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ABSTRACT

Analysis of Time-Dependent Effects on Segmental Prestressed
Concrete Curved Box-Girder Bridges

Ahmed S. Debaiky

Curved concrete box-girder bridges are basic elements of today’s modern highway
system. These bridges are normally built in stages over relatively long periods of tifne. In
each stage of construction, units or segments of the bridge are cast or placed in their re-
quired positions and tied together by post-tensioned prestressing tendons. During the con-
struction process, the structure undergoes changes in geometry, in statical system, and in
distribution and/or magnitude of external loads and prestressing. This leads to continuous
variations in the stresses and deformations. Creep and shrinkage of concrete and relaxation
of prestressed steel magnify these effects during construction and over the service life of
the structure. Development of the tifne-dependent effects in curved bridges depends heavily
on the restraint provided at the supports.

In the present thesis, a numerical technique is introduced and a computer program
is developed for the time-dependent analysis of segmentally erected curved prestressed
box-girder bridges and other structures. The program is capable of predicting the response
of such structures throughout their various stages of construction and service load history.
The analysis accounts for the effects of concrete creep and shrinkage, prestressed steel re-
laxation, differences in age between concrete segménts, sequence of construction and

changes in geometry and support conditions. Deviations in the positions of new segments

iii



due to the deformation of completed part of the structure needed to calculate formwork ad-
Justment are accounted for in the analysis.

The procedure is based on the displacement method of analysis where multi-node
variable cross-section beam elements curved in sﬁace, as well as conventional prismatic
straight elements, are used to model bridges of arbitrary geometry. Prestressed tendons can
have any profile in the space and can be prestressed, restressed or removed at any construc-
tion stage. Prestress losses due to friction and anchor setting are automatically evaluated by
the program. A Step-by-Step approach is used to model the construction processes and to
calculate the time-dependent effects at any instant during and after construction.

Several verification problems are presented to validate the computer program. A
three-span continuous curved bridge example is analyzed to demonstrate the applicability
of the program. A study on the effects of skew support alignments on the development of
time-dependent stresses and deformations in prestressed concrete curved bridges is carried

out.
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CHAPTER ONE

Introduction and Literature Review

1.1 General

In highway bridge construction there has been a strong trend towards the use of
longer, multi-span bridges. This trend has developed as a result of reasons related to the
economy, availability of space and complexity of natural and artificial obstruction. Among
the various types of bridges, curved bridges have become much more desirable than ever.

Use of prestressing in bridges is a vital component as they are subjected to high
internal forces and stresses. The main purpose of prestressing is to counteract the effects of
dead and live loads, i.e, to produce opposite bending and torsional moments and to
minimize the deflection of different spans of the bridge.

Segmental construction is one of the most popular techniques for building
prestressed concrete bridges. One advantage of this technique is elimination of false work
and temporary supports by adopting the cantilever construction method which results in no
objection to traffic or water way beneath the bridge.

Multi-span straight or curved bridges are usually constructed over a long period of
time during which the structure experiences continuous changes in the statical system and
in support, loading and environmental conditions. Beéause of these conditions, the
deformations and internal forces within a constructed part of the bridge change
dramatically and, in some cases, can be greater in value than in the completed bridge.

Accurate evaluation of stresses and deformations in each construction stage is essential in



order to maintain safety levels and to ensure the required alignment of the bridge. The long
term behavior of the structure after completion of construction is highly affected by the
method and sequence of construction.

Among the various parameters that affect the long term behaviour of bridge
structures, the time-dependent properties of concrete and prestressed steel have the
greatest effects on the bridge behaviour during and after construction. Changes in
deflection and stresses are strongly affected by creep and shrinkage of concrete and
relaxation of prestressed steel. The rate of creep, shrinkage and relaxation is generally high
during the early ages of concrete and stressed steel and decreases continually with time
under the same environmental conditions.

Time-dependent effects on structural behaviour differ from one statical system :o
another. For example, in a determinate structure, creep and shrinkage result in
redistribution of strains and stresses within individual sections meaning a decrease in the
compression in concrete and in the tension in steel. In statically indeterminate structures,
additional changes in stresses and in the reactions will develop producing continuous
variation of internal forces along the bridge with time. In a continuous curved structure,
the restraint on the direction of movement provided at each support has a significant effect
on the magnitude of the time-dependent internal forces produced in such structures.
Relaxation of prestressed steel means a decrease of stress _with time under constant (initial)
strain, and hence, a continuous loss of prestressing force.

A number of numerical techniques and computer programs is available in the
literature for the time-dependent analysis of segmental prestressed structures. However, a

very limited number of these programs deals with the analysis of curved bridges and only



in a simplified manner.

1.2 Objective and Scope

The main objective of this research is to develop a numerical procedure and a
computer program for the analysis of the time-dependent behaviour of segmentally erected
-curved prestressed concrete box-girder bridges. The analysis gives the iqstantaneous and
time-dependent changes in the displacements, in the support reactions and in the internal
forces from which the strains and stresses at various sections of the structure can be
calculated. The analysis accounts for the effects of sequence of construction, loading and
prestressing and changes in the statical system and support conditions.

The numerical procedure is based on the displacement (stiffness) method of
strucutral analysis. The structure is idealized as a space frame assembled of multi-node
curved elements and/or prismatic straight elements modelling the concrete segments. The
prestressing tendons are also modelled as multi-node curved elements and can thus have
any profile in the space. The multi-node curved element utilized in the present analysis is
the one developed by Jirousek (1981). The element can have a minimum of three nodes
and a maximum of six nodes. Material properties and age of concrete can vary from one
element to another. This idealization can thus be suitable for modelling bridges with
arbitrary alignment built in stages.

The analysis is done step-by-step for which the time is divided into intervals, the
start of each coincides with an event such as addition of new concrete segments,
application or removal of loads or prestressing, or changes in support conditions. In each
interval, two analyses are performed; the first gives the instantaneous effects at the

beginning of the interval and the second is for the time-dependent changes over the length



of the interval. The increments of displacements, reactions and internal forces calculated in
any interval are stored to be used for the next time-intervals and are added to the previous
values to give updated totals, thus giving the history of the bridge behaviour during and
after construction.

Prediction of the time-dependent properties of concrete, namely, the modulus of
elasticity, creep coefficient and shrinkage strain, is based on the recommendations of either
the CEB-FIP model Code (1990) or the ACI Committee 209 (1992).

The analysis procedure is implemented in the computer program TD-SFRAME:

Time-Dependent Analysis of Space FRAMEs (Debaiky and El-Badry, 1997). The program
is an extension of program SFRAME developed by Maher (1985) in his studies on control
of torsional moments produced by prestressing in curved bridges. TD-SFRAME is suitable
for the ime-dependent analysis of a wide range of prestressed structures constructed in

stages.

1.3 Outline of the Thesis

In the following sections of this chapter, the concepts of analysis of horizontally
curved structures will be reviewed. The effects of time-dependent deformations on the
behaviour of curved structures will be briefly discussed. The previous work related to the
analysis of segmentally erected prestressed structures will be reviewed. A brief description
of the most commonly used methods of analysis of creep of concrete is given. The
advantages and shortcomings of each method will be briefly discussed.

In Chapter 2, the material properties of concrete and prestressed steel pertaining to
the time-dependent analysis are discussed and the relevant expressions adopted in the

present investigation for prediction of time variations of these properties are given.



In Chapter 3, the step-by-step procedure employed in this thesis for the analysis of
time-dependent stresses and strains under variable stress regimes is explained. The
numerical procedure for prediction of the displacements, reactions and internal forces in
segmentally erected curved prestressed concrete box-girder bridges is presented in Chapter
4. The validity of the proposed method of analysis and the applicability of the computer
program are demonstrated in Chapter 5 by comparison with experimental data and with
the results of analytical methods and by the analysis of three-span continuous segmentally
constructed prestressed box-girder bridge with arbitrary alignment in plan. A study on the
effects of restraints provided by the supports on the time-dependent behaviour of
continuous curved bridges is also carried out in Chapter 5.

Finally, a summary of the investigation, the conclusions reached and
recommendations for further research are given in Chapter 6.

1.4 General Concepts of Analysis of Curved Structures

Modem curved bridge systems which have been developed and constructed over
the past few decades can be categorized into two different types: open-section type and
closed-section type. Figures 1.1 and 1.2 show examples of cross sections of the two types.
In open-section type, the internal forces consist of bending and torsional moments as well
as warping stresses varying over the longitudinal axis of the bridge. When the transverse
distortion of the cross-sections is prevented, e.g. by means of transverse diaphragms,
transverse bimoment (warping torsion) develops. The existence of warping is significant
and can never be ignored (Bell and Hiens, 1970). Thin-walled members subjected to
torsion fall also in this category.

In the closed-section type, warping stresses and transverse distortion of the cross-
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section have relatively small values and can thus be ignored under the following
conditions:

a) The cross-section consists of a closed shape, Figure 1.2 or single girder. No
openings in the deck or bottom slab are present.

b) Plane sections along the longitudinal axis remain plane after deformations. This
is the physical meaning of no warping of the cross-section.

¢) Cross-section can be condensed to a single node, i.e. compacted form. This
prevents occurrence of transverse distortion.

For box-girder cross-section, the second condition is usually satisfied even for
bridges with relatively high slendernéss (Span/Width) ratios. The span is defined as the
distance between inflection points of bending moment due to dead load only while the
width is the distance between the webs. A value of 4 is usually recommended as a limiting
ratio (Maher 1985). This ratio is usually utilized in most modem bridges especially those
with single box sections. For this type of bridges, a space frame analysis can be considered
sufficient.

Menn (1990) presented simplified equations for calculating internal forces in
curved bridges. The equations of Menn, although very useful for practising engineers, are
not general as they cover only special cases of loading and geometry. Menn recommended
that a simplified frame analysis be used to tackle curved bridge problems when applicable.
He also stated that even for computing the transverse stresses in the cross section, a second
step investigation that gives accurate results compared to a finite element ana]ysis can be
done separately.

Several investigations have shown that analysis of a curved bridge as a group of



linear beam elements using elastic frame theory gives results of reasonable accuracy with a
considerable reduction in computational time and storage. Traditional methods of
structural analysis such as virtual work, the flexibility method and the stiffness method
have been utilized by many researchers (Engel, 1967, Reddy and Tuma, 1967, and Bazant
and El-Nimeiri, 1974) to analyse structures with curved elements simplified as linear beam
elements. The stiffness method of analysis is adopted in the present research asdetailed
Chapter 4.

