bottom of the dia-
phragm when positive moment reinforcement is not provided.
However, based on parametric study results, resultant moments
at midspan are nearly identical for a given situation regardless
of the amount of positive moment reinforcement in place at the
supports. This is illustrated in Figure 22, in which moment
diagrams on the left are for an early age of continuity structure
with positive moment reinforcement and on the right for the
same structure without positive moment reinforcement. Dead
load moments are the same. With time-dependent effects, pos-
itive restraint moments develop for the structure on the left.
Without positive reinforcement, cracks occur and little or no
positive restraint moment develops for the structure on the right.
With application of additional dead load and live load plus
impact, positive midspan moment increments for the continuous
structure are less than for the structure in which cracks may
have opened because of the lack of positive moment reinforce-
ment. However, resultant midspan moments, equal to super-
position of dead load, time-dependent, additional dead load, and
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live load plus impact moments, are essentially the same. This
results because the loss of stiffness and structural continuity due
to opening and closing of the crack at the bottom of the dia-
phragm when positive moment reinforcement is not provided
is compensated for by the restraint moment that develops if
positive moment reinforcement is provided. Therefore, either of
the two routes shown in Figure 22 may be used to determine
positive mnidspan service moment.

The simplest method is to assume full structural continuity
for calculation of both live load plus impact and time-dependent
restraint moments. Because development of negative restraint
moments occurs with full structural continuity until the deck
cracks, this method is appropriate for calculation of positive
and negative restraint moments.

A computer program was developed as an improved method
to predict restraint moments at redundant supports of bridges
constructed of precast, prestressed girders made continuous. The
program, called BRIDGERM, is described in detail in Appendix
E. A second program, called BRIDGELL, also described in
Appendix E, was developed to calculate maximum moments
under AASHTO HS live load plus impact specifications (/4).
Documentation of the programs, user instructions, and source
listings are included in Appendix E. Example runs are also
included in Appendix E. Descriptions of the programs are given
in the following sections.

Calculation of Restraint Moments. Program BRIDGERM
was developed based on the PCA restraint moment calculation
procedure in Ref. 12. Modifications to the PCA method were
made to improve the analysis. Separate time-dependent func-
tions are provided for girder concrete creep, deck concrete
shrinkage, and girder concrete shrinkage. The time-dependent
functions used in BRIDGERM are those suggested by ACI
Committee 209 (17) for creep coefficient, shrinkage of moist-
cured concrete, and shrinkage of steam-cured concrete, respec-
tively. Ultimate values of creep coefficient, deck shrinkage strain,
and girder shrinkage strain are provided by the user. Deck
concrete compressive strength also varies with time according

to the ACI-209 recommended time curve, assuming moist-cured
concrete with Type I cement. Deck concrete modulus of elas-
ticity is calculated from the time-dependent compressive
strength using the relationship in AASHTO (/4). Prestress force
is determined as a function of time using the PCI prestress loss
calculation procedure in Ref. 41. The stress at the strand cen-
troid due to restraint moments is included in the loss calculation.

An additional modification involves use of a simplified bridge
model for calculating the elastic distribution of restraint mo-
ments. A single interior span is supported by a double pinned
support at each end, as shown in Figure 23. The double pinned
support accounts for the finite length of the diaphragm. An
exterior span is supported by a single pin at one end and a
double pinned support at the other end. The distance between
the double supports (XLD) should be taken as the distance
between the centerline of the support bearings of adjacent girders
over a common pier. For purposes of elastic analyses the ratio
of sectional stiffness (EI) of the girder to the sectional stiffness
of the diaphragm between supports was taken to be one. Because
of the high stiffness of the double support region (assuming no
uplift at either reaction), the influence of adjacent spans on
restraint moments in the subject span can be neglected.

The analysis is conducted for typical exterior and interior
spans in a multispan continuous bridge. For a two-span bridge,
the analysis is modified to account for two adjacent exterior
spans. For a three-span bridge, the analysis is conducted for an
exterior span and for an interior span with exterior spans ad-
jacent to each end. For bridges of four spans and greater, re-
straint moments are calculated for exterior spans, interior spans
adjacent to an exterior span, and interior spans adjacent to
interior spans at each end. The analysis procedure allows for
the possibility of uplift at the first interior support region when
the change in moment over the support region causes one re-
action to become negative. In this case, the model is adjusted
to account for the reduced stiffness in the support region and
the effect of the adjacent span.

The analysis in BRIDGERM is conducted by superimposing
restraint moment increments calculated over a series of time
intervals. The user specifies the girder age at which continuity
is established and the age at which the deck is in place. In
general, these ages should be assumed to be the same unless it
is specifically known that there will be a difference of more than
several days. The program calculates prestress losses from the
user-specified age of prestress release until continuity is estab-
lished. When the deck is in place, the strand stress is increased
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Figure 23. Simplified bridge models for BRIDGERM analysis.



because of the imf;osed deck load. Restraint moments are cal-
culated over a predetermined sequence of time increments start-
ing at the age continuity is established. For each time step, the
three components of change in restraint moments, differential
shrinkage, dead load creep, and prestress creep, are calculated.
The calculated increment of restraint moment is added to the
sum from the preceding time step to determine the restraint
moment at the end of an interval. The chaige in restraint mo-
ment within a time step is determined using a modification to
the procedure in Ref. 12. The modifira procedure incorporates
a time-dependent creep effect factor to account for the age at
loading for the change in moment within each time step. Details
of this procedure are further discussed in Appendix E.

In order to determine the success of the simplified restraint
moment calculation method, a comparison to results of the
PBEAM analyses was made. Initial comparisons showed that
the simplified method overestimated the effects of differential
shrinkage, particularly for late restraint moments in a bridge
with a late age of continuity. The formula suggested by Dis-
chinger (69) to account for the restraining action of reinforce-
ment was used to reduce the ultimate shrinkage strain of the
deck when restraint moments were negative. Use of this mod-
ification factor is further discussed in Appendix E.

Tables 18 and 19 show comparisons of restraint moments
calculated using PBEAM, the CTL method using program
BRIDGERM, and the PCA method from Ref. 12. The tables
compare restraint moments at the central support of a four-
span bridge. Three girder sections are compared, each with two
span lengths. Each analysis was done using a low value of 1.625
and a high value of 3.25 for the ultimate creep coefficient. Table
17 shows restraint moments calculated at 650 days for an early
age of continuity of 17 days. The CTL moments show signifi-
cantly better agreement than moments calculated using the PCA
method. The mean absolute error of the PCA method compared
to PBEAM results is 334 ft-kip. The mean absolute error of
CTL method results is 77 ft-kip.

Table 19 shows the maximum negative restraint moments for
bridges with a late age of continuity of 67 days. The improve-
ment in predicting the maximum negative moment for late age
of continuity using the CTL method is not as significant as for
early age of continuity results shown in Table 17. For maximum
negative moment, the mean absolute error for the CTL method
is 184 ft-kip, compared to 185 ft-kip for the PCA method.

Three typical restraint moment time responses are shown in
Figures 24, 25, and 26. Each figure shows restraint moments
from PBEAM and CTL method calculations at the central
support of a four-span bridge. Analyses were done for low and
high ultimate creep coefficients of 1.625 and 3.25, respectively.
Figure 24 is for BT72/6 girders with 130-ft spans and age of
continuity of 17 days. PBEAM results for both low and high
creep give positive restraint moments immediately after conti-
nuity is established. Because of the configuration of the girder
cross section, dead load is relatively small and the composite
centroid is close to the top of the girder. As a result, the two
contributors to negative restraint moments, dead load creep and
differential shrinkage, are relatively small compared to the pos-
itive restraint moment contribution of prestress creep. CTL
method restraint moment for the high creep case is close to
PBEAM results and converges at a later age. For low creep,
the CTL method moment is slightly negative initially, but re-
covers and runs parallel, but approximately 270 ft-kip below
the PBEAM moment at later ages. This represents the largest
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Table 18. Restraint moments at central support of four-span bridge—
age of continuity 17 days.

Ultimate Girder Span PBEAM CTL Method PCA Method
Creep Type Length, Moment Moment Moment
Coefficient,| ft @ 650 days @ 650 days @ 650 days

ft-k ft-k ft-k
3.25 AASHTO-1V 70 217 2715 40
100 403 392 131
AASHTO-VI 100 313 340 -83
130 678 m 316
BT72/6 100 215 297 54
130 1017 975 736
1.625 AASHTO-1V 70 * 41 -185
100 226 124 -120
AASHTO-VI 100 96 21 -352
130 385 320 -68
BT72/6 100 102 26 =200
130 697 425 286
PBEAM analyses of girders with positive moment reinforcement at the supports

was not carried out for this set of parameters.

Table 19. Restraint moments at central support of four-span bridge—
age of continuity 67 days.

Ultimate Girder Span Maximum Negative Moment
Creep Type Length, ft-k
Coefficient ft cTL PCA
PBEAM Method | Method
3.25 AASHTO-1V 70 -900 -668 -541
100 -900 -655 -518
AASHTO-VIL 100 -1160 -916 -718
130 -750 -861 -678
BT72/6 100 -644 -185 -605
130 -519 -706 | -435
1.625 AASHTO-1V 70 -900 -738 -680
100 -900 -127 -651
AASHTO-VI 100 -1130 -1009 -979
130 -750 -881 -851
877276 100 -634 -859 -761
130 -566 -801 -622
Restraint
Moment,
ft-k
1200
PBeam V  =3.25
1000 }
CTL V=325
800
*t__PBeam V = 1.
600 | u = 1625
R A S f_CTL Vu - 1625
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-200 - Time, days

Figure 24. Comparison of CTL method and PBEAM results—
BT72/6, early age of continuity.
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Figure 25. Comparison of CTL method and PBEAM results—
AASHTO-VI, early age of continuity.

difference for the comparisons made in Table 17. The difference
of 270 ft-kip is approximately 6 percent of the resultant midspan
moment for dead load, restraint moment, and live load plus
impact.

Figure 25 represents a common situation for heavier girders
with early age of continuity. In this case, the girders are
AASHTO Type VI with spans of 100 ft. For heavier girders,
dead load creep and differential shrinkage components dominate
in early ages and produce negative restraint moments. Prestress
levels in heavier girders are often high, particularly for longer
spans, and therefore positive restraint moments eventually de-
velop as the differential shrinkage contribution decreases. Again,
for high creep, the CTL method prediction agrees fairly well
with the PBEAM results. For low creep, the CTL method
overestimates early age negative moment and then runs parallel
but below the PBEAM results.

Figure 26 shows typical behavior of a girder with an age of
continuity of 67 days. This bridge consists of 100-ft spans with
AASHTO Type IV girders. For later age of continuity the
differential shrinkage component dominates the early restraint
moments because most of the girder shrinkage has occurred
before the deck is in place. High negative restraint moments
result. PBEAM analyses generally result in a large negative
restraint moment, initially with a strong recovery due to pres-
tress creep after 100 days. The CTL method results do not attain
the extremes of the PBEAM analyses in that the high early
negative restraint moment is generally underestimated and later
age negative moments are overestimated.

In general, the CTL method as implemented in program
BRIDGERM shows reasonable agreement with PBEAM results
for each of the three situations described above. The method is
an improvement in ease of use as well as accuracy of results
over the PCA method from Ref. 12. The mean absolute error
of 77 ft-kip for the CTL method results in Table 17 represents
approximately 2 percent of the sum of positive midspan service
restraint, dead load, and live load plus impact moments for the
six girder/span length combinations studied.

Calculation of Live Load Plus Impact Moments. Program
BRIDGELL was developed to calculate maximum live load
plus impact moments for a continuous interior bridge pirder

Time, days
0 100 200 300 400 500 600 700
0 r v Y v v v \
-200 |
Restraint
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ft-k
-400
- PBeam V y=1.625
-600 CTL Vy=1625
-800 L

Figure 26. Comparison of CTL method and PBEAM results—
AASHTO-VI, late age of continuity.

loaded by AASHTO standard (/4) HS truck and lane loads.
An elastic continuous beam analysis program was modified by
addition of routines to generate AASHTO HS truck and lane
loads. For AASHTO HS truck loads, a single standard truck
is placed at a number of positions on each span. The user
specifies the number of truck positions per span and the number
of axle spacings to be used between the 14 and 30 ft extremes.
For each combination of truck position, direction, and axle
spacing, the bridge is analyzed. Extreme shears and moments
are updated after each analysis. The program is capable of
analyzing the structure without positive moment continuity for
AASHTO truck load cases. For AASHTO HS lane loading, the
program generates combinations of patterned loading to produce
maximum positive midspan moments and maximum positive
and negative support moments. The AASHTO larie load spec-
ifies use of one concentrated load for positive moments and two
concentrated loads for negative moments, placed to cause max-
imum stress. For each pattern of lane uniform loading, the user
specifies the number and locations of different positions for the
concentrated load(s). For each combination of uniform and
point load(s), the bridge is analyzed. Extreme shears and mo-
ments are updated after each analysis. The load magnitudes are
based on AASHTO HS20-44 specifications. Loads are adjusted
to account for the number of lanes per girder and the lateral
distribution of load according to AASHTO recommendations.
The user may specify load magnitudes other than HS20:44 by
entering a multiplication factor, such as 1.25 to analyze for
HS25-44 loading. :

SUMMARY OF FINDINGS

Chapter Two presented the findings of the research for this
project. Based on a review of the literature, existing ana-
lytical techniques and computer programs PBEAM and
WALL__HINGE were selected for evaluation of time-depen-
dent behavior and strength of precast, prestressed girders made
continuous. Creep and shrinkage tests were carried out to in-
vestigate behavior with early age loadings and to evaluate math-
ematical models. Coefficients for time-dependent behavior of



concrete based on ACI-209 recommendations were found to be
satisfactory.

Respondents to the questionnaire confirmed that current prac-
tice for design and construction of the simple-span girders made
continuous varies considerably. The responses to the question-
naire were used to determine ranges of design parameters for
this type of bridge.

A parametric study for time-dependent effects on continuity
indicates that effective continuity for live load can range from
0 to 100 percent. The presence of positive moment connection
in the diaphragms has negligible effect on reduction of resultant
midspan service moments. Construction timing has a major
influence on effective continuity. Maximum loss of effective
continuity, resulting either from positive restraint moments or
opening of cracks in the bottom of diaphragms, occurs with a
combination of young girders at the time of casting the deck
and diaphragm with late age application of live load plus impact.
Maximum negative moment and probability of transverse crack-
ing in the deck over the supports occur with older girders at
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the time of casting the deck and diaphragm combined with early
age application of live load.

A parametric study of the effect of amount of deck reinforce-
ment and cross-sectional shape of girders was carried out. Re-
sults were used to determine a limit for the negative moment
reinforcement ratio, p equal to 0.5 p,, in order to ensure re-
distribution of moments and attainment of maximum strength
of the girders.

A comparison of the analytical results was made using the
existing PCA method and the computer program PBEAM. The
comparison indicated that, using moments determined from
PBEAM, there is a potential for more economical design for
positive midspan moment in the prestressed girder. A new sim-
plified computer program, BRIDGERM, was developed using
modifications to the PCA method to calculate time-dependent
behavior. Another program, BRIDGELL, was developed to
calculate the continuous moments due to live load plus impact.

Based on the findings discussed in Chapter Two, Chapter
Three presents recommendations for analysis and design.

CHAPTER THREE

INTERPRETATION, APPRAISAL, AND APPLICATION

DESIGN FOR SERVICE MOMENTS

Current AASHTO provisions for the design of bridges con-
structed of prestressed girders made continuous do not specify
how to consider the effects of creep and shrinkage. The following
recommendations for the design for service moments are based
on the findings of the analytical studies of the long-term behavior
of this type of bridge presented in Chapter Two.

Positive Moment at Supports

Results of the parametric study of time-dependent restraint
moments and service load moments at supports of bridges con-
structed of prestressed concrete girders made continuous indi-
cate that there is no structural advantage for providing positive
moment reinforcement at supports. With continuity established
at an early girder age, positive restraint moments and the ap-
parent degree of continuity with application of live load are
highly dependent on the amount of positive reinforcement pro-
vided in the girder connections at the supports. The time-de-
pendent positive restraint moment generally induces a crack in
the bottom of the diaphragm concrete. With the application of
live load, the positive moment crack must close prior to inducing
negative moment at the continuity connection. The presence of
positive moment reinforcement helps to maintain relatively
small cracks, thereby increasing apparent live load continuity.
However, the positive restraint moment resulting from the pres-
ence of the reinforcement in the support connection increases

the positive midspan resultant moment. The effect of the lack
of full continuity caused by not providing positive reinforcement
in the diaphragm and allowing the bottom diaphragm crack to
open is virtually balanced by the increased positive restraint
moment. Therefore, the resultant midspan moments, which in-
clude moments due to dead load, restraint moments due to
creep and shrinkage, and live load moments, are independent
of the area of positive reinforcement provided in the diaphragm
connections at the supports. Therefore, providing positive mo-
ment reinforcement has no benefit for flexural behavior of this
type of bridge.

The primary advantage of positive moment reinforcement is
in maintaining a smaller crack near the bottom of the diaphragm.
However, questionnaires returned by four state departments of
transportation (California, Florida, Minnesota, and Wisconsin)
reported using continuous decks over the supports without any
positive moment connection. There were no serviceability prob-
lems associated with the lack of positive moment connections.
Because construction of this detail is expensive, time-consuming,
and difficult, the provision of positive moment reinforcement
at the supports is not recommended.

Positive Moment at Midspan

Positive service moments at midspan consist of simple span
moments due to girder and deck weight and moments acting
on the continuous structure, including those due to additional
dead load, live load plus impact, and time-dependent restraint
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moments at supports. AASHTO Specifications require that al-
lowable stresses of Article 9.15.2.2 (I4) not be exceeded under
the critical combination of service loads. Results of this study
indicate that the time-dependent behavior influences the con-
tinuous behavior such that the effective continuity for live load
plus impact can vary from O to 100 percent. Therefore, the time-
dependent effects must be considered in design if continuity is
to be counted on to reduce positive service moments at midspan.

To account for the effects of time-dependent restraint mo-
ments on midspan positive service moments, the first step is to
determine restraint moments assuming full structural continuity.
Calculated restraint moments, support moments for the service
load case which causes maximum midspan moment, and support
moments due to additional dead load are then added. The sum-
mation of support moments governs the amount of positive
midspan moment reduction due to the effects of structural con-
tinuity.

Time-Dependent Restraint Moments. Restraint moments can
be determined using the program BRIDGERM developed in
this study. The analysis in BRIDGERM to determine restraint
moments assumes full structural continuity. As discussed in
Chapter Two and illustrated in Figure 22, this applies whether
or not positive moment connections are provided at supports.
Additional dead load applied shortly after establishment of con-
tinuity, such as for parapet or median strip loads, should be
included in the restraint moment analysis.

For calculating support restraint moments for use in deter-
mining positive midspan service moments, the following time
factors should be considered. The earliest likely girder age at
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Figure 27. Continuity for determining design moments from ex-
ternal loads.

which continuity would be established in the bridge based on
expected construction schedule should be used. Results of the
questionnaire indicated that girders are generally between 10
and 90 days old at the time of construction. An age of continuity
of 17 days was used for early age analyses in the parametric
study. Along with the early age of continuity, a late age at which
live load is applied, 2 years or greater, should be used.

An additional consideration that could be used to calculate
more conservative design moments is to include factors to ac-
count for the variability of creep and shrinkage behavior. As
shown by the creep and shrinkage tests carried out in this study,
the concrete time-dependent properties can vary significantly
from the calculated values from analytical material behavior
models. To determine the most conservative positive midspan
service moments, the time-dependent analysis with BRIDG-
ERM could be carried out with upper-bound values on girder
concrete creep and shrinkage and a lower-bound value on the
deck shrinkage. Considering that the time-dependent analyses
are being carried out to determine service moments, and con-
sidering that no major serviceability problems have been re-
ported related to midspan flexural behavior for this type of
bridge, use of upper-bound and lower-bound time-dependent
material properties would add unwarranted conservatism. It is
our recommendation that, if the time-dependent material prop-
erties of the specific concrete to be used in the construction of
the girders and deck are not known, values determined using
ACI-209 (17) recommendations should be used for calculating
time-dependent restraint moments.

Live Load Plus Impact. One of the main recommendations
of this study is that positive moment reinforcement at supports
not be provided because its disadvantages in construction out-
weigh structural and serviceability advantages. However, if pos-
itive moment reinforcement is not provided, no reliable positive
moments can develop at supports. Therefore, for determination
of live load plus impact moments on the continuous structure,
the nature of continuity at supports must be considered for
various load configurations. The following discussion presents
the recommended procedure for determining design positive
midspan live load plus impact service moments acting on the
continuous structure with no positive moment reinforcement at
supports.

Figure 27 illustrates possible load configurations. As shown
in Figure 27(a) and (b) for AASHTO truck load located on
one span of a multispan bridge, the continuous structure for
resisting the load consists of three spans for a loaded interior
span and two spans for a loaded end span. For a loaded interior
span of a fully continuous bridge, negative moments occur at
the two supports adjacent to the loaded span and positive mo-
ments occur at the next support in each direction. When positive
moment resistance is not provided, these moments are assumed
to be zero, in effect isolating the loaded span and the two
adjacent spans from the rest of the bridge, as shown in Figure
27(a). Similarly, for a loaded end span of a fully continuous
bridge, negative moment occurs at the first interior support and
positive moment occurs at the second interior support. When
positive moment resistance is not provided, the moment is as-
sumed to be zero at the second interior support. Therefore, the
effective continuous structure for an end span loaded with
AASHTO truck load consists of the loaded span and the first
adjacent span, as shown in Figure 27(b).

For load configurations such as additional dead load over the
entire bridge and some patterns of AASHTO lane load, no



positive support moments occur. Because no positive support
moments occur, the absence of positive moment reinforcement
at supports does not affect continuity. Therefore, the entire
bridge can be assumed to act as a continuous structure, as shown
in Figures 27(c) and 27(d). Calculations of additional dead load
and live load plus impact moments can be done using the pro-
gram BRIDGELL developed in this study. BRIDGELL in-
cludes, as an option, analysis of the partially continuous bridge
as described above. A more complete description of Program
BRIDGELL can be found in Appendix E.

Midspan Service Moments. The magnitudes of continuity mo-
ments at supports of a typical span are used to determine the
midspan service moment for checking allowable stresses. Con-
tinuity moment is defined as the sum of restraint, additional
dead load, and live load plus impact moments at a support.
Calculated restraint moments from BRIDGERM for supports
of each typical span of the bridge should be added to the sum
of negative support moments from two load cases. The first is
the live load plus impact load case, which produces maximum
positive midspan moment in the corresponding span. The second
load case is additional dead load over the entire continuous
structure.

If the average of the continuity moments for the two supports
is positive, time-dependent effects have reduced effective struc-
tural continuity for live load plus impact to O percent. In this
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case, the positive midspan moment should be determined as the
sum of simple span moments for additional dead load and live
load plus impact. .

If the average of the continuity moments for the two supports
is negative and does not exceed 125 percent of the negative
cracking moment, partial or full structural continuity exists. In
this case, the positive midspan moment should be determined
by adding (correctly accounting for signs) the average calculated
restraint moment from BRIDGERM to the calculated addi-
tional dead load, and live load plus impact midspan moment
from BRIDGELL for the fully continuous structure.

The recommended maximum negative continuity moment to
be used for reduction of midspan positive moment is equal to
125 percent of the negative cracking moment of the section. If
the average of the continuity moments for the two supports is
greater than 125 percent of the cracking moment, the midspan
moment should be taken as the resultant positive midspan mo-
ment from the continuous analysis (including restraint, addi-
tional dead load, and live load plus impact) plus the amount
by which the negative continuity moment exceeds 125 percent
of the cracking moment. This provides for the situation when
negative moments are redistributed to midspan after deck crack-
ing occurs. The summation of moments for a typical symmetrical
span is illustrated in Figure 28. It should be noted that the
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summation of moments illustrated in Figure 28 does not include
simple span moments due to girder and deck dead weight.

If no analysis is conducted to determine time-dependent re-
straint moments and no positive moment reinforcement is pro-
vided at supports, the midspan service moment should be taken
as the sum of simple span additional dead load and live load
plus impact moments.

Stresses at service load, for comparison to allowable stresses
in AASHTO (J4) Section 9.15.2.2, should be determined in the
following manner. Stresses from the simple span moment due
to girder plus deck weight and stresses due to prestress force
should be calculated using section properties for the girder only.
Stresses from the previously described moment due to the com-
bination of time-dependent effects, additional dead load, and
live load plus impact should be calculated using section prop-
erties for the composite girder and deck section.

Negative Moment at Supports

Negative service moments at supports consists only of mo-
ments acting on the continuous structure, including those due
to additional dead load, live load plus impact, and time-depen-
dent effects. At service load, Article 9.7.2.4 of AASHTO Spec-
ifications (/4) requires that compressive stress at girder ends
not exceed 0.6 f*,. The section specifies consideration of “effects
of prestressing and negative live load bending,” but effects of
possible negative restraint moments should also be included.
Because the negative moment region acts essentially as a con-
ventional reinforced concrete section, limitations on reinforce-
ment stresses given in Chapter 8 of AASHTO Specifications
should also be met. Article 8.15.2.2 limits maximum tensile
stress. This provision as well as provisions of Article 8.16.8.4
governing distribution of reinforcement should be used to min-
imize deck cracking. Article 8.16.8.3 limits stress range to pre-
vent fatigue failure of reinforcement in the deck.

Time-Dependent Restraint Moments. Time-dependent support
restraint moments can be determined using the program
BRIDGERM developed in this study. For calculating restraint
moments for use in determining negative service moments at
supports, the following time factors should be considered. The
latest likely girder age at which continuity would be established
in the bridge, based on the expected construction schedule,
should be used. Results of the questionnaire indicated that gir-
ders are generally less than 90 days old at the time of construc-
tion. However, the girders can be significantly older because of
construction delays, particularly for girders intended for con-
struction in late fall that end up being stored through the winter
and erected in the spring. In combination with the late age of
continuity, application of live load should be assumed to occur
at an early age after establishment of continuity for determi-
nation of maximum reinforcement and concrete stresses. Results
of the time-dependent analysis with BRIDGERM indicate that
maximum negative moment and maximum potential for crack-
ing in the deck occurs approximately 50 days after casting the
deck and diaphragm. Therefore, use of restraint moments cal-
culated at approximately SO days after establishment of conti-
nuity is recommended for checking maximum tensile stress in
the deck reinforcement and maximum compressive stress in the
girder end.

For checking fatigue limits, the maximum negative moment
at early age is essentially a transient condition. Although re-

straint moments can remain negative for the life of the structure,
they reach a reduced and relatively constant level after approx-
imately 2 years. Therefore, use of restraint moments calculated
at a minimum of 700 days after continuity is established is
recommended for checking fatigue limits.

Restraint moments at approximately 50 days and 700 days
can be determined from the same run of BRIDGERM with a
late age of continuity. The user may request output of restraint
moments at all time steps for selection of the maximum negative
restraint moment.

Live Load Plus Impact and Additional Dead Load Moments.
Negative support moments from live load plus impact and ad-
ditional dead load can be determined using the program BRID-
GELL developed in this study.

In general, maximum negative live load plus impact moments
occur for patterns of AASHTO lane loading in which no positive
moments occur at supports. Because no positive support mo-
ments occur, the absence of positive moment reinforcement at
the supports does not affect continuity. As described previously
and illustrated in Figures 27(c) and 27(d), the BRIDGELL
analysis for these cases is conducted for the fully continuous
structure. In some situations, maximum negative live load plus
impact moments may occur for AASHTO truck loading. In this
case, if no positive moment reinforcement is provided at the
supports, maximum moments should be determined using the
limited span continuity analysis in BRIDGELL, as illustrated
in Figures 27(a) and 27(b).

No positive support moments occur with application of ad-
ditional dead load over the entire length of the continuous
structure. Therefore, negative support moments for additional
dead load can be determined using the fully continuous analysis
of BRIDGELL, as indicated by Figure 27(c).

Service Moments at Supports. The service moment to use for
checking allowable stress levels at supports should consist of
the sum of peak negative restraint moment, additional dead load
moment, and maximum live load plus impact moment. If, under
the assumed conditions, calculated restraint moments are pos-
itive, the sum of additional dead load and maximum live load
plus impact moments should be used. Negative service moment
stresses in steel and concrete should be calculated using cracked,
transformed section properties. Concrete compressive stress
should include stress due to prestress force at the girder end
acting on the girder section only.

For checking allowable stress range for fatigue of deck re-
inforcement, minimum stress occurs due to the sum of restraint
moment and additional dead load moment. As discussed pre-
viously, use of restraint moment calculated at a minimum of
700 days after continuity is established is recommended for
checking fatigue limits. The maximum stress occurs with ap-
plication of live load plus impact. Composite cracked, trans-
formed section properties should be used for checking both
minimum and maximum steel stresses.

STRENGTH DESIGN

Stresses and strains induced in the girders by volume change
from creep and shrinkage are self-limited within the girder in
that they are relieved by the deformations accompanying crack-
ing in the concrete and yielding of reinforcement. As a result,
presence or absence of time-dependent restraint moments has
no effect on the strength of the structure. This was demonstrated
by comparing tests to destruction of girders tested at approxi-



mately 2 years of age with a girder tested at 12 days after deck
casting in Ref. 10. Therefore, the design of the bridge to meet
strength provisions of the AASHTO Code shall not include
time-dependent moments.