1.5 Choice of Curved Beam Elements

During the past few decades, an extensive research work was carried out by many
researchers to obtain the best performing model of curved elements. The first attempt was
made by Timoshenko and Gere (1961) who introduced a differential equation for a solid
curved element. The theory was limited by the condition that warping stresses are ignored
and also was limited to two types of uniform loading. Valsov (1961) formulated
generalized differential equations including warping. The proposed equations were limited
to horizontally curved beams only. The mathematical complexity of these equations
precludes their use in practical design or advanced research work.

A group of basic curved beam elements were developed from the direct stiffness
method. El-Amin and Brotton (1976), Thornton and Master (1977), Hsu, Fu and Schelling
(1990) introduced new formulations for horizontally curved circular beam elements which
include warping degree of freedom. Wang and Merrill (1988) derived general stiffness
coefficients for curved beams of either cyclodial, catenary, elliptic or sine arc segments.
Unfortunately, the above beam elements, when used to model structures with variable or

double curvature or with varying surface superelevation, a relatively fine discretization of



the structure is needed to obtain satisfactory results.

A totally different approach to the analysis of curved structures was followed by
Bazant and El-Nimeiri (1974). The curved geometry was modelled as a series of straight
two-node elements with skew ends. The element nodal degrees of freedom include, in
addition to the traditional six degrees of freedom, a longitudinal warping and transverse
distortion of the cross section. The element can have only straight segments of prestressing
tendons between the nodes. In comparison with the Jirousek multi-note isoparametric
element adopted for the present study, the element of Bazant and El-Nimeiri, in spite of
having skew ends, is not suitable for modelling complex and practical variation of
geometry in space.

Ferguson and Clark (1979) introduced a three dimensional isoparametric beam
element which is superior to the above mentioned elements in its capability to be of any
arbitrary geometry in space rather than in plane and to have variable cross-sectional area.
On the other hand, the element cross-section must be of a rectangular shape which limits
the applicability of the element to model most of the modern bridges. Jirousek and
Bouberguig and Saygun (1979) concluded that the element also fails to represent the
transverse shear or torsion response of curved bridges. This is due to the fact that the
commonly used shear correction factor cannot accurately tune both behaviours at the same
time.

The multi-node isoparametric element adopted for the present study was firstly
introduced by Jirousek (1981) as a member of a family of isoparametric curved elements
of a general, compact cross section. The formulation of the element is based on beam

theory and takes into account both the transverse shear deformation and the shift in shear



centre location. The element can be defined by a minimum of three nodes and a maximum
of six nodes and can thus be used to model any arbitrary geometry in space. The cross
section can be of any shape (provided the user will be able to define its properties of
reduced shear area and location of shear canter). The cross-section geometry can also vary
from one node to another. Superelevation of any bridge deck can be described using the
cross section orientation that may vary along the bridge length. The element can include
prestressing tendons of any arbitrary layout described by cable eccentricities defined with
respect to the local axes at individual crogs sections. It was proven by Maher (1985) that
the element provides exact results when appropriate order of nodes is chosen with
matching load types. This, in addition to the above-mentioned geometric flexibility of the
element, makes it the most appropriate available element for the present research.

1.6 Method of Prestressing Calculation

In order to develop a practical and feasible computer code that can analyze curved
bridges or similar structures, the computation of prestressing effects on different elements
should be accounted for. Calculation of equivalent forces should be automatically done by
the program. The traditional way of providing these forces as input data is a tedious task
because of the complexity of prestressing tendon layout and sequence of stressing.

Lin (1963) was the first to introduce the “Load Balancing Method” to calculate the
equivalent uniform load parallel to the plane of the tendon. It was shortly after when
Rozvany (1963) concluded that the method is only accurate for shallow beams, or in other
words, for tendons with large radius of curvature. In other cases of deep beams or tendons
with sharp curvature, radial forces should be considered as the equivalent load.

In recent years, Van Zyl (1978) used the skew-ended two node straight element
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developed by Bazant and El Nimeiri (1974). The elements only allow tendons with straight
segments between the two nodes, thus any cable profile can be discretized into chain of
straight segments where equivalent loads to each segment are calculated separately at the
nodes only.

El-Badry (1988) employed a concrete straight element which can be of variable
cross-section along its length and can contain prestressing tendons of any practical profile
between the two end nodes or covering a partial length between any two sections within
the element. Such an advanced element can be the optimum choice for any two
dimensional analysis.

In the multi-node curved element of Jirousek (1981) selected for the current study,
a prestressing tendon is defined by local eccentricities of the tendon point at each nodal
cross-section. The definition of cable eccentricities is quite practical and allows any
universal layout of the cable to be considered. In addition, the equivalent nodal forces are
computed directly from the original cable profile and the prestressing force rather than
from equivalent distributed load. This makes the Jirousek element the most appropriate
element for modelling bridges of arbitrary geometry and dimensions. Details of modelling
the prestressing tendons within the curved concrete element will be given in Chapter 4.

1.7 Displacements due to Prestressing, Temperature, Creep and
Shrinkage in Horizontally Curved Bridges

Horizontal movements of supports can result in curved bridges due to the
following effects:
1. Prestressing forces, including the effects of creep

2. Shrinkage strain and temperature variations
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3. Horizontal external loads due to wind, earthquakes and braking forces
In this section, the magnitude and direction of the horizontal movements that can
be expected at the supports due to the effects of prestressing, creep, shrinkage and

temperature are discussed.

1.7.1 Prestressing and Creep

Consider a horizontally curved concrete cantilever beam as shown in Figure 1.3.
Assume that the beam is stressed with a co-axial prestressing cable producing a concentric
force at every section along the beam length. Under the effect of this prestressing, every
point in the beam tends to move towards the fixed support along the curved length of the
beam, or in other words, in the direction of the tangent to the curve at any point (Figure
1.3a). The radius of curvature of the beam in this case will remain unchanged while the
central angle, o, will de_crease. For a beam with variable cross section and prestressing
force, the total displacement that takes place at the free end of the cantilever (point B) is

given by:

= 1. pEs)
ey = 3 I, odS (1.1)

where E, P, A and S are the modulus of elasticity, the prestressing force, the cross sectional
area and the curved length of the beam, respectively. The concrete strain at any point is:

_ S (1.2)

€= 3

The central angle in this case will change to a = o, (1 +¢€). Creep of concrete
will have a similar effect as the prestressing force.

1.7.2 Shrinkage and Temperature Change

With a temperature change or shrinkage, each point on the beam will move along
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(b) Temperature Drop or Shrinkage

Figure 1.3 Longitudinal Displacements of Horizontally Curved Beam
due to Different Effects.
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the straight line between its original position and the fixed end (Eigure 1.3b). In this
manner, the central angle of the beam remains unchanged while the radius increases with
an increase in temperature and decreases with shrinkage or with a drop in temperature. For
the beam in Figure 1.3b, the total displacement of the free end of the cantilever (point B)
due to a change in temperature, AT , is given by

where o is the coefficient of thermal expansion and L is the length of the chord AB. The
movement due to shrinkage can be also calculated from Equation 1.3 by replacing o - AT
by shrinkage strain, €.

The beam radius will thus change to the value r = r (1 +¢),withe = o- AT or
g,,. A positive value of € is used for an increase in temperature while a negative value is
used for shrinkage or a temperature drop.

1.7.3 Forces Developed When Free Movements are Prevented

Free movements at the supports in curved bridges can not normally be allowed
because of the wind forces. Also, at the expansion joint, movement should not deviate
substantially from the tangent to the bridge axis.

If the bearings do not allow free movements in all directions, horizontal forces are
developed and have to be resisted by the superstructure and substructure. Such forces are
important for the design of the bearings and the substructure; however, they are normally
neglected in the design of the superstructure. It should be noted, however, that the forces
induced by preventing the movement due to temperature develop in their full magnitude.
On the other hand, the forces induced from shrinkage are reduced by creep and the forces

introduced by initial prestressing are reduced by the prestress loss only.
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For alignment of the bearings, the deformation due to temperature is often the
governing factor. For this reason, the bearings are normally aligned to allow movement in
the direction to or from the fixed bearing. However, this is not a strict rule. If a bridge is
very highly prestressed, the deformations due to prestressing may be of the same order of
magnitude as those due to shrinkage and temperature. In this case, the alignment of the
bearing should be studied carefully before a decision is made. In Chapter 5 of this thesis,
an investigation is conducted into the effects of alignment of the bearings on the time-
dependent behaviour of curved bridges.

1.8 Segmental Construction: History and Previous Investigations

The use of longer span bridges which became the most popular trend in the past
three decades has raised a new construction problem. Construction of such bridges using
conventional precast prestressed concrete bridge girders became impossible because of the
maximum transportable weight and/or length of these girders. The development of precast
segmental construction was the only solution that could combine the advantages of both
precasting and post-tensioning concepts. Segmental construction was also used to build
cast-in-situ type of bridge. Different methods were introduced under the concept of
segmental construction. Launching of elements or segments is carried out using one of the
following four methods: balanced cantilever, span-by-span, progressive placing and
incremental launching. According to Ziadat (1988), each of the previous methods is best

suited for a different range of typical spans and total bridge length as shown in Table 1.1
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Table 1.1 Characteristics of Different Segmental Construction Methods

Segmental Construction Total bridge Typical span Approx.%
Method length(m) length(m) of total
Balanced Cantilever > 1000 50 -240 75
Span-by-Span 1500 - 2000 30-60 15
Progressive Placing 300 - 400 25-55 5
Incremental Launching 250 - 350 25-55 5

Because of the relatively young age of segmental construction techniques, only few
detailed investigations into the behavior of segmentally erected bridges have' been
published to date. The very first study was carried out by Scordelis (1966) in which simply
supported box-girder bridges were investigated. The analysis was later extended to multi-
span bridges (Scordelis, 1967). This work of Scordelis was limited only to straight bridges
and did not consider time-dependent effects on such structures.

A series of reports, published by the University of Texas at Austin, USA, on
research directed by Breen (1969-1975), covered problems relating to segmental cantilever
bridges (see for example, Brown, Burns and Breen, 1974). These reports summarized
design procedures and cﬁteﬁa and investigated construction problems. A very powerful
product of the research effort was a computerized incremental analysis procedure for
segmental construction. The program was verified by Kashima and Breen (1975) who built
and tested a model of Christi Bridge constructed in the USA. Time-dependent
deformations were not taken into account in this investigation.

Tadros, Ghali and Dilger (1980) developed a computer program for prediction of
long-term stresses and deformations in segmentally erected structures including the time-

dependent effects. The program is recognized for taking into account the variation of
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material properties and the changes of structural system during the construction period.
Also, the program was developed to solve for the redistribution of internal stresses after
continuity is established. Following a different approach, Abdel Halim (1982) employed
the finite element method to predict the behavior of segmental post-tensioned concrete
bridges through their elastic, plastic and failure stages. All the materials involved in the
structure such as concrete, prestressed and non-prestressed steel were modelled. A
numerical solution using both iterative and incremental techniques was developed to
predict the redistribution of stresses between the three materials at post-cracking non-
linear stages. The results were compared to an experimental segmental bridge model built
for this purpose and tested up to failure. The two above-mentioned computer programs are
limited to plane frame analysis.

Several other investigations on the behaviour of planer segmentally erected bridges
include those by Ketchum (1986), Ziadat (1988), Kim (1990) and Abdel Karem (1991).
These investigations were limited to the linear stage of structural behaviour. No significant
differences between them can be highlighted, except for the one by Kim where a
probabilistic study was conducted to predict confidence limits for long-term deflections
and internal forces.

The most recent research work dealing with segmental construction was that
carried out by El-Badry and Ghali (1989) as part of investigation into serviceability of
concrete structures. A computer program for plane structures was developed which
performs non-linear analysis of structures. The concrete member can be made up of
different layers each installed at different time as in cast-in-place box-girder bridges. The

analysis recognizes both prestressed and non-prestressed steel. Prestressed tendons can be
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of any layout. Analysis of the cross-section is carried out in both the non-cracked and
cracked stages. Time-dependent parameters are introduced by built-in functions or can be
specified by the user. The program is considered the most powerful program ever

developed for the analysis of two dimensional structures.

1.9 Methods of Creep Analysis of Structural Members

The mathematical prediction of creep effects in concrete structures is a complex
problem even with the use of simplified linear forms of creep laws. Several methods of
creep analysis were developed and used successfully during the past thirty years, with each
having its own advantages and hence suited certain cases of applicability.

1.9.1 The Rate of Creep Method

The basis of this method was firstly established by Glanville (1930) when he
concluded from experiments on young concrete that at any age of concrete, z, the rate of
creep is independent of the age of application of the load. The mathematical formulation
was later developed by Whitney (1932) and was applied to complex problems by
Dischinger (1937). The assumption of the constant rate of creep means that creep curves
are parallel for all ages of load application. This means that creep decreases very rapidly
with increasing age at loading. Thus, creep deformations under increasing stresses are

underestimated.

1.9.2 The Rate of Flow Method

This method was introduced by England and Illston (1965) to overcome the
deficiencies of the Rate of Creep method. They proposed to represent the creep function as
the sum of three components: elastic, delayed elastic (recoverable) and fiow

(irrecoverable) strains. Delayed elastic strain was recognized to be independent of age at
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loading and reaches an ultimate value much faster than flow strain. Also, as a
simplification of the method, the variation of the elasticity modulus was ignored.

This method is appreciated for its dramatic improvement over the Rate of Creep
method since it properly predicts creep recovery of young concrete. However, the
proposed creep function was noticed to incorrectly predict the creep of virgin concrete
when loaded at later time after hardening.

1.9.3 Improved Dischinger Method

As a conclusion from the Rate of Flow method, the delayed elastic strain develops
much faster than the flow component. In order to allow a simple analytical treatment for
that effect, Nielsen (1970) proposed to add the delayed elastic part to the instantaneous
elastic part, and then to treat the flow component in the same way as the total creep in the
Rate of Creep method. The advantage of this method lies in the relatively simple analytical
treatment and the good accuracy for simple practical problems in which the time after
application of the load exceeds about three months. On the other hand, for old concrete,
creep is underestimated as in the Rate of Flow method.

1.9.4 The Principle of Superposition of Virgin Creep Curves

The principle of superposition has been generally accepted as applicable to
concrete. McHenry (1943) and Maslov (1940) modified Boltzmann’s principle of
superposition to include the effect of aging of concrete. Cormrectly interpreted, this
principle means that strains produced at any time ¢ by a stress increment applied at age
t’ <t are independent of the effects of any stress applied earlier or later. In other words,
creep curves of virgin concrete can be superimposed.

For increasing stresses and for slightly decreasing stresses, superposition of virgin
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creep curves gives good agreemént with experimental data, but for complete removal of
load, the recovery is overestimated to some extent. However this should not be considered
as a serious setback since such a case of sudden full unloading is not common in practice.
The mathematical derivation of the method leads to an integration (as will be detailed in
Chapter 3), which cannot be solved in a closed form, and thus, a numerical technique was
developed for that purpose known as the Step-by-Step method.

1.9.5 Solution Using the Step-by-Step Approach

The Step-by-Step approach is completely general in that it can deal with any creep
function and any prescribed stress or strain history. The method will be used in Chapter 3
to determine the so called “relaxation” or “aging” coefficient. This method can be used for
problems with an arbitrarily prescribed stress or strain history. For the purpose of the
analysis, the total time is sub-divided into a number of time steps whose length should
increase with time. However, if a sudden change of stress or strain occurs within the
prescribed history, a time interval of zero duration should be introduced such that the creep
function for that interval, ¢(z t j), degeneratesto 1/E(¢ j) . The notation used for the Step-
by-Step numerical analysis is defined in Figure 1.4. For best results under continuously
varying stress, the time intervals Az; should be chosen such that their lengths are
approximately equal on the log-time scale. Also for the same case, there is a2 number of
different ways to calculate the strain due to a stress increment (or decrement) AG i The
alternative ways are summarized in the following:

1. The stress increment AG ; is assumed to be applied at the middle of the jth interval. The
elastic strain component is calculated at that time with E(z j) , and creep is determined

from time ¢ ; onwards. At the end of the jth interval, the strain increment is:
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Figure 1.4 Definition of Time Intervals and Stress Increments for
the Step-by-Step Method
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29 1.4
bej = gyl +0Usan 1)) (14)

2. In the Second method, the stress increment is assumed to be applied at the beginning of
the jth interval and half of the stress increment is assumed to produce creep during the
full length of the time interval. With these assumptions, the strain within the time
interval j:
Ac;

- j 1 i
Ae; = E(tj_l)[l +2¢(tj+1,tj_1)] (1.5)

3. The third method employs the trapezoidal rule where the elastic and creep properties for
time interval are the average of those at the beginning and the end of the interval so

that:

(1.6)

e.=AGj[l+¢(tj+l’tj‘l)+ 1 ]
T2l RS T EGL)

4. Finally, if relatively large time intervals are considered, Simpson’s rule may be used to

obtain accurate results as:

B ch[l+¢(tj+1,zj_l) 4l+¢(tj+1,tj) 1 )] 07
J

8= 7% E(t;_y) * E(t)) +E(t‘

All the four mentioned methods are easily programmed for evaluation by computer
and they all yield accurate results if a sufficient number of time steps is used. For the
analysis presented in this thesis, the second method will be partially adopted. A major
modification will be made to this method as the stress will be assumed to be applied at the
beginning of any interval. The contribution of the so called “Aged-Adjusted Effective

Modulus” will simplify the analysis as well as produce more accurate results.
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1.9.6 Trost-Bazant Method (Aged-Adjusted Effective Modulus)

A practical method for directly computing the strain under a varying stress, or
stress under a constant or varying strain, was developed by Trost (1967) and later
improved by Bazant (1972), who called his method the “Aged-Adjusted Effective Modulus
Method”. This introduces the concept of an “aging” coefficient. The basic idea of the
method is to modify the resultant strain (or stress) that develops during any time step due
to time-dependent effects. The strain that induces this stress is treated in the method of
superposition as if it were introduced suddenly at certain instant within the time step which
is not true. The actual situation is that this strain develops gradually and hence it produces
smaller stress. This method was initiated to cater for this difference. A detailed explanation
of this method along with its implementation into the Step-by-Step method is given in
Chapter 3.

1.9.7 Comparison of Different Methods for Creep Analysis

In Figure 1.5, a comparison of the different methods for creep analysis is shown
(Neville, Dilger and Brooks, 1983). The strain due to a variable stress history is calculated
using the aforementioned creep methods. The results show that the Rate of Creep method
generally overestimates the strain produced while in the Improved Dischinger method,
creep is underestimated for old concrete. The method of Superposition is believed to be the
most suitable one for the analysis of variable stress problem. For increasing or decreasing
stress, superposition of virgin creep curves gives good agreement with experimental data,
however, for complete removal of load from the concrete, the recovery is slightly
overestimated. This is not considered a serious deficiency because the case of sudden

complete unloading is not common in practice.
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CHAPTER TWO
Basic Relations and Materials Properties

2.1 Introduction

The analysis of time-dependent stresses and deformations in prestressed structures
requires one important set of information related to the properties of concrete and
prestressed steel. The variation with time of properties such as the concrete strength, its
modulus of elasticity and creep and shrinkage properties as influenced by the concrete
mix, the size and shape of the concrete member, the age at first loading and the duration of
load and the humidity and temperature of the surrounding atmosphere must be known for
realistic prediction of the time-dependent effects. The development of prestressed steel
relaxation with time is also required. This information is best obtained from results of tests
conducted on specimens made of materials used in the actual structure and subjected to
conditions similar to those to which the structure will be subjected. Because of the long
period of time required to obtain such test results, for each structure, reliable methods and
equations for prediction of the aforementioned properties of concrete and prestressed steel
are available in the literature and are suitable for incorporation in computer programs for
the required analysis. The most commonly used sources for prediction of these properties
are the CEB-FIP Model Code (1990) ;md the ACI Committee 209 (1992).

In this chapter, the behaviour characteristics of concrete and prestressed steel under
service conditions are briefly reviewed. Analytical expressions for prediction of the
magnitude of their properties and their variation with time are also given.