Positive Moment at Midspan

Girder flexural strength must be greater than the maximum
moment from appropriate factored loads. The factored design
moment should include the following: dead load of girder and
deck acting on the simply supported girder, additional dead load
acting on the fully continuous structure, and live load plus
impact. The maximum live load plus impact moment for a given
span should be determined from the greater of moments from
AASHTO truck loads acting on the portion of the structure
continuous for negative moments only and moments from
AASHTO lane load patterns acting on the fully continuous
structure. The program developed in this study for calculation
of live load plus impact moments, BRIDGELL, will analyze
the structure in this way. Calculated restraint moments are not
to be included in the positive midspan moment for strength
design. Strength design should be done according to provisions
of Section 9, Part C of AASHTO Specifications (/4).

Negative Moment at Supports

Negative moment regions near supports must have flexural
strength greater than the maximum moment from appropriate
factored loads. The factored design moment consists of addi-
tional dead load acting on the fully continuous structure and
live load plus impact. Generally, maximum live load plus impact
negative moments occur under patterns of AASHTO lane load
in which no positive support moments exist. In these cases, full
structural continuity can be used. For short span bridges,
AASHTO truck loads produce maximum negative moments.
Use of the BRIDGELL program for analyzing AASHTO truck
loads resisted by the structure continuous for negative moment
only ensures that an appropriate number of continuous spans
are analyzed. Design for negative moment strength should meet
provisions of AASHTO Article 9.7.2.3 (I/4) and appropriate
parts of Article 8.16 (/4) for strength design of reinforced con-
crete.

Minimum deck reinforcement shall provide strength equal to
120 percent of the negative cracking moment as required in
AASHTO (74) Section 8.17.1. Negative cracking moment shall
be calculated using AASHTO (/4) Eq. 8-2. To ensure ductile
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behavior to develop full strength, the deck reinforcement in
negative moment regions shall not exceed 50 percent of p, as
defined in the “Flexural Strength” portion of Chapter Two of
this report.

CONSTRUCTION SEQUENCE

Continuity performance is highly dependent on the age of the
girder when the diaphragm and deck are cast. High negative
restraint moments can occur at the support connections when
continuity is established at late girder ages. Full continuity for
live load can be established, depending on the age of the girder
at time of casting the deck and diaphragm and on the creep
coefficient for the girder concrete.

The sequence of deck and diaphragm construction affects the
development of restraint moments. Casting of the deck prior to
the diaphragm increases resultant positive moments at midspan,
but decreases the potential for deck cracking. Casting of the
diaphragm before the deck only slightly decreases resultant mid-
span positive moments, and increases the potential for deck
cracking. There is no major economic or structural advantage
to sequencing the casting of the deck and diaphragm. Simul-
taneous casting is the simplest construction procedure.

The degree of continuity available in simple-span prestressed
girders made ““continuous” for live load plus impact by con-
nections at the pier diaphragms can vary from zero continuity
to full continuity. The degree of continuity is dependent pri-
marily on the age of the girder at the time of casting the deck
and diaphragm, and on the creep and shrinkage properties of
the concrete. Full continuity can be established by delaying
casting of the deck and diaphragm. However, delayed casting
increases construction time and also increases negative moments
required for design of reinforcement in the deck over the sup-
ports. The simplified analysis procedure developed in this project
enables designers to account for the various parameters involved
to find a good balance between construction timing and design
moments.

PROPOSED AASHTO SPECIFICATIONS

Findings and design procedures developed in this study have
been incorporated into recommended revisions for Article 9.7.2
of the AASHTO “Standard Specifications for Highway
Bridges” (14). A draft of the proposed revised Article 9.7.2 and
a draft of the accompanying Commentary are presented in Ap-
pendix G. :

CHAPTER FOUR

CONCLUSIONS AND SUGGESTED RESEARCH

CONCLUSIONS

Based on the results of analyses presented in this report, the
following conclusions were reached:

1. Practical advantages of bridges constructed of precast, pre-
stressed concrete girders made continuous have made design
and construction of bridges of this type commonplace. However,
construction of the positive moment connection at supports is
difficult, time consuming, and costly.
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2. Current practice for analysis, design, and construction of
this type of bridge varies widely within the United States. Cur-
rent AASHTO Specifications (/4) are vague. Most states use
the PCA design procedure (12) as the basis for their design of
continuity connections. However, that procedure has several
uncertainties and does not address some important considera-
tions. The PCA procedure does not adequately handle some
situations which exist in current practice of construction timing
and sequence.

3. Creep and shrinkage properties of steam-cured concrete
were not readily available. Tests conducted in this project have
added significantly to that data base. Test results indicate that
ACI-209 (17) creep and shrinkage prediction procedures give
reasonably accurate predictions.

4. Computer analyses of time-dependent and live load plus
impact service moments and negative moment strengths were
conducted using two sophisticated computer programs, PBEAM
(53) and WALL_HINGE (57). Analytical results compared
well to existing experimental results and, therefore, the programs
were used to conduct parametric studies of bridge behavior.

5. The service moment parametric study results indicated that
there is no structural advantage for providing positive moment
reinforcement at the supports. With continuity established at
an early girder age, positive restraint moments develop, depen-
dent on the amount of positive reinforcement provided in the
girder connections at the supports. Time-dependent positive re-
straint moment generally induces a crack in the bottom of the
diaphragm concrete. With application of live load, the positive
moment crack must close prior to inducing negative moment
at the continuity connection. The presence of positive moment
reinforcement helps to maintain relatively small cracks, thereby
increasing the apparent live load continuity. However, the pos-
itive restraint moment resulting from the presence of the rein-
forcement in the support connection increases the positive
midspan resultant moment. The effect of the lack of apparent
full continuity, caused by not providing positive reinforcement
in the diaphragm and allowing the bottom diaphragm. crack to
open, is virtually balanced by the increased positive restraint
moment that develops when positive reinforcement is provided.
When negative restraint moments develop, positive moment re-
inforcement is in the compression zone and offers no structural
advantage. Therefore, the resultant midspan moments, which
include moments due to dead load, restraint moments due to
creep and shrinkage, and live load plus impact moments, are
virtually independent of the area of positive reinforcement pro-
vided in the diaphragm connections at the supports.

6. Continuity performance is highly dependent on the age of
the girder when the diaphragm and deck are cast. There is a
structural advantage gained for design of the prestressed girders
for positive midspan moment by delaying casting of the deck
and diaphragms. High negative restraint moments can occur at
the support connections when continuity is established at late
girder ages. Full continuity for live load can be established
depending on the age of girder at time of casting the deck and
diaphragm and on the creep coefficient for the girder concrete.
However, delaying casting of deck and diaphragm may require
a delay in bridge construction. Also, the design moment for
negative reinforcement in the deck over the supports is increased
and the potential for transverse cracking in the deck is increased
by delaying construction.

7. Sequence of deck and pier diaphragm construction affects
the development of restraint moments. Casting of the deck prior

to diaphragms increases resultant positive moments at midspan.
Casting of diaphragms before the deck only slightly decreases
resuitant midspan positive moments. There is no major eco-
nomic or structural advantage to sequencing the casting of the
deck and pier diaphragms. Simultaneous casting is the simplest
construction procedure.

8. The parametric study of negative moment strength of com-
posite sections indicated that typical sections have adequate
rotational ductility to allow formation of a failure mechanism.
An upper limit on deck reinforcement equal to 50 percent of
p» ensures that sections have sufficient ductility to develop the
full failure mechanism as well as provide enough deformation
to give adequate warning of failure.

9. Analysis and design procedures were developed to improve
the currently used PCA method (/2). The improved analysis
procedure eliminates some uncertainties of the PCA method
and can deal with more practical situations. The improved sim-
plified analytical procedures were incorporated into two com-
puter programs. The improved and more comprehensive design
procedures are described. Proposed revisions to the AASHTO
Specifications are outlined to include the improved analysis and
design procedures.

10. The improved analysis and design procedures developed
in this study wi‘ll allow for more rational design and simplify
construction of this type of bridge.

' SUGGESTED RESEARCH

The difficulty and expense of constructing the positive mo-
ment connections at the supports was one of the primary prob-
lems associated with simple-span precast prestressed bridge
girders made continuous. This problem is addressed in this study
and a specific recommendation made to eliminate the problem
by eliminating the connection. Another typical problem deter-
mined from the questionnaire is transverse cracking of the deck
in negative moment areas. This problem is addressed in this
study by demonstrating the combination of timing of construc-
tion and live load application that results in high negative mo-
ments. Also, tools are provided for the designer, in the form of
computer programs BRIDGERM and BRIDGELL, to quantify
the expected negative moments and potential for deck cracking. '
However, another approach is to provide special details to ac-
commodate the potential for cracking with preformed joints
over the support and unbonding of the deck reinforcement or
unbonding of the deck to girder interface for a certain length
on each side of the joint. The effectiveness of these types of
details and their effects on continuous behavior should be eval-
vated throuoch further recear~h

Another area for further research is related to design and
detailing of methods to increase the effective continuity. Cur-
rently, with the usual methods of construction for this type of
bridge, the most efficient condition that can be attained is full
continuity for additional dead load and live load plus impact.
The girders must still be designed for the dead weight of the
girder and deck as a simply supported member. However, a
hybrid girder with partial post-tensioning in place may be fea-
sibly designed to include more of the dead load into the con-
tinuous behavior (3). Also, there may be potential benefits of
moment connections to the piers for increased continuity and
efficiency in both the girder and pier design (3).

Other areas for further research concern the effects of tem-
perature and moisture gradients within the deck-girder section



and the effects of suppbrt settlement on the continuous behavior
and design moments. Evaluation of these effects was beyond
the scope of the current study. However, they should be con-
sidered in the design process.

The work carried out in this study is primarily related to
design for flexural behavior. However, there is also a need to
improve or at least clarify procedures for design of shear re-
inforcement for continuous girders. The current approach for
designing for shear in reinforced and prestressed concrete mem-
bers is to consider a portion of the shear to be carried by the
concrete, V. The remaining shear strength is considered carried
by shear reinforcement, V. The 1983 edition of AASHTO Stan-
dard Specifications for Highway Bridges contains revised shear
design provisions that include use of the smaller of V,,, or V,;
as V.. The V, strength relates to diagonal cracking strength
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of the web from combined shear and prestressing. The ¥V;
strength is related to the potential for diagonal cracking from
combined shear and bending. The relationship for V,; was taken
from the ACI 318 Building Code. The relationship was devel-
oped based on tests of simply-supported girders with no con-
sideration for continuous girders and moving loads. It includes
aterm V;/M,,,, where M., is the maximum factored moment
at a section, and ¥; is the factored shear at the section occurring
simultaneously with M,,,. With different concentrated loads
for lane loading specified for evaluating moment and shear along
with the various combinations of load and placement of load
for maximum moment or shear, the determination of ¥ is a
nebulous and tedious task. There is a need to develop more
appropriate and simplified design procedures for shear in con-
tinuous prestressed bridge girders.

REFERENCES

1. PORTLAND CEMENT ASSOCIATION, ‘“Tennessee’s Holston
River Bridge Jointless for Over 2650 ft.” Bridge Report No.
SR248.01E, Skokie, Illinois (1982).

2. VIRGINIA HIGHWAY AND TRANSPORTATION COUNCIL,
“Jointless Bridges.” Report No. FHWA/VA-81/48 (Jun.
1981).

3. KUMAR, A., “Continuity in Composite Concrete Bridge
Construction.” Second International Conference on Short
and Medium Span Bridges, Ottawa, Canada, Proc., Vol. 1
(Aug. 1986) pp. 93-107.

4. U.S. DEPARTMENT OF TRANSPORTATION, Federal High-
way Administration, “Optimized Sections for Major Pre-
stressed Concrete Bridge Girders.” Report No. FHWA /RD-
82/005 (Feb. 1982) 172 pp.

5. NATIONAL RoADS BoARD, “The Development of Struc-
tural Continuity Between Precast Bridge Units.” Project
No. 47511, Auckland, New Zealand (Jul. 1976) pp. 1-22.

6. KaARr, P. H,, Kriz, L. B,, and HOGNESTAD, E., “Precast-
Prestressed Concrete Bridges, 1. Pilot Tests of Continuous
Girders.” J. PCA Res. and Dev. Laboratories, Vol. 2, No.
2 (May 1960). Also reprinted as PCA Bulletin D34, pp. 21—
37.

7. HANSON, N. W., “Precast-Prestressed Concrete Bridge, 2.
Horizontal Shear Connections.” J. PCA Res. and Dev. Lab-
oratories, Vol. 2, No. 2 (May 1960). Also reprinted as PCA
Bulletin D35, pp. 38-58.

8. MATTOCK, A. H,, and KAAR, P. H,, “Precast-Prestressed
Concrete Bridges, 3. Further Tests of Continuous Girders.”
J. PCA Res. and Dev. Laboratories, Vol. 2, No. 3 (Sept.
1960). Also reprinted as PCA Bulletin D43, pp. 51-78.

‘9. KAAR, P. H., and MATTOCK, A. H., “Precast-Prestressed
Concrete Bridges, 4. Shear Tests of Continuous Girders.”
J. PCA Res. and Dev. Laboratories, Vol. 3, No. 1 (Jan.
1961). Also reprinted as PCA Bulletin D45, pp. 19-46.

10. MATTOCK, A. H., “Precast-Prestressed Concrete Bridges,
5. Creep and Shrinkage Studies.” J. PCA Res. and Dev.

Laboratories, Vol. 3, No. 2 (May 1961). Also reprinted as
PCA Bulletin D46, pp. 32-65.

11. MATTOCK, A. H,, and KAAR, P. H., “Precast-Prestressed
Concrete Bridges, 6. Tests of a Half-Scale Highway Bridge
Continuous Over Two Spans.” J. PCA Res. and Dev. Lab-
oratories, Vol. 3, No. 3 (Sept. 1961). Also reprinted as PCA
Bulletin D51, pp. 30-70.

12. FREYERMUTH, C. L., “Design of Continuous Highway
Bridges with Precast, Prestressed Concrete Girders.” J. Pre-
stressed Concrete Institute (Apr. 1969). Also reprinted as
PCA Engineering Bulletin No. EB 014.01E (Aug. 1969) pp.
14-39.

13. AMERICAN ASSOCIATION OF STATE HIGHWAY AND
TRANSPORTATION OFFICIALS, Interim Specifications for
Highway Bridges. Eleventh Edition, Washington, D.C.
(1971) 268 pp.

14. AMERICAN ASSOCIATION OF STATE HIGHWAY AND
TRANSPORTATION OFFICIALS, Standard Specifications for
Highway Bridges. Thirteenth Edition, Washington, D.C.
(1983) 260 pp.

15. GLIKIN, J. D., and OESTERLE, R. G., “Creep and Shrinkage
Analyses of Simple-Span Precast, Prestressed Bridge Gir-
ders Made Continuous.” Four RILEM International Sym-
posium on Creep and Shrinkage of Concrete; Mathematical
Modeling, Northwestern University, Evanston, Illinois,
Proc. (1986) pp. 765-775.

16. GLIKIN, J. D., LARSON, S. C., and OESTERLE, R. G., “Com-
puter Analyses of Time-Dependent Behavior of Continuous
Precast, Prestressed Bridges.” To be published in American
Concrete Institute Special Publication (1987) 37 pp.

17. ACI COMMITTEE 209, “Prediction of Creep, Shrinkage and
Temperature Effects in Concrete Structures.” Designing for
Creep and Shrinkage in Concrete Structures, American Con-
crete Institute, Publication SP-76, Detroit, Michigan (1982)
pp. 193-300.



42

18.

19.

20.

21

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

SATTLER, K., “Theorie der Verbundkonstruktionen.” Wil-
helm Ernst, (2nd edn.), Vol. 1, Vol. 2, Berlin (1959) 241
pp-

BRANSON, D. E., and OzEeLL, A. M,, “A Report on Dif-
ferential Shrinkage in Composite Prestressed Concrete
Beams.” J. Prestressed Concrete Institute, Vol. 4, No. 3
(1959) pp. 61-69.

BRANSON, D. E, and OzELL, A. M., “Camber of Pre-
stressed Concrete Beams.” American Concrete Institute J.,
Vol. 57 (1961) pp. 1549-1574.

BRANSON, D. E., “Time-Dependent Effects in Composite
Concrete Beams.” American Concrete Institute J., Vol. 61
(1964) pp. 213-230.

RoLL, F., “Effects of Differential Shrinkage and Creep on
a Composite Steel-Concrete Structure.” Designing for Ef-
fects of Creep, Shrinkage and Temperature in Concrete
Structures, American Concrete Institute, Publication SP-27,
Detroit, Michigan (1971) pp. 187-214.

BIRKELAND, H. W,, “Differential Shrinkage in Composite
Beams.” American Concrete Institute J., Vol. 56 (1960) pp.
1123-1136.

TrosT, H., “Zur Berechnung von Stahlverbundtragern im
Gebrauchszustand auf Grund neuerer Erkenntnisse des Vis-
koelastischen Verhaltens des Betons.” Stahlbau, Vol. 37,
No. 11 (1968) pp. 321-331.

TrosT, H., MAINZ B., and WOLFF, H. J., “Zur Berechnung
von Spannbetontragwerken im Gebrauchszustand unter Be-
ricksichtigung des Zeitabhangigen Betonverhaltens.” Be-
ton- und Stahlbetonbau, Vol. 66, Nos. 9-10 (1971) pp. 220-
225; 241-243.

DiLGER W, and NEVILLE, A. M., “Effects of Creep and
Shrinkage in Composite Members.” Second Australasian
Conference on the Mechanics of Structures and Materials,
Adelaide, Proc. (1969) pp. 1-20.

TrosT, H., “ Auswirkungen des Superpositionsprinzips auf
Kriechund Relaxations-problem bei Beton und Spannbe-
ton.” Beton- und Stahlbetonbau, Vol. 62, No. 10 (1967)
pp- 230-238; No. 11 (1967) pp. 261-269.

BAZANT, Z. P., “Prediction of Concrete Creep Effects Using
Age Adjusted Effective Modulus Method.” American Con-
crete Institute J., Vol. 69 (1972) pp. 212-217.

DILGER, W. H., “Creep Analysis Using Creep-Transformed
Section Properties.” J. Prestressed Concrete Institute, Vol.
27, No. 1 (1982) pp. 98-117.

RiUscH, H., “Einfluss von Kriechen und Schwinden des
Betons auf die Schnittgrossen und Spannungen.” Lehrstuhl
fiir Massivbau, Technische Hochschule Munich (1966) pp.
1-71.

NEVILLE, A. M., DILGER, W. H., and BROOKS, J. J., Creep
of Plain and Structural Concrete. Construction Press, Lon-
don (1983) 361 pp.

C.E.B. (European Concrete Committee), Cement and Con-
crete Association, “International Recommendations for the
Design and Construction of Concrete Structure, Principles
and Recommendations.” London (1970) 348 pp.
BazaNT, Z. P., and PANULA, L., “Creep and Shrinkage
Characterization for Analyzing Prestressed Concrete Struc-
tures.” J. Prestressed Concrete Institute (May-June 1980)
pp- 86-122.

HANSON, J. A., “Prestress Loss as Affected by Type of
Curing.” J. Prestressed Concrete Institute (Apr. 1964) pp.
69-93.

3s.

36.

37.

38.

39.

41.

42.

43.

45.

46.

47.

48.

49.

50.

KLIEGER, P., and ISBERNER, A.W., “Laboratory Studies
of Blended Cements-Portland Blast-Furnace Cements.” Re-
search Department Bulletin 218, Portland Cement Associ-
ation, Skokie, Illinois (1967) pp. 1-22.

UNIVERSITY OF ILLINOIS, “Long-Term Behavior of a Pre-
stressed Concrete I-Girder Bridge in Champaign County,
Illinois.” Structural Research Series No. 470, Civil Engi-
neering Studies, Urbana (1979) pp. 1-74.

PFEIFER, D. W, “Development of the Concrete Technology
for a Precast Prestressed Concrete Segmental Bridge.” J.
Prestressed Concrete Institute, Vol. 27, No. 5 (1982) pp.
78-99.

HuUANG, T., “Study of Prestress Losses Conducted by Le-
high University.” J. Prestressed Concrete Institute (Sept.—
Oct. 1982) pp. 48-61.

Z1A, P, PRESTON, H. K., ScoTT, N. L., and WORKMAN,
E. B, “Estimating Prestress Losses.” Concrete Interna-
tional, Vol. 1, No. 6 (Jun. 1979) pp. 32-38.

. UNIVERSITY OF ILLINOIS, “Time Dependent Behavior of

Noncomposite and Composite Post-Tensioned Concrete
Girder Bridges.” Structural Research Series No. 430, Civil
Engineering Studies, Urbana (Oct. 1976).

PCI COMMITTEE ON PRESTRESS LOSSES, ‘“Recommenda-
tion for Estimating Prestress Losses.” J. Prestressed Con-
crete Institute, Vol. 20, No. 4 (Jul.—Aug. 1975) pp. 44-75.
BAZANT, Z., and WITTMANN, F. H., Creep and Shrinkage
in Concrete Structures. John Wiley & Sons, New York
(1982) 363 pp.

AsSWAD, A., “Non-Linear Equations for Prestressed Flex-
ural Members.”” Joint ASME-ASCE Mechanics Conference,
Boulder, Colorado, Proc. (Jun. 1981).

. SCORDELIS, A., “ Analytical Models for Nonlinear Material,

Geometric and Time-Dependent Effects.” International
Symposium on Nonlinearity and Continuity in Prestressed
Concrete, University of Waterloo, Waterloo, Ontario, Can-
ada, Proc. (Jul. 1983) pp. 1-25.

ANDERSON, C. A., “Finite Element Analysis of Creep and
Shrinkage.” Fourth RILEM International Symposium on
Creep and Shrinkage of Concrete: Mathematical Modeling,
Proc., Northwestern University, Evanston (1986) pp. 311-
372.

MossiosSIAN, V., and GAMBLE, W. L., “Time-Dependent
Behavior of Noncomposite and Composite Prestressed Con-
crete Structures Under Field and Laboratory Conditions.”
(PB 212-619), Ph.D. Thesis, University of Illinois, Urbana
(1972).

UNIVERSITY OF ILLINOIS, ‘“Time-Dependent Prestress
Losses in Pretensioned Concrete Construction.” Structural
Research Series No. 417, Civil Engineering Studies, Urbana
(1972).

HiGHWAY RESEARCH BOARD, “Time-Dependent Deflec-
tions of Prestressed Concrete Beams.” Bulletin No. 307,
Washington, D.C. (1961).

SINNO, R., and FURR, H. L. “Computer Program for Pre-
dicting Prestress Loss and Camber.” J. Prestressed Concrete
Institute, Vol. 17, No. 5 (1972).

TADROS, M. K., GHALI, A., and DILGER, W. H., “Time-
Dependent Prestress Loss and Deflection in Prestressed
Concrete Members.” J. Prestressed Concrete Institute, Vol.
20, No. 3 (1975).

. USNRC, “NONSAP-C: A Nonlinear Stress Analysis Pro-

gram for Concrete Containments Under Static, Dynamic



and Long-Term Loadings.” Report NUREG-CR-0416,
Washington, D.C. (1982) 135 pp.

52. SCORDELIS, A. C., Berkeley Computer Programs for the
Analysis of Concrete Box Girder Bridges. Martinus-Nijkoff
Publishers, The Hague, The Netherlands (1983).

53. SUTTIKAN, C.,, “A Generalized Solution for Time-Depen-
dent Response and Strength of Noncomposite and Com-
posite Prestressed Concrete Beams.” Ph.D. Thesis, The
University of Texas at Austin (1978) 350 pp.

54. NGO, D., and SCORDELIS, A. C., “Finite Element Analysis
of Reinforced Concrete Beams.” American Concrete Insti-
tute J., Vol. 64, No. 3 (Mar. 1967).

55. BAZANT, Z. P., SCHNOBRICH, W. C,, and SCORDELIS, A.
C., “Finite Element Analysis of Reinforced Concrete Struc-
tures.” Seminar on the Finite Element Analysis of Rein-
forced Concrete Structures, University of Milan, Proc. (Jun.
1978).

56. THE UNIVERSITY OF TEXAS, Austin, Texas, Center of High-
way Research, “A Nonlinear Analysis of Statically Loaded
Plane Frames Using a Discrete Element Model.” Research
Report No. 56-23 (May 1972).

57. OESTERLE, R. G., “Inelastic Analysis for In-Plane Strength
of Reinforced Concrete Shear Walls.” Ph.D. Dissertation,
Northwestern University, Evanston, Illinois (Jun. 1986) 328
pp-

58. PARK, R., and PAULAY, T., Reinforced Concrete Structures.
John Wiley and Sons, New York (1975) 769 pp.

59. UNIVERSITY OF ILLINOIS, “Time-Dependent Behavior of
Noncomposite and Composite Prestressed Concrete Struc-
tures Under Field and Laboratory Conditions.” Structural
Research Series No. 385, Civil Engineering Studies, Urbana
(1972) 517 pp.

60. UNIVERSITY OF ILLINOIS, “Summary Report: Field Inves-
tigation of Prestressed Reinforced Concrete Highway
Bridges.” Project IHR-93, Urbana (1980) pp. 1-14.

61. UNIVERSITY OF HAwall, “Camber and Deflection Behav-
ior of Prestressed Concrete Beams.” Honolulu (1973) 123
ppP-

62. AswaD, A., “Rational Deformation Prediction of Pre-
stressed Members.” Deflections of Concrete Structures,
American Concrete Institute, Publication SP-86, Detroit
(1985) pp. 263-274. .

63. NORTH CAROLINA STATE UNIVERSITY, “Camber in Pre-
stressed Girders.” Report No. FHWA/NC /81 /005, High-
way Research Program, Raleigh (Sept. 1981).

64. THE PENNSYLVANIA TRANSPORTATION INSTITUTE, The
Pennsylvania State University, “Overload Testing of an Ex-
perimental Prestressed Concrete Bridge.” Report No.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

43

FHWA-PA-RD-71-8-4, University Park, Pennsylvania
(Mar. 1977).

UNIVERSITY OF ILLINOIS, “Field Investigation of a Pre-
stressed Concrete Highway Bridge Located in Douglas
County, Illinois.” Structural Research Series No. 375, Civil
Engineering Studies, Urbana (1971).

TEXAS A&M UNIVERSITY, “Prestress Loss and Creep
Camber in a Highway Bridge with Reinforced Concrete
Slab on Pretensioned Prestressed Concrete Beams.” Texas
Transportation Institute, Research Report 69-3 (Final),
Study 2-5-63-69, College Station (1968) pp. 1-42.
AMERICAN SOCIETY FOR TESTING AND MATERIALS, /985
Annual Book of ASTM Standards. Philadelphia (1985).
ACI COMMITTEE 318, Building Code Requirements for
Reinforced Concrete. American Concrete Institute, Detroit
(1983) 111 pp.

DISCHINGER, F., “Investigation on Resistance to Buckling,
Elastic Deformation, and Creep of Concrete in Arch Bridges
(Untersuchen Uber die Knicksicherheit, die Elastische Ver-
formung und das Kriecher des Betons bei Bogen Brucken).”
Der Bauingenieur, Berlin, Vol. 18, No. 39/40 (Oct. 1937)
and Vol. 20, No. 47/48 (Dec. 1939).

AHMAD, S. H., and SHAH, S. P., “Complete Triaxial Stress-
Strain Curves for Concrete.” ASCE J. Struct. Div., Vol. 109,
ST4 (Apr. 1982) pp. 728-742.

HOGNESTAD, E., “ A Study of Combined Bending and Axial
Load in Reinforced Concrete Members.” University of II-
linois, Engineering Experiment Station, Bulletin Series No.
399 (Nov. 1951).

NEVILLE, A. M., Creep of Concrete: Plain, Reinforced, and
Prestressed. North-Holland Publishing Company, Amster-
dam (1970).

BrANsSON, D. E., and CHRISTIASON, M. L., “Time-Depen-
dent Concrete Properties Related to Design-Strength and
Elastic Properties, Creep and Shrinkage.” Designing for
Effects of Creep Shrinkage Temperature in Concrete Struc-
tures, Publication SP-27, American Concrete Institute, De-
troit (1971) pp. 257-277.

HILDEBRAND, F. B., Introduction to Numerical Analysis.
McGraw-Hill, New York (1956).

COLLINS, P., “Toward a Rational Theory for RC Members
in Shear.” Proc., ASCE, Vol. 104, ST4 (Apr. 1978) pp.
649-666.

WALRAVEN, J. C., “Experiments on Shear Transfer in
Cracks in Concrete, Part II: Analysis of Results.” Report
5-79-10, Stevin Laboratory, Delft University of Technology
(Nov. 1979) 132 pp.

APPENDIXES A, B, C, D—UNPUBLISHED MATERIAL

Appendixes A, B, C, and D contained in the report as sub-
mitted by the research agency-are not published herein. Their
titles are listed here for the convenience of those interested in
the subject area. Qualified researchers may obtain loan copies,
or microfiche may be purchased by written request to the
NCHRP,'Transportation Research Board Publications Office,
2101 Constitution Avenue, N.W., Washington, D.C., 20418.