2.2 Strain Components in Concrete Structures

Under sustained loading, the total strain in concrete is composed of two
components: instantaneous strain and time-depender;t strain. The instantaneous strain is
the elastic strain that takes place immediately after application or removal of external load

or prestressing force; its magnitude depends primarily on the magnitude of the load and
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the modulus of elasticity, Eat thé time of loading. Time-dependent strains falls into two
categories: stress-dependent strains known as “Creep”, and stress-independent strains
known as “Shrinkage”.

2.2.1 Creep of Concrete

Creep of any material in general is defined as the increase of strain with time under
constant sustained stress. Creep of concrete is recognized to be compound of two
components (England and Hlliston, 1965):

i) Delayed elastic creep (recoverable creep): This part of creep develops rapidly
after application of load with a decaying rate to reach a limiting value in a short period.
This limiting value changes slightly with the age of concrete at loading. In its report, CEB-
FIP (1978) established the fact that the time of recovery after unloading differs from the
time of development after loading. This delayed elastic creep strain is known to be
independent of temperature and relative humidity.

ii) Creep flow (irrecoverable creep): This part has no limiting value and develops at
a lower rate than the first part. It is also highly affected by the surrounding environmental
conditions such as ambient temperature and relative humidity. Furthermore, the creep flow
can be divided into three components, namely, basic flow, rapid flow and drying flow
(Riisch et al., 1973). The three components were found to be temperature dependent, but
only the first two components are humidity dependent. Thus the creep flow can be treated
as one sum only under the condition of constant humidity ratio.

2.2.2 Shrinkage of Concrete

Shrinkage of concrete is the decrease in its volume under zero stress due to loss of
moisture. This change in volume of concrete occurs gradually with time starting from the
moment of termination of curing of concrete. The rate of shrinkage decreases with time till
it reaches a limiting value depending on the mix components, ambient temperatﬁre and
relative humidity. The development of concrete shrinkage and its ultimate value increase

proportionally with water/cement ratio as the loss of mix moisture will be greater. An
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increase in relative humidity or decrease in temperature produces less shrinkage for the
same reason. The effect of aggregate as linking material that restrains cement paste results
in less shrinkage.

2.3 Prediction Models by Engineering Societies
2.3.1 Concrete Properties According to CEB-FIP (1990) Model

The relationships recommended by CEB-FIP (1990) for predicting the variation
with time of the elasticity modulus, E,, the creep coefficient, ¢, and the shrinkage strain
of concrete, €_,, are briefly described below.

i) Modulus of Elasticity:

The development of the modulus of elasticity with time 7 is estimated by:

E.(1) = E(28) B, @.1)
where
B.. = expls(1-28/1)] 2.2)

where ¢ is the age of concrete and

s = coefficient depending on the type of cement
0.38 for slowly hardening cement SL

§ = 5 0.25 for normally or rapid hardening cement N, R
0.2 for rapid hardening, high strength cement RS

In Equation 2.1, E.(28), is the elasticity modulus of concrete at age of 28 days.

For normal-weight concrete, E_(28) is given by:
E_(28) = 21500 3/(fcm/fcmo) (MPa) (2.3)

where f,, is the mean compressive strength of concrete at age 28 days and £, = 10

MPa.
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ii) Creep Coefficient:
Although the CEB-FIP (1990) model recognizes the fact that creep is composed of
three components as defined by Riisch et al. (1973), the effect of these components are

lumped in one function. Accordingly, the creep coefficient ¢(z, z,) can be calculated as

o(1,t,) = ¢,B.(2,2,) (2.4)

where
¢, =notional creep coefficient given by Equation 2.5;
B, = coefficient describing the development of creep with time after
loading, see Equation 2.10;
t = age of concrete (in days) at the time considered;
t, =age of concrete (in days) at the time of loading.

- The notional creep coefficient can be estimated from:

with
1 _RH
100 (2.6)
Opy = 1+ ———
o 0.13/n,)
16.8
B(fem) = 2.7
Jfem
1.0
B(z,) = (2.8)
0.1+ tﬁ'z
and po= 2 2.9)
° u

In the above equations
f .m = mean compressive strength of concrete (MPa);

RH =relative humidity of the ambient atmosphere;
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h, = notional thickness of the member (mm);
A = cross section area;
u = perimeter in contact with the atmosphere.

The development of creep with time is given by the function:
(r—1,) 03
=|—0° 2.10
B t) = |5y ) 2.10)
with
03
By = 1.5h,[1 +(0.012><RH)18] +250 <1500 days  (2.11)

The CEB-FIP (1990) recommendations give additional functions to account for the
effect of both elevated and reduced temperature and the effect of type of cement used.
When prevailing temperature is higher or lower than 20 degrees Celsius, the effect of
temperature on the maturity of concrete is accounted for by using adjusted age 7 in lieu of
1, or t in all the equations presented above. The adjusted age is given by:

" 4000
— [Az,.exp(ls.ss _m)] 2.12)

i=1

where Az; is the number of days in which a temperature T(At,) prevails for period i.
For the effect of concrete type, the age of concrete at loading, ¢, should also be

adjusted and is given by:

t, =1, T[_9_T+ 1)0 .13)
2+(1, 1)

where 2, 7 is the adjusted age of concrete according to Equation 2.12 and

o = coefficient depending on the type of cement
~1.0 for slowly hardening cement SL

= 0 for normally or rapid hardening cement N, R
0.1 for rapid hardening, high strength cement RS
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iii) Shrinkage of Concrete:

The prediction model for shrinkage gives the average free time-dependent
deformation of a plain concrete structural member exposed to a dry or moist environment
after curing. The model is valid for ordinary normal weight concrete, moist cured at
normal temperature no longer than 14 days and exposed to mean relative humidity = 40%
at mean temperature between 5 to 30 °C.

The free strain due shrinkage (or swelling) can be evaluated by:

ec.s(t’ ts) = scsoBs(t’ ts) 2.14)

where
€., = notional shrinkage coefficient given by Equation 2.15;
Bs = coefficient describing the development of shrinkage with
time; see Equation 2.19;
t = age of concrete (in days) at the time considered;
t, =age of concrete (in days) at the time of termination of curing.

The notional shrinkage coefficient is given by:
€eso = &(fem)Brr 2.15)
with
&(fom) = [160+B (90~ f,,)]-10°° (2.16)

where
B,. = coefficient depending on the type of cement
4 for slowly hardening cement SL

= 41 5 for normally or rapid hardening cement N, R
8 for rapid hardening, high strength cement RS

_ { ~155XBgpy  for40% <RH < 99% @17)
0.25 forRH 299%
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where
RH)3

Bsrer = 1"(@ (2.18)

The development of shrinkage with time is given by the function

(t=1)
5t) = |=———— (2.19)
Bs(t, 1) /Bsa T0-1)
with
Bsy = 0.035x 1. (2:20)
where RH, f ., h, are the same as stated earlier.

2.3.2 Concrete Properties According to ACI (1992) Model

The equations suggested by the ACI Committee 209 (1992) for prediction of the
variation with time of the elasticity modulus of concrete, the creep coefficient and the
shrinkage strain are given below.
i) Modulus of Elasticity:

The development of the modulus of elasticity with time ¢ can be estimated by:

E,(1) = E,(28) af’ﬁt (MP2) 221)

where the coefficients o0 and B are constants depending on the type of cement and curing
used. For cement Type I, o = 4 and B = 0.85 and for cement Type IlI, o. = 2.3 and
B=092.

In Equation 2.21, E_(28) is the modulus of elasticity of concrete at age 28 days.

For normal-weight concréte, E (28) can be estimated by:
E,(28) = 4730,[f, (MPa) (2.22)

with f’_ is the compressive strength of concrete at age 28 days in MPa.
ii) Creep Coefficient:

Creep coefficient, §(z, z,) at time ¢ for age at loading ¢, is given by:
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(1= to)°'6

0(1,2,) = Oy———= (2.23)
10+ (t-1,)"
where ¢, is the ultimate creep coefficient given by;
o, = 235y, (2.24)

where v, is a correction factor, given as the product of several multipliers depending on
the ambient relative humidity, average thickness of the member or its volume/surface ratio
(V/S) and on temperature. For relative humidity of 40 percent, average thickness of 150
mm and V/S ratio of 1.5 in temperature of 21°C, all the multipliers are equal to unity. In

this case Y. may be calculated as a function of the age at loading z,,:

y, = 125¢'% (2.25)

or

y, = L1358 | (2.26)

Equations 2.25 and 2.26 are for moist-cured concrete and for steam-cured concrete (1-3)
days respectively. The two equations give Y. = 1.0 when z, = 7 and 3 days, respectively.
iii) Shrinkage of Concrete:

The free shrinkage of concrete can be calculated as:

(-1, (2.27)

e (1, 2,) = (ecs)u b-l-T—-t).

where b is a constant depending on the method of curing and equals to 35 for moist-cured
concrete and to 55 for steam-cured concrete.

In Equation 2.27, (g is the ultimate free shrinkage corresponding to

CS)u

(assumed equals 10,000 days) and is given by

(e,,), = —780x10"°y, (2.28)

where 7Y, is a correction factor given as the product of a number of multipliers which
depend on the same factors mentioned earlier for 7, . The correction factor y_ equals 1.0

when the period of the initial moist curing is 7 days, the relative humidity of the ambient
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air is 40 percent, the average thickness is 150 mm or V/S ratio is 37.5 mm.
The free shrinkage between any two ages 7, and ¢ can be calculated as the

difference of shrinkage for the periods(z~7) and (z,~7)as:

e (t,1,) = €. (1, T)—€(2,,7) (2.29)

Equation 2.27 is applicable for each of the two terms in Equation 2.29. In a similar way, it
can be employed to calculate €_(z, ¢,) for steam-cured concrete.

2.3.3 Comparison Between Prediction Models

Figures 2.1 and 2.2 show a comparison between the CEB-FIP and ACI prediction
models for elasticity modulus, creep coefficient and shrinkage strain. The creep
coefficients plotted in Figures 2.2a for ages at load application of 3, 28, 120, 365, and 1400
days. Shrinkage strain given in Figure 2.2b are calculated for periods starting at ages 7, 14,
28, and 90 days. As Figure 2.2 indicates, creep and shrinkage values estimated by the two
models differ considerably, particularly for concrete loaded at early ages. The ACI model
generally predicts lower creep and higher shrinkage than does the CEB-FIP model. It can
also be noted from Figure 2.2a that the rate of creep (i.e. the slope of the creep curve)
predicted by the CEB-FIP model is higher than that given by the ACI method. This
difference can have a significant effect on the analytical results of structures constructed in
stages. Similar observations were made by El-Badry (1988) when comparing the CEB-FIP
(1978) model] and ACI (1982) method.