The titles are;

Appendix A—Summary of Responses to Questionnaire
Appendix B—Results of Creep and Shrinkage Study
Appendix C—Methods of Analysis

Appendix D—Results of Parametric Study



APPENDIX E

PROGRAM DOCUMENTATION AND USER'’S INSTRUCTIONS

PROGRAM BRIDGERM

Introduction

The purpose of Program BRIDGERM is to calculate restraint moments
at supports of typical spans 1in continuous bridges constructed of
precast, ‘prestressed
deck. The program's restraint moment calculation method 1is based on
the PCA method of Ref. (1g)* with the following modifications. The
program carries ‘out an .incremental time-step solution with the
capability to output the complete time-history of the restraint
moments rather than jﬁst one restraint moment at a particular age.

concrete girders and cast-in-place concrete

The time-dependent material properties for concrete are determined
using  ACI-209
functions for the deck and girder concrete, and time-dependent
functions for the strength and stiffness of deck concrete. Prestress

Recommendations (17) 1including separate shrinkage

losses are determined at each time-step. The restraining effects of

reinforcement on deck shrinkage are considered. The analysis is
carried out on a simplified model that considers the finite length of
the support regions. Details of data input and output, analysis
assumptions, capabilities, and 1imitations of Program BRIDGERM are
discussed below in the solutton steps. The program was initially
written in Data General Fortran 77 and implemented on CTL's Data
General MV10000 Computer. The program was then recompiled using
Microsoft Fortran for use on IBM PC compatibles with MS-00S 3.XX. A
- 1isting of the PC version of Program BRIDGERM 1is included starting on

page E-23. An Example Probliem is also given.

Solution Steps R

Program BRIDGERM 1s divided into seven solution steps as foilows:
1. Input data from girder, strand, material properties, and
timing.

* This and any other numbered references are keyed to '"References"
listed following Chapter Four in the main body of the report.
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2. Determine time steps fer incremental analysis.

3. Calculate geometric properties of noncomposite and composite
cross sections.

"4, Compute prestress losses uﬁ to transfer of prestress.

5. Compute prestress losses up to age at which continuity is
established.

6. Calculate restraint moments.

7. Output results.

Following are detailed descriptions of each solution step.

-

Step 1 - Data Input’

The program finput 1s designed to be either
interactively through keyboard input or through an input file. Each
A1l data must be input.

The program will not assign default values if zeros are entered. Data

accomplished
problem requires nine lines of finput data.
are 1input on unformatted lines. Input values must be separated by
commas or blank spaces. Input values must cofrespond to the variable
type, either Integer or Real. Real values may be 1input with or
without a decimal point, whereas Integer values must be input without
a decimal point.

Line 1 4s for identification of the run. A description of up to
20 characters within single quotation marks should be entered on this
Tine.

Lines 2 and 3
cross-section.

contain 1information to define the girder
Figure E-1 defines required -dimensions for I, T, and
box-girder sections. Line 2 reads hortzontal dimensions 81, B2, B3,
and B4. Line 3 reads vertical dimensions D1, D2, D3, D4, D5, and D6.
A1l dimensions are 1in Ainches. Box sections may be analyzed by
entering zero for B4, D3, D4, and D5. Actual top and bottom flange
dimensions should be entered and the sum of the two web thicknesses
should be entered for B3 to define the box cross section. The effect
on section properties of -neglecting keyways and internal fillets fis
assumed to be neg]igibie. A1l values on Lines 2 and 3 are Real

variable types.

£-2
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Line 4 reads parameters NSP,  SL, XLD, XDR, GS, TD, and HDL. NSP
is an Integer which defines the number of spans in the bridge. This
controls the type of analysis done for typical-spans in the bridge.
SL 1s the span length, in feet, of each span in the bridge. The
analysis is based on the assumption that all spans in the bridge are
of equal length. XLD is the length, in feet, between double supports
of the simplified analysis model taken as the distance between
centerline of support bearings of adjacent girders over a common
pier. XDR is ratio of the distance between the end of the girder and
the hold-down point for the draped strands to the overall span length,
as shown in Fig. E-2. If there are no draped strands in the girder,

XDR should be entered as zero. GS is the center to center spacing of .

girders, in feet. TD 1s the deck thickness, in inches. WDL is the
additional dead load due to parapet, wearing surface, etc., in psf.
A1l values in Line 4, except NSP, are Real variable types. '

Lines 5 and 6 read parameters which define the timing and output
of the analysis. A1l time values are in days. The variables which
control time co;\sideraﬂons are AGRL, AGCT, and AGDK. AGRL defines
the strand age after ‘“tensioning at which prestress force is
transferred to the girder. This is used to calculate the 1initial
prestress relaxation loss. AGCT defines the girder age at which
continuity 1s established. This age 3is relative to the time at
prestress transfer. AGDK defines the girder age at which the deck is
in place relative to the time at prestress transfer. 1In most cases
AGCT and AGDK can be assumed to be the same if the diaphragm and deck
are cast within a few days of each other. These three variables .are
Real-valued and have units of days. NTIME and the vector UTIME are
used to control program output. NTIME is an Integer value which is
used to define the number of times at which calculated restraint
moments are output. UTIME 1s a vector of dimension NTIME which
contains the user-specified times at which restraint moments will be
output. Time values in UTIME are added to the program's internal
sequence of time steps. Times entered in UTIME must be sequential
unless one of the options described in the following paragraph is
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employed.

Two additional options are available 4in the use of NTIME and
UTIME.
moments up to a particular time, ™1" should be input for NTIME. A
single value should be 4input for UTIME equal to the negative of the

First, if the user wishes to output all calculated restraint

last day restraint moments are to be output. For example, if the user
wishes all calculated restraint moments to be output until age 650
days, "1" will be input for NTIME, and "-650." will be input for UTIME

on Line 6. The second option allows the user to request output of

maximum negative restraint moments calculated during the analysis. In

this case, the user enters "-1" as one of the values input on Line 6
for the vector UTIME. The program will find the time at which maximum
negative restraint moments, or minimum positive restraint moments,
occur and output these values along with restraint moments calculated
at other times requested in vector UTIME.

Line 7 reads values for the parameters SSC, DSC, WSC, NSL, NSS,
NDS, ASTD, and FST. Parameters SSC, DSC, and WSC define locations of
prestressing strand and are defined in Fig. E-2. SSC %s the centroid
of straight strands, measured 1in 1inches from the bottom of the
DSC 1s the centroid of draped strands at the end of the
girder, measured in inches from the bottom of the girder. WSC is the

girder.

centrodd of draped strands between the hold-down points, measured in
inches from the bottom of the girder. NSL 1s an Integer of value

If NSL 1s equal to 1, the strand %s defined
If NSL is equal to 2, the strand is defined to
The value of NSL determines coefficients defined

equal to either 1 or 2.
to be stress-relieved.
be low-relaxation.
in Ref. (41) used for calculating prestress losses. NSS is an Integer
which defines the number of strands which are straight throughout the
length of the girder. NDS is an Integer which defines the number of
draped strands. If there are no draped strands, 0SC, WSC, and NDS
should be entered as zero. ASTD defines the cross-sectional area of a
single strand in square inches. FST is the initial tensioning stress
in each strand in psi. §SC, DSC, WSC, ASTD, and FST are Real-valued.
Line 8 reads values fdr the parameters FCI, FCG, FCD, WCG, and
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~In Ref. (17) for moist-cured concrete with Type I cement.

WCD. FCI 1s girder concrete compressive strength at transfer of
prestress force, in psi. FCG is girder concrete compressive strength
at 28 days, in psi.
¥s the 28-day compressive strength of deck concrete, in psi. Deck
concrete strength varies with time according to the relationship given
The time
function for deck concrete strength is based on zero equal to the
value specified for AGDK. WCG and WCD are concrete unit weights in
pounds per cubic foot for girder and deck, respectively.
in Line 8 are Real-valued.

Line 9 reads values of the parameters VULT, ESHUG, and ESHUD.
VULT 1{s the ultimate creep coefficient for girder concrete. If
possible, the ultimate creep coefficient should be determined from
actual creep tests on the concrete used in the girders. If actual
data is not available, values should be determined using ACI-209
recommendations (17) using applicable correction factors. The time
functton for creep coefficient is that recommended by ACI-209. ESHUG
and ESHUD are ultimate shrinkage strains for girder concrete and deck
concrete, respectively. values of ESHUG and ESHUD are to be entered
in units of millionths. For example, an ultimate shrinkage strain of
0.000600 in./in. should be entered as "600.". Values for ESHUG and
ESHUD should, if possible, be taken from actual tests.
should be determined from
recommendations (17) using applicable correction

A1l values

Otherwise,
ACI-209
factors. Time
functions for girder and deck shrinkage strains are those recommended

ultimate shrinkage stratns

by ACI-209 for steam-cured and moist-cured concrete, respectively.
Zero time for girder creep coefficient and shrinkage strain 1s equal
to the time of prestress transfer. Zero time for deck shrinkage
strain 1s equal. to the age specified by AGDK.

ultimate values are made within the

No adjustments to
program. Therefore, any
applicable correction factors, such as those recommended by ACI-209
(17), should be applied by the user outside the program to determine
values entered for VULT, ESHUG, and ESHUD.

£-8

This value is used throughout the analysis. FCD"
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Step 2 - Determine Time Steps

Time -steps used 1in the restraint moment analysis procedure are
established internally using input values for AGCT and UTIME and a
Times 1in BLIN
were chosen with successively increasing time 1increments.

predetermined sequence of times in the vector BLIN.
Two time
The first, TIR, %s used in the prestress
loss calculation. from transfer of prestress to establishment of
continuity at AGCT. The vector TIR consists of times from BLIN with
the final value equal to AGCT. The vector TI 4s used in the
calculation of restraint moments from AGCT onwards. Vector TI is
constructed by adding AGCT to values 4in BLIN and merging 1in
The last time entered in UTIME will
be the last time in the restraint moment analysis vector TI.

vectors are constructed.

user-specified times from UTIME.

Step 3 - Calculate Section Properties

Geometric properties determined for the girder (noncomposite) and
girder/ slab (composite) sections are:

1. Cross-sectional area.

2. . Location of center of gravity.

3. Moment of Inertia.

4, Volume to surface ratio (girder only).

For an I- or T-girder composite section, the effective top flange
width 1s the smallest of: '
" 1. Girder span divided by four.

2. Girder spacing.

3.  Twelve times deck thickness plus web width.

For box girders, the effective flange width is the girder spacing.

In calculations of composite section properties, a transformed
deck-girder section 1s considered. Transformed area of strand and
reinforcement are neglected.

The girder volume to surface ratio is used in the prestress loss
calculation.

Simple-span dead load moments are calculated for noncomposite and
composite sections and include additional dead load for parapet,
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wearing surface, etc. For dead load moment, the deck cross-sectional

area is equal to the girder spacing times the deck thickness.

Step 4 - Compute Prestress Losses up to Transfer

Prestress losses due to steel relaxation before transfer and
calculated.
from Ref. (41).
Appropriate coeffictents for stress-relieved or low-relaxation strand
The time
between tensioning of the strand and transfer of prestress to the

elastic transfer are

Relaxation 1loss 1is

shortening of the girder at

calculated using equations
are used depending on the value of NSL input by the user.

girder is given by AGRL. The prestress loss due to elastic shortening
of the girder at transfer 1s calculated with the prestress force
reduced by the relaxation loss.. The girder concrete modulus of
elasticity at transfer is computed from compressive strength FCI using
the AASHTO Specifications (14) equation. Throughout program BRIDGERM,
prestress losses and resulting strand stresses are calculated for

conditions at midspan of girders.

Step 5 - Compute Prestress Losses up to Age of Continuity

Prestress losses are calculated for the period of time between
transfer of
procedure based on that in Ref. (41). For each time step in vector
TIR, prestress losses due to concrete creep and shrinkage and steel

prestress and establishment of continuity using a

relaxation are calculated. For 1losses due to concrete creep and
shrinkage, slight modifications have been made to the PCI procedure.
In Ref. (41), the ultimate creep loss term, UCR, is defined in terms
of steel stress per unit concrete stress. This 4s derived from
specific creep, with units of creep strain per psi of concrete stress,
multiplied by steel modulus of elasticity in psi. The parameter UCR
used in the program consists of ultimate creep coefficient multiplied
The term PCR which

expresses the amount of creep over each time step is calculated from

by the modular ratio between steel and concrete.

the ACI-209 recommended time curve for creep coefficient rather than
from the tabulated values in Ref. (41). The shape effect factor, SCF,
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is the same as in Ref. (41). Concrete stress at the level of the
strand centroid is calculated using the prestressing force from the
preceding time step.

The ultimate loss due to concrete shrinkage, USH, is derived from
ultimate shrinkage strain multiplied by steel modulus of elasticity in
Ref. (41). In the program, USH is equal to ESHUG, with units of
millionths, multiplied by 29.0, which is steel modulus of elasticity
in million psi, which results 4in units of psi. The amount of
shrinkage over each step, PSH, 1s calculated from the ACI-209
recommended time curve for shrinkage of steam-cured concrete rather
than from the tabulated values in Ref. (41). The shape effect factor,
SSF, 4s the same as in Ref. (41). :

The loss of prestress due to relaxation of steel is calculated 1in
the same manner as in Ref. (41). For each time step, losses are
calculated with the strand stress equal to the value from the end of
the preceding time interval.

When the deck 1s added at time AGDK, the steel stress is increased
due to the additional dead load stress from the deck weight. The
steel stress 1s 1increased by an amount equal to the additional
concrete stress at the level of the strand centroid, multiplied by the
modular ratifo. It 1s assumed that the noncomposite section remains
active until AGCT.

Step 6 - Calculate Restraint Moments

Restraint moments are calculated using the simplified analysts
model shown in Fig. E-3 for three typical spans as shown in Fig. E-4.
Exterior span restraint moments at the first support are calculated in
variable RME. For the first 1interior span, restraint moments are
calculated at the supports in variables RMIL and RMIR. The moments in
RMIL are at the support adjacent to the exterior span. RME, RMIL, and
RMIR are adjusted, 1if necessary, to account for the effect of the
adjacent span when uplift conditions occur. Restraint moment RMII is
calculated for the supports of an interior span which 1s adjacent to
two interior spans. Restraint moment RME is applicable to br1dge§ of

ol erdese
| sL , | xio |
M

(a) Exterior Span

7

SL = Span Length
XLD = Diaphragm Length

7 757 eedere
| xo | st | xio

™ 1 ! |

(b) Interior Span

Fig. E-3 Simplified Analysis Model
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Fig. E-4 Restraint Moments Calculated in BRIDGERM

two spans or more. Restraint moments RMIL and RMIR are applicable to

" bridges of three spans or more. Restraint moment RMII is applicable

to bridges of five spans or more. Until uplift conditions occur,

- RMII, RMIL, and RMIR are equal and RME is approximately 1.5 times as

large. Uplift conditions are assumed to occur when one of the‘two
reactions at the first interior support region becomes negative. This
occurs when one of the reactions induced by the change in restraint
moment in the support region is negative and greater in magnitude than
the dead load reaction.

Preliminary steps include the following. If AGDK is less than or
equal to AGCT, moment of 4inertia, cross-sectional area, and strand
eccentricity are set to composite section values. If AGDK is greater
than AGCT, the analysis proceeds using noncomposite section
properties. .It 1s assumed that with the d1aphragh cast' before the
deck, the support area 1s continuous for positive moments. Since
differential shrinkage is not active, only positive restraint moments
of relatively small mégn1tude will result from prestress and dead load
creep acting on the girder section. When the deck 1s added at AGDK,
the composite section properties are used, dead 1load moment fis
increased, and strand stress is increased due to the additional dead
load stress. At time AGCT, the value of each of the four restraint
moment variables fis set to zero. The strand stress for exterior and
interior spans 1is set to the value from the computation of strand
stress up to age of continuity. Constants used throughout the
analysis are calculated.

Using the PCA method in Ref. (12), restraint moments due to creep
under prestress, M;, and dead 1load, Mb, and due to differential
shrinkage between deck slab and girder, Hé, are first calculated for a
continuous girder assuming rigid connections between individual spans
at the piers. The creep restraint moments are determined by
multiplying the dead load and prestress moments by a coefficient
(1—e_¢1) where:

Y1 (E1]
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vy = Creep coefficient at time T days, where T is the
. ° time after prestress release at which restraint
moments are being calculated, T > To )
vy = Creep coefficient at time To days,'where To is the
0

time after prestress release at which continuity is
established

Restraint moments due to differential shrinkage are determined using a
multiplier of (1-e"*T)/e..

A series of analyses were made to calculate the time history of
the restraint moment for a number of bridge cross-sections, spans, and
creep coefficients. This was first attempted by calculating the
restraint moment at a series of discrete times, T, wusing ¢T as
follows:

L = (M n;r)(1-e‘°r) + HéT(1-e_¢T)/¢T (E2]

The prestress restraint moment, M is recalculated at each

PT’
discrete time T to account for prestress loss 1in the girder from
The relaxation loss time

factor is determined using the equation from Ref. (41).

relaxation and concrete creep and shrinkage.
The shrinkage
loss is determined using the ACI-209 time curve for shrinkage of
differential
shrinkage between the deck slab and girder 1is also recalculated at

steam-cured concrete. The restraint moment from

each time T. The shrinkage restraint moment is determined from the
difference in shrinkage in the slab and girder occurring from time
To to time T using the ACI-209
moist-cured concrete for the girder and deck slab, respectively. Also,

curves for steam-cured and
the ¢T was determined using the ACI-209 recommended curve rather
than the data 1in Ref. (12). This approach did not result in a
significant 1mprovemeni 4n calculated restraint moments-as compared to
results calculated strictly following the PCA method.

As an alternate, the series of analyses were repeated using an
incremental approach. Using this approach, rathér than recalculate

M.| at each time T with respect to To’ the change in the restraint
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moment AM1 within each time step is calculated as follows:
~ ' 1 ‘¢' ' ’¢I
oM, = (Mg M) v aMl (1-e7%) /) [E3)
where:
' N .
*4 A £ B (I (E4]
v+1 ’ Creep coefficient at t1me'T1 after prestress release

for the i-th time step

The incremental differential shrinkage moment, AH;1 is the change in
calculated restraint moment resulting from the difference 4in deck

shrinkage strain and girder shrinkage strain, 6A°si’ occurring
over the time 1ncrement,<AT1 = T1 - T1_] as follows:
t
oM, = OFgler 3) [ES])
where:
AFd1 = Tension in the deck to establish compatibility with
the girder
oF ) 6Acs1Ed‘\Ad (£6)
di - £ (A
di’d
1+ A
9 49
8y = leggy = eggyy) T Legqy ~ fgqiy)
sdi = Shrinkage strain in deck at time T1
‘sg1 = Shrinkage strain in girder at time T1
Ed1 = Modulus of elasticity of deck concrete at time T1
Eg = Modulus of elasticity of girder concrete (constant)
Ad = Cross-sectional area of deck slab
Ag = Cross-sectional area of girder
(ec + %) = Distance between middepth of deck slab and centroid

of the composite section

In determining the deck shrinkage strain, after an age of 30 days,
the ultimate shrinkage strain 1is reduced by the Dischinger effect
factor (69) to account for the restraint from the reinforcing steel
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within the deck. The creep coefficient v£1 is determined from the

ACI-209 recommendations for the girder concrete modified by the ACI-209

recommended correction factor for age of loading for each time T1 as
follows: avg
vy - ey (113 71‘0'094) (E7]
avg
T, = T (€8]
avg 2

Restraint moment increment AM1 is used in an elastic analysis
for the simplified model.
between an exter1qr and interior span do not cause uplift, the elastic
If induced
reactions cause uplift, the model 1is modified by including the full

1f ‘induced reactions at the support region
analysis 1is done for the unmodified simplified model.
rather than the distance between

length of the adjacent span

supports. Restraint moment fincrements are then <calculated by
distributing the moments from the two spans using the modified model.
RME, RMIL, and RMIR are affected by the uplift analysis. Moment RMII
}s calculated for interior spans not adjacent to an exterior span. In
this situation, moments in the support region will not cause uplift.
Therefore, 1in bridges where wuplift cannot occur due to support
detalls, RMIl can be used for interior spans, and 1.5 times RMII can
be used for exterior span restraint moments. Calculated restraint
moment increments are added to the summation from the preceding time
step to determine restraint moments at the end of the current time
step.

1If AGDK is greater than AGCT, the adjustment from noncomposite to
composite section described previously is made when the end time of
the time step is greater than or egual to AGbK. Therefore, the
analysis of composite section behavior begins on the succeeding time
step. If output of the minimum restraint moment is called for, the
time at which the minimum RMII occurs is stored for later output.

Using this resuiting

time-dependent restraint moments represented a significant improvement

incremental” approach, the calculated

as compared to the PCA method. The comparisons are presented in

Chapter Two of this report. The incremental approach is incorporated
in BRIDGERM.

Step 7 - Output Results

The program outputs values for RME, RMIL, RMIﬁ, and RMII restraint
moments at user-selected times. If the user requests output of all
calculated restraint moments, values are output at each time step.

Otherwise, values are output at times contained in the user-specified
vector UTIME.

Additional 1nformat1oq which may be wuseful to output. are the
following. Strand stress, in psi, is contained in variables FST up to
age of continuity and FST1 and FST2 after age of continuity for
Differential shrinkage

restraint moment component 4is contained in vector XMS.

exterior and interifor spans, respectively.
Prestress
creep restraint moment component 1s contained in vectors XMPS1 and
XMPS2 for exterior and interior spans, respectively.

User's Input Instructions

This section presents instructions for running .Program BRIDGERM.
For each case problem, data input consists of nine lines containing
the information shown in Table E1. Each variable is described below.
A1l variables should be entered as Real values unless otherwise

noted. Character data must be entered within single quotation marks.

Line 1:

TITLE - Identification of case problem (Character)

Line 2:
B1, B2, B3, and B4 - Horizontal dimensions defining girder profile
as identified in Fig. E-1, in. '

Line 3:
01, D2, D3, D4, D5, and D6 - Vertical dimensions defining girder
profile as identified in Fig. E-1, in.
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Line 4:
NSP
SL
XLD
XOR
GS
TD
WDL

Line 5:
AGRL
AGCT

AGDK

NTIME

Line 6:
UTIME

Line 7:
SsC
DSC
WSC
NSL

NSS
NDS
ASTD
FST

Number of spans in bridge (Integer)

Length of typical span, ft

Distance between supports, ft

Ratio defining length of strand draping, ft/ft
Girder spacing, ft

Deck thickness, in.

Uniform load due to additional dead load, psf

Time between tensioning and prestress transfer, days

Time between prestress transfer and establishment of
continuity, days .

Time between prestress transfer and placement of deck,
days

Number of wuser-specified times for output of restraint

moments (Integer)

Vector of times for output of restraint moments, days
(NTIME values)

Centroid of straight strands, in.

Centroid of draped strands at end of girder, 1in.

Centroid of draped strands between hold-down points, in.
Equal to 1 for stress-relieved strands, equal to 2 for
low-relaxation strands (Integer)

Number of straight strands (Integer)

Number of draped strands (Integer)

Cross-sectional area of one strand, 1n.2

Initial strand prestress, pst

ouT2.*

Line 8:

FCI - Girder concrete compressive strength at transfer, psi
fFcG - Girder concrete compressive strength at 28 days, psi
FCD - Deck concrete compressive strength at 28 days, pst
WCG - Unit weight of girder concrete, pcf
WCD - Unit weight.of deck concrete, pcf
Line 9:
VULT - Ultimate creep coefficient for girder concrete,
dimensionless
ESHUG - - Ultimate shrinkage strain for girder concrete, millionths
ESHUD - Ultimate shrinkage strain for deck concrete, millionths

The program may be run interactively or 1in batch mode. To run

1nteractjvely, type °"BRIDGERM" and execute. The finput prompts will
then appear for each of the nine lines described previously. Input
data for TITLE should be enclosed within single quotation marks. Data
should be separated by commas or blank spaces. To obtain a hard copy
of input and output, while running interactively, use CTRL P to direct
all data to the printer. .

In Batch mode, an 1input file must be set up containing all
required data. Following is example data contained in a file "DATA2"

on the disc:

AASHTO~-IV &5 FT~-

20,26,8,0

S4,8,6,0,9,2
4,25.0,2.0,0.4,2,0,8.0,30.0
1,14,14,1 ’

-7500.0 o
2.43,50.0,4.0,1,22,9,0.153, 182000.0
S000.,56000.,4000.,150.,150.

2.3, 400.0, 400,

To view the data, “TYPE DATA2" and execute. To run this
example, type the name of the batch file, in this case "RUN2.BAT," and
File “RUN2.BAT" contains the command "“BRIDGERM <DATA2>

This command runs BRIDGERM with input file "DATA2" and creates

enter

execute.
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output file "0UT2." To view results enter "TYPE 0UT2" and execute.
To obtain a hard copy of the input or output file, use CTRL P when
using the “TYPE" command. The output of this example is given on page
E-22. On pages E-23 through E-31 1s a 1isting of Program BRIDGERM.

TABLE E1 - DATA INPUT FOR BRIDGERM

Line

Number Parameters
1 TITLE
2 81, 82, B3, B4
3 p1, 02, 03, D4, D5, D6
4 NSP, SL, XLD, XDR, GS, TD, WDL
5 AGRL, AGCT, AGDK, NTIME
6 UTIME (1...NTIME)
7 SSC, DSC, WsC, ﬁSL. NSS, NDS, ASTD, FST
8 FCI, FCG, FCD, NCG; WCD
9 ' VULT, ESHUG, ESHUD

ENTER: TITLE.

ENTER: GIRDER HORIZONTAL DIMENSIONS. (i
ENTER: GIRDER VERTICAL DIMENSIONS. (in)
ENTER: NUMBER OF SPANS.
SPAN LENGTH. (ft)
DISTANCE BETWEEN ADJACENT GIRDER SUPPORTS. (ft)
‘RATIO 'OF STRAND DRAPING LENGTH TO SPAN LENOTH.
GIRDER SPACING. (ft)
DECK THICKNESS. (in)
ADDITIONAL DEAD LOAD. (psf)
ENTER: STRAND AGE AT PRESTRESS RELEASE.
GIRDER AGE AT CONTINUITY. (davs)
GIRDER AGE AT TIME DECK IS IN PLACE. (davs)
NUMBER OF TIMES FOR OUTPUT OF RESULTS.

ENTER: TIMES FOR QUTPUT OF RESULTS.
ENTERs CENTROID OF STRAIGHT STRANDS.

n)

(davs)

(davs)
(in)

CENTROID OF DRAPED STRANDS AT GIRDER ENDS. (in)
CENTROID OF DRAPED STRANDS AT MIDSPAN. (in)

1 FOR STRESS-RELIEVED,

NUMBER OF STRAIGHT STRANDS.
NUMBER OF DRAPED STRANDS.-
CROSS-SECTIONAL AREA OF SINGLE STRAND. (sa in)
INITIAL STRAND TENSION. (rsi)
ENTER: GIRDER CONCRETE COMP. STR. AT TRANSFER. (rsi)
GIRDER CONCRETE COMP. STR. AT 28 DAYS. (rsi)

DECK CONCRETE COMP.

GIRDER CONCRETE UNIT WEIGHT.

2 FOR LOW-RELAX.

STR. AT 28 DAYS. (msi)

DECK CONCRETE UNIT WEIGHT. (mcf)
ENTER! GIRDER CONCRETE ULTIMATE CREEP COEFFICIENT.
GIRDER CONCRETE ULT. SHRINKAGE.

DECK CONCRETE ULT.

STRAND TENSION AT TRANSFER?

TIME

(davs)
14.
15.
17.
20.
25.
32.
a2,
S6.
60.
80.
100,
12S.
150.
200.
230.
300.
400.
3500.
600.
800.
1000,
1250.
1500.
1800,
2100,
2500.
3000.
33500,
4000.
$000.,
6000,
7500.
Stop - Prosram

MOMENT
RME
(ft-k)
1.7
-24.0
-78.2
-161.9
-243.1
-309.1
-336.7
-310.6
~198.8
-107.3
-15.2
$8.9
134,35
191.9

236.6 .

301.2
346.4
379.9
426.2
457.4
481.3
498.5
513.9
528.5
537.2
548.1
556.3
$62.7
$572.2
$78.9
586.0
terminated.

(mcf)

{millionths)

SHRINKAGE. (millionths)
170.5 ksi .
MOMENT MOMENT

RMIL RMIR
(Ft-k) (Ft-k)
.0 .0

1.2 1.2
-16.1 -16.1
-52.S -$2.3
-108.7 -108.7
-164.6 -164.6
-207.7 -207.7
-226.2 -226.2
-208.7 -208.7
-133.7 -133.7
-72.2 -72.2
-10.4 -10.4
39.3 39.3

- 90.1 90.1
128.6 128.6
158.7 188.7
202.1 202.1
232.4 232.4
254.9 254.9
286.0 286.0
306.9 306.9
330.9 322.4
348.1 333.5
363.4 343.4
37S5.0 350.9
384.8 358.3
397.6 365.6
405.8 370.9
412.3 375.0
421.7 381.1¢
428.5 385.S
435.46 390.1

MOMENT
RMI1
(Ft-k)
.0
1.2
-16.1
-32.9
-108.7
-164.6
-207.7
-226.2
-208.7
-133.7
-72.2
-10.4
39.3
90.1
128.6
158.7
202.1
232.4
254.9
284.0
306.9
325.2
338.3
330.0
358.8
347.8
376.1
382.3
387.2
394.5
399.46
40S.0

STRAND
STRESS
(ksi)
16S5.5
1635.2
164.7
163.9
162.9
161.6
160.2
158. 6
158.3
156.8
155.7
154.7
153.9
152.8

152.0 .