In an attempt to evaluate the relative reliability of the various creep prediction
methods available in the literature until 1982, Miiller and Hilsdorf (1982) made a
comparison between the predicted values and the experimental results. They found that,
despite the considerable difference between the results of the CEB-FIP (1978) and the ACI
(1982) methods, the comparison with experimental findings showed consistent reliability.
The mean coefficient of variation between test data and predicted values was found to be

about 25% for both micthods.
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= CEB-FIP (1990)
3. F -== ACI(1992)
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Figure 2.2 Comparison Between the ACI (1992) and the CEB-FIP (1990)

Models for Prediction of Creep Coefficient and Shrinkage Strains
(Theoretical thickness = 150 mm, Relative humidity = 40%).
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Miiller and Hilsdorf (1982) concluded from their study that none of the prediction
methods they investigated can be considered accurate ant that much more experimental
work is required before a prediction model which accurately accounts for the various
factors that affect creep and shrinkage of concrete can be established. They suggested that
at the design stage, particularly in cases where creep and shrinkage have a great effect on
the behavior of a structure, variations in creep and shrinkage coefficients of at least +20
percent should be considered in the analysis. In this manner, upper and lower bounds for
stresses and deformations in the structure can be obtained.

2.4 Relaxation of Prestressed Steel

Relaxation of prestressed steel is basically defined as the decrease in stress with
time under constant strain. This phenomena can be considered similar to creep of concrete.
Steel relaxation can be determined experimentally by stretching a tendon and maintaining
jts length after tensioning, and hence the strain, constant and then measuring the reduction
in stress with time. The relaxation obtained by this method is called intrinsic relaxation,

Ac

pr» SiNCE it is measured regardless of the actual condition of the tendon when installed

within the concrete structure. The amount of intrinsic relaxation depends upon the steel
type and the level of the initial stress in the tendon.
Based on the experimental results provided by the CEB-FIP (1978), Ghali and

Trevino (1985) suggested the following formula for evaluation of intrinsic relaxation

C
Ac,, = —kr]o'pso(-f&’—OA) (2:30)
ptk

where
G »5,= initial tendon stress;
f pu= characteristic tensile strength of prestressed steel;
k = constant depending on steel type

= 1.5 for stress-relieved steel

= 2/3 for low relaxation steel
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N = factor depending on duration (z~,) of the steel relaxation (in hours)

'_1_ —1, (z—1.) <1000
16ln( T +1) o
= < [(z-ro)}“ 1000 < (z-1,) <0.5x10° (231)
0.5x10° ;
1 (t—1,)20.5%10

The above Equation 2.31 is applicable only when &, 20.4f ;. It must be noted that for

any time interval (¢;—1? j) » wWith 7; > 1, the intrinsic relaxation is

Acp,(t,-,t j) = Acp,(t,-—to)—Acp,(tj-to) (2.32)

2.5 Reduced Relaxation

In a prestressed concrete member, a prestressing tendon experiences continuous
drop in its initial stress and decrease in its length with time due to creep and shrinkage of
the surrounding concrete. Thus, the actual relaxation is expected to be smaller than the
intrinsic value. Ghali, Sisodiya and Tadors (1974) employed a step-by-step approach to
account for the effect of the variation of initial stress level on the value of steel relaxation.
Ghali and Trevino (1985) developed a reduction coefficient %, , based on Equations 2.30

and 2.31 to be used as a multiplier to the intrinsic relaxation to obtain a reduced relaxation

value, AG,, ; thus
AG,, = x,Ac, (2.33)
where
xr = e(—67+5.3l)g (2034)
with
(¢
A= £=2 (2.35)
fptk
and
Ac__—-Ac
Q= __Pps__pPr (2.36)
0.p:;o
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where AG,, is the total prestress'loss due to the combined effects of creep, shrinkage and
relaxation. Since this value is not known before the analysis is done, an initial value of ¥,
must be assumed and then modified later by iteration using Equations 2.36 and 2.34. The
procedure should be repeated until the difference in two consecutive values of y, is
insignificant. Ghali and Favre (1994) suggested a value for ,equals 0.7 to be assumed
initially. For simplicity of the analysis presented in this thesis, the assumed value for ¥,

will be maintained throughout the analysis.
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CHAPTER THREE
Analysis of Variable Stress Regimes

3.1 Introduction

While most of the experimental data or empirical expressions for prediction of
concrete creep are based on constant stress conditions, stresses in reinforced and
prestressed concrete structures may change either suddenly or gradually with time. Creep
under variable stress conditions makes the time-dependent analysis of concrete structures
more complex. Several approximate methods have been suggested in the literature to
simplify such an analysis. The most commonly used methods are the effective modulus
method by Faber (1927), the rate of creep method by Glanville (1930), the method of
superposition by McHenry (1943), the rate of flow method by England aﬁd IlIston (1965)
where creep was firstly divided into three components, namely, elastic creep, delayed
elastic and flow creep, and Trost’s approach (1967) for strain history problem (relaxation
type) which was later modified by Bazant (1972) in his method known as the “Age-
adjusted effective modulus method”. All methods are based on the assumption that creep is
proportional to the applied stress, utilize the creep-time relations derived from constant
stress tests (e.g. Equation 2.4 6r 2.23), and employ the principle of superposition.

The above methods have been briefly discussed in Chapter 1 of this thesis, and
extensively reviewed and their merits and drawbacks discussed by several researchers
including Bazant and Najjar (1973), Rao (1976), Neville et al. (1983) and many others.
Among the various methods, the superposition of virgin creep curves (the step-by-step
method) and the age-adjusted effective modulus method have been shown to predict creep
of concrete most closely. In addition, combination of these two methods makes them the
most suitable procedure available for the analysis of time-dependent effects on concrete

structures built in stages. The two methods will be utilized in the present investigation for
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the analysis of time-dependent stresses and strains of segmentally erected prestressed
curved concrete bridges. Therefore, a brief discussion of the two methods is given below.
The discussion, however, will be limited in this chapter to the effects of normal stresses
and strains. Torsional effects which are more pronounced in curved structures can be
treated in a similar manner as will be discussed in Chapter 4.
3.2 Principle of Superposition

The principle of superposition was first introduced by McHenry (1943); it implies
that the total strain induced by a number of stress increments applied at different ages is
equal to the sum of the strains due to each stress increment considered separateiy. To
demonstrate the practical application of this principle, consider four identical specimens
be loaded as follows (see Figure 3.1):

-Specimen (1): loaded at time ¢, with a sustained stress of constant magnitude G.

-Specimen (2): loaded at time ¢, with a sustained stress of constant magnitude ¢ .

-Specimen (3): loaded at time ¢, with a constant stress ¢ sustained until time

1, and then loaded with additional stress ©.
-Specimen (4): loaded at time ¢, with a constant stress ¢ which is subsequently
removed at time 7,.

According to the principle of superposition, the strain in specimen (3) at any time later
than 7, is equal to the sum of the strains in specimens (1) and (2). Also the strain in
specimen (4) at any time later than 7, is equal to the difference of the strains in specimens

(1) and (2). Thus

£3(1) = £,(2) +&,(2) t>t, (3.1)
€4(2) = g1(1) — &,(2) t>1, (3.2)

The previous conclusions are illustrated in Figure 3.1.
The strain at any time due to constant stress G applied at time ¢>¢, can be

expressed as:
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c.(z,

g(1) = ﬁt—; [1+6(,1,)] t>1, (3.3)

where (2, 7,) is the creep coefficient between times ¢ and 7, and E (2,)is the modulus of
elasticity of concrete at the instant of loading.

Thus, when the stress is introduced in steps such that stress increments are applied

atinstants #;, with i = 1,2, ..., n, the total strain at time ¢ >z, is given by:
1 AG (1))
= —c 1t 1>t 34
&(r) 21 Eqy L) g 34)
I=

where 7 is the total number of stress increments.

For a continually varying stress, the total strain at time ¢ is

1+0(5,7) aGC(T)dT

g(t) = J’ (0 = (3.5)
10

where T is an intermediate instant between ¢ and z,,.

Experiments conducted by Ross (1958) and England and Illston (1965) to examine
the validity of the principle of superposition indicated that under increasing stresses,
superposition overestimates the actual creep (Figure 3.1c). Even when the stress is
suddenly and completely removed, the creep recovery obtained by superposition is always
greater than the actual values (Figure 3.1d). The reason for this is that the principle of
superposition ignores the following two facts:

(1) Creep caused by a stress applied to a virgin concrete is greater than creep caused
by a stress of the same magnitude applied to previously loaded concrete.

(i) Upon removal of stress, creep recovery is smaller than creep of virgin concrete
loaded at the same age at which the recovery specimen is unloaded.

In practice, however, complete unloading is uncommon and small or gradual
decrease of stress closely agrees with superposition of virgin concrete curves.

The major drawback of superposition is that it requires a large number of

42



experimental data or creep curves. However, the use of empirical equations for prediction
of creep, similar of those given in Section 2.3, may overcome this problem.
3.3 Step-by-Step Approach

An analytical evaluation of the integral in Equation 3.5 is difficult to obtain unless
approximations are introduced to the variation of ¢, E. and ¢ with time. Numerical
solutions are therefore desirable; of these, a step-by-step procedure proved to be the most
efficient. Such a procedure is completely general as it can be used with any creep function
and any prescribed stress and strain histories that vary in an arbitrary fashion. The step-by-
step analysis can be used to calculate the strain at any time when the stress history is
prescribed, or to predict the stress if the variation of strain is known.

' Assume that the stress in concrete varies over a period of time between z, and ¢ as
shown in Figure 3.2. For the purpose of the analysis, the period (z-¢,) is divided into a
number of time intervals whose length should increase with the age of concrete. For best
results, under continuously varying stress, the time intervals Ar; should be chosen such
that their lengths are approximately equal on the log-time scale (Bazant, 1972). Assume
that the stress is divided into increments introduced instantaneously at the middle of the

intervals. Equation 3.4 can be used to calculate the strain at time ¢z, the end of interval
i+=
2

i) s [1+9f. 0] oo

2 j=1 ¢

i, as:

where ¢ ; is the middle of interval j and AG j is the stress increment applied at ¢ ;- Equation

3.6 can be written as:

Thus
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which can be used when the strain history is known to determine the stress G(t_ 1) at
i+=
the end of interval i from the stress increments calculated for all the previous intervals,

noting that

cc(t. 1) = Gc(t_ 1)+ Ac; (3.9)
l+§ | R

2

where ti 1 is the beginning of interval i. Successive appliéation of Equations 3.7 to 3.9 for
each time %nterval gives the variation of the stress with time.

The step-by-step analysis just described has been the basis of a number of
computer programs developed by several researchers to study the behaviour of different
structures under the time-dependent effects of creep, shrinkage and steel relaxation.
Examples of theses programs are those developed by Kabir (1976) to study the behaviour
of concrete panels, slabs and shells, by Tadros, Ghali and Dilger (1979) for the analysis of
structures built in stages, by Khalil (1979) for the analysis of cable-stayed bridges, by Van
Zyl (1978) for the analysis of curved prestressed segmental bridges and by El-Badry
(1988) for the analysis of serviceability of a wide range of concrete structures.

In the present investigation, the above step-by-step procedure will be utilized for
the analysis of the time-dependent effects in segmentally erected curved prestressed
concrete bridges. In this analysis the time intervals will be chosen with their starts
coinciding with the instants of occurrence of new events such as addition or removal of
new members or prestressing tendons, application of loads or change in support conditions
(see Figure 3.3). The limits of time intervals can also be selected at the instants‘when the
behaviour of the structure in terms of the stresses, strains and deformations is required. In
each time interval, the material properties are assumed to be constant. The change in strain
due to creep of concrete will be calculated using the age-adjusted effective modulus
method (to be discussed in subsequent sections). In this manner the analysis requires a
small number of intervals and, thus, the storage required for the stress history will be

reduced.
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3.4 Concrete Response to Time-varying Stress Pattern

3.4.1 Relaxation of Concrete

When a concrete specimen is subjected at time ¢, to an instantaneously imposed
strain €, which is subsequently sustained, the instantaneous induced stress decreases
continually with time. This phenomenon is known as relaxation of concrete. The variation

of stress with time can be expressed as:

,(t) = €, r(t, 1,) (3.10)

where (1, 1) is a relaxation function defined as the stress at time 7 induced by a unit strain
imposed at time ¢, and sustained thereafter. The relaxation function r depends on the
duration (¢-1,) and the creep coefficient ¢(z,2,). Figure 3.4 shows the variation of
concrete stress with time for a constant sustained strain. As can be seen, r(z,?,) is smaller
than E_(z,).

The variation of r(z,z,) with time can be determined from the step-by-step

analysis described in the previous section by putting sc(t. ]) in Equation 3.7 equal to
i+=

2
unity for all intervals. Thus, the relaxation of concrete r(t. " to) at the end of interval i is
i+=
2
given by:
E (t; i1 Ar.
r(t_ ],to) = _ Bl 1- Y —+= [1 +¢(r_ ,,t-)] (3.11)
i+= : E (t) i+= 7
2 1+0| 8 j=1 ¢ 2
i+z
2
with
Arj = r(t. l,to)— r(t. 1r to) (3.12)
J+3 J=3

Figure 3.5 shows the variation of the relaxation function with time for certain creep data.
3.4.2 Aging Coefficient of Concrete

For a concrete subjected to a gradually increasing stress between ¢, and ¢, (Figure

3.6a), the total strain, instantaneous plus creep, at time ¢ is calculated as:
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3 +0(1,2,) o 1+0(z,7)
£ (1) —c,_.(to)[ E ) ] 2[) (0 -do (1) (3.13)

It is essential to realize that the stress pattern shown by the solid curve in Figure
3.6a produces creep ai time ¢ with a lower value in comparison to a stress of equal
magnitude but applied in its full magnitude at time ¢, (shown by the dotted line in Figure
3.6a). This is depicted in Figure 3.6b. Thus, in order to simplify evaluation of the integral
in Equation 3.13, the gradually applied stress Ac(z,t,) can be treated as if it were
introduced in its full magnitude at time ¢, and the resulting ultimate value of creep can be
multiplied by a reduction factor X(z, ¢,) to account for the effect of the stress variation on

creep. Thus,

+6(2, 2,) 1+%6(1,2,)
————Ec ™ +Ac (1, 1,) ——— (3.14)

In this Equation (¢, 1,) is referred to as the “aging coefficient”; its value varies
between 0.0 and 1.0 (Bazant, 1972).

The first term in Equation 3.14 represents the total strain at time ¢ due to initial
stress 6,(t,) introduced at time 7, and sustained without change until time ¢, whereas the
second term represents the total strain due to the stress change, which could be an increase
or a decrease, introduced gradually between ¢, and 7.

In a relaxation problem, the strain €.(z) is constant at any time and equal to

€. = 0.(2,)/E_(t,) - Thus, the stress history can be expressed as:

Ao (1,1,) = 6,(t)-O(2,) (3.15)
=g, -r(t,1,)-0.(2,) (3.16)
=¢e_-r(t,1,)-¢,- E(1,) (3.17)
=g, [r(s,2,)-E(2,)] - (3.18)
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Thus, Equation 3.14 can be rewritten as:

1+%6(z,1,)
e =& [1+0( 1)) +e. [r(61)~E(t)] —Fry— (3.19)
cNo
from which % can be expressed as:
1 1
x(1,) = (3.20)

1-7r(1,2,)/0(t,2,) 0(t,1,)

3.4.3 Age-Adjusted Effective Modulus of Concrete
The analysis for any concrete structure under service loads involves two repetitive

steps, namely, instantaneous and time-dependent. For the second step of analysis, the free

strain due to creep and shrinkage of concrete develops gradually over the period under

consideration. Equation 3.14 that predicts the free strain can be rewritten as

1+6(1,2,) Ac.(2)

&(1) = 0.(t,)- E (z,) +Ec(t, t,) (3-21)
where
o Ec(to)
E(2,1,) = T 20070 (3.22)

which is referred to as the “Age-adjusted effective modulus of elasticity”, firstly
introduced by Trost (1967) then refined by Bazant (1972). The age-adjusted modulus of
concrete defined by Equation 3.22 can be considered a measure of softening of concrete
within the time period (¢-1,) due to gradual development of stress with time. The use of
this age-adjusted effective modulus simplifies any time-dependent analysis to a direct
elasticity problem. It can be used in an analysis by the displacement method to evaluate the
time-dependent stiffness matrices of individual concrete elements and the forces necessary
to restrain the free strain which would develop due to creep and shrinkage of concrete and
hence calculate the fixed-end forces needed for the analysis as will be explained in the next

chapter.
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3.5 Instantaneous Stresses and Strains

As will be discussed in Chapter 4, the analysis of concrete structures built in stages
is performed step-by-step, for which the time is divided into intervals, each of finite length.
In each interval, the displacement (stiffness) method of analysis is utilized to determine
instantaneous and time-dependent changes in nodal displacements and support reactions
and, hence, deformations and stress resultants (internal forces) and corresponding stresses
and strains at different sections of individual members of the structure. The instantaneous
changes at the start of each time interval may result from addition or removal of members,
external loads or prestressing cables, or from changes in support conditions. For such an
analysis, the concrete modulus of elasticity corresponding to the age of concrete at the
beginning of the time interval, say interval i, must be used. In each cross section, the
analysis results in three internal force increments, AN, AM ¥ and AM,., which produce
normal stresses and strains in the cross-section. The instantaneous change in strain at any
point (y’, ") in the cross-section is given by

Ag(t;) = Ag,(2) +A1|;y,(t,-) -2+ Ay (1) Y (3.23)

where €, is the average strain at the section centroid and v and . are the curvatures

about the principal y* and z” axes, respectively:

AN

Aeo(ti) = m

AM., AM .
JWL) = —— 24 > L) = __z— 3.24
A\py (tx) Ec(tl-) - I}.' > A\l’z (I,) Ec(ti) - IZ' ( )

in which A, I ¥ and I ;- are the transformed cross-sectional area and moment of inertia
about the y” and 2z’ -axes, respectively, and E(z;) is the modulus of elasticity of concrete

at time ¢;.
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Figure 3.7 shows the positive directions of AN, AM . and AM . acting on a cross-

section. The instantaneous change in stress in concrete at time ¢#; can thus be calculated as

Ac (1) = E(1;) - Ae (z) (3.25)

3.6 Time-Dependent Stresses and Strains

The analysis of time dependent changes in stresses and strains in composite
section (concrete and prestressed steel) due to creep, shrinkage and relaxation follows the
basic concepts of the displacement (stiffness) method. The free strain that may dévelop
during a certain time interval due to creep and shrinkage of concrete is firstly restrained by
artificial restraining forces acting at each cross section. For equilibrium, these forces are
subsequently eliminated by applying equal and opposite forces at the centroid of the cross
section. Evaluation of the restraining forces will be discussed in details in Section 4.5.
Relaxation of prestressed steel is treated as an initial stress problem. Restraining forces are
also evaluated at the nodes and then applied in a reversed direction on the elements in the
same manner as before.

After obtaining all nodal forces due to the time-dependent parameters, the stiffness
analysis is carried out to calculate the increment of the nodal displacements due to these

effects.

3.6.1 Hypothetical Free Strain Due to Creep and shrinkage

Let1,1,, ... represent the instants at which new events take place during or after
a multi-stage construction of a concrete structure. The symbol AG(z;) represents a stress
increment introduced at time ¢ j and sustained without change in magnitude up to time z.