151.4
150. 6
1S0.1
149.7
149.1
148.7
148.4
148.1
147.9
147.7
147.5
147.23
147.2
147.1
146.9
146.7
146.73
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PROGRAM BRIDGERM
PROGRAM TO COMPUTE RESTRAINT MOMENTS AS FUNCTION OF TIME
USING CTL METHOD. NCHRP PROJECT 12-29 CTL PROJECT CR9907/221

DIMENSION TI(100),TIR(100),RME(100),RMIL(100),RMIR(100),RMI1(100),
1 XMS(100), XMPS1(100), XMPS2(100),FST1(100),F35T2(100)

REAL KV,KSD,KSG

DIMENSION A(7),Y(7)sXJ(7),X(3)

DIMENSION BLIN(36),UTIME(64),NT(64)

CHARACTER#20 TITLE

DATA BLIN/1,3,6,11,18,28,42,60,80,100, 125, 150, 200,250, 300, 400,
1500, 600, 800, 1000, 1250, 1500, 1800, 2100, 2500, 3000, 3500, 4000, 5000,
26000, 8000, 10000, 15000, 20000, 30000, S0000/

1. INPUT DATA

RUN TITLE OF UP TO 20 CHARACTERS: TITLE
WRITE(#,#) “ENTER: TITLE.~’
READ (#,#) TITLE
GIRDER SECTION HORIZONTAL DIMENSIONS: B1,B2,B3.B4 (in)
WRITE(#,#) “ENTER: GIRDER HORIZONTAL DIMENSIONS. (in)“
READ (#,#) B1,B2,B3.B4
GIRDER SECTION VERTICAL DIMENSIONS: D1,0D2,D3,D4,DS,D6 (in)
WRITE(#,#) ENTERt GIRDER VERTICAL DIMENSIONS. (in)~
READ (#,%) D1,D2,D3,D4,D5,D6
NUMBER OF SPANS: NSP (-)
SPAN LENGTH FOR TYPICAL SPAN: SL (ft)
LENGTH OF SUPPORT: XLD (ft)
RATIO OF DRAPED STRAND LENGTH TO SPAN LENGTH: XDR (-)
GIRDER SPACINGt G5 (ft)
DECK THICKNESS: TD (in)
ADDITIONAL DEAD LOAD: WDL (psf)
WRITE(#,#)”ENTER: NUMBER OF SPANS.~
WRITE (%, %) SPAN LENGTH. (ft)~
WRITE(#,%)” DISTANCE BETWEEN ADJARCENT GIRDER SUPPORTS. (ft)~“
WRITE(®,#)“ RATIO OF STRAND DRAPING LENGTH TO SPAN LENGTH. -
WRITE (%, %)~ GIRDER SPACING. (ft)~
WRITE (%, #)“ DECK THICKNESS. (in)~
WRITE (%, %) ADDITIONAL DEAD LOAD. (psf)”
READ (#%,#) NSP,SL,XLD,XDR,GS, TD,WDL
STRAND AGE AT PRESTRESS RELERSE: AGRL (davs)
GIRDER AGE AT ESTABLISHMENT OF CONTINUITY: AGCT (davs)
GIRDER AGE AT TIME DECK IS IN PLACE: AGDK (davs)
NUMBER OF TIMES FOR OUTPUT OF RESULTS: NTIME (-)
WRITE(#,#) ENTER: STRAND AGE AT PRESTRESS RELEASE.
WRITE(#,#)” GIRDER AGE AT CONTINUITY. (davys)~”
WRITE(#, %)~ GIRDER AGE AT TIME DECK IS IN PLACE. (davys)’
. WRITE(®,#)~ NUMBER OF TIMES FOR OUTPUT OF RESULTS.~
READ (#,#) AGRL.AGCT,AGDK,NTIME
TIMES AT WHICH RESULTS ARE QUTPUT: UTIME (davs)
WRITE(#,#) ENTER: TIMES FOR OQUTPUT OF RESULTS. (davs)”
READ (#,%) (UTIME(I),I=1,NTIME)
CENTROID OF STRAIGHT STRANDS: SSC (in)
CENTROID OF DRAPED STRANDS AT GIRDER END: DSC (in)
CENTROID OF DRAPED STRANDS AT MIDSPAN: WSC (in)
TYPE OF STRAND: NSL (1=SR,2=LR)
NUMBER OF STRAIGHT STRANDS: NSS (-)
NUMBER OF DRAPED STRANDS: NDS (-)
CROSS-SECTION AREA OF STRAND: ASTD (sa in)
INITIAL STRAND TENSION: F3T (psi)
WRITE(#,#) ENTER: CENTRCID OF STRAIGHT STRANDS. (in)’
WRITE(#, %)~ CENTROID OF DRAPED STRANDS AT GIRDER ENDS. (in)~

(davs)”’
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WRITE (#,%)~
WRITE(#, )~
WRITE(#, %)~
WRITE(#, %)~
WRITE(#, %)~
WRITE(#, %)~ . INITIAL STRAND TENSION. (psi)”
READ (#,#) SSC,DSC,WSC,»NSL,N3SS,ND3; ASTD,FST

GIRDER CONCRETE COMPRESSIVE STRENGTH AT TRANSFER: FCI (psi)

GIRDER CONCRETE COMPRESSIVE STRENGTH AT 22 DAYS: FCG (psi)

DECK CONCRETE COMPRESSIVE STRENGTH AT 28 DAYS: FCD (psi)

UNIT WEIGHT OF GIRDER CONCRETE: WCG (pcf)

UNIT WEIGHT OF DECK CONCRETE: WCD (pcf)
WRITE(#,#) ENTER: GIRDER CONCRETE COMP. STR. AT TRANSFER. (Psi)”’
WRITE(#®,®)~ GIRDER CONCRETE COMP. STR. AT 23 DAYS. (Psi)”
WRITE (%, %) DECK CONCRETE COMP. STR. AT 28 DAYS. (psi)~”
WRITE(®, %)~ GIRDER CONCRETE UNIT WEIGHT. (Pcf)”
WRITE (%, %)~ DECK CONCRETE UNIT WEIGHT. (Pcf)~”
READ (#,#) FCI.FCG,FCD,WCG,WCD

ULTIMATE CREEP COEFFICIENT FOR GIRDER CONCRETE: VULT (-)

ULTIMATE SHRINKAGE STRAIN FOR GIRDER CONCRETE: ESHUG (millionths)

ULTIMATE SHRINKAGE STRAIN FOR DECK CONCRETE: ESHUD (millionths)
WRITE(#, %) ENTER: GIRDER CONCRETE ULTIMATE CREEP CQOEFFICIENT. -
WRITE (%, %) GIRDER CONCRETE ULT. SHRINKAGE. (millionths)~”
WRITE(®, %)~ DECK CONCRETE ULT. SHRINKAGE. (millionths)”
READ (#,#) VULT,ESHUG,ESHUD

CENTROID OF DRAPED  STRANDS AT MIDSFAN, (in)~
1 FOR STRESS-RELIEVED, 2 FOR LOW-RELAX. - e
NUMBER OF STRAIGHT STRANDS. 7

NUMBER OF DRAPED STRANLS, -

ESTABLISH VALUES FOR CONSTANTS

CONSTANTS FOR CREEP COEFFICIENT TIME CURVE
Dv=10.0

Kv=0, 6

CONSTANTS FOR GIRDER SHRINKAGE TIME CURVE
DSGaS3.

KSG=1.0

CONSTANTS FOR DECK SHRINKAGE TIME CURVE
DSD=35.

KSD=1.0

CONSTANTS FOR DECK COMPRESSIVE STRENGTH TIME CURVE"
ALPHD=4.0

BETAD=0.85

CONSTANTS FOR DISCHINGER ADJUSTMENT
DRHO=0.030

AGDISCH=30.

RATIO OF DIAPHRAGM TO GIRDER EI

ALPHA=1.0

VARIABLE TO STORE MINIMUM RESTRAINT MOMENT
RMIIMIN=1000000.

TOTAL NUMBER OF STRANDS

NS=NDS+NSS

TOTAL AREA OF STRANDS

ASTa=NS#ASTD

CENTROID OF STRANDS AT MIDSPAN
CE=(NSS#SSC+NDS#WSC) /NS

2, DETERMINE TIME STEPS N -

OUTALL=0

IF ((NTIME.EQ.1).AND.(UTIME(1).LT.0.0)) THEN
UTIME(1)=-UTIME(1)

OUTALL=1

END IF
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UP TO CONTINUITY AGE = BOX SECTION

I=1 IF ((D3.EQ.0.0).AND. (DS.EQ.0.0)) THEN
8 IF (BLIN(I).GT.AGCT) GO TO ¢ CIRG=B1+B2+2#D1{+(B1-B3)+(B2-B3)+2%(D1-D2-D&)

TIR(I)=BLIN(I) CIRC=CIRG-B1
I=1+1 ENDIF
GO TO 8 C

9 NAGESR=1 C NONCOMPOSITE SECTION

TIR(NAGESR)=AGCT C A(7)=AREA OF EACH ELEMENT OF SECTION

A(1)=B1#D2

AFTER CONTINUITY AGE A(2)=(2.#B4+B3)*D3
IBL=1 . A(3)=(B1-2.+B4-B3)#D3/2.
ICT=1 A(4)=2.#B4%D4/2.

I=1 A(S)=B3#(D1-D2-D3-D&)

TIC(I)=AGCT - A(6)=(B2-B3)#DS5/2,

ITMIN=0 . | A(7)=B2+Dé
o Y(7)=DISTANCE FROM BOTTOM FIBER TO CENTROID OF EACH ELEMENT
10 I=I+1 Y(1)=D1-D2/2.

ADAG=AGCT Y(2)=D1-D2~D3/2.
IF (IBL.GE.2). THEN . - Y(3)=D1-D2-D3/3.
IF ((BLIN(IBL-1)+AGCT).LT.BLIN(IBL)) ADAG=0, Y(4)=D1-D2-D3-D4/3.
IF ((BLINCIBL-1)+ACCT).GE.BLIN(IBL)) ADAG=ACCT Y(S)=(D1-D2~D3-D&) /2. +D6
END IF Y(6)=DS/3.+D6

Y(7)=D&/2.
IF (UTIME(ICT).EQ.-1) THEN . c XJ(7)=MGMENT OF INERTIA OF EACH ELEMENT
ITMIN=ICT XJ(1)=Bl#D2#43/12,
ICT=ICT+1 XJ(2)=(2.#B4+B3)#D3##3/12,
END IF . XJ(3)=(B1-2,. #B4-B3)#D3#43/36.

" XJ(4)=2,#B4#D4wu3/34,

"IF ((BLIN(IBL)+ADAG).LT.UTIMEC(ICT)) THEN XJ(S)=B3#(D1-D2-D3-Dé&)##3/12,
TI1(1)=BLIN(IBL)+ADAG XJ(6)=(B2-B3) #DS##3/36.
IBL=1BL+1 . XJ(7)aB2#D6##3/12.

GO TO 10 . AG=0,

END IF . DO 470 I=1,7

' 470 AG=AG+A(I)
IF (UTIMECICT).LT. (BLINCIBL)+ADAG)) THEN TJ=0.
TI(I)=UTIME(ICT) DO 480 I=1,7
NT(ICT)=} 480 TJ=TJ+XJ(I)
ICT=ICT+1 . YBB=0,
IF (ICT.GT.NTIME) GO TO 70 BO 490 I=1,7
GO 7O 10 490 YBB=YBB+A(I)#Y(I)
END IF YB=YBB/RAG
YT=D1-YB
IF (UTIME(ICT).EQ. (BLIN(IBL)+ADAG)) THEN X1GG=0,
TI(I)=UTIME(ICT) DO S00 I=1,7
NT(ICT)=] S00 XIGG=XIGG+A(I)I#(Y(I)-YB)#s2
ICT=ICT+1 XIG=TJ+X1GG
IBL=1BL+1 VS=AG/CIRG
IF (ICT.GT.NTIME) GO TO 70 . VSC=AG/CIRC
GO TO 10 E=YB-CE
END IF c
. [ COMPOSITE SECTION
70 CONTINUE : [ EFFECTIVE TOP FLANGE WIDTH
NAGES=1 X(1)=5L#12,/4,
X(2)=GS#12,
X(3)=TD#12.+B3
3. CALCULATE GEOMETRIC PROPERTIES OF SECTION . BE=10000.
DO S20 1=1,3
CIRCUMFERENCE OF GIRDER CROSS-SECTION IF(BE.GT.X(I)) BE=X(I)

I- OR T~ SECTION 520 CONTINUE
CIRG=B1+B2+2#(D1-D3-D4-DS5)+2#SART(B4##2+D4##2) IF ((D3.EQ.0.0).AND. (DS.EQ.0.0)) BE=(GS#12.
CIRG=CIRG+2#SQRT (DS##2+( (B2-B3)/2) ##2) XNE=SQRT(FCD/FCG)
CIRG=CIRG+2#SQRT (D3##24( (B1-B3-2#B4)/2)##2) A(1)=XNE#BE#TD
CIRC=CIRG-B1 A(2)=AG
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Y(1)=D1+TD/2.

Y(2)=YB

XJ(1)=XNE#BE#TD##3/12.

XJ(2)=XIG

AC=A(1)+A(2)

YBC=(A(1)#Y(1)+A(2)#Y(2))/AC

YTC=D1-YBC
XIGC=XJ(1)+XJ(2)+A(1)#(Y(1)-YBC)##2+A(2)#(Y(2)~YBC)#u2
EC=YBC~CE

COMPUTE DEAD LOAD MOMENTS
XMG=12. #(AG/ 144, ) #WCGuSLaa2/8,
WDLT=( (AG#WCG+GS#12, #TD#WCD) /144, +WDL#GS) /1000,
XMC=12000. #WDLT#SL*##2/8.

4, COMPUTE LOSSES FROM TENSIONING OF STRAND TO TRANSFER OF PRESTRESS
IF (NSL.EQ.1) THEN
STRESS-RELIEVED STRAND
RETCON=10
FPY=230000
ENDIF

IF (NSL.EQ.2) THEN

LOW-RELAXATION STRAND
RETCON=435
FPY=243000
ENDIF
TEMP=FST/FPY-0.5S

LOSS DUE TO STEEL RELAXATION
IF (TEMP.LT.0.0S) TEMP=0.05
RET=FST#L0G10(24#ACGRL ) #TEMP/RETCON

LOSS DUE TO ELASTIC SHORTENING
XNI=29000000. 7 (33. #(WCG##1.5)#SART(FCI))
FSI=FST-RET
ESL=XNI®(AST#FSI#(1/RG+E##2/X1G)-XMG*E/XIG)
ESL=ESL/ (1 +XNI®#(AST#(1/ARG+E##2/X10)))

FST=FST-ESL-RET

0000

PCR=T2#4KV/ (T2##KV+DV) —T 1 ##KV/ (T1#2KV+DV)
FC=AST#FST#(1/AS+ES##2/X1)—XMM*ES/X1
CR=FC#UCR#SCF *PCR

C LOSS DUE TO CONCRETE SHRINKAGE
PSHaT2##KSG/ (DSG+T2##KSG) T 1##KSG/ ( T1##KSG+DSG)
SH=USH#SSF #PSH ,

C LOSS DUE TO STEEL RELAXATION
TEMP=FST/FPY-0.55
IF (TEMP.LT.0.0S) TEMP=0.05
TREL=(LOG10(24%(T2+AGRL) ) ~LOG10(24# (T1+AGRL) ) ) #TEMP/RETCON
RET=FST#TREL

FST=FST-(CR+SH+RET)

IF ((T2.GE.AGDK).AND. (XMM.EQ. XMG)) THEN
C ADDED STRESS DUE TO DECK DEAD LOAD

ADDBACK=XN# ( XMC—-XMG ) #EC/XIGC
FST=FST+ADDBACK
XMM=XMC
SCF=1.145~0.093#VSC
IF (VSC.GT.S5.0) SCF=0.68
SSF=1.13-0.0886#VSC
END IF

72 CONTINUE

6. COMPUTATION OF RESTRAINT MOMENTS AFTER CONTINUITY

IF (AGDK.LE.AGCT) THEN
XI=X1GC

ES=EC

AS=AC

END IF

WRITE(#,15)
"IF (OUTALL.EQ.1) GO TO 16
GO TO 17
® 16 WRITE(#,110) TI(1),0.0,0.0,0.0,0,.0,FST/1000.
C

WRITE (#,900) FST/1000.
900 FORMAT (SX, STRAND TENSION AT TRANSFER: “,F7.1.7 ksi”)

1S FORMAT(11X, TIME”,&X., “MOMENT“,&X, “MOMENT”, 6X, “MOMENT 7, 6X. “MOMENT
16X, “STRAND”, / ‘24X, “RME~, 8X. “RMIL”,8X, “RMIR’,8X, "RMII“,6X, “STRESS”»
2/ 9%+ 7 (dars) 1 6Xs 2 (Ft=k) ‘26X (Ft—K) > 6Xs T (Ft=Kk)’+6Xs " (ft=k) > 7Xs

O0O00

S. COMPUTATION OF P/S LOSSES BEFORE CONTINUITY

EG=33. # (WCO##1,5) #SQRT (FCG)
XN=29000000. /EG
UCR=VULT#XN
SCF=1.145-0,093#VS

IF (VS.GT.5.0) SCF=0.68

USH=ESHUG#2%9.0
SSF=1.13-0.0886#VS

XMM=XMG
XI=XIG
ES=E
AS=AC

DO 72 I1=2,NAGESR
T1=TIR(I-1)
T2=TIR(I)

LOSS DUE TO CONCRETE CREEP

E-27
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17 RME(1)=0.0
RMIL(1)=0.0
RMIR(1)=0.0
RMII(1)=0.0
FST1(1)=FST
FST2(1)=FST
XNID=29000000. /7 (33.#(WCD##1.5)#SART (FCD))
UPLT=WDLT#SL#XLD/2.
BET=XLD/SL

DO 100 1=2,NAGES
T2=TI(D)
Ti=TI(I-1)
TAVG=(T1+T2)/2.
COMPUTE INFORMATION FOR PRESTRESS LOSS CALCULATION

PCR=T26fKV/(T2’§KV¢DV)-T1"KV/(Tli’KV*DV)

0O 000
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c

PEH=T2##KSG/ (DSG+T2##KSG) ~T1 #4KSG/ (T 1 ##KSG+DSG)
SH=USH#SSF*PSH

TEMP=(0,S#(FST1(I-1)+FST2(1-1)))/FPY~0.55
IF (TEMP.LT.0.05) TEMP=0.05
TEM2=(LOG10(24#(T2+AGRL) )~ LOGIO(24'(T1*AGRL)))QTEHP/RETCON

LOADING AGE CORRECTION FACTOR
CLA=1, 13#TAVGR#(-0,.094)

PHI FACTOR
PHI=VULT#PCR

CREEP EFFECT FACTOR FOR PRESTRESS AND DEAD LOAD CREEP
CMFC=1-EXP(-PHI#CLA)

CREEP EFFECT FACTOR FOR DIFFERENTIAL SHRINKAGE
CMFS=CMFC/ (CLA#PHI)

COMPUTE COMPONENTS FOR RESTRAIN* MOMENTS

1.DIFFERENTIAL SHRINKAGE STRAIN
IF (T2.LT.AGDK) THEN
XMS(1)=0.0
GO TO 20
END IF
T2D=T2~AGDK
T1D=T1-AGDK
TAVGD=(T2D+T1D) /2.
FCDT=FCD#TAVGD/ (ALPHD+BETAD#TAVGD)
EDCK=33. #WCD##1, S#SART (FCDT) /1000,
XND=29000. /EDCK )
DISCHINGER MODIFICATION AFTER AGDISCH DAYS
IF (T1D.GE.AGDISCH) THEN
XMOD=(1.-EXP(~VULT#XNID#DRHO/ ( 1 +DRHO#XND) ) )/ (VULT#XNID#*DRHO)
IF (RMII(I-1).0T7.0.0) XMOD=1.0
ESHUDM=ESHUD#XMOD
ELSE
ESHUDM=ESHUD
END IF
DSS=ESHUDM#T2D##KSD/ (DSD+T2D##KSD)
DSS=DSS—ESHUDM#T 1 D##KSD/ (DSD+T1D##KSD)
DSSODSS-ESHUGG(T2O§KSG/(DSG#TZ"KSG)-T!G’KSG/(TliQKSG+DSG))

IF (T1D.GT.28) THEN

COMP=1 ., +EDCK#TD#GS#12, /(EGQAG/IOOO )
DSS=DSS/COMP

END IF

XMS (1) =DSS#EDCK#TD#GS#*(YTC+TD/2. ) /1000000,
20 CONTINUE

2.DEAD LOAD CREEP
XMDL=XMM/ 12000.

3.PRESTRESS CREEP
E1=YBC-DSC
£2=YBC-SSC
IF (T2.LE.AGDK) THEN
E1=YB-DSC
[E2=YB-8SC
END IF
E3=DSC-WSC
L1=XDR#SL

E-29

ocoooo o ooo

~ 000 O °

L2=SL-2, %L1

3A. END SPANS

CALCULATE PRESTRESS LOSS
XMR1=12000. 'RNE(I 1)/2.
FS1=FST1.(I-1) °
FC1=AST'FSIO(I/RSOESOGZIXI)-(XHH#XHR!)'ES/XI
CR1=FC1#UCR#SCF#PCR
RET1=TEM2#FS1
FST1(1)=FST1(I-1)-(CR1+SH+RET1)

FPE1=ASTD#(FST1(I)+FS1)/2.
P11=NDS#FPE1/1000,
P21=NSS#FPE1/1000.

XMPSI(I1)=(P11#(E1+E3#(L1+L2)/SL)+P21#E2)/12

3B. INTERIOR SPANS

CALCULATE PRESTRESS LOSS
XMR2=12000. #RMII(I-1)
FS2=FST2(I-1)
FC2=AST#FS2#(1/AS+ES##2/X1) - (XMM+XMR2) #ES/ X1
CR2=FC2#UCR#SCF#*PCR
RET2=TEM2#FS2
FST2(1)3FST2(I-1)-(CR2+SH+RET2)

FPE2=ASTD#(FST2(1)+FS2)/2.
P12=NDS#FPE2/1000.
P22=NSS#FPE2/1000.

XMPS2(I)=(P12#(E1+E3#(L1+L2)/SL)+P22#E2)/12

CALCULATE RESTRAINT MOMENTS

IF (NSP.EQ.2) BET=1,5#XLD/SL
CEND=-1/ (1 +BET/ALPHA)
TEMPE=CMFS#1,S#XMS(I)+CMFC# (XMDL-1. SGXHPSI(I))

+ IF (NSP.EQ.2) THEN

RME(I)=RME(I-1)+TEMPE#CEND
GO TO 90
END IF

L .CINTa(=3,+6.#(1+BET/ALPHA) ) /(1.-4.%(1,.+BET/ALPHA)# (1. +BET/ALPHA))
TEMPI=CMFS#XMS(I)+CMFC# (2, #XMDL/3.-XMPS2(1))
RMII(I)=RMI1(I-1)+TEMPI#CINT

UPLIFT ANALYSIS

IF (((XMR1+XMR2)/2.).GE.0.0) SIGNi=1.0
IF (((XMR1+XMR2)/2.).LT.0.0) SIGN1=0.0
IF (((1+BET#SIGN1)#ABS(RME(I-1))-ABS(RMIL(I-1))),GE.UPLT) THEN
TEMP2=4. #(1,+BET/ALPHA) #TEMPE+3. #( 1, +2, *BET/ALPHA) *TEMP I
TEMP2=TEMP2/(1.-8.#(1+BET/ALPHA))
TEMP3=-2, #TEMPE-3. *TEMPI-4. #TEMP2
IF (NSP.EQ.3) THEN
TEMP2==(TEMP1+TEMPE)
TEMP3=-(TEMPI+TEMPE) - .
END IF
RMIL(I)=RMIL(1-1)+TEMP2
RMIR(I)=RMIR(I-1)+TEMP3
RME(I)=RME(I-1)+TEMP2
ELSE .,
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c

c

NO UPLIFT

RMIL(I)=RMIL(I-1)+TEMPI#CINT
RMIR(I)=RMIR(I-1)+TEMPI#CINT
RME(1)=RME(I-1)+TEMPE#CEND
END IF

€ DECK ADDED AFTER CONTINUITY FOR POSITIVE MOMENT IS ESTABLISHED

00

90

100

105

110

IF ((T2.GE.AGDK).AND. (XI.EQ.XIG)) THEN.
XI=XIGC

ES=EC

AS=AC
ADDBACK=XN# ( XMC~XMG) #EC/X1GC
FST1(1)=FST1(I-1)+ADDBACK
FST2(1)=FST2(1-1)+ADDBACK
XMM=XMC

SCF=1.145-0.0934VSC

IF (VSC.GT.5.0) SCF=0.68
SSF=1.13-0.0886#VSC

END IF

IF ((ITMIN.NE.O).AND.(RMIIC(I).LT.RMIIMIN)) THEN

STORE TIME FOR MINIMUM CALCULATED RMII

RMIIMIN=RMII(I)
NT(ITMIN)=1
END IF

. OUTPUT RESULTS

IF (OUTALL.EQ.1) THEN

FAVG=(FST1(I)+FST2(1))/2000.

IF (NSP.GT.3) WRITE(#,110) TI(I),RME(I),RMIL(I),

1 RMIR(I)SRMII(I),FAVG

IF (NSP.EQ.3) WRITE(#,110) TI(I),RME(I).RMIL(I),
RMIR(I1),0.0.,FAVG

1
IF (NSP.EQ.2) WRITE(#,110) TI(I),RME(I)+0.+0.,0.,FST1(1)/1000.

END IF
CONTINUE

IF (OUTALL.EQ.0) THEN

DO 105 I=1,NTIME

II=NT(]) .
FAVG=(FSTI(II)+FST2(11))/2000.

IF (NSP.OT.3) WRITE(#,110)TI(II),RME(II),RMIL(II),

1 . " RMIR(I1),RMII(II),FAVG

IF (NSP.EQ@.3) WRITE(#,110)TI(II),RME(II),.RMIL(II),

1 ’ RMIR(11),0.0,FAVC

IF (NSP.EQ.2) WRITE(#,110)TI1(I1),RME(II),0.0,0.0,0.0,

1 FST1(11)/1000.
CONT INUE

"END IF
FORMAT(5X,F10.0,5F12.1)
STOP

END
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PROGRAM BRIDGELL

Introduction

The purpose of Program BRIDGELL is to calculate maximum moments
and shears for girders 1in multispan continuous bridges subject to
AASHTO truck and lane 1loading. Load .magnitudes
according to 1983 AASHTO Specifications
program 1is

and patterns are
(14) for HS Tloading. The
capable of analyzing the continuous bridge neglecting
continuity for positive moment -for the situation in which positive
included 1in the
program is analysis for additional dead load acting on the continuous
bridge. Details of data input and output, assumptions,
capabilities and Timitations of Program BRIDGELL are discussed below
in the solution steps. initially written 1in Data
Fortran 77 and 1impiemented on CTL's Data General MV10000

The program was then recompiled using Microsoft Fortran for
use on IBM PC Compatibles with 'MS-DOS 3.XK. A 1isting of the PC

version of Program BRIDGELL is included starting on page E-48. An

re1nforcemeht is not provided at supports. Also
analysis

The program was
General
Computer.

Example Problem is also given.

Solution Steps

Program BRIDGELL s divided into six solutton steps as follows:
1 Input data for bridge configuration and load generation.

2 Compute information for elastic analysis.

3 Generate additional dead load and AASHTO HS loadcases.

4. Conduct elastic analysis for each loadcase.
5
6

ey

Store extreme values.
. Output results.
Each step is described in detail below.

Step 1 -.Data Input

The program 1input 1{s designed to be either
interactively through ke&board input or through an input file. Each

problem requires four lines of input data. A1}l data must be 3input.

accomplished
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The program will not assign default wvalues. Data is input on
unformatted lines. = Input values must be separated by commas or blank
spaces. Input values must correspond to the variable type, either
Integer or Real. Real values may be input with or without a decimai
point. 1Integer values must be input without a decimal point.

Line 1 is for fidentification of the run.

20 characters within single quotation marks should be entered on this

A description of up to

1ine.

Line 2 contains the variables OTCD, GS, NSP, and WDL. Program
output 1s controlled by the specified value of OTCD. If "1" fis
entered, generated 1loads, shears, and moments for each Tloadcase,
extreme shears, and moments for 1ive load only, and extreme shears and
moments for live load plus impact are output. If "2" 1s entered,
extreme shears and moments for both 1ive load and live load plus
impact are output. An input value of "3" results in output of extreme
shears and moments from 1ive load only. An input value of "4" results
in output of extreme shears and moments from live load plus *impact
only. OTCD is an Integer variable. The girder spacing in feet is
entered for the Real variable GS. NSP contains the number of spans in
WoL 1s the
additional dead load due to parapet, wearing surface, etc. in psf. If

WOL is set equal to zero, the analysis for additional dead load ts not

the continuous bridge. NSP 1s an Integer variable.

done.

Line 3 contains the vector SL. The lengths, in feet, of each of
the NSP spans in the bridge are to be entered for this variable. SL
is a Real variable.
NSP.

Line 4 contains the variables XLD, NPTS, NAXSP, NLPTS, NPTINC, and
NPSCON. XLD is a Real variable used to establish the magnitude of the
AASHTO HS truck and lane loads. The 1live load is. determined by
multiplying AASHTO HS20-44 load magnitudes by XLD. Therefore, with
XLD equal to 1.0, live load will be HS20-44. A multiplier of 1.25
entered for XLD will result in HS25 1ive load.

The variables -NPTS and  NAXSP

The number of values entered on Line -3 must equal

control the quantity and
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- loadcases in which

configuration of HS truck loads applied to each span of the bridge, as
NPTS 1s the number of locations of the HS truck
Truck location is controlled by the position of the
In addition to truck locations within the span,
NAXSP controls the number
of axle spacings for variable spacing from 14 to 30 ft of the third
axle, as shown in Fig. E-5b. The minimum value for NAXSP is two. In
this case the HS truck's third axle is placed at 14 and 30 ft. For
each truck location, the bridge is analyzed with NAXSP axle spacings

shown in Fig. E-Sa.
within each span.
truck's central axle.
the central axle is placed at each support.

for both directional orientations of the truck.

The variables NLPTS and NPTINC control the locations of point
loads applied in conjunction with AASHTO HS lane load. For each span
in which a point load 1s applied in addition to uniform load, NLPTS
specifies the number of 1locations for the point load, as shown in
Fig. E-6.
spacing of the point loads 1s equal to the span length divided by
NPTINC.
loads is centered about midspan of the subject span.

The locations of bo1nt loads are controlled by NPTINC. The

The loads are arranged such that the distribution of point
NLPTS should be
entered as an odd number in order that an equal number of locations
are provided on each side of midspan. If NLPTS s greater than
NPTINC, the program adjusts the value of NLPTS such that: point- loads
fall within the length of the subject span. ’

The variable NPSCON controls the -method of analysis used for
positive moments occur _at supports of the
continuous bridge. For determination of 1ive load plus impact moments
on the continuous structure, the nature of continuity at supports must
be considered for various  load configurations. If positive moment
retnforcement 1s not provided, no reliable positive moments can
develop at supports. For AASHTO truck loads occurring on one span of
a multispan bridge, this 1implies that the continuous structure for
resisting the load consists of three spans for a loaded interior span
and two spans for a loaded end span. For a loaded interior span of a
fully continuous bridge, negative moments occur at the two supports

adjacent to the loaded span and positive moments occur at the next
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Fig. E-5 AASHTO HS20-44 Truck Loading . , Eo6 SHTO
ig. E-6 AASHTO HS20-44 Lane Loading
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support in each direction. Since positive moment resistance is not
prov1ded,vthese moments are assumed to be zero, in effect isolating
the loaded span and the two adjacent spans from the rest of the
bridge, as shown in Fig. E-7a. Similarly, for a loaded end span,
negative mbment occurs at the first interior support and positive
moment occurs at the second interior support. Since positive moment
is not accounted for, the moment 1s assumed to be zero at the second
interior support. Therefore, the effective continuous structure for
an end span loaded with AASHTO truck load consists of the loaded span
and the first adjacent span, as shown in Fig. E-7b. An input value of
zero for NPSCON allows analysis assuming continuity for negative
moment only as described above. Continuity for positive moment can be
analyzed by using an input value of one for NPSCON.
Step 2 - Preliminary Calculations for Elastic Analysis

The elastic analysis used in BRIDGELL is- based on the three moment
In Step 2, the
three moment flexibility equations for calculating moments at

equation method for analysis of continuous Beams.

redundant supports are formed into a matrix, FMAT. This matrix is
algebraically triangularized for later solution of the system of
equations in subroutine ANALYZE. For purposes of the elastic
analysis, modulus of elasticity and moment of inertia are assumed to
be constant for all spans. Since deflections are not calculated in
8§IDGELL, their values are set to one. Also, in Step 2, matrices 'in
which extreme shears and moments will be stored are initialized.

Step 3 - Generate Additional Dead Load and AASHTO HS Loadcases

‘Loads are generated in Subroutine LOADGEN. The first loadcase is
for additional dead load acting on the continuous bridge. If WDL fis
greater than zero, the input value s multiplied by the girder

spacing, GS, to produce the uniform load. The uniform load is applied
to all spans in the bridge and Subroutine ANALYZE {s called to perform
the elastic analysis. . .

AASHTO standard HS truck and lane loads are generatéd over the

-E-37
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a) Truck Load on Interior Spans - Three Span Continuity
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Hinge for Positive
[ Moment

Fig. E-7 Bridge Continuity Without Positive Moment
Reinforcement for AASHTO Truck Lcading
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length of the continuous bridge. For each loadcase, the bridge is
analyzed and extreme shears, midspan moments, and support moments are
stored if extremes from previous loadcases are exceeded. The analysis
is described in Step 4 below. Generation of truck and lane loads is
_done in subroutine LOADGEN. The magnitude of HS20-44 1loads are
modified by the factors XL, described previously, and 0.5 to reduce
axle load to wheel load. The lateral distribution of wheel loads is
accounted for using the fraction of wheel load term for bridges with
two or more lanes of traffic and a concreté deck supported on
prestressed concrete girders.

AASHTO HS truck loads are abp11ed to each span with quantity and
location determined by user input values of NPTS and NAXSP. As shown
in Fig. E-5a, truck loads are placed throughout each span by locating
the central axle at evenly spaced points along the span. Ffor each
location of the central axle, the truck 1s configured with various
axle spacings for both directional orientations. When the truck is
located over interior supports such that axles are loading separate
spans, the point loads are correctly located by subroutine LOCATE.
Point loads which fall outside the length of the bridge when the truck
is near either end are ‘ignored.

Ltane loadcases are applied in various patterns over the length of
the bridge. For most lane load patterns, the lane load is made up of
uniform load plus a single point load applied in different patterns.
For patterns configured to produce maximum negative moments at
supports, the lane load consists of uniform load plus two point loads

applied to selected spans. For each span in which a point load is -

applied, the number of point load applications and their locations are
controlled by the variables NLPTS and NPTINC, as described
previously. Six categor1esAof lane’ load patterns shown in Fig. E-8
are used in the program.

The first load pattern shown in Fig. E-B8a, involves loading each
individual span with uniform load plus point load. For the second and
third patterns, shown in Figs. E-8b and ¢, the entire bridge is loaded
with uniform load and point loads are placed sequentially in each span

Hinge for Positive
/ Moment

= ) —
7

7 " e

a) Uniform Plus Point on Individual Spans

L 75 i 7 !

b) Uniform on All Spans, Point on Each individual Span

R

7 7 7 7 -

¢) Uniform on All'Spans, Point Near Each Support

77077040222 wp

=7 7, 5 7, 25

d) Maximum Positive Midspan Moment

_*;_zzzzzzzzzzzagf
7 7 % 75 i

e) Maximum Positive Support Moment

) % s 7 !

f) Maximum Negative Support Moment

Fig. E-8 AASHTO Lane Load Patterns
Analyzed in BRIDGELL
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and near each support, respectively. The fourth pattern, shown in

Fig. E-8d, produces maximum positive midspan moments. The span in
which maximum midspan moment is to be induced is loaded with uniform
and point loads and alternate spans are loaded with uniform load. The
fifth pattern, shown in Fig. E-8e, causes maximum positive moment to
occur at an interior support. The two spans immediately adjacent to
the support are not loaded. The second span away from the support and
alternate spans in each direction are loaded with uniform load. The
point load is placed separately in each of the loaded spans nearest
the support. The 1last load pattern, shown 4in Fig. E-8f, causes
The two

spans adjacent to the support are loaded with both uniform and point

maximum negative moment to occur at an interior support.

loads. Alternate spans are also loaded with uniform load.

Lane load patterns are generated to produce maximum positive
midspan moments in each of the spans as well as maximum negative and
For the third loadcase, in
which point loads are placed near supports to produce maximum shear
forces, the heavier point load specified by AASHTO Section 3.7.1.3 is
For each lane load configuration in which a point load is

positive moments at each interior support.

applied.
applied within a span, the pattern of uniform load is repeated for
each point load location specified by the variables NLPTS and NPTINC.
For the sixth load pattern, two point loads are applied as given in
AASHTO specifications and the locations of both point loads are varied
for each pattern of uniform loading. For each application of uniform
load, the entire span length is loaded.

Step 4 - Elastic Analysis
For each 1loadcase generated in subroutine LOADGEN, subroutine

ANALYZE 1s called to conduct an elastic analysis of the continuous
beam under the applied loads. The first step of the analysis 1s to
calculate simple span end rotations under the applied loads. The
moments at redundant supports which result from restoring continuity
of adjacent spans are calculated using the information generated in

Step 2. Shear forces for each span due to imposed loads and redundant
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moments are then calculated. Reactions at each support are calculated
from shear forces and the overall equilibrium of the bridge s
checked. The next step is to determine maximum midspan moments for
each span. If a span is not loaded or has end shears of the same
sign, the average of end moments 1s stored.  If the span has end
shears of opposite sign, the location of maximum midspan moment 1s
found by locating the point within the span where shear is zero. The
magnitude of maximum midspan moment {s then calculated from support
moment, shear, and applied loads.

For AASHTO truck load cases and AASHTO lane load on an individual
span, the elastic analysis 1is conducted for the reduced continuous
structure if the user enters zero for NPSCON. For a loaded exterior
span, the loaded span and adjacent span are analyzed. For a loaded
interior span, the loaded span and the two adjacent spans are
analyzed. If the user enters one for NPSCON, the full structure is
Regardless of the value of NPSCON, the
full structure 1s analyzed for -the AASHTO lane 1loadcases shown in

Fig. E-8 b through f.

analyzed for all load cases.

Step 5 - Store Extreme Moments and Shears

After the elastic analysis in subroutine ANALYZE is completed for-

a loadcase, resulting shears and moments are compared to extreme
values from preceding loadcases. Maximum end shears, maximum midspan
moments, and maximum and minimum support moments are updated after
each analysis. Locations of maximum midspan moments are also stored.
Step 6 - Output Results

Depending on the user-specified value of OTCD, varying amounts of
If OTCD is entered as 1,

all information generated by the program is output.

information are output by Program BRIDGELL.
During load
generation, subroutine OUTPUT2 outputs each Jloadcase. Loads are
specified by loaded span, load magnitude in kips or kips per ft, and
load location. Point load locations are in feet from the left support

of the loaded span. Uniform loads are indicated by "-1" output for
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load location. After a set of loads is output, results of the elastic
ané]ysis for those loads are output at the end of subroutine ANALYZE.
Support reactions and moments, span Tlengths, end shears, maximum
midspan moments, and locations of maximum midspan moments are output
for the entire bridge.

After all loadcases have been analyzed, maximum and minimum
support moments, maximum. shears, and maximum midspan moments and
locations are output for each support and each span. Extreme values
are output for 1live load only and 1ive load plus impact. Impact
factors for shears and midspan moments are calculated fqu the length
of the subject span.
‘calculated from the averaée of the lengths of the two adjacent spans.
If 2 s entered for OTCD, extreme values for live load and 1ive load

For OTCD equal to 3, extreme results for live

Impact factors for support moments are

plus impact are output.
load only are output. For OTCD equal to 4, extreme results for live
lToad plus impact are output.

If WDL s results of the analysis for
additional dead 1load are Included 4in this

reaction, shear, and moment for each support, and maximum moment and

greater than zero,
output. output are
location for each span.

Support moments and midspan moments are output for each span for
the loadcase which causes maximum midspan moment. The support moments
are for use in determining the degree of continuity for the bridge as

described in Chapter Three of this report.

User's Input Instructtons
This section contains instruction for running Program BRIDGELL.

For each case problem, data input consists of four lines containing
the information in Table E2. Each variable 1s described below. All
variables should be entered as Integer values unless otherwise noted.
Character data must be entered within single quotation marks.

Line 1:

TITLE - Identification of case problem (Character)

E-43

should be separated by commas or blank spaces.

Line 2:

0TCD - Control for program output, equal to 1, 2, 3, or 4
GS - Girder spacing, ft (Real)
NSP - Number of spans in bridge
WoL - Uniform load due to additional dead load, psf
Line 3:
SL - Vector of span lengths, ft (NSP Real values)
Line 4:
XLD - Multiplier for magnitude of HS loads (Real)
NPTS - Number of central axle locations per span for HS truck
NAXSP -  Number of axle spacings for HS.truck
NLPTS -  Number of point load locations for HS lane load
NPTINC - Control for spacing of point loads for HS lane load
NPSCON - Control for continuity analysis, equal to zero for

negative continuity only, equal to one for positive and
negative continuity
The program may be run interactively or in Batch mode. To run
interactively, type "BRIDGELL" and execute. The f{nput prompts will
then appear for each of the four lines described previously. Input
data for TITLE should be enclosed within single quotation marks. Data
To obtain a hard copy
of input and output while running interactively, use CTRL P to direct
all data to the printer.
In Batch mode, an finput file must be set up containing all
required data. Following is data contained in a file “DATAI" on the

disc:

7100 FT. 4 3SPAN’
2,8.0,4,30.
100.,100,,100,,100
1,14,7+7-10,0

£-44
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To view the data enter "TYPE DATA1" and execute. To run. the example,
type the name of the batch file, 1n this ‘case "RUNT.BAT", and
execute. File "RUNI.BAT" contains the command "BRIDGELL <DATA1>
OUT1." This command runs BRIDGELL with input file "DATA1" and creates
output file "OUTi."
The output of this -example is given- on page E-46.
through E-62 s a 1isting of Program BRIDGELL.

To view results enter “TYPE OUT1" and execute.
On pages E-48

TABLE £2 - DATA INPUT FOR BRIDGELL

Line .
Number Parameters
1 . TITLE
.2 0TCD, GS, NSP, WOL
3 . SL (1...NSP)
4 - XLD, NPTS, NAXSP, NLPTS,
NPTINC, NPSCON

ENTER: TITLE.

ENTER: 1: TO OQUTPUT ALL RESULTS
2: TO QUTPUT EXTREMES FOR LL AND LL<+I
37 TO QUTPUT EXTREMES FOR LL ONLY
4: TO DUTPUT EXTREMES FOR LL+1 ONLY
GIRDER SPACING. (ft)
NUMBER 0OF SPANS.
ADDITIONAL DEAD LUAD. (msé)

ENTER: SPAN LENGTHS. (ft)

ENTER: MULTIPLIER FOR HS20-44 LOAD.
FOR HS TRUCK LOADS )
NUMBER OF CENTRAL AXLE LOCATIONS PER SPAN.
NUMBER OF AXLE SPACINGS. (NAXSP GE 2)
FOR HS LANE LOAD:
NUMBER OF POINT LOAD LOCATIONS PER SPAN,
LOCATION INCREMENT.
1 FOR + =, O FOR = ONLY CONTINUITY.

sses ADDITIONAL DEAD LDADt 30.00 psf sas

SPAN  SPRT SPAN REACTION LEFT RIGHT  SUPPORT MAX SPAN LOCATION
LENGTH SHEAR SHEAR MOMENT MOMENT
ft kim kim kip ft-kip ft-kiem ft
1 9.43 .00
1 100. 00 9.43 -14,5%7 18%., 20 39.29
2 27.43 . -2%57.14
2 100.00 12.86 -11.14 87.24 53,57
: 3 22.29 -171.83
2 100.00 ; 11.14 -12.86 87.24 46.43
a 27.43 -2%57.14
4 100,00 14,57 -9.43 18%. 20 60.71
s © . 9.43 .00
AASHTO HS TRUCK LOAD CASES BEING ANALYZED.
NUMBER OF TRUCK LOADCASES t 854
AASHTO HS LANE LOAD CASES BEING ANALYZED.
NUMBER OF LANE LOADCASES & 269
TOTAL NUMBER OF LOADCASES : 1123
CALCULATED EXTREME SHEARS AND MOMENTS FOR LL. -
SPAN  SPRT  MAXIMUM MAX IMUM MAX IMUM MINIMUM MAX ITMUM
LEFT RIGHT SUPPORT SUPPORT MIDSPAN LOCATION
SHEAR SHEAR MOMENT MOMENT MOMENT
kim kim ft-kim ft-kim ft-kim ft
1 .00 .00
1 43.98 . -47.87 - 396.20 40,00
2 : 90.39 -798.92
2 46,51 -46.51 729.41 46,47
3 202.14 -723.12
3 46,51 -46.%1 729.41 46,67
4 90.39 -798.92
4 47.87 -43.98 896.20 60.00
S .00 .00
-~ . E-46
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SUPPORT MOMENTS FOR MAXIMUM MIDSPAN MOMENTS.

SPAN LEFT SPT MIDSPAN RIGHT SPT
MOMENT MOMENT MOMENT
ft-kim ft-kip ft-kim Y
1 .00 - 896.20 -433.32
z -372.8% 729.41 -384.68
3 -372.8% 729.41 ~384,689
a -453.31 896,20 .00

CALCULATED EXTREME SHEARS AND MOMENTS FOR LL+I.

ZPAN  SPRT MAX IMUM MAX IMUM MAX IMUM MINIMUM MAX IMUM
. LEFT RIGHT . SUPPORT SUPPORT M10SPAN LOCATION
SHEAR SHEAR MOMENT MOMENT MOMENT
kim kim fr-kim ft-kim Ft-kim £t
1 . .00 .00
1 53.76 -58.51 1095.33 40.00
2 110.48 -9746.46
2 56.85 -56.8S5 891.50 46.67
3 247.06 -883.81
3 56.85 -56.895 . 891.50 456.67
4 110.48 -976.46
4 S$8.51 -53.76 : 1095.33 60.00
S .00 .00

SUPPORT MOMENTS FOR MAXIMUM MIDSPAN MOMENTS.

FPAN LEFT SPT MIDSPAN RIGHT SPT
MOMENT MOMENT MOMENT
ft-kim ft-kim ft-kipm

1 .00 1095.35 -5354,06

2 -435,70 8%1.50 -470.16

3 -455.70 891.50 -470. 16

4 -554.03 109S.3S .00
Stop - Prosram terminated.
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PROGRAM BRID:

PROGRAM FOR AN
NCHRP PROJECT

REAL MAXPM(3

1 MAXNM(3
2 MAXPM1L(

DIMENSION SL
1 PM

CHARACTER#20
COMMON/BLKL/
IZOMMON/BLK2/
1
COMMON/BLK3/
1
COMMON/BLK&/

1. INPUT DATA.
WRITE(®, %) E|
READ(#,#) TI

OTCD CONTROLS
WRITE(#»,#) E
WRITE(®, %)~
WRITE(®, »)~
WRITE(#, %)~

GIRDER SPACING
WRITE(#, %)~
NUMBER OF SPAN
WRITE(®, %)~
ADDITIONAL DEA!
WRITE(®, %)~
READ(#,#) OT
SPAN LENGTHS.,
WRITE(#,#) E
READ(#*.#) (S

XLD 1S MULTIPLIE

FOR HS TRUCK LOA
AXLE PER SPAN.
FOR EACH CENTR
EQUAL TO 2.

FOR HS LANE LOAD
SPAN, SL DIVID
LOAD APPLICATI
ARE CENTERED A
BE ENTERED FOR

GELL

ALYSIS OF CONTINUGCUS BEAM WITH HS LOADING FOR USE IN
12-29 CTL PROJECT CR9907/821%

0) » MXPMLOC (30) s MINPM(30) , MNPMLOC (30) , MOMT (30) ,
0) » MINNM(30) , MAXSHR (30, 2) , LDMAI3(30) . LDLAC(30),
30) s MAXPM2(30)
(30),FACT(30) . THETG(31),FMAT(30,2),REACT (31),LDSP(30)
OMT (30) , XMLOC(30) , BHEAR(:30,2), PTLD(20) , PTLIIC(20)
TITLE
NSP, SL,GS,WDL, X1GC, EC, OTCD, NSPT, NRED, NIMP
MAXSHR , MAXPM, MXPMLOC . MINPM, MNPMLOIC , MAXNM,
MINNM, S1,S2, MAXPML, MAXPMZ
KLD.NLD, LDSP, LDMAS, LDLOC, NPT3. NAXSP,
XLD»NLPTS.NPTINC,NSPNZ,FACGT. FMAT
N1,N2,NSPTR, NPSION

NTER: TITLE.~”

TLE

PROGRAM QUTPUT

NTERt 1t TO OQUTPUT ALL RESULTS” -
2t TO QUTPUT EXTREMES FOR LL AND LL+I~
33 TO QUTPUT EXTREMES FOR LL ONLY-
4: TO QUTPUT EXTREMES FOR LL+I ONLY~-

» GS

. GIRDER SPACING., (ft)”

S, NSP
NUMBER OF SPANS.

D LOAD., WDL
ADDITIONAL DEAD LOAD. (msf)”

CD, GS,NSP, WDL

SL

NTER: SPAN LENGTHS. (ft)”

L(I),I=1,NSP)

R APPLIED TQ HS20-44 (EX. XLD=1.25 FOR H32S)

D: NPTS I3 NUMBER OF LOCATIONS FOR TRUCK 3 ZENTRAL
NAXSP IS NUMBER OF AXLE SPACINGS BETWEEN 14° AND 207

AL AXLE LOCATION. NAX3SP 3HOULD BE GREATER THAN 0OR

1 NLPTS IS NUMBER OF POINT LOAD LOCATIONS FOR EACH

ED BY NPTINC I3 THE SPACING BETWEEN DIFFERENT POINT
ONS. THE NLPTS LOCATIONS FOR POINT LOADR APPLICATION

BOUT MIDSPAN OF THE LOADED SPAN, AN QDD NUMBER SHIWLD
NLPTS.

FOR CONTINUGUS BEAM ANALYSISt NPSCON CONTROLS POSITIVE MOMENT

CONTINUITY AT
CONTINUOUS FOR
ZERO IMPLIES B

WRITE(®,#) E
WRITE(», %)~
WRITE(#,») "
WRITE(»,#)"
WRITE(#, %)~
WRITE(#,#)”
WRITE(#,#)”
WRITE(%, %)~

READ(#, #) XL

SUPPORTS. NPSCCON EQiJAL TO 1 IMPLIES BEAM [3
NEGATIVE AND POSITIVE MOMENTS. NPSCON EQUAL TO
EAM IS CONTINUOUS FOR NEGATIVE MOMENT ONLY.

NTERt MULTIPLIER FOR HS20-44 LCOAD.
FOR HS TRUCK LOAD:
NUMBER OF CENTRAL AXLE LOCATIONS PER SPAN.
NUMBER OF AXLE SPACINGS. (NAXSP GE 2)7
FOR HS LANE LOAD:” .
NUMBER OF POINT LOAD LOCATIDNS FER BPAN. 7
LOCATION INCREMENT. -
1 FOR + - , O FOR - ONLY CONTINUITY,”

O,NPTS, NAXSP, NLPTS, NPTINC, NPSOON
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[z NeNe]

o0 0 00

000

00 00000

IF (NAXSP.LT.2) NAXSPa2

IF (NLPTS.GT.NPTINC) THEN'

IF (MOD(NPTINC.2).EQ.1) NLPTSsNPTINC
IF (MOD(NPTINC,2).EQ.0) NLPTSaNPTINC+1
END IF .

2. COMPUTE INFORMATION NECESSARY FOR ELASTIC ANALYSIS.
FOR ELASTIC ANALYSIS, MOMENT OF INERTIA=1, MODULUS=1 FOR ALL SPANS
XIGC=1,
EC=1.

NUMBER OF SUPPORTS
NSPT=NSP+1

NUMBER OF REDUNDANT SUPPORTS
NRED=NSP-1

INITIALIZE MATRICES FOR EXTREME VALUES
DO 22 Is1,NSP
MAXPM( 1) =-1000000
MXPMLOC( 1)=0
MINPM( 1) =1000000
MNPMLOC( 1)=0
MAXSHR( I, 1)=-1000000
MAXSHR( I ,2) =-1000000

22 CONTINUE
DO 23 I=1,NRED
MAXNM(1)==-1000000
MINNM(I)=1000000
23 CONTINUE

COMPUTE “FLEXIBILITY" MATRIX

DO 460 I=1,NRED
DO 60 J=1,2
FMAT(1,J)=0

40 CONTINUE
DO 70 I=1,NRED
FMAT(I,1)=(2/EC)#(SL(I)/XIGC+SL(I+1)/XIGC)
FMAT(1,2)aSL(I+1)/(EC#XIGC)
IF (1.EQ.NRED) FMAT(1,2)=0

70 CONTINUE

SOLVE SYSTEM OF EQUATIONS
TRIANGULARIZE “FLEXIBILITY" MATRIX
DO 80 1=2,NRED
FACT(1)=FMAT(I-1,2)/FMAT(I-1.1)
FMAT (I, 1)=FMAT(1.,1)-FACT(I)#FMAT(I~1,2)
S0 CONTINUE

NSPNZ=sNSP

DO 60S I=1,NSP

IF (SL(I1).EQ.0) NSPNIaNSPNI-1
405 "CONT INUE

3. ANALYZE DL. GENERATE AASHTO HS LOADS. SUBROUTINE LOADGEN.

4. ELASTIC ANALYSIS OF EACH LOADCASE. SUBROUTINE ANALYZE CALLED FROM
SUBROUTINE LOADGEN.

S, STORE EXTREME VALUES. IN SUBROUTINE ANALYZE.
CALL LOADGEN

6. OUTPUT RESULTS. ALSO IN SUBROUTINES LOADGEN AND ANALYZE.
IF (OTCD.NE.4) THEN
NIMP=0Q
CALL OUTPR1
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[2]

o0on 000

END IF

IF (OTCD.NE.3) THEN
NIMPs]

CALL OQUTPR}%

END IF

STOP
END

SUBROUTINE LOADGEN - e » - -

SUBRQUTINE LOADGEN
SUBROUTINE TO GENERATE LOADS FOR (HS20-44)#XLD LIVE LOAD
DIMENSION TEMP(3). LDSP(30),N99(2),3L(30), FACT(BQ).FHAT(aovﬁ)
REAL LDMAG(30),LDLOC(30)
COMMON/BLK1/ NSP,SL,.GS, UDLvXIGC-EC-OTCD-NSPT.NRED,NIHP
COHHON/BLK3/ KLD,NLD, LDSP, LDMAG, LOLDIC, NPT3, NAXSP,
XLDyNLPTS,NPTINC,NSPNZ,FACT, FMAT

CONHON/BLK4/ N1,N2,NSPTR, NPSCON

ANALVZE FOR ADDITIONAL DEAD LOAD ON CONTINUOUS GIRDER
IF (WDL.GT.0.) THEN
KLD=O
Ni=1i
N2=NSP
NSPTR=NSP
ULOAD=WDL #GS/ 1000,
KTR=NSPNZ
NLD=NSPNZ
KTR=0
DO €88 I=1,NSP
IF (SL(I).EQ,0) GO TO 838
KTR=KTR+1
LDSP(KTR)=I
LDMAG (KTR) =ULQAD
LDLOC(KTR)=-1
988 CONTINUE
CALL ANALYZE
END IF

FACTLD EQUALS COMBINED MULTIPLIER FOR H320-44 LOADS.
FACTLD=XLD#0.5#(GS/S.3)

GENERATION AND ANALYSIS OF HS TRUCK LOADCASES..
WRITE(®,»)
WRITE(#,#) AASHTO HS TRUCK LOAD CASES BEING ANALYZED.~
KSP=1
KTRe1
NLD=3
KiL.D=O
TLDLOC=O
TOTLN=O
DO 625 I=1,NSP
TOTUN=TOTLN+SL(I)
625 CONTINUE
TLDINC=SL(KSP)/ (NPTS+1)

NSP1=NSP#(NPTS+1)+1

672 IF (KTR.GT.NSP1) GO TO 471
IF (KTR.EQ. ( (NPTS+1)#KSP+1)) THEN
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440

643

450

660

670
671

99

KSP=KSP+1

TLDINC=SL(KSP)/ (NPTS+1)

ENDIF

DO 460 I=1.NAXSP

KLD=KLD+1

LDLOC(2)=TLDLOC

LDMAG(1)=S8. #FACTLD

LDMAG(2) =32, #FACTLD

LDMAG(3)=32. #FACTLD

TEMP(1)=TLDLOC-14.0
TEMP(3)=TLDLOC+14.04+4(30.-14.,)#(1-1)/(NAXSP-1)
DO 640 U=1,3,.2

IF ((TEMP(J).GT.TOTLN).OR, (TEMP(.1),LT.0.0)) THEN
LDLOC(J) =0

LDMAG(J) =0

GO TO 440

ELSE

LBLOC(J)=TEMP(J)

ENDIF

CONTINUE

CALL LOCATE(NSP,SL.,LDSP,LDLOC, LDMAG)

IF (OTCD.ER.1) CALL OUTPR2(KLD,NLD.,LDSP,LDMAG, LDLOC)
CALL ANALYZE

KLD=KLD+1

LDLOC(2)=TLDLOC

LDMAG(1)=32, #FACTLD

LDMAG(2)=32, #FACTLD

LDMAG(3) =8, *FACTLD

"TEMP(1)aTLDLOC~14,0~-(30,.-14,)#%(1-1)/(NAXSP-1)

TEMP(3)sTLDLOC+14.0

DO 43S0 JU=1,3,2

IF ((TEMP(J).GT.TOTLN).OR. (TEMP(J).LT.0.0)) THEN
LDLOC(J)=0

LDMAG(J) =0

GO TO 450

ELSE

LDOLOC(J)=TEMP(J)

ENDIF

CONTINUE

CALL LOCATE(NSP,SL,LDSP,LDLOC, LDMAG)

IF (OTCD.EQ.1) CALL OUTPR2(KLD.,NLD,LDSP,LDMAG,LDLIC)
CALL ANALYZE

CONTINUE

KTR=KTR+1

TLDLOC=TLDLOC+TLDINC

GO TO 672

CONT INUE

NTRLD=KLD N
WRITE(®,#) “NUMBER OF TRUCK LOADCASES : “.NTRLD

CONTINUE

c
C GENERATION AND ANALYSIS OF HS LANE LOADCASES.

c
c

WRITE(#,#) “AASHTO H3 LANE LOAD ZASES BEING ANALYZED.