Since the analysis of the structure will be performed step-by-step, the stress history



! Centroid

Figure 3.7 Positive Directions of y’, z°, AN, AM,, and AM,,
in a Cross-Section of a Space Frame Element.
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at any instant for all the previous time steps will be known and stored. For any time interval
i between 7; and ¢; _ ; , the creep strain Ag (2;, 1, ;) free due to a stress increment Ac (¢ j)

applied instantaneously at an earlier instant ¢; equals:

Ac () '
Ecztj; [0C2; .15 tj) -o(z;, tj)] (3.26)
A stress increment AG (¢ jep j) , introduced gradually between # j and 1 j+1-Can

be treated as if it were introduced instantaneously in its full value at some time z, between

2 and ¢ a1 (Ghali and Favre, 1994) such that

1400, 10 _ 1+X005,1,1)) (3.27)
Ec(te) Ec(tj)

where X and ¢ are the aging and creep coefficients, respectively. The value ¢z, can be

determined by trial. Equation 3.27 means that if the stress increment Ac (¢;

1 tj) were

introduced at time ¢, and kept constant up to time ¢;

el it would produce a total strain

(instantaneous plus creep) equals that developed when the increment is introduced

gradually between time 7; and z;

el Thus, the creep strain that develops during interval i

can be expressed as

Ac (2.1, 1))

E(y i) =00 1] (3.28)

El-Badry (1988) showed that a very slight difference exists between the quantity
[0(z; .1 tj) - o(z;, tj)]/EC(tj) and [0(2; .1, 2,) — (2, 2,)]1/E(2,). Thus, the time 7, can
be replaced by ¢ j for simplicity. The strain increment that develops during the interval
(1; .1 —1t;) due to the combined effects of instantaneous and gradually applied stresses can

thus be expressed as:
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Ao (1)) +A0 (15, 1,1))
E (1))

[0(2; 415 tj)—(b(ti, tj)] (3.29)

If at the instant z; an external loading or a sudden effect takes place producing a
stress increment AG(t;) , the corresponding creep strain that develops during the interval
i is given by

Ac (1))

— (. . 3.30
Ec(li) ¢(tz+l’ tz) ( )

The shrinkage strain develops during the same interval is A&, ((?; , 1, 7;)
Thus, the total free strain that develops during interval i due to creep and

shrinkage taking into account the stress history in all previous intervals can be written as:

i-1
Acc(tj) +AC (tj+1, tj)
Asc(tl+ 1> ti)free = { =

[o(2; 41 tj) -o(z;, tj)]}'*‘

j=1 E ()
Ac (1))
E(1) 02415 7)) + BE(Ti 41, 1) (3:31)

The free strain obtained by this equation will be restrained at each cross section for each

element and a set of equivalent nodal forces will be developed as described in Section 4.5.
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CHAPTER FOUR

Analysis of Prestressed Curved Segmental Structures

4.1 Introduction

In this chapter, a numerical procedure is presented and a computer program is
described for the analysis of segmentally erected curved prestressed concrete box-girder
bridges. The analysis accounts for the effects of creep and shrinkage of concrete and
relaxation of prestressed steel, for the effects of construction sequence and change of
geometry and support conditions, and for the effects of movement of supports. The
analysis gives the history of instantaneous and time-dependent changes in displacements,
in support reactions and in statically indeterminate internal forces (or stress resultants).

The procedure is based on the displacement method of strucutral analysis and is
implemented in a computer program TD-SFRAME (Debaiky and El-Badry, 1997) which
is suitable for the analysis of curved structures with arbitrary geometry in space. In the
following sections, the assumptions concerning idealization of the structure are given and
the formulation of the curved elements used in modelling the concrete segments and the

prestressing tendons, as well as the details of the analysis are presented.

4.2 Modelling of the Structure

In the present analysis, a curved concrete bridge is idealized as an assemblage of
multi-node curved beam elements and/or three-dimensional prismatic straight elements
depending on the alignment of the bridge. A curved concrete element can be defined in

space by a minimum of three and a maximum of six nodes and can be of variable cross-
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sections described at the nodes (Figure 4.1). The nodes coincide with the centroids of the
cross sections and are defined by three global coordinates. A bridge segment can be
modelled by a single or multiple concrete elements. Prestressing tendons within curved
concrete elements can be of any profile in space and are defined by local eccentricities at
each cross-section (node). However, each end of a prestressing tendon must be located in
an end section of a concrete element. The formulation of the multi-node curved concrete
element is based on the assumption that both warping and transverse deformation of the
cross-section are ignored. Thus, only six degrees of freedom are associated with each
node. Contribution of post-tensioned tendons to the stiffness of the structure is included in
the analysis only after the instantaneous effects of prestressing are calculated. A straight
concrete element is defined by two end nodes. The element must be of a constant cross-
section. Orientation of the elements with respect to the global system of axes can be of any
desired pattern. For each concrete section, six area properties must be given as data; these
are the area and the effective shear area of the cross-section, its second moment of area
about the two local axes, y” and z” and the torsional constant with respect to the local x’-
axis of the element.

Material properties such as the moduli of elasticity of concrete and prestressed
steel, and the creep and aging coefficients and shrinkage strain of concrete for each time
interval can be either defined by the user or automatically generated by the program using
equations recommended by the CEB-FIP code (1990) or the ACI Committee 209 (1992) as
explained in Chapter 2. Stress relaxation of prestressed steel with time can also be given or
generated.

Formulation of the elements allows for all types of externally applied loads.
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(2) Local Axes and Nodal Degrees of Freedom for Straight Prismatic Element

(b) Local Axes and Nodal Degrees of Freedom
for Multi-Node Curved Element of Jirousek

Figure 4.1 Available Beam Elements in the Computer Program TD-SFRAME



Concentrated forces or couples can be addressed at any node with respect to the global
coordinates. Distributed loads can vary from one node to another to account for the
variable distribution of own weight and superimposed loads along the bridge length. Self
weight of the concrete elements is considered as external loads and must be given by the
analyst as input to the computer program.

Formulation of the curved isoparametric elements to model concrete segments and
prestressing tendons is given in detail in the following sections. The stiffness formulation
of straight elements will not be presented in this chapter as it can be found in any textbook
on structural analysis (see for example Ghali and Neville, 1989).

4.3 Isoparametric Element Formulation
4.3.1 Element Geometry

The global and local coordinate system of the multi-node isoparametric element of
Jirousek (1981) are shown in Figure 4.1b. The element may contain from three to six
nodes located on the beam centroidal axis. A three-node element describes a quadratic
curve in space and a six-node element describes a quintic curve. For an isoparametric
element a natural curvilinear coordinate, €, can be defined; where & varies from -1 at the
first element node to +1 at the element end node. The global coordinates of any point on

the element centroidal axis are defined as:

x(B) | = %
y(E) = z Nl(é) 1Y 4.1)
Z(&) i=1 Z;

where 7 is the total number of nodes in the element and NE) is the shape function given

by:
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E-ENE-E) o E-E)E-E) - -8,
N® = Tt - bG8 - Gg

4.3.2 Displacement Function
The displacements u, v, w, 8,, 8, and 8,, in the global directions at any point on the

centroidal axis of the element can be defined using the same shape function N;(€) as:

u(§) n u;
& (= SNE 1 v (4.3a)
wg) | i=! w,
-\ J
and
ex(&) n Xi
8,(8) = .Z Ni(&) - 8, (4.3b)
8.(%) i=1 0,.

4.3.3 Coordinate Transformation

The local and global components of displacements are related as follows

4

u u
v' = [T]‘ v (4.4a)
w’ w
e'x BX

10y =TI e L (4.4b)
e'Z Z

L J \ J

where the primed terms refer to the local axes and the unprimed terms refer to the global

axes. The previous relations can be rewritten in the implicit expression:
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{w'} = [H]-{u} (4.5)

where

[H] = [[T] [O]] (4.6)
[0] [T]

Since the element is a non-prismatic space element, the transformation matrix can néver be
uniquely defined by the global coordinates of element nodes only. Several techniques can
be used to provide the information required to generate this matrix. A common approach is
to use the direction cosines of the local y’or z"axes with respect to the global axes.
However, it is not possible to interpolate the nodal direction cosines to any required point
on the beam. For this reason, an alternative approach is adopted. The angle @ between the
local y’ axis and the global xy plan is defined at each node (Figure 4.2). The angle at any

point along the beam can be computed by interpolating between the nodal values. Thus:

D) = Y N(O)- @ (4.7)

i=1
Given the value ®({), the transformation matrix [T] can be defined at any point as

{hy}
{hy} (48)
{As}

where {A} is the vector of direction cosines of the local x”-axis with respect to the

global axes. The vectors {ly,} and {A,} are similarly defined. The vector {A,} is given
by:
oy =1 (49a)
X

T
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Figure 4.2 Description of Orientation of Cross Section for
Jirousek Multi-Node Element (General Case)

Figure 4.3 Definition of the Angle ® When the Cross Section
Lies in the Global xy Plane (Special Case)



where

r 3 4
1, n x;
. dn.| ** :
{t}=91¢¢= Zd—g" ;i ¢ (4.9b)
, = z;

and t = /ti + t§ + tﬁ (4.9¢)

- Computation of {?»).,} depends upon the orientation of the member cross section. When ¢,

and t, are not simultaneously equal to zero, {}\.},} is given by:

Ay, = sin® (4.10a)

N E: Jb?—4dac (4.100)

Yy T 2a

with +ve when 7, >0 and -ve when 7, <0.

In the above equations

2, 2
a=t+i

b = 2tyz‘z sin®

: . 2
and c= ti sin?® — 7, cos?>d
If 1 %0, -1
X }\'}"X - _t (t)'}\'}")' + tX}')”Z)

(4.11)

I =0 Ayx = i«/ coszd)"O“J"J')z

with +ve when 7, <0 and -ve when z,>0.
When 7,= 0 and z,= 0, the cross section is parallel to the global xy plane (Figure

4.3). In this case, ® must be redefined as the angle between the local y” axis and the
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global x axis. Thus

Ayy = cos® \
7»),,), = cos® < (4.12)
Ay, =0

With the vectors{A .} and {ly,} computed, the third vector of direction cosines,
{A,-}, can be calculated from the vector (cross) product of the first two.
4.3.4 Cross-Section Properties

The isoparametric element used in the analysis has the following features:
* capability of modelling any compact cross section.
* element geometry in space can be of any arbitrary shape.
* cross section properties can vary from one cross section to another.
* shear centre can differ from the gravity centre which allows to model box girder bridges.
The above features are on the other hand limited to some extent due to the
following two facts:
» Warping deformations are not modelled in the element formulation.
* Cross section must be normal to the element centroidal axis, i.e. skew sections are not
considered.

For formulation of the element stiffness matrix the following quantities are required:
(1)  Cross section area, A.

(2) Reduced shear areas, A),, and A,.
3) Torsional constant, J ..

(4)  Principal moments of inertia, / ¥ and I..
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&) Local eccentricities of the section shear centre, e, ,- and e ..

5y
(6)  The angle, @, between the local axis and the global xy plan.
The above values are specified at the nodes and are interpolated to give the respective

quantities at any section along the member using the shape functions as follows:

X@©) = 3 N X, (4.13)

i=1
where X({) is any of the above nine quantities.