LUNILD=0O.444FACTLD
PTLDM=13, O#FACTLD
PTLDS=26. O#FACTLD

UNIFQRM AND POINT ON INDIVIDUAL SPANS

DO 746 I=1,NSP
IF (SL(I).EQ.0) GO TO 746
DO 745 JU=1,NLFTS

742
743
744

00

KLD=KLD+1
NLD=2

LDSP(1) el
LDMAG(1)=UNILD
LDLOC(1)=—1

LDSP(2)=1
LDMAG (2) =PTLDM
LDLOC(2)=SL (1) # (0.5~ (1. #J-CINT(NLPTS/2.)+1.))/NPTINC)
IF (OTCD.EQ.1) CALL OUTPR2(KLD,NLD,LISP,LDMAG,LDLOC)
IF (NPSCON.EQ.1) THEN
Ni=t

N2=NSP

NSPTRaNSP

G0 TQ 742

END IF

IF (1.€Q.1) THEN
NSPTR=2

LRESE

N2=2

Go To 742

END IF

IF (1.EQ.NSP) THEN
NSPTR=2

N1=NSP-1

N2=NSP

GO TO 742

END IF

NSPTR=3

NisI-1

N2=1+1

CALL ANALYZE

CONTINUE

CONT INUE

Ni=1
N2=NSP
NSPTR=NSP

C "UNIFORM ON ALL SPANS PLUS CONCENTRATED LOAD IN EACH SPAN

760
761

DO 761 I=1.NSP
IF (SL(1).EQ.0) 6O TO 761

DO 760 Ii=1,NLPTS

KLD=KLD+1

NLD=NSPNZ+1

KTR=0

DO 750 J=1,NSP

IF (SL(J).E@.0) GO TO 750

KTR=KTR+1

LDSP (KTR) =y

LDMAG(KTR) sUNILD

LDLOC(KTR)=—1}

CONTINUE

LDSP(NSPNZ+1)=1

LDMAG (NSPNZ+1)=PTLDM
LDLOC(NSPNZ+1)=SL{1)#(0.S=(1.#I1=(INT(NLPTS/2.)+1.))/NPTINC)
IF (OTCD.EQ.1) CALL OUTPR2(KLD,NLD,LDSP,LDMAG,LDLOC)

CALL ANALYZE .

CONT INUE

CONTINUE

o . .
C UNIFORM ON ALL SPANS. CONCENTRATED LOAD AT EACH SUPPORT

DO 780 Ir=1,2
DO 780 I=1,NSP+1
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770

780
c

KLD=KLD+1
NLD=NSP+1

DO 770 J=1.NSP
LDSP(J)=J

LDMAG (J)=UNILD
LDLOC(J) ==}
CONTINUE

LDMAG (NSP+1)=PTLDS
IF (11.EQ.1) THEN

-LDSP(NSP+1)=1

LDLOC (NSP+1)=20.0

END 1IF

IF (11.EQ.2) THEN

LDSP(NSP+1) =]

LDLOC (NSP+1)=SL(T)

ENDIF

1F (OTCD.EQ.1) CALL OUTPR2(KLD.NLD,LDSP,LDMAG,LDLOC)
CALL ANALYZE

CONTINUE

C PATTERNS FOR MAXIMUM POSITIVE MIDSPAN MOMENT

790

800
c

NP9 (1) =INT (NSP/2)+MOD(NSP, 2)

N99(2)=INT(NSP/2)

DO 800 (=1.NSP

IF (MOD(1,2).EQ.1) IND=1

IF (MOD(1.2).EQ.0) IND=2

DO 800 11=1,NLPTS

KLD=KLD+1

NLD=N99 (IND) +1

DO 790 J=1,NP9(IND)

LDSP ()= IND+2#(J—-1)

LDMAG(J)=UNILD

LDLOC(J)=-1

CONTINUE

LDSP(NLD)=1

LDMAG (NLD)=PTLDM
LDLOC(NLD)=SL(I)#(0.S—(1.#11=C(INT(NLPTS/2,)+1.))/NPTINC)
IF (OTCD.EQ.1) CALL OUTPR2(KLD,NLD.LDSP,LOMAG,LDLOC)
CALL ANALYZE

CONTINUE

C PATTERNS FOR MAXIMUM POSITIVE SUPPORT MOMENT

81%

DO 840 I=2,NSP

DO 840 Ii=1,NLPTS

DO 330 J=1.,2

KLD=KLD+1 ’

KTRL=0

KTMP=I+1

IF (J.EQ.1) THEN

IF (KTMP,LE.NSP) THEN

KTRL®KTRL+1

LDSP (KTRL)=KTMP

LLDMAG(KTRL )=PTLDM .
LDLOC (KTRL)®SL (KTMP) #¢0.S—-(1,.#11-CINT(NLPTS/2.)+1.)) /NPTIND)
ELSE

KLD=KLD~1

GO TO 830

'ENDIF

ENDIF

IF (KTMP.GT.NSP) GQ.TO 810
KTRL=aKTRL+1
LDSP(KTRL ) =KTMP

LDMAG (KTRL)=UNILD

810

820

830

. 840

LDLOC(KTRL)=~1
KTMP=KTMP+2

GO TO 81S

CONTINUE

KTMP=1-2

IF (J.EQ.2) THEN

IF (KTMP.GT.0) THEN
KTRL=KTRL+1

LDSP (KTRL )aKTMP

LDMAG (KTRL)=PTLDM
LDLOC(KTRL)=SLI(KTMP)# (0, S~ (1. #I1-CINT(NLPTS/2.)+1.))/NPTINC)
ELSE

KLD=KLD-1

GO TO 830

ENDIF

ENDIF

IF (KTMP.LE.O) GO TQ 820
KTRL=KTRL+1
LDSP(KTRL ) =KTMP

LDMAG (KTRL) =UNILD
LDLOC({KTRL)==1
KTMP=KTMP-2

GO TO 821

CONT INUE

NLD=KTRL

IF (NTCD.EQ.1) CALL OUTPR2(KLD.NLD,LDSP,LDMAG, LDLOC)
CALL ANALYZE

CONTINUE

CONTINUE

_PATTERNS FOR MAXIMUM NEGATIVE SUPPORT MOMENT

851

8350

861

860

DO 970 I=2,NSP

DO 870 I1=1,NLPTS

DO 870 [2=1,NLPTS
KLD=KLD+1

KTMP=]

KTRL=0

IF (KTMP.GT.NSP) GO TO 8350
KTRL=KTRL+1
LDSP(KTRL ) =aKTMP
LDMAG(KTRL)=3UNILD
LDLOC(KTRL ==

KTMP=KTMP+2

GO TO 831

CONTINUE

KTMP=1~1

IF (KTMP.LE.O0Y GO TO 860
KTRL=KTRL+1

LDSP(KTRL )aKTMP
LDMAG (KTRL ) =UNILD
LDLOC(KTRL)=-1

KTMPaKTMP-2

GO0 TO 861

CONTINUE

NLD=KTRL+2
LDSP(KTRL+1)=1-1

LDMAG (KTRL+1)=PTLDM
LDLOC(KTRL+1)3SL(I-1)#(0,S—~(1.#11=(INT(NLPTS/2.)+1.))/NPTINC)
LDSP(KTRL+2)=1I
LDMAG(KTRL+2)=PTLDOM
LDLOC(KTRL+2)=2SL (1) #(0.5—(1. #I2=CINT(NLPTS/2.)+1.))/NPTINC)
IF (OTCD.E@.1) CALL ODUTPR2(KLD,NLD,LOSP, LDMAG, LOLOC)
CALL ANALYZE
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(g}

870

WRITE(®,#)
RETURN
END

SUBROUTINE LOCATE y cnnan e PR,

CONT INUE

NLDCS=KLD

NLANE=NLDCS-NTRLD

WRITE(#,#) ‘NUMBER OF LANE LOADCASES t “,NLANE
WRITE(#,#) “TOTAL NUMBER OF LOADCASES ! “,NLDC3

SUBRQUTINE LOCATE(NSP, 3L, LDSP,LDLOC, LDMAG)

SUBROUTINE FOR CORRECTLY PLA;ING'TRUCK LOADS ON 3PANS.

680
690

700

DIMENSION SL(30).,LDSP(30)
REAL LDLOC(30),LDMAG(30)
COMMON/BLKA/ N1.N2,NSPTR,NPSCON

00 700 Js1.3
TEMLEN=0

DO 680 I1=1,NSP

TEMP1=TEMLEN

TEMLEN=TEMLEN+SL(11)

KSP=I1

IF ((LDLOC(J).GE.TEMP1).AND. (LDLOC(J).LT.TEMLEN)) GO TO 690
CONT INUE :

-LDLOC (J)=LDLOC (J) -TEMP1

LDSP (J)=KSP

CONT INUE

IF (NPSCON.EQ.1) THEN
Ni=1

N2sNSP -

NSPTR=NSP

RETURN

END [F°

IF (LDMAG(3).GT.LDMAG(1)) ILDM=3
IF (LDMAG(1).GT.LDMAG(3)) ILDM=1

IF (((LDSP(2).EQ.2).AND. (LDLOC(2).EQ.0.).AND. (LDSP(ILDM).EQ.1))
1.0R. (LDSP(2).EQ.1)) THEN
NSPTR=2

- N1=1

N2=2
RETURN
END IF

IF (LDSP(2).EQ.NSP) THEN
IF ((LDSP(ILDM).EQ.NSP-1).AND. (LDLOC(2).EQ.Q)) THEN
NSPTR=3

N1=NSP-2

N2=NSP

RETURN

END IF

NSPTR=2

N1sNSP-1

N2=NSP

RETURN

END IF

“IF (LDLOC(2).EQ.0.) THEN
NSPTR=3
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N1=LDSP(ILDM) -1
N2s{DSP (ILDM) +1
RETURN
END IF

NSPTR=3
N1=LDSP(2)-1
N2=_DSP(2)+1
RETURN

c
END

[

c

C SUBROUTINE QUTPR2 » - L2 23

SUBROUTINE OUTPR2(KLD,NLD,LDSP, LDMAG,LDLOC)

C SUBROUTINE TO OUTPUT LOAD -CONFIGURATION FOR LOADCASES.
DIMENSION LDSP(30)
REAL LDLOC(30),LDMAG(30)

c
WRITE(w,#) - LOAD CASE ¢ “,KLD
WRITE(#,#) - SPAN MAGNITUDE LOCATION”
DO 720 J=1,NLD
WRITE(#,730) LDSP(J),LDMAG(J),LDLOC ()
720 CONTINUE
730 FORMAT(SX,14,3X,F10.2,5X,F10.2)
RETURN
END
o]
C
C SUBROUTINE ANALYZE (222 223 23 e senan

SUBROUTINE ANALYZE
C SUBROUTINE TO PERFORM ELASTIC CONTINUCUS BEAM ANALYSIS.
REAL MAXPM(30),MXPMLOC(30),MINPM(30),MNPMLOC(30),MOMT(30),
1 MAXNM(30), MINNM(30) , MAXSHR (30, 2), LDMAG(30).LDLOC(30),
2 MAXPM1 (30) ., MAXPM2(30)
DIMENSION SL(30),FACT(30), THETO(31),FMAT(20,2),REACT(31),LD3P(30),
1 PMOMT (30), XMLOC(30), 3HEAR(30,2),PTLD(20),PTLIC(20)
COMMON/BLK1/ NSP,SL,GS,WDL, XIGC,EC,OTCD. NSPT,NRED,. NIMP
COMMON/BLK2/ MAXSHR,MAXPM, MXPMLOC, MINPM, MNPMLOC, MAXNM,
1 MINNM,S1,S52, MAXPML, MAXPM2
COMMON/BLK3/ KLD.NLD,LDSP,LDMAG, LDLOC, NPTS, NAXSP,
1 XLDsNLPTS, NPTINC,NSPNZ,FACT, FMAT
COMMON/BLK4/ N1.,N2,NSPTR,NPSCON

IF (NSP.EQ.1) GO TO 91

0o

INITIALIZE VARIABLES
DO 30 J=i,NSPT
THETO(J)=0
REACT (J) =0
MOMT(J) =0

30 CONTINUE
DO 3% J=m1,NSP
SHEAR(J, 1) =0
SHEAR(J.2)=0
PMOMT (J) =0

35 CONTINUE

[y Xyl

COMPUTE SIMPLE SPAN END ROTATIONS
DO 42 I=N1.N2
L=5L(D) :
IF (L.€@.0.0) GO TO 42
DO 40 J=1.NLD

IL
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a0

0000

00

40
42

IF (I.NE.LDSP(J)) GO TO 40
IF (LDLOC(J).EQ.-1) THEN
TEMP=LDMAG (J) s ##3/ (24 4EC#XIGC)
THETO(1)=THETO(1)+TEMP
THETO(I+1)STHETO(1+1)+TEMP

ELSE

PSLDMAG(J),

A=LDLOC(J) -

B=L-LDLOC(J)
THETO(I)aTHETO( 1) +PeA#B® (L+B) / (6#L*ECHXIGE)
THETO(I+1)aTHETO(1+1) +P2A%Be (L+A) / (5L $ECHX153C)
ENDIF

CONT INUE

CONTINUE

IF (NSPTR.EQ.NSP) THEN

COMPUTE —&6#THETO MATRIX

S0

DO SO I=1,NRED .
THETO(I)==-46#THETO(I+1)
CONTINUE :

MODIFY THETO MATRIX TO SOLVE EQUATIONS

83

90

DO 83 ' I=1,NRED
THETO(I)=THETO(I)~FACT(1) #THETO(1~-1)
CONTINUE

BACK SUBSTITUTE TO OBTAIN REDUNDANT MQOMENTS

MOMT (NRED) s THETO (NRED) /FMAT (NRED. 1)

DO 90 IaNRED-1.1,-1 :

MOMT (1) = (THETO(I)-FMATCI,2) #MOMT(1+1)) /FMAT(1, 1)
CONT INUE :

END IF

IF ((NSPTR.EQ.2).AND. (NSPTR.NE.NSP)) THEN
MOMT(N2-1)=-3#THETO(N2) /(SL(N1)+SL(N2))
END IF

IF ((NSPTR.EQ.3).AND. (NSPTR.NE.NSP)) THEN

MOMT(NL ) =128 THETO(N1I+1)#(SLIN1+1)+SLIN2))/SLIN1+1)-46#THETO(N2)
TEMPM=SL (N1+1)-4#(SL(NL)+SLIN1I+1) ) #(SLIN1+1)+SLIN2))/SL(N1+1)
MOMT (N1 ) =MOMT (N1) /TEMPM

MOMT (N2-1)=-48THETO(N1+1)-2#(SL(N1)+SL(Ni+1))=MOMT(N1)

MOMT (N2~-1) =MOMT(N2-1)/SL(N1+1)

ENDIF :

COMPUTE SHEARS, REACTIONS AND CHECK EQUILIBRIUM

91

DO 1462 J=N1i,N2
L=sSL(J)
IF (L.EQ.O) GO TO 162

" SHEARS FROM EXTERNAL LOADS

DO 160 I=1,NLD

IF (J.NE.LDSP(I)) GD TO 140
IF (LDLOC(I).EQ.-1) THEN
TEMP=LDMAG(1)#L/2
SHEAR(J, 1) =SHEAR(J, 1 )+TEMP
SHEAR(J, 2)=SHEAR(J. 2)-TEMP
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160

y}

[y}

1462

164

166

168
170

[
C CaA

190

ELSE
P=LDMAG( 1)

AsLDLOC( 1)

B=L-LDLOC(I)

SHEAR (J, 1) =aSHEAR(J. 1) +PeB/L
SHEAR(J, 2) wSHEAR (J, 2) -P#A/L
ENDIF

CONTINUE

SHEARS FROM REDUNDANT MOMENTS
IF (J.EQ.N1) THEN

XMT1=0

ELSE

XMT 1=MOMT (J-1)

ENDIF

IF (J.EQ.N2) THEN

XMT220

ELSE

XMT23MOMT (J)

ENDIF .

SHEAR(Js 1)3SHEAR(J4 1)+ (XMT2-XMT1) /L
SHEAR(J, 2) SSHEAR (1, 2) + (XMT2-XMT 1) /L
CONTINUE

COMPUTE REACTIONS

REACT (N1 )=SHEAR(N1, 1)

D0 164 I1=Ni+1.N2
REACT(I1)=SHEAR(I1,1)-SHEAR(I1-1,2)
CONTINUE ’

REACT (N2+1)=-SHEAR(N2, 2)

CHECK EQUILIBRIUM

TREACT=0

TLOAD=0

DO 14646 1=N1,N2+1

TREACT=TREACT+REACT (1)

CONTINUE .

DO 168 I=1,NLD

IF (LDLOC(I).EQ.-1) THEN
TLOAD=TLOAD+LDMAG( 1) #SL(LDSP(1))

ELSE :
TLOAD=TLOAD+LDMAG (1)

ENDIF

CONTINUE

IF (TREACT-TLOAD.GT.0.1) WRITE(#,170) KLD
FORMAT (3X, ‘- ssese EQUILIBRIUM NOT SATISFIED FOR LOADCASE:~.I3,
1 ‘4 #eeee’,//)

LCULATE MAXIMUM POSITIVE MOMENTS
DO 270 l=N1.N2

IF (SL(1).EQ.0) GO TO 270
UNILD=O

KTR=0

00 190 I1=1,10

PTLD(I1)=0

PTLOC(I1)=0

CONTINUE

DO 200 J=1.NLD

IF (I.NE.LDSP(J)) GO TO 200
IF (LDLOC(J).EQ.-1) THEN
- UNILD=UNILD+LDMAG ()

ELSE

KTR=KTR+1

L
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0o

00

O

200

210
220

230

PTLD(KTR)»LDMAG(J)
PTLOC(KTR)3LDLOC(J)
ENDIF

CONTINUE

IF (1.EQ.N1) THEN
XMT1=0

ELSE .
XMT1=MOMT (I-1)
ENDIF

IF (1.EQ.N2) THEN
XMT2=0

ELSE

XMT2=MOMT (1)
ENDIF

SPAN NOT LOADED QR END SHEARS QF SAME SIGN
A=SIGN(1.0,SHEAR(I. 1))

B=SIGN(1.0,SKHEAR(I,2))

IF (((UNILD.EQ.0).AND. (KTR.EQ.0)).0R.(A.EQ.B)) THEN
PMOMT (1) = (XMT1+XMT2)/2,

XMLOC(I1)=SL(I)/2.

GO TO 270

ENDIF

UNIFORM LOAD ONLY

IF ((UNILD.NE.O).AND. (KTR.EQ.0)) THEN
XMLOC(I)=SHEAR(I,1)/UNILD

PMOMT (1)=SHEAR(1, 1) #XMLOC(I)-UNILD#XMLOC(1)##2/2+XMT1

POINT LOAD(S) ONLY

ELSE IF ((UNILD.E®.O).AND.(KTR.GE.1)) THEN
TEMP=SHEAR(I,1)

00. 210 I1=1,KTR

TEMPi=TEMP

TEMP=TEMP~-PTLD(I1) - .

IF (SIGN(1.0,TEMP1).NE.SIGN(1.0,TEMP)) THEN
XMLOC(I)=PTLOC(11)

KTRST=I1 .

GO TO 220

ENDIF

CONTINUE

PMOMT (1 )SSHEAR( L, 1) #XMLOC(I)+XMT1

DO 230 11=1,KTRST

PHMOMT (1) =PMOMT(I)-PTLD(I1)#(XMLOC(I)-PTLOC(I1))
CONTINUE

UNIFORM LOAD AND POINT LOARD(S)
ELSE IF ((UNILD.NE.O).AND.(KTR.GE.1)) THEN
TEMP=SHEAR(I,.1)

DO 240 I1=1,KTR+1

IF (I1.EQ.1) THEN
XSTART=0

ELSE -
XSTART=PTLOC(I1-1)
ENDIF

IF (11.EQ.KTR+1) THEN
XDIST=SL(1)~XSTART
ELSE . :
XDISTaPTLOC(11)-XSTART
ENDIF

TEMR1=TEMP
TEMP=TEMP-UNILD#XDIST

c

c

[o]

240
250

260
2635
270

IF (SIGN(1.0,TEMP1).NE.SIGN(1.0,TEMP)) THEN
XMLOC(1)=XSTART+TEMP1/UNILD

KTRST=[1-1}

GO TO 2350

ENDIF

TEMP1=aTEMP

TEMP=TEMP-PTLD(I1)

IF (SIGN(1,0,TEMP1).NE.,SIGN(1.0,TEMP)) THEN
XMLOC(I)=PTLOC(I1)

KTRST=1}

GO TO 250

ENDIF

CONTINUE

PMOMT (1) =SHEAR(I, 1) #XMLOC(I)-UNILD#XMLOC(I)#e2/2+XMT
IF (KTRST.ER.0) GO TOQ 263

DO 260 11=1,KTRST

PMOMT (1) =PMOMT( D) -PTLD(I 1) #(XMLOC(I)~PTLOC(I1))
CONT INUE

ENDIF

CONTINUE

IF (KLD.GT.0) THEN

STORE EXTREME VALUES FOR SHEARS AND MOMENTS

300

- 310

DO 300 I=N1,N2

IF (PMOMT(I).GT.MAXPM(I)) THEN
MAXPM(I)=PMOMT(I)

MXPMLOC(I)=XMLOC(I)

MAXPML (1)3aMOMT(I-1)

IF (1.EQ.1) MAXPM1(1)=0.
MAXPM2(1)=MOMT (1)

IF (1.EQ.NSP) MAXPM2(I1)=0,

ENDIF

IF ((PMOMT(I).LT.MINPM(I)).AND, (XMLOC(I).NE.O.O).AND.
1 (XMLOC(I).NE.SL(I))) THEN
MINPM(I)=PMOMT(I)

MNPMLOC (1)sXMLOC(I)

ELSE IF (SL(I1).EQ.0.0) THEN

MINPM(1)=0.0

MNPMLOC(])=0.0

ENDIF

IF (ABS(SHEAR(I.,1)).GT.MAXSHR(I,1)) THEN
MAXSHR( I, 1)2ABS(SHEAR(I, 1))
S1=SIGN(1.0,SHEAR(I, 1))

ENDIF

IF (ABS(SHEAR(1.2)).GT.MAXSHR(1.,2)) THEN
MAXSHR(1,2)=ABB(SHEAR(I,2))
S2=SIGN(1.0,.8MEAR(I,2))

ENDIF

CONT INUE

DO 310 I=N1,N2-1

IF (MOMT(I).GT.MAXNM(I)) MAXNM(I)=MOMT(I)
IF (MOMT(I).LT.MINNM(I)) MINNM(I)=MOMT(I)
CONTINUE

END IF

C QUTPUT RESULTS

IF ((OTCD.EQ.1).(0R.(KLD.EQ.Q)) THEN
IF (KLD.GT.0) WRITE(#,450) KLD

IF (KLD.EQ.0O) WRITE(#,454) WDL
WRITE (%, 460)

DO 430 I=N1,N2

.IF (1.EQ.N1) THEN

XMT=0

£L
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EL3E
XMTaMOMT(I-1)
ENDIF
WRITE(#,480) I.,REACT(I1),XMT
WRITE(#,490) I.SL(I1),3HEAR(I,1),SHEARR(I,2),PMOMT(I),
1 XMLOC(I)
430 CONTINUE
WRITE(#,480) N2+1,REACT(N2+1),0.0
ENDIF

450 FORMAT(SX, essses LQADCASE ~,13,7 swssss’,/)

454 FORMAT(SX. ##» ADDITIONAL DEAD LOAD: “,F6.2.7 psf #ne’,/)

460 FORMAT(1X, “SPAN,2X, “SPRT“.6X, “SPAN’,2X,» “REACTION’ ., 6X, "LEFT”,

SX» “RIGHTZ, 33X, “SUPPORT“, 2X. “MAX SPAN‘,2X. LOCATION- ./

15X, “LENGTH” . 15X “SHEAR” , SX, “SHEAR”, 4X, “MOMENT ", 84X,
SMOMENT o/ 19X, “FE7, 7%, “Kim 57X, "kiP’,7X, “KirP’, 4%, " Ft-kipP’,
4%, ft-kim ,8X, " ft’,/)

480 FORMAT(8X,13,10X,F10.2,20X,F10.2)

490 FORMAT(2X,13,6X,F10.2,10X,F10.2,F10.2,10X,F10,2,F10.2)

bWN -

RETURN
END

SUBROUTINE OUTPR1 nnw -
SUBROUT INE OUTPR1
OQUTPUT EXTREME VALUES FOR LIVE LOAD ONLY OR
LIVE LOAD MULTIPLIED BY APPROPRIATE IMPACT FACTOR.
REAL MAXPM(30),MXPMLOC(30),MINPM(30),MNPMLOC(30),
1 MAXNM{30) . MINNM(30),MAXSHR(30,2) . MAXPM1 (30Q),MAXPM2(30)
DIMENSION SL(30)
COMMON/BLK1/ NSP.,SL,GS,WDL,XIGC,EC,OTCD,NSPT,NRED, NIMP
COMMON/BLK2/ MAXSHR,MAXPM, MXPMLOC, MINPM, MNPMLOC, MAXNM.
1 MINNM, S1,S52, MAXPM1, MAXPM2

WRITE(®#.»)

IF (NIMP.EQ.Q) WRITE(#,S00)

IF (NIMP.EQ.1) WRITE(#,3503)

WRITE(#,510).

DO 495 I=1.NSP

IF (NIMP.EGQ.1) THEN

XIMPN=1,+S50./((SL(I-1)+SL(1))/2.+125.)

XIMPP=1, +80./(SL(1)+12S.)

END IF

IF -(NIMP.EQ.OQ) THEN

XIMPN=1,

XIMPP=1,

END IF

IF (I.EQ.1) THEN

XMT=0

XMT1=0

ELSE

XMT=MAXNM(I-1)#XIMPN

XMT1=MINNM(I-1)#XIMPN

ENDIF

SHR1=S1#MAXSHR(1,1)#XIMPP

SHR2=S2#MAXSHR(1,2) #X IMPP

WRITE(#,540) I.,XMT,XMT1

WRITE(#,54%5) I,SHR1.SHR2.MAXPM(I)eXIMPP,MXPMLOC(I)
493 CONTINUE

WRITE(#,540) NSPT,0.0,0.0

WRITE(#,»)

WRITE(#,3513)

E-61

DO $3S I=yi,NSP

IF (NIMP.EQ.1) XIMPP=1,+50./(SL(1)+125.)

IF (NIMP,EQ.Q) XIMPP=1,

WRITE(®,5S0) I,MAXPM1I(1)#XIMPP,.MAXPM(I)%XIMPP, MAXPM2(1)«XIMPP

SS5 CONTINUE

00 FORMAT (SX, “CALCULATED EXTREME SKEARS AND MOMENTS FOR LL.’,/)
505 FORMAT(SX, “CALCULATED EXTREME SHEARS AND MOMENTS FOR LL+I.”,/)
S10 FORMAT(1X, SPAN”,2X, “SPRT”,3X, “MAXIMUM~, SX, “MAXIMUM‘, 5X, .
“MAX IMUM” , SX» “MINIMUMZ . 5Xy “MAXIMUM, /

17X, “LEFT”+ 7X. “RIGHT . SX, “SUPPORT ", SX, “SUPPORT -, 5X,
“MIDSPAN’,4X, “LOCATION", /

186X+ “SHEAR” + 7X» “SHEAR” » X+ "MOMENT 7, 6X, “MOMENT “, &X,
“MOMENT . /

17X/ kim’,7%X,” kim“+35X,” ft-kim”.SX,” ft-kip’.,SX,

s fFE-kim 48X, 7 ft7,.5X%, /)

S1% FORMAT(5X, “SUPPORT MOMENTS FOR MAXIMUM MIDSPAN MOMENTS..//

NOCADBWN-

1 1X, SPAN”, 4%, "LEFT SPT’,5X, “MIDSPAN’,3X, “RIGHT SPT”,/
2 11X, “MOMENT”, 6X,» “MOMENT”.&X, “MOMENT“, /
3 11x, ‘Ft-kim’ . bX, “Ft-kim . 6X, ‘ft-k1ip /)

%40 FORMAT(8X.13,22%X,F12.2,F12.2)
545 FORMAT(2X,13,4X.F12.2,F12.2,24X,F12.2,F12.2)
SS0 FORMAT(2X.13,F12.2,.F12.2,F12.2)

RETURN
END

E-62

vL



APPENDIX F ’ te 30

Two Lanes of Traffic

DESIGN EXAMPLES

72" 25 pst Wearing Surface

for service and strength design are performed according to procedures

Two design examples are presented in this Appendix. Ca1c.u1at1ons r

Interior

outlined 1in Chapter Three. These design examples are intended to I A
irder

11lustrate application of results of this project to bridge design.
They do not necessarily set out all the conditions which may need to , .
be considered by the designer, but are presented as a guide to 3@8 =24

Precast
Parapet

proposed design procedures. AASHTO-IV )
: (typ.) Section
DESIGN -EXAMPLE 1
This design example is for an interior girder of a bridge with
four equal 100-ft spans as shown in Fig. F-1. The girder type fis
chosen to be AASHTO Type IV with girder spacing equal to 8 ft. Design
criteria ar'e 1isted below:
Material Properties: _ 100" 100" 100" o 100"
Girder Concrete (Normal weight: 150 pcf) T 'I 'r
f(':1 (at transfer) . 5000 pst
fi (at 28 days) 6500 psi _ | 1= [ = ]
vt (Creep Coefficient) 2.70 : — —Lél— —El- B Y
(e )% (Shrinkage) 600 mi111onths o )
Elevation
Deck and Diaphragm Concrete (Normal weight: 150 pcf)
fi (at 28 days) 4500 psi
(cs); (Shrinkage) 600 militonths Fig. F-1 Four Span Bridge for Design Example 1

*Time-dependent concrete properties may be determined either from
testing of the specific concrete mixes to be used in construction
or from coefficients determined using ACI-209 Recommendations
(17).

F-1 F-2

SL



Prestressing Strand:
1/2% ¢, 270 ksi, Area = 0.153 in.
Stress-Relieved
Initial Strand. Tension = 189,000 psi
Loading:

2

25 psf uniform load for wearing surface, parapet, etc.
AASHTO HS 20-44 Tive load

Construction Schedule:

As an example, based on expected construction schedule, it is

estimated that the continuity could be established by casting the

diaphragms and deck during a period ranging from 17 to 67 days
after prestress transfer. Live load could be applied at the
earliest 30 days after casting deck and diaphragm. Therefore:

- For determination of maximum positive design moments within
the spans, use 17 day age at continuity combined with
application of 1ive load at 1800 days (5 years).

- For determination of maximum negative design moments at the
supports, use 67 day age at continuity combined with
application of 1ive load at the earliest 30 days after
establishment of .continuity. Live load should be applied at

the time maximum negative- restraint moment occurs, as
-determined from the time-dependent analysis using BRIDGERM.

Preliminary Design

A preliminary design was done disregarding restraint moments.
Simple span moments were -used for girder plus deck dead load. Full
continuity was assumed for determination of 1ive load plus impact and
additional dead 1load moments. This step s not documented here.
Details of results of the preliminary.design are given below:

Deck thickness: 7.5 in.

F-3

Section properties:

Girder Composite*
Area = 789 1.2 1,388 1n.2
T IR E 1n.3 . 38.98 1n.3
ST = 8,909 in. 42,269 in.” (girder),
28,186 1n.> (deck)
S8 - 10,542 in.3 16,282 1n.>
I - 260,741 1n.* 634,741 in.*

*pProperties for girder plus deck:transformed by the modular
ratio of deck and girder concretes.

Prestressing Strand:
38 strands in four rows

No. of Strands Centroid from Bottom

2
12
12
12

N O
oOO0oOoOo
3353

]
.01
.01
.01
30 Straight Strands: at 4.00 in.
at 5.0 in. (midspan)
at 49.0 in. (girder ends)
Hold-down Points at 40 and 60 ft

8 Draped Strands:

Service Moments in ft-kips:

Deck plus girder dead load moments are for the simply supported
structure. Additional dead load moments are for the fully continuous
structure. Live load plus 1impact moments are computed for the

strqcture continuous for negative moment only using Program BRIDGELL.

End Span Support A Midspan Support B
Deck plus Girder DL 0 1965 0
Additional OL 0 154 -214
LL+I* 0 1095 -554

F-4
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Interior Span Support B Midspan Support C
Deck plus Girder DL ' 0 1965 0
Additional DL =214 13 -143
LL+I* -456 892 -470

*For loadcase producing maximum positive moment in given span.

Design for Positive Midspan Moments

Using results of the preliminary design, time-dependent restraint
moments are calculated for the fully continuous
BRIDGERM. Ffor 17 day continuity and assuming no uplift, the following
moments (ft-kip) are obtained. Restraint moment at B8 is obtained by
mulitiplying restraint moment at C (RMII from BRIDGERM) by 1.5 to give
restraint moment at the f1Est interior support. The factor 1.5 1is

structure using

related to the relative stiffness of end and interior spans. This
factor is to be used to determine end span restraint moments when
uplift cannot occur as discussed on page E-17 of Appendix E of this
report.

Support 8* Suppoft c*

Restraint Moment at 1800 days 629 419

*Although reinforcement need not be provided to resist the positive
restraint moments, the rotations and cracks opening at the ends of
the girder from time-dependent deformations have the same effect on
the resultant midspan moment as if the positive reinforcement had been
present. This behavior is 11lustrated in Fig. 22 of this report.

The negative cracking moment s calculated next:

Mcr = IC x 1.5 Jféd/yT
= 634,741 x 7.5 x /4,500/(54 + 7.5 - 38.98)/12,000
= 1182 ft-kip
1.2 x Mcr = 1418 ft-kip

F-5

Service Moments - Trial 1
1. End Span

a. Continuity Moments Support B8
Additioral DL =214 ft-kip
LL+I -554 ft-kip
Restraint 629 ft-kip

' -139 ft-kip

Negative service moment 1s less than 125% of M. Midspan service
moment from full continuity is increased by 1/2 x 629 = 315 ft-kip to
obtain time-dependent service moment.

b. Girder Midspan Moments

Deck plus Girder DL 1965 ft-kip (girder section only)

Additional OL 154 ft-kip
LL+I 1095 ft-kip
Restraint 315 ft-kip

1564 ft-kip (composite section)

2. Interior Span

a. Continuity Moments Support B Support C
Additional DL 214 ft_kip 143 ft_kip
LL+I -456 ft-kip -470 ft-kip
Restraint 629 ft-kip 419 ft-kip

-41 ft-kip -194 ft-kip

Negative service moments at Supports B and C are 1less than 125% of
H;r. Midspan service moment from full increased

by (629 + 419)/2 = 524 ft-kip to obtain time-dependent service moment.

continuity 1is

b. Girder Midspan Moments

Deck plus Girder DL 1965 ft-kip (girder section)

F-6
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Additional OL 73 ft-kip Initial Strand Stress = 167,000 psi (from BRIDGERM)

LL+I 892 ft-kip Fy = 44 x .153x 167,000
Restraint 524 ft-ki P

1489 ft-kip (composite section) 1,124,000 19 ‘

3. Check service stresses after losses have occurred for end span. For Midspan Stresses:

At 1800 days, prestress 1s 145,000 psi (from BRIDGERM). . MpL (girder only) = (789/144) x 0.150 x 1002/8 = 1028 ft-kip
Fpe = 38 x 0.153 x 145,000 e = 24.73 - (36 x 4.67 + B x 5.00)/44

= 843,000 1b = 20.00 in.
e . = 24.73 - (30 x 4.00 + B x 5.00)/38

= 20.52 in. Bottom Stress:

1,124,000 , 1,124,000 x 20.00 1,028 x 12,000
789 10,542 - 10,542

= 2387 psi (compression)

Bottom Stress for Midspan Moment in End Span:
843,000 A 843,000 x 20.52 1,965 x 12,000 1,564 x 12,000

f = + - 3 - .
B 789 10,542 10,542 16,282 Allowable Compression = 0.6 f!, (AASHTO 9.15.2.1)
= -680 psi (tension)
= 0.6 x 5000
Allowable tension = - 6 /TZi . (AASHTO 9.15.2.2) - 3000 psi > fB oK
= - 6 /6500
- -484 psi Top Stress:
Bottom tension is greater than allowable. fT = 1,1;;6000 -~ ]‘]24’02093920'00 + 1.0288x985.000
= 286 psi (compression) 0K
P
Trial 2 - For End Stresses*:

More prestress force s required to reduce bottom tension under

service moments. Therefore, add six strands to Row 4. € = 24.73 - (36 x 4.67 + 8 x 49.0)/44
No. Strands Centroid = 12.00 tn. )
g 8.0 in *Note: These computations conservatively assume transfer length 1s zero.
12 6.0 in. .
12 4.0 in. Bottom Stress:
12 2.0 1n. (. 1,124,000 , 1,124,000 x 12.00
36 Straight Strands: at (30 x 4 + 6 x 8)/36 = 4.67 in. B 789 10,542
= 2704 psi (compression) < 3000 psi 0K
8 Draped Strands: at 5.0 in. (midspan) . ’
: ) Top Stress:
at 49.0 in. (girder ends) 00
Recheck Initial Stresses: fT = ]’1536000 - ]’]24’2080; 12.

B -89 psi (tension)

F-7 F-8
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Allowable Tenston = -7.5 er1 (AASHTO 9.15.2.1)

= -1.5 x /5000
= -530 psi 0K

Repeat run of BRIDGERM with new strand configuration gives following
restraint moments at 1800 days.

Support B Support C
1005 ft-kip 670 ft-kip
Service Moments - Trial 2
1. End Span
a. Continuity Moments Support B
Additional OL -214 ft-kip
LL+I ' 554 ft-kip
Restraint 1005 ft-kip
237 ft-kip

resultant moment at indicates that

time-dependent effects reduce the effective continuity for service

The positive Support B
load to zero (the crack at the bottom of the diaphragm will remain
open under 100% of service load). Therefore, the girder will behave
as simply-supported at Support B under service load. The midspan

service moments for the end girder are the simple-span moments.

b. Girder Midspan Moments

Deck plus Girder DL 1965 ft-kip (girder section)

Additional DL 250 ft-kip
LL+] 1354 ft-kip
Restraint 0 ft-kip

1604 ft-kip (composite section)

2. Interior Span

a. Continuity Moments Support B Support €

F-9

Additional DL -214 ft-kip -143 ft-kip
LL+I -456 ft-kip -470 ft-kip
Restraint 1005 ft-kip _670 ft-kip

335 ft-kip 57 ft-kip

The positive resultant moments at Supports B and C indicate that
time-dependent effects reduce the effective continuity for service
load to zero (the cracks at the bottom of the diaphragms will remain
open under 100% of service load). Therefore, the interior girder will

also behave as a simply-supported girder under sefv1ce load.

b. Girder Midspan Moments
(Same as End Span)

3. Check midspan service stresses after losses.
At 1800 days, prestress is 141,000 psi (from BRIDGERM).

Foe = 44 % 0.153 x 141,000
= - 949,200 1b

e = 24.73 - (36 x 4.67 + 8 x 5.00)/44
- 20.00 in. ‘

Bottom Stress:

f _ 949,200 . 949,200 x 20.00 1,965 x 12,000 1,604 x 12,000
8 189 10,542 - 10,542 - 16,282

-415 pst (tension) < -484 psi 0K
Top Stress (girder):

©»
949,200 949,200 x 20.00 , 1,965 x 12,000 1,604 x 12,000

f

T,9 ° 789 8,909 8,909
2174 psy (compression)

42,269

Allowable compression = 0.4 x fl {AASHTO 9.15.2.2)

= 0.4 x 6500
= 2600 psi > fT,g 0K
F-10
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Top Stress (deck):

£ 1,604 x 12,000
T,d 28,186

683 pst (compression)

Allowable compression = 0.4 x fé (AASHTO0 9.15.2.2)

0.4 x 4500

1800 psi > f 0K

T,d

Design is OK for Midspan Service Moments

Flexural Strength
Required Strength at Midspan:
full continuity.

Using LL+I Moments from BRIDGELL for

End Span:

u 1.3 x (1965 + 154 + 1.67 x 1095)

5132 ft-kip

Interior Span:
Mu = 1.3 x (1965 + 73 + 1.67 x 892)
= 4586 ft-kip
End span governs, assuming one prestress design applies for all

spans .

Provided Strength:

f;u = f; QO - 0.5 p* f;/fé) (AASHTO 9.17.4)
p* = 44 x .153/(96 x 56.77)
= 0.00124 ‘
b = 8 x 12 = 96 in.
d = 54 - (36 x 4.67 + 8 x 5.0)/44 + 7.5 = 56.77 in.
fé = 4500 psy = 4.5 ksi for deck
f; = 270 ksi

270
* A4
fsu 4.5)

210 (1 - .5 x .00124 x

260 kst

For rectangular section:

= * fh - * '
¢Mn = ¢As fsud (1 0.6 p f;u/fc)
= 1.0 x6.73 x 260 x 56.77 x
(1 - 0.6 x 0.00124 x 260/4.5)/12
= 7922 ft-kip > 5132 ft-kip
¢ = 1.0 for factory produced girder

Check depth of compression zone, a:

a

* * ]
AS fsu/O.BS fcb

6.73 x 260/0.85 x 4.5 x 96
4.77 in. < 7.5 in.

(Neut

Check Maximum Steel:

Retnforcement Index

= 0.00124 x 260/4
= 0.072<0.3

Check Minimum Steel:

oMo > 1.2 H;r

+ F F X e
Mo, = (f +se+_se” 7) SB - My (
Ag SB

foo = 7.5 /6500/1000 = 0.605 ksi

Foe = 949.2 kips.

Moo = 1,965 ft-kip

S8 = 10,542 in.3

S8, = 16,282 in.3

p* f* /f' < 0.3
SuUu ¢

(AASHTD 9.17.2)

(AASHTO 9.14)

ral Axis 1s in the Deck)

(AASHTO 9.18.1)

.5
0K

(AASHTO 9.18.2)
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949.2 949.2 x 20.00

. 16,282 16,282
Mee = (0.605+ag+ oy5a2 )X 12 - 1985x(3gt5ag- 1)
- 3827 ft-kip
+
1.2 x M= 4592 ft-kip
oM = 7922 > 4592 fi-kip oK

Design is OK for Positive Midspan Flexural Strength

Design for Negative Support Moments

Using resulting girder section from the design for positive
midspan moment,' time-dependent restraint moments are calculated for
the fully continuous structure using BRIDGERM. For 67 day continuity
and -assuming no uplift, the f0110w1n§ restraint moments (ft-kip) are
obtained. Restraint moment at B is obtained by multipliying restraint
moment ‘at C (RMII from BRIDGERM) by 1.5 to give restraint moment at
the first interior support. The factor 1.5 is related to the relative
This factor 1s to be used to
~determine end span restraint moments when uplift cannot occur as

stiffness of end and interior spans.

discussed on page E-17 of Appendix E of this report.

Support B Support C
Maximum Negative (109 days) -1245 -830
1800 days ) -483 -322

From BRIDGELL analysis, the following support moments (ft-kip)
were obtained: ‘

Support B Support C
Additional Dead Load _218 -143
Maximum LL+I* -976 -884

*For loadcases producing maximum negative moments.

Service Moments
Support B:

. Additional DL -214 ft-kip

LL+I . -976 ft-kip

Restraint (Maximum) -1245 ft-kip
-2435 ft-kip

Support C:
Additional OL -143 ft-kip
LL+I -884 ft-kip
Restraint (Maximum) ~-830 ft-kip
-1857 ft-kip

An area of reinforcement must be determined to 1imit service load
stresses to below allowable:

Compression:- 0.6 x fé (Current AASHTO 9.7.2.4)

Tension: '24,000 pst for Grade 60 (AASHTO 8.15.2.2)

Try maximum reinforcement = 0.5 pp (New Requirement)

_0.85 f! (A + (xp - he) t)

P =
b
f_bd
/b
87,000
- —h
Xy = By 87,000 + f d
By = .85-2.5x0.05 for £ = 6500 ps)
- 125
81
xb = .725 x 57_7_55 x 57.75
= 24.78 in.
Py . 85X 6.5x (26 x8+ 8+26, 49, (24.78 - 17) x 8)

60 x 26 x 57.75
0.0260

0.5 Py = 0.0130

Ast’ max = .0130 x 26 x 57.75
19.5 1n.2

18



Calculate cracked section moment of inertia with 19.5 in.2 deck

reinforcement.

n

6.3 x 19.5
122.85 in.2

"Ast

Assume neutral axis in web.

8 2
122.85 (57.75 - x) =5 (x - 8) + 26 x 8 (x - 4) ¢+ 92:(x - 11)

X = 20.01 in. > 9 + 8 =17 in. Neutral Axis is in Web
1, = 122.85 (S1.75 - 20.01)2 -+ % x 8 x (20.01 - 8)°
+ T% x 26 x 85 + 26 x 8 (20.01 - 4)°
v 2 x 9%/36 + 92(20.01 - 11)2
= 240,959.7 in.4
Serp = lep/x = 240,959.7/20.01
- 12,042 in.3
Scr,T = 1./(d- x)

= 240,959.7/(571.75 - 20.01)
= 6385 in.3
Check Concrete Stress*:

At 109 days, fpe = 148,000 psi (from BRIDGERM)

F = 44 x 0.153 x 148,000
se
~= 996,300 1b
£ _ 996,300 . 996,300 x 12.00 . 2,435 x 12,000
b B 189 10,542 12,042

4823 psi > 0.6 fé = 3900 ps? exceeds 1imit

*Note: These computations conservatively assume transfer length is zero.

Check Steel Stress:

f

s 6.3 x 2,435 x 12,000/6,385

28,800 psi > 24,000 psi exceeds 1imit

Therefore, for  this
combination, negative service moments are excessive. In this
situation, Tikely. The bridge
configuration must be adjusted to reduce these high negative moments.
1f this combination had been satisfactory, the calculation would have

section, span, spacing, and timing

transverse deck cracking is

been continued to check reinforcement stress range limits of AASHTO
8.16.8.3 and check strength design criteria. See Example 2 in this
Appendix for sample strength calculations. '

A span of 100 ft with a girder spacing of 8 ft is near the upper
1imit for which an AASHTO Type IV girder might be used. The bridge
was redesigned with girder spacing of six feet and all other
parameters identical. With the smaller girder spacing, the negative
service moment 1s reduced. Further calculations showed that the
allowable stresses for concrete compression and reinforcement tension
under maximum negative service moment could be satisfied with a
reinforcement ratio less than 0.5 Ph* Also, the stress range from
application of maximum 1ive load plus impact moment is within the
permissible stress range of AASHTO 8.16.8.3. Although the resulting
design meets current and proposed specifications, a large amount of
deck reinforcement, approximately 18 sq in. over each girder, 1is
required. This may be an impractical design. Therefore, a further
trial with a deeper girder section may be needed to improve the design.

F-16
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DESIGN EXAMPLE 2

This design example is for "an 1interior girder of a br‘idcje.mth
four spans of 90, 110, 110, and 90 ft. as shown in Fig. F-2. The : 30!
girder type is chosen to be BT72/6 (cross-section shown in Fig. 17 of ' Two Lanes of Traftic
the report) with girder spacing equal to 6 ft. Design criteria are
listed below: '

Precast

Material Properties:

- & o — 7" 20 psf Wearing Surface

Girder Concrete (Normal weight:. 150 pcf)
1"':ﬁ (at transfer) ) 5000 psi : ! : |
f(': (at 28 days) 6500 psi ¢
~\:; (Crgep_ﬁgefﬁc‘[er_\t) .. 2.85
(e.)* (Shrinkage) 550 m1111onth ' ~Interior Girder '
€ rinkage m onths
s'u BT72/6 .
4@ 6'= 24’ l

Deck and Diaphragm Concrete (Normal weight: 150 pcf) )
fi (at 28 days) 3500 psi Section

(cs); A(Shr1nkage) . 550 millionths

*Time-dependent concrete properties may be determined either from
testing of the specific concrete mixes to be used in construction
or from coefficients determined using ACI-209 Recommendations 9Q' 110" 1o' 90"

(13). : ‘l‘ﬁ

Prestressing Strand
172 ¢, 270 ksi, Area = 0.153 1n? _
Low-Relaxation - _
Initial Strand Tension 189,000 ps} A 8 Y 8 A

Loading: Elevation

20 psf uniform load for wearing surface, parapet, etc.
AASHTO HS 20-44 l1ive load

Construction Schedule: _ Fig. F-2 Four Span Bridge for Design Example 2
As an example, based on expected construction schedule, 1t is
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estimated that the continuity could be established by casting the
diaphragms and deck during period ranging from 15 to 40 days after

prestress transfer. Live load could be applied at the earliest 30 _

days after casting deck and diaphragm. Therefore:

- For determination of maximum positive design moments within
the spans, use 15 day age at continuity combined with
application of l1ive load at 1800 days (5 years).

- For determinatton of maximum negative design moments at the
supports, use 40 day age at continuity combined with
application of 1live load at the eariiest 30 days after
establishment of continuity.
the time maximum negative restraint moment occurs, as
determined from the t1me-de6endent analysis using BRIDGERM.

Preliminary Design

A 'pre11m1nary design was done- disregarding restraint moments.
Simple span moments were used for girder plus deck dead load. Full
continuity was assumed for determination of live load plus impact and
additional dead 1load moménts. This step 1is not documented here.
Details of results of the preliminary design are g1§en below: -

Deck thickness: 7.0 in.

Section properties:

Girder Composite*
Area = 701 4n.2 1,071 1n.2
J,© - 36.36 1n. 49.87 in.
ST - 13,606 in.° 38,756 in.° (girder),
29,436 1n.3 (deck)
S8 - 13,340 4n.3 17,193 1n.3
1 - 484,993 in.} 857,484 1in.?

Live load should be applied at

*properties for girder plus deck transformed by the modular ratio
of deck and girder concretes.

Prestressing Strand:
End Span (90 ft):
18 strands in two rows

No. of Strands Centroid from Bottom

8 4.0 in.

10 2.0 in.

16 Straight Strands: at 3.00 in.

at 2.0 in. (midspan)

at 70.0 in. (girder ends)
Hold-down Points at. 27 and 63 ft

2 Draped Strands:

Interior Span (110 ft):
20 Strands in two rows

No. of Strands Centroid from Bottom

10

4.0
10 2.0

in.

in.

16 Stratght Strands: at 3.00 in.

at 3.00 in. (midspan)

at 69.0 in. (girder ends)
Hold-down Points at 44 and 66 ft

4 Draped Strands:

Service Moments in ft-kips:

Deck plus g1rder dead load moments are for the simply supported
structure. Additional dead load moments are for the fully continuous
structure. Live load plus 1impact moments are computed for the

structure continuous for negative moment only using Program BRIDGELL.

End Span Support A Midspan Support B

Deck plus Girder DL 0 12N 0

Additional DL 0 68 121

LL+L* . 0 744 -339
F-20
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Intertor Span Support 8 Midspan Support C
Deck plus Girder DL 0 1899 0o
Addittonal DL 121 60 -121
LL+I* -427 731 -367

*For loadcase producing maximum positive moment in given span.

Design for Positive Midspan Moments

Using results of the preliminary design, time-dependent restraint
moments are calculated for the fully continuous structure using
BRIDGERM.
and using 1.5 times restraint moment RMII for the first interior

Restraint moment at B is obtained by analyzing a 90-ft span

support. Restraint moment at B is obtained by mult{p]y1ng restraint
moment at C (RMII from BRIDGERM) by 1.5 to give restraint moment at
the first interior support. The factor 1.5 is related to the relative
This factor ‘is to be used to
determine end span restraint moments when uplift cannot occur as

stiffnesses of end and interior spans.

discussed on Page E-17 of Appendix E of this réport. Restraint moment
at C is obtained by analyzing a 110-ft span and using restraint moment
RMII for the central support. For 15 day continuity and assuming no
uplift, the following moments (ft-kip) are obtained.

Support B* Support C*

Restraint Moment at 1800 days 792 214

*Although reinforcement need not be provided to resist the positive
restraint moments, the rotations and cracks opening at the ends of the
girder from time-dependent deformations have the same effect on the
resultant midspan moment as if the positive reinforcement had been
present. This behavior is {1lustrated in Fig. 22 of this report.

The negative cracking moment is calculated next:

Mo, = Lo x 1.5 Ty

857,484 x 7.5 x v/3,500/(72 + 7.0 - 49.87)/12,000
1088 ft-kip

n

F-21

1.2 x Hcr = 1306 ft-kip

Service-Moments - Trial 1
1. End Span

a. Continuity Moments Support B
Additional DL ~ =121 ft-kip
LL+I -339 ft-kip
Restraint 792 ft-kip

332 ft-kip

The positive resultant moment at Support B indicates that
time-dependent effects reduce the effective continuity for service
Toad to zefo (the crack at the bottom of the diaphragm will remain
open under 100% of service load). Therefore, the girder will behave
as simply-supported at Support B under service load. The midspan

service moments for the end girder are the simple-span moments.

b. Girder Midspan Moments

Deck plus Girder DL 1271 ft-kip (girder section)

Additional DL 122 ft-kip
LL+I 904 ft-kip
Restraint 0 ft-kip

1026 ft-kip (composite section)

2. Interior Span

a. Continuity Moments Support B Support C
Additional DL -121 ft-kip -121 ft-kip
LL+I -427 ft-kip -367 ft-kip
Restraint 792 ft-kip 214 ft-kip

244 ft-kip -274 ft-kip

Negative service moment at Support C is less than 125% of "cr' The
positive resultant moment at Support B indicates that time-dependent

S8



effects reduce the effective continuity for service load to zero at
Support B (the cracks at the bottom of the diaphragms will remain open
" under 100% of serv{ce load). Therefore, the design moments for the
interior span will consist of the simple span moments for additional
dead load and live load plus impact reduced by 274/2 = 137 ft-kip to

account for remaining continuity at Support C.

b. Girder Midspan Moments

Deck plus Girder DL 1899 ft-kip (girder section)

Additional DL 182 ft-kip
LL+I 1128 ft-kip
Restraint -137 ft-kip

1173 ft-kip (composite section)

3. Check service stresses after losses have occurred.
a. End Span
At 1800 days, prestress is 158,000 pst (from BRIDGERM).

Fpe = 18 x0.153 x 158,000
= 435,000 b

e = 36.36 - (16 x 3.00 + 2 x 2.00)/18 )
= 33.47 4n.

Bottom Stress for Midspan Moment in End Span:

¢ . 435,000 , 435,000 x 33.47 1,271 x 12,000 1,026 x 12,000
B =- 101 13,3480 - 13,340 17,193
= -147 psi (tension)
Allowable tenston = -6 AT (AASHTD 9.15.2.2)
= -6 /8500
- -484 psi oK

Top Stress (girder):

435,000 _ 435,000 x 33.47

701 13,606
989 psi (compression)

, 1271 x 12,000
13,606

1,026 x 12,000

f = 38,756

T.9

F-23

(AASHTO0 9.15.2.2)

Al1oyab1e Compression = 0.4 fé
= 0.4 x 6500
= 2600 psi - 0K .
Top Stress (deck):
£ . 1,026 x 12,000
T,d 29,436
= 418 psi
Allowable Compression = 0.4 fé (AASHTO0 9.15.2.2)
= 0.4 x 3500
= 1400 ps? - 0K

b. Interior Span
At 1800 days, préstress is 161,000 pst (from BRIDGERM).
= 20 x 0.153 x 161,000
492,700 1b
36.36 - 3.00
33.36 in.

F
pe

[4+]
" ]

Bottom Stress for Midspan Moment in Interior Span:

492,700 , 492,700 x 33.36 1,271 x 12,000 1,173 x 12,000
0 13,340 13,340 - 17,193

= -27 psi (tenston) < -484 psi 0K

fg =

Top Stress (girder):

1,173 x 12,000
38,756

¢ . 492,700 492,700 x 33.36 , 1,271 x 12,000 _
T, =101 -~ 13,606 13,606

= 979 psi (compression) < 2600 psi OK

Top Stress (deck):

¢ 1,173 x 12,000

T,.d ~ 29,436
478 psi (compression) < 1400 psy 0K

Design s 0K for Midspan Service Moments

oo



Flexural Strength

Required Strength at Midspan: Use LL+I Moments from BRIDGELL for full

continuity.

1. End Span:

"U

n

Provided

f*
su

p* =

1.3 x (1271 + 68 + 1.67 x 744)
3356 ft-kip

Strength:

f; (1 - 0.5 p* f;/fé) (AASHTD 9.17.4)

18 x .153/(72 x 716.11)
0.00050

ta

*
fsu

For rectangular section:

°Hn

"

¢

6 x 12 = 72 in.
72 - (16 x 3.00 + 2 x 2.0)/18 + 7.0 = 76.11 1n.‘

3500 pst = 3.5 ksi for deck
270 ksi
270 (1 - .5 x 00050 x 213,

265 ksi

(AASHTO0 9.17.2)
¢A; f;ud (1 - 0.6 p* f;u/fé)

1.0x2.75x265x76.11 x (1 - 0.6x0.00050x265/3.5)/12

4517 ft-kip > 3356 ft-kip 0K

1.0 for factory produced girder (AASHTO 9.14)

Check depth of compression zone, a:

¥

Check Maximum Steel:

* £k 1
AS fsu/O.BS fcb

2.75 x 265/0.85 x 3.5 x 72°

3.40 in. < 7.0 in. (Neutral Axis s in the Deck)

(AASHTO 9.18.1)

Reinforcement Index = p* fe/fe <0.3

2.

Check Minimum Steel:

0.00050 x 265/3.5
0.038 < 0.3 0K

(AASHTO 9.18.2)

+
M2 1.2 M0

Me (F v Fse s Fse X 6 sB.- My, (3B - 1)
A B SB

f., = 1.5 /B500/1000 = 0.605 ks

FSe = 435.0 kips
My =, 1,270 ftokip

SB = 13,340 1n.3

SBe = 17,193 in.3

N 435.0 435.0 x 33.47, 17,193 17,193
Mor = (08050 " 3300~ )X i 121 x(qtgep- 1)

= 2953 ftkip "
+
1.2 x W' = 3544 Ftokip |
oM = 4517 > 3544 Ft-kip oK

Interior Span:

]
u

1.3 x (1899 + 60 + 1.67 x 585)
4134 ft-kip '

Provided Strength:

f*
su

p*

]

i

f; (1 - 0.5 p* £L/f!) (AASHTO 9.17.4)
20 x .153/(72 x 76.00) ‘
0.00056

6 x 12 = 72 in.

72 - 3.00 + 7.0 = 76.00 in.

3500 psi = 3.5 ksi for deck
270 ksi

L8



£
su

for rectangular section:

oM

¢

270 (1 - .5 x .00056 x %l%)

264 kst

* £ _ * Fh 1
¢As fsud (1 0.6 p fsu/fc)

1.0 x 3.06 x 264 x 76.00 (1 - 0.6 x 0.00056 x 264/3.5)/12

4987 ft-kip > 4134 ft-kip . (4.4
1.0 for factory produced girder

Check depth of compression zone, a:

a

Check Maximum Steel:

Reinforcement Index

Check Minimum Steel:

v

* ) -
A; fsu/0.85 fcb .

3.06 x 264/0.85 x 3.5 x 72
4.77 in. < 7.5 in.

* * '
p* £2 /fl < 0.3

0.00056 x 264/3.5
0.042 < 0.3 0K

+

1.2 0
(F, v rse+ Fse * ®) sBomy (B -1

Ag S8 8
7.5 /650071000 = 0.605 ksi
492.7 kips
1,899 ft-kip
13,340 in.3
17,193 in.3

492.7 492.7 x 33.36, 17,193 17,193
(0.605 +— ™+ 3 320 )X 12 - 1+899(330340 -

3091 ft-kip

F-27

(AASHTO 9.17.2)

(AASHTO 9.14)

(Neutral Axis 1s in the Deck)

(AASHTO 9.18.1)

(AASHTO 9.18.2)

1)

+
1.2 x Hcr = 3709 ft-kip

oM = 4987 > 3709 ft-kip 0K

Design is OK for Positive Midspan Flexural Strength

Design for Negative Support Moments -

Using resulting girder section from the design for positive

midspan moment, time-dependent restraint moments are calculated for

the fully continuous structure using BRIDGERM. Restraint moment at B
is obtained by analyzing a 90-ft span and using 1.5 times restraint
moment RMII for the first interior support. Restraint moment at B 1is
obtained by multiplying restraint moment at C (RMII from BRIDGERM) by
1.5 to give restraint moment at the 'f{rst interior support. The
factor 1.5 is related to the relative stiffnesses of end and interior
This factor
uplift
Appendix £ of this

110-ft

central support.

spans. is to be used to determine end span restraint

moments when cannot occur as discussed on page E-17 of

obtained by
restraint moment RMII for the

report. Restraint moment at C is

analyzing a span and using
fFor ‘40 day continuity and assuming no uplift, the

following restraint moments (ft-kip) are obtained:

Support B Support C
Maximum Negative (82 days) -696 -550
1800 days +109 -213

From BRIDGELL analysis, the following support moments (ft-kip)
were obtained: -

Support B Support C
Additional Dead Load -121 -121
Maximum LL+I* -122 -760

*For loadcases producing maximum negative moments.

Service Moments
Support B:

Additional DL -121 ft-kip

-88



Check Concrete Stress:*

LL+I -722 ft-kip
Restraint (Maximum) -696 ft-kip a. End Span
-1539 ft-kip At 82 days, f__ = 165,000 psi (from BRIDGERM)
Support C: e = 36.36 - (16 x 3.0 + 2 x 70.0)/18 = 25.92 in.
Additional DL S121 ft-kip Fse = 18 x 0.153 x 165,000
LL+I -760 ft-kip ) " = 454,400 1b
Restraint (Maximum) -550 ft-kip § . 454,400 454,400 x 25.92 1,539 x 12,000
1431 ft-kip B 101 j3,340 10,701
= 3257 psi < 0.6 f! = 3900 psi 0K
. 2 v
Try AS = 6.00 in.” for deck reinforcement. Check 1f service b. Interior Span

load stresses are within allowable.
Stress limits:

‘ , At 82 days, f . = 167,000 psi (from BRIDGERM)
Compression: 0.6 x f! (Current AASHTD 9.7.2.4) e = 36.36 -.(16 x 3.0 + 4 x 69.0)/20 = 20.16 1n.

Tension: 24,000 psi for Grade 60 (AASHTO 8.15.2.2) FSe = 20 x 0.153 x 167,000
Calculate cracked section moment of inertia with 6.0 in.2 deck = 511,000 1b
reinforcement. - 4 fb - 5116?00 N 5]1;?2?3:020.16 N 1,53?0T7a$.000
n = 29,000/57 v6,500 = 6.3 ) = 3227 pst < 3900 psi . 0K
nAst = 6.3.x6.00 *Note: These computations conservatively assume transfer length is

= 37.8 in.2 - zero.

Assume neutral axis in web. Check Steel Stress:

3.8.(75.5 - %) = 5 (x- 57 + 2006 (x-3) + 39 (x - 1) f, = 6.3 71,539 x 12,000/2,738
X = 15.38 in. > 6 + 3 = 9 in. Neutral Axis is in Web - 42,500 psi > 24,000 ps exceeds 1imit
Ier = 164,582 1n.2
Scr;B = Icr/x = 164,582/15.38 Serv1cg load steel stresses are greater than allowable. A new area of
= 10,701 in.3 reinforcement must be determined to reduce steel. stress to below
Scr,T = Icr/(d - x) 24,000 psi. ,
- 164,582/(75.5 - 15.38) Try: Ast = 10.80 in.” (18 - #7 bars)
- 2738 0.3 ' nA . = 6.3 x 10.8

68.04 1n.2

F-29 F-30
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Calculate section properties.

X = 21.19 in. > 9.00 Neutral Axis is in Web
I, = 266,665 in.4
Serg * 266,665/21.19
- 12,584 1n.°
Ser.7 = 266,665/(15.5 - 21.19)

4910 4n.3

By inspection, cbncrete stress is 0K

Check’ Steel Stress:

fs

6.3 x 1,539 x 12,000/4,910

23,700 psi < 24,000 psi 0K

Use 18 = #7 bars in deck over each girder.

Check stress range for Support C.

Minimum stress occurs under restraint moment plus additional dead load
moment. Maximum stress occurs with application of live load. Use
restraint moment at 1800 days.

"min = =213 - 121
= -334 ft-kip
< "Er = -1088 ft-kip (from p. F-22)

Calculate stress using cracked section properties.

Sstee] = 4,910 4n.3
foan = 6-3 x 334 x 12,000/4,910
= 5,100 psi
Miax = -213 - 121 - 760
= -1094 ft-kip
~ M__ = -1088 ft-kip (from p. F-22)

F-3

6.3 x 1094 x 12,000/4,910
16,800 psi

(16,800 - 5,100)/1000
1.7 kst

Maximum allowable stress range (ksi)

f

f

21 - 0.33 fmin +8 x 0.3 (AASHTO 8.16.8.3)
2} - 0.33 x 5.1 + 8 x0.3
21.7 kst > 11.7 kst 114

8y Inspection Support B8 1s also OK.

Design is OK for Neqative Service Moments

Flexural Strength

Use Grade 60 deformed reinforcing bars.

Required Strength:

Support B:

LT

Suppprt C:

My

1.3 x (121 + 1.67 x 722) “
1725 ft-kip

1.3 x (121 + 1.67 x"760)
1807 ft-kip

Check capacity for Support C with 10.8 1n.2 deck steel.

For rectangular sections:

M, =

a =

o(Af (d-a/2)) (AASHTO 8.16.3.2) -
Af,/(0.85 £ b)
10.8 x 60/(0.85 x 6.5 x 24)

4.89 in. < 6.0 in. (Compression Area is in the
Bottom Flange)
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Provided Flexural Strength:

oM = 0.9 x (10.8 x 60 (75.5 - 4.89/2))/12
= 3550 ft-kip > 1807 ft-kip - 0K
1.20 x M__ = 1306 ft-kip < 3550 ft-kip ©ooK

Provided reinforcement gives flexural strength greater than required

strength, Hu, and greater than 120% of "cr’ : (New Requirement)
Check maximum reinforcement, ppax=0.50p (New Requirement)
Xy = 0.725 x 87 x 75.5/(87 + 60)
}b 85 x 6.5 x (24 x 6 ¢ 8 : 28 4 3+ (32.40 - 9) x 6)
60 x 24 x-75.5
= 0.0167
0.5 Py = 0.0084
Ast' max = .0084 x 24 x 75.5
= 15.24n.2 > 10.8 in.2 0K

Design is OK for Negative Moment Flexural Strength
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APPENDIX G

PROPOSED AASHTO PROVISIONS

NEW DEFINITION

Add the following definition to Article 9.1.3:

Effective Restraint Moments—Moments occurring at continuity
supports of bridges composed of simple-span precast, prestressed
girders made continuous, due to creep and shrinkage of precast
girders and cast-in-place deck concrete. The effective restraint
moments shall be computed assuming full structural continuity
for negative and positive moments at continuity supports. See
Article 9.7.2.

REVISED AASHTO SPECIFICATIONS

Delete current Article 9.7.2 and replace with the following:

9.7.2 Bridges Composed of Simple-Span Precast Prestressed
Girders Made Continuous

9.7.2.1 General

When structural continuity is assumed in calculating live load
plus impact and composite dead load moments, the effects of
creep and shrinkage shall be considered in the design of bridges
incorporating simple-span precast, prestressed girders and deck
slabs continuous over two or more spans.

9.7.2.2 Positive Moment Connection at Supports

9.7.2.2.1. Provision of a positive moment connection at con-
tinuity supports to resist effective restraint moments that may
develop shall be optional.

9.7.2.2.2. If positive moment reinforcement is not provided at
supports, live load plus impact moments for positive moment
within the span and negative moment at or near continuity
supports shall be determined from an analysis that accounts for
lack of positive moment continuity.

9.7.2.2.3. If positive moment reinforcement is provided for
structural continuity, such reinforcement shall be designed for
the combination of effective restraint moments, and moments
due to composite dead loads, and live load plus impact in remote
spans. Shrinkage and elastic shortening of the piers shall also be
considered when significant. Calculated service load stress in
nonprestressed positive moment connection reinforcement at
continuity supports shall not exceed 0.6 f, or 36 ksi. The limiting
stress of 36 ksi applies to both deformed reinforcing bars and
unstressed prestressing strand reinforcement.

9.7.2.2.4. Irrespective of whether or not positive moment re-
inforcement is provided at supports, effective restraint moments
required in Articles 9.7.2.3 and 9.7.2.5 shall be computed as-
suming full structural continuity for negative and positive mo-
ments at continuity supports.

9.7.2.3 Positive Moments Within Span—Service Load Design

9.7.2.3.1. Restraint moments shall be considered in order to
determine effective structural continuity and to compute service
moments within the span due to live load plus impact and com-
posite dead load.

9.7.2.3.2. Positive service moments within the span shall be
determined from superposition of moments from analyses of the
girders as continuous structures for live load plus impact, com-
posite dead load, and effective restraint moments.

9.7.2.3.3. The contribution to positive service moments from
live load plus impact shall be determined from an analysis of
the girders as continuous structures for the load case that pro-
duces maximum positive midspan moment in the span under
consideration. :

9.7.2.3.4. The contribution to positive service moments from
restraint moments shall be determined from conditions that pro-
duce maximum positive or least negative effective restraint mo-
ment. The effects of shrinkage and elastic shortening of the piers
shall also be considered in the analysis for effective restraint
moment when significant.

9.7.2.3.5. The effective continuity moment at a support shall
consist of the sum of support moments from continuous analyses
for live load plus impact and composite dead load, and the
effective restraint moment. If positive moment reinforcement is
not provided at supports, only negative effective continuity mo-
ments shall be considered. '

9.7.2.3.6. Magnitude of the maximum negative effective con-
tinnity moment at a support, used to determine the positive
service moments within the span, shall be limited to 125 percent
of the calculated negative cracking moment of the composite
section at the face of the support.

9.7.2.3.7. Concrete stresses due to minimum and maximum
service moments shall not exceed the allowable stresses of Article
9.15.2.2. Calculation of maximum and minimum concrete
stresses shall include effects of prestressing and simple span
moment due to girder and deck weight acting on the girder
section alone. The effects of live load plus impact and composite
dead load moments, adjusted to account for effective structural
continuity, shall be determined from analyses of the composite
girder and deck section.

9.7.2.4 Positive Moments Within Span—Strength Design

Strength design of prestressed girders for positive moments
within the span shall be done in accordance with appropriate
Articles of Part C of Section 9. Time-dependent effects of creep
and shrinkage of deck and girder concrete shall not be considered
for strength design of girders even if positive moment reinforce-
ment is provided at supports.

9.7.2.5 Negative Moments At Supports—Service Load Design

9.7.2.5.1. Negative service moments at supports shall be de-
termined from superposition of moments from analyses of the
girders as continuous structures for live load plus impact, com-
posite dead load, and effective restraint moments.

9.7.2.5.2. The contribution to negative service moments from
live load plus impact shall be determined from an analysis of
the girders as continuous structures for the load case that pro-
duces maximum negative moment at the support under consid-
eration.

9.7.2.5.3. The contribution to negative service moments from
restraint moments shall be determined from conditions that pro-
duce the maximum negative or least positive effective restraint
moment, except as required for determination of fatigue stress
range in Article 9.7.2.5.6.

9.7.2.5.4. Compressive stress in ends of girders at piers re-
sulting from summation of effects of prestressing, composite dead



-load moment, negative live load plus impact moment, and max-
imum negative time-dependent restraint moment shall not exceed
0.60 f..

9.7.2.5.5. Tensile stresses in deck reinforcement resulting from
the maximum negative service moment shall not exceed values
given in Article 8.15.2.2.

9.7.2.5.6. The fatigue stress range for deck reinforcement in
the negative moment region shall be limited by provisions of
Article 8.16.8.3. The upper value for the fatigue stress range
shall be calculated for conditions causing maximum negative
moment from live load plus impact at continuity supports. The
lower value for the fatigue stress range shall be determined using
composite dead load moments plus restraint moments computed
for a time after construction at which essentially all of the effects
of creep and shrinkage have occurred.

9.7.2.6 Negative Moments At Supports—Strength Design

9.7.2.6.1. Strength design of the reinforced concrete girder
cross section for negative moments in the region of continuity
supports shall be in accordance with appropriate requirements
of Article 8.16. Restraint moments shall not be considered for
strength design of negative moment regions at supports even if
positive moment reinforcement is provided at supports.

9.7.2.6.2. The effect of initial precompression due to prestress
in the girders may be neglected in the calculation of negative
moment strength.

9.7.2.6.3. The negative moment strength shall be calculated
using the compressive strength of the girder concrete regardless
of the strength of the diaphragm concrete.

9.7.2.7 Deck Reinforcement

9.7.2.7.1. Reinforcement provided in the deck for negative
moment design of the composite girders shall conform to the
provisions of Articles 8.16.8.4, 8.17.1, and 8.17.2.

9.7.2.7.2. The ratio of longitudinal reinforcement, p = A4,/
bd, provided in the deck in the negative moment region shall
not exceed 0.5 of the ratio p, that would produce balanced strain
conditions for the composite section where

_ 085" 4,
Ps 7, bd

and A, is the actual concrete compression area in the bottom of
the girder at the balanced condition. The effect of compressive
strain due to prestress may be neglected in calculation of p,,.

COMMENTARY ON REVISED AASHTO
SPECIFICATIONS—DRAFT

9.7.2 Bridges Composed of Simple-Span Precast
Prestressed Girders Made Continuous

9.7.2.1 General

Article 9.7.2 is applicable to the type of bridge construction
consisting of precast prestressed girders, designed as simply
supported spans for girder and deck slab dead load, and made
continuous for live load plus impact and composite dead load
moments. The continuity is accomplished by use of the longi-
tudinal reinforcement placed in the deck slabs above the sup-
ports, and diaphragm concrete placed between the ends of the
girders to effect a negative moment connection at the support.
The degree of continuity attained depends on time-dependent
factors and the effective stiffness of the moment connection.
The presence of negative moment connections at supports pro-
motes continuous structural behavior in the girders for load
applied after construction of the composite girders. Negative
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continuity moments at the supports reduce the positive moments
within the spans for live load plus impact and composite dead
load. However, time-dependent effects from creep and shrinkage
produce restraint moments that either subtract from or add to
the continuity moments. Therefore, the term effective continuity
moments is used in the provisions of Article 9.7.2 to denote the
moments resulting from the combined effects of live load plus
impact, composite dead load, and restraint moment.

Analytical studies (G-1) indicate that effective continuity for
this type of bridge can range between 0 and 100 percent of full
continuity. An effective continuity of 0 percent means that the
composite girders are behaving essentially as simple spans for
all loads. An effective continuity of 100 percent indicates that
the composite girders are acting together as a fully continuous
elastic structure for live load plus impact and composite dead
load moments.

The relative influences of concrete creep and shrinkage on
effective continuity are highly dependent on the construction
timing of the bridge. If the prestressed girders are relatively new
at the time that the deck and diaphragms are cast, creep will
predominate the behavior, causing positive restraint moments
and a probable reduction of full continuity at late ages. If the
girders are relatively old at the time of casting the deck and
diaphragm, differential shrinkage between the deck and girder
concrete will predominate the behavior. Differential shrinkage
between the deck and girder concretes causes negative restraint
moments to occur at the supports and thereby tends to increase
effective continuity. However, differential shrinkage also in-
creases the potential for negative moment cracking of the deck
concrete over the supports. With deck cracking over the support,
the rotational stiffness in the negative moment region is signif-
icantly reduced and effective continuity decreases. Therefore, in
order to take advantage of structural continuity in this type of
bridge for live load plus impact and composite dead load mo-
ments, the effects of creep and shrinkage must be considered in
the design. If no analysis is conducted to determine time-de-
pendent restraint moments at supports, and no positive moment
reinforcement is provided at supports, as further discussed in
Article 9.7.2.2, the midspan service moment should be taken as
the sum of simple span additional dead load and live load plus
impact moments.

9.7.2.2 Positive Moment Connection at Supports

9.7.2.2.1. Results of an analytical study (G-1) of time-depen-
dent restraint moments and service load moments at supports
in prestressed concrete girders made continuous indicate that
there is little structural advantage gained by providing positive
moment reinforcement at supports. With the deck and dia-
phragm concrete cast at an early girder age, time-dependent
creep deformations cause positive restraint moments at supports
that will generally induce a crack in the bottom of the diaphragm
concrete. With application of live load, the positive moment
crack must close prior to inducing negative moment at the
continuity connection. There is a loss of negative continuity
moment associated with the closing of cracks in the bottom of
the diaphragm. The presence of positive moment reinforcement
in the diaphragm helps to maintain a relatively small crack,
thereby increasing apparent live load continuity. However, the
positive restraint moment resulting from the presence of the
reinforcement in the bottom of the diaphragm increases the
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positive moments within the span. This increase in positive
moment when bottom reinforcement is used at supports is vir-
tually equal to the loss of negative moment continuity if the
positive reinforcement is not used. The net result on the effective
continuity moment is the same, irrespective of whether or not
positive moment reinforcement is provided at supports. There-
fore, providing positive moment reinforcement has no significant
benefit for reducing service load moments for this type of bridge.
Also, a survey of State Departments of Transportation (G-1)
indicated several states allow construction of bridges with con-

tinuous decks without requiring positive reinforcement in dia-
phragms. No serviceability problems associated with the practice
of not using the positive moment reinforcement were reported
by these states. Therefore, the use of positive moment reinforce-
ment is optional.

9.7.2.2.2. In addition to positive restraint moments from ef-
fects of girder creep, positive moments at supports can occur
in continuous bridges due to loading on remote spans. If positive
moment reinforcement is not provided at supports, the connec-
tion at supports will act as a hinged connection for positive
moments. This limits the nature of the continuity of the bridges
for some load cases. As illustrated in Figure G-1 for AASHTO
truck load occurring in one span of a multispan bridge, the
continuous structure for resisting load consists of three spans
for a loaded interior span, as shown in Figure G-1(a), and two
spans for a loaded end span, as shown in Figure G-1(b). For
load configurations in which no positive moments occur at sup-
ports, such as composite dead load over the entire bridge and

some patterns of AASHTO lane loads, the entire bridge can be
assumed to act as a continuous structure, as shown in Figures

G-1(c) and G-1(d).
9.7.2.2.3. There is a minor structural advantage for transfer
of positive moments resulting from the effects of loads in remote
spans if positive moment reinforcement is provided at supports.
If the designer wants to take advantage of this increased struc-
tural continuity, the positive moment reinforcement must be
designed for all of the load effects contributing to positive mo-
ments in the connection. The 36-ksi allowable stress corresponds
with an approximate slip of 0.01 in. in the reinforcement at the
ends of the girders. This allowable stress is recommended to
maintain a small crack width at the interface of the diaphragm
and girder concrete. The amount of slip is approximately the
same whether mild steel reinforcing bars or unstressed pres-
tressing strand is used for the positive moment reinforcement.
Therefore, the limiting stress of 36 ksi applies to both mild steel
reinforcement and unstressed prestressing strand reinforcement.
9.7.2.2.4. While the nature of continuity is affected to a small
degree for some cases of live load plus impact, research has
indicated that the presence or absence of positive moment re-
inforcement at supports does not affect the nature of continuity
for determination of time-dependent restraint moments. As pre-
viously stated, the loss of some effective continuity due to crack-
ing in the bottom of the diaphragm, when positive reinforcement
is not provided, is virtually balanced by the increased positive
restraint moment when the reinforcement is provided. Analyses
made to determine the resultant service load moment, which
include moments due to dead load, restraint moments due to
creep and shrinkage” and live loads, are independent of the
presence or absence of positive moment connection in the dia-
phragm. This behavior is shown in Figure G-2. With positive
moment reinforcement provided at supports, the inclusion of a
positive restraint moment is required in the summation of mo-
ments to determine the resultant moment diagram. Without
positive reinforcement provided at supports, no positive restraint
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moment develops from time-dependent effects because of dia-
phragm cracking. However, the continuity moments at supports
for live load plus impact are reduced because the diaphragm
cracks must close before continuity is established at the negative
moment connection. The lack of full continuity for live load
plus impact without positive reinforcement at the supports is
balanced by the need to include a restraint moment when pos-
itive moment reinforcement is provided at the supports. There-
fore, the resultant mid-span moments, as shown in Figure G-
2, are virtually identical whether or not positive moment re-
inforcement is provided at the supports.

The analyses to determine design moments assuming full
structural continuity for both negative and positive moments at
supports, as illustrated in the left-hand summation of moments
in Figure G-2, are more straightforward than calculations to
determine the effects of crack opening and closing when positive
moment reinforcement is not provided, as illustrated in the
summation of moments on the right hand-side of Figure G-2.
It is therefore recommended that analyses to determine restraint
moments be carried out assuming full continuity for both pos-
itive and negative moments whether or not the positive moment
reinforcement is provided at the support. The calculated positive
restraint moment is not an actual restraint moment when the
positive moment reinforcement is not used. For this case, cal-
culation of a restraint moment is simply a method to account
for the opening of the cracks in the bottom of the diaphragm.
Therefore, the calculated restraint moments are defined as ef-
fective restraint moments.

9.7.2.3 Positive Moment Within Span—Service
Load Design

9.7.2.3.1. A main structural advantage for this type of bridge
with negative continuity at supports as compared to bridges
consisting of simply supported girders is the reduction in positive
moments within the span for service live load plus impact and
composite dead load. However, time-dependent behavior influ-
ences the continuity of this type of bridge such that the effective
continuity for live load plus impact can vary from O to 100
percent. Therefore, the effective continuity moments must in-
clude the restraint moments that result from creep and shrinkage
of the composite structure.

9.7.2.3.4. Analysis for positive moments within the span for
service design should be carried out for conditions including
time-dependent effects that produce the maximum positive or
least negative restraint moment. The maximum positive or least
negative restraint moment occurs after 2 to 5 years in bridges
that were constructed with girders that were relatively young
when the deck and diaphragms were cast. Therefore, the design
should be based on a time-dependent analysis using the youngest
likely girder age at casting of the deck and diaphragm. The
time-dependent analysis should be carried out to determine re-
straint moments when bridges are at least 2 years old.

9.7.2.3.5. If no positive reinforcement is provided at supports,
only negative effective continuity moments need be considered.
That is, if the calculated restraint moments are positive and
larger than the summation of negative moments from continuous
analyses for live load plus impact and composite dead load, the
cracks in the bottom of the diaphragm resulting from creep in
the girder will remain open under full service design loads.
Under this condition, the girders are effectively simply supported
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girders for all loading and the effective continuity is essentially
0 percent. Therefore, any net positive effective continuity mo-
ment at a support, calculated from the summation of support
moments due to live load plus impact, composite dead load,
and the effective restraint moment, need not be added to the
resultant moment diagram. However, if positive reinforcement
is used at the supports, net positive effective continuity moments
shall be included in the resultant moments.

9.7.2.3.6. If time-dependent analyses predict negative restraint
moments, the girders may behave as fully continuous for live
load plus impact and composite dead load. However, the max-
imum negative effective continuity moment, for determination
of positive service load moments within the span, is limited to
a value of 125 percent of the calculated negative cracking mo-
ment of the composite section. This limit provides for a situation
when negative moments cause deck cracking over the supports.
Deck cracking reduces effective continuity. The reduction in
continuity results from the softening of the negative moment
region after cracking, along with an accompanying redistribu-
tion of moments to the mid-span region. Figure G-3 illustrates
that the amount by which the calculated effective continuity
moments at the supports exceeds 125 percent of the cracking
moment should be redistributed to the positive moment region
for design of the girders for service loads.

9.7.2.4 Positive Moments Within Span—Strength
Design

Stresses and strains induced in the girders by volume change
from creep and shrinkage are self-limiting within the girder in
that they are relieved by the deformations accompanying crack-
ing in the concrete and yielding of reinforcement. As a result,
presence or absence of time-dependent restraint moments has
no effect on the flexural strength of the structure. This was
demonstrated by comparing the results of tests to destruction
of continuous composite girders tested at approximately 2 years
of age with a continuous composite girder tested at 12 days
after deck casting (G-2).

9.7.2.5 Negative Moments at Supports—Service
Load Design

9.7.2.5.1. Negative moment connections at supports shall be
designed for the maximum negative continuity moment includ-
ing the continuity moment from live load plus impact and com-
posite dead load and the maximum negative or least positive
restraint moment from creep and shrinkage effects.

9.7.2.5.3. Dependent on age of girders when deck and dia-
phragm concrete is cast, the restraint moment from time-de-
pendent effects could increase or decrease the negative
continuity moment. The maximum negative or least positive
restraint moment occurs with early age loading on bridges con-
structed with girders that are relatively old when the deck and
diaphragm are cast. Therefore, the design should be based on
a time-dependent analysis using the oldest likely girder age at
casting of the deck and diaphragm. The time-dependent analyses
should be carried out to determine the maximum negative re-
straint moment during the time period shortly after casting the
deck and diaphragm. If the bridge will be open to traffic within
the time period at which the maximum negative restraint mo-
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ment occurs, the maximum service design moment for the sup-
port connection is the sum of the maximum negative restraint
moment and the continuity moment from live load plus impact
and composite dead load. If the bridge will not be open to traffic
at the time that the maximum negative restraint moment occurs,
the design moment is the more negative of either the maximum
negative restraint moment, or the sum of the continuity moment
from live load plus impact and composite dead load, and the
negative restraint moment calculated at the earliest estimated
time that the bridge will be opened to traffic.

9.7.2.5.5. For checking fatigue limits for deck reinforcement,
the maximum negative moment at early age is essentially a
transient condition. Although restraint moments can remain
negative for the life of the structure, they reach a reduced and
relatively constant level after approximately 2 years. Therefore,
use of a restraint moment calculated at approximately 700 days
after casting of deck and diaphragms is recommended for check-
ing fatigue limits.

9.7.2.6 Negative Moments at Supports—Strength
Design

9.7.2.6.1. The composite girder cross section in negative mo-
ment regions will behave as a reinforced concrete section rather

than a prestressed concrete section. Therefore, the strength of
this cross section should be determined in accordance with the
appropriate requirements of Article 8.16 for reinforced concrete.
Stresses and strains induced in the girders by volume change
from creep and shrinkage are self-limiting within the girder in
that they are relieved by deformations accompanying cracking
in the concrete and yielding of reinforcement. As a result, pres-
ence or absence of time-dependent restraint moment has no
effect on the strength of the structure.

9.7.2.6.2. Effects of prestress in the ends of the girder induce
an initial compression in the bottom flange of the girder. How-
ever, analytical studies (G-I) indicate that the initial pre-
compression has negligible effect on the maximum flexural or
shear strength within a hinging region that forms at the support
as the bridge girders are loaded to the strength of the structure.
Therefore, the initial precompression due to prestress may be
neglected in calculation of the negative moment strength at the
diaphragm.

9.7.2.6.3. The critical section for concrete compression in the
girders occurs away from the support pier and diaphragm con-
crete. Therefore, the compressive strength of the girder concrete
should be used in the strength calculation for the negative mo-
ment capacity at the support. This recommendation is made
based on use of typical girder design concrete compressive
strengths between 5,000 psi to 6,500 psi. If the design concrete



strength for a girder is significantly above the typical range,
further consideration should be given to the design strength of
the diaphragm concrete. :

9.7.2.7 Deck Reinforcement

9.7.2.7.1. Reinforcement provided in the.deck for negative
moment capacity at the supports should be sized to meet min-
imum reinforcement requirements and requirements for ade-
quate distribution of reinforcement for crack width control.

9.7.2.7.2. To ensure ductile behavior in the negative moment
region and develop full strength of the bridge girders, analytical
studies (G-1) indicate that the deck reinforcement ratio shall
not exceed 50 percent of p, as defined in Article 9.7.2.7.2. The
bottom flange or bulb of girder cross sections typically used in
this type of bridge construction may be relatively small com-
pared to the area of reinforcement provided in the deck. There-
fore, the neutral axis may be in the web region of the cross
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section. The area of compression concrete, 4., used in the cal-
culations for the balanced condition, must be the actual area of
the girder bottom flange and web in- compression. As with
calculations to determine the negative moment strength of the
cross section at the supports, the effect of initial precompression
due to prestress may be neglected in determination of the strain
conditions for balanced reinforcement.
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