It should be mentioned here that the analysis presented in this thesis is mainly
concerned with post-tensioned prestressing. Therefore, when calculating the instantaneous
effects of prestressing, the area of ducts of prestressing cables should be excluded at the
time of calculating the area properties of the concrete cross-section. However, it is
assumed that grouting of these ducts is done shortly after prestressing and, thus, their areas
should be accounted for when performing the time-dependent analysis.

4.3.5 Strain-Displacement Relation

At any cross section, the vector of generalized strains is

r pY
uc,x'
’ 7’
vs,x:—e z

’ ,
str'*'eyl

{e} = 1 { (4.14)

where the subscripts ¢ and s refer to the centroidal axis and shear centre respectively; x”
denotes differentiation with respect to the normal to the cross-section.

The above strain-displacement relationship considers the shear deformations (as

67



the second terms in 2nd and 3rd components of strain)
The generalized stress resultants are obtained using the generalized strains and the

elasticity matrix [D] as:

{c} = [D]- {&} (4.15)
where
N,
V),,
{6} = Ve . (4.16)
M.
M},'
§ Mz' J
and
EA
GA)'I
GA ’
D] = 2 4.17
{D] GJ. (4.17)
Elements not EI ¥
shown are zeros EI 2

In Equation 4.16, N . is the axial force, V. and V. are the shear forces in the
local y” and z’ -directions, respectively, M . is the torsional moment about a longitudinal
axis through the shear centre, and M, and M, are the bending moments about the local

y’ and 7" -axes, respectively.
The components of the strain vector above are functions of local displacements in

the local coordinate system which are obtained from the global displacements in Equation

4.4. The terms v’ and w’, represent the relative translation of the shear centre due to

68



twisting of the cross-section (Figure 4.4) and calculated as follow:

'S - ’C +e'x_ Y4 (4.18)

In order to generalize the element formulation, mapping between the element actual
coordinates and the natural coordinate { is required as in any element based on the

isoparametric formulation. A scaling factor, known as the Jacobian must be defined.

Invoking the chain rule results in:

Q.IUQ..‘
~ | -

d d_1.4d
ry ._Z_ T (4.19)

where ¢ is a transformation factor defined by Equation 4.9.
Using of the transformation matrix [T] and the shape functions N; and then

differentiating of nodal displacements to obtain the strain components, leads to the

following strain-displacement relation:
{e} = [B]-{u} ' (4.20)

where {u} is the vector of nodal displacements, and

_ i=1 i=2 -

_ - _ . -

-tN {A, Al

(B = --|||45
J3x%3 tNl{l }+ C Nl{l }+ § Sy'{;bx’}_3x3
dN
0 T
L daxs L dg 7] dax3j | |

- 6x6 -
(4.21)

69



}"<

Y
ZI
es’),:
< $ o
8,
yl
S
8’ es,).'I\
’
0 £ €s 2

Figure 4.4 Relative Translation of Shear Centre due to
Twisting of the Cross-Section
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4.3.6 Element Stiffness Matrix

Establishing isoparametric element stiffness matrix follows the standard finite

element formulation which leads to:

[k] = j; (8)" - [D]-[B]-dI (4.22)

or

(1 = [ (81 (D) [B] et (423)

The above integration is determined numerically using Gauss quadrature
technique. The order of integration depends on the order of the shape functions used to
build the strain-displacement matrix [B]. In Equation 4.23, the highest order of any term
equals to NV; where N is the shape function. As mentioned earlier, the isoparametric
element may contain three to six nodes. In case of five-node element, the shape function N;
will be quartic and the product N;N; will be of the eighth order. The numerical integration
using Gaussian quadrature technique requires n integration points to exactly integrate a
function of order 2n-1. Thus, to evaluate the eighth order function five points are required
which is the same as the number of nodes.

The conclusion drawn from the above discussion is implemented into program TD-
SFRAME and the number of integration points is automatically chosen equal to the
number of nodes of the isoparametric element.

4.3.7 Consistent Nodal Load Vector

The consistent nodal load vector used in solving the stiffness solution is formed

following the standard finite element method. In case of distributed loads or couples, the
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load vector is given as:
(F}= [ NG 9®) - rar (424)

where {N(§)} is the vector of nodal interpolation functions evaluated at the
appropriate Gauss points and g(&) is the magnitude of the distributed load at that point.

The Jirousek isoparametric element, by definition, adopts the same interpolation
functions used in building the stiffness matrix to compute the consistent load vector. In case
of a concentrated fofce or couple f at certain location within the isoparametric element, the
consistent nodal load vector is similarly given by

{F}={N@®)}-f (4.25)

4.4 Effects of Prestressing

As mentioned earlier in the previous chapters, the current computer program TD-
SFRAME is a2 modified version of Program SFRAME developed by Maher (1985) which
is suitable only for the analysis of space frames under the instantaneous effects of external
loads and prestressing. The program is extended in the present study to perform the
analysis of structures constructed in stages accounting for the time-dependent effects of
creep and shrinkage of concrete and relaxation of prestressed steel.

In SFRAME, the contribution of the prestressing tendons to the stiffness of the
concrete structure was not considered. The effects of prestressing were accounted for,
however, in the form of equivalent nodal and element forces. These forces were calculated
as follows:

1) The instantaneous losses in prestressing forces at the time of jacking due to
friction and anchor slip were calculated first considering that jacking can be from either or

both ends of the tendon.
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2) The nodal values of prestressing forces were computed in light of the above
instantaneous losses.

3) The prestressing forces were considered as composed of two components,
namely, anchorage and distributed forces. The anchorage forces are applied at the
anchorage nodes as concentrated forces while the distributed load within the element is
considered as composed of two orthogonal components, tangential and normal to cable
local axis. The tangential component results from the variation of the cable force along its
length (as a result of the losses) while the normal component is due to the curvature of the
tendons in space.

In the present work, SFRAME is modified to include the contribution of the
tendons to the stiffness of the structure and to include the time-dependent prestressing
losses due to creep, shrinkage and relaxation in the analysis as discussed below.

4.4.1 Modelling of Prestressing Tendons

The formulation of the prestressing tendons stiffness follows the same basic
concepts of the Jirousek isoparametric element. The tendon is assumed to be composed of
multi-node (up to six nodes) segments. The tendon’s nodes are correlated to the concrete
element through nodal local eccentricities at each cross section of the concrete element.
Since the isoparametric element adopted in the analysis provides accurate results at the
nodes, the cable behaviour is expected to be satisfactory for the current research work.

For computation of the tendon stiffness and the forces due to prestressing, the
tendon profile in space and its location with respect to the centroidal axis of the concrete

element must be defined first. Figure 4.5 gives a general description of the prestressing
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(a) Permissible Cable Profile

(b) Invalid Cable Profile

(Cable anchorage point does not coincide with the end cross-section
of the Jirousek element)

Figure 4.5 Cable Profile used with the Multi-Node Curved Element
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tendon profile within a curved concrete element. The tendon profile can be defined in
space by the following relation given that the global coordinates of the tendon at the

element nodal cross section are known:

xp n xp,-
19, 1= 2NES v (4.26)
i=1
Zp Zpi

The subscript p refers to the prestressing tendon and NE) is the same shape
function used for the concrete curved element and is given by Equation 4.2. This requires
that the anchorage of a tendon must lie within the cross-section of a Jirousek concrete
element. Tendons with an anchorage lying within any intermediate section of a concrete
element (Figure 4.5b) can not be considered in the present analysis.

In the computer program TD-SFRAME, the eccentricities of the cable with respect
to the cross-section principal axes are given as input data at each node. The global
coordinate can be calculated from these eccentricities (Maher, 1985).

4.4.2 Strain-Displacement Relation for Prestressing Tendons

At any cross section, the steel strain is

e =u, . (4.27)

L, x

where the subscript ¢ refers to a prestressing tendon and x” is its longitudinal local axis.
Thus, the steel stress is

6, =¢-E (4.28)

st S

Since the analysis is concerned with the coordinates in global directions at the nodal
points, the steel strain should be correlated to the nodal displacements. First, the

displacement in the local direction at any point on the steel tendon is
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’ - ’ . - . .
w,= W +86,-e,-0, ey,) cosal

+V/,- cosB+w’,- cosy (4.29)
where
n u;
uw = {A,}- zNi" v; ¢ (4.30)
i=1 w;
vV, =v- 0, e, w=w+8, e (4.31)
n xi n xi
8y = {A}- S N{ 0, ¢ 0, ={As} X N;"{ 8, (432
i= GZi i=1 eZi
coSOL n cosoL;
cosp (= z N,‘ *4 COSB; (4.33)
cosy i=1 cosY;

In the above equations, cosc, cosP and cosy are the direction cosines of the tendon
at the point considered with respect to the local axes x”, y” and z” of the concrete element,

’

respectively (see figure 4.6); u”, v/, w’, 0, 0,- and 6. are the displacements in the
local directions of the concrete element at the section which includes the tendon point
under consideration (see Equations 4.4); u;, v;, w;, 6,, 8, and 0, are the

displacements in the global directions at node i. The vectors {A,-}, {A.y,} and {A,} are

as defined in Subsection 4.3.3. The tendon eccentricities e, and e, at the point

Y

considered can be expressed as:
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Figure 4.6 Definition of the Angles between the Cable’s Local Axis
and Element Local axes
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e'— ZN e' ez:= ZNi'ez'i

i=1 i=1

then

de..

Hence, the strain at that point is

d
’ - r _ ’ ’ . Lt (0’ Lo, ..
U I3 x = —?u r = [u x’ + (e ),I' x ez' + e)_r (4 Z',X’) (e Z', X e}_ + ez

+[V = (8 e +0,-€ . )]cosp

+[wW+ (0, “ ey +0,-¢e ¥ - w)jcosy

'The strain-displacement relation is given by:

{e} = {B}; {u}

n n
¥’ 1 1 [
& =?'.§ R~ i bt

(4.34)

’
e’ »)lcosa

(4.36)

(4.37)

Using Equations 4.27 to 4.36, the strain-displacement matrix { B}, can be written as:

i=2

i=1
{B}t = %. [([{Al}]x:;: {B1}1x3]] ([ ]IXG]---]

where
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le
{A, }——— ( {lx,}cosa+{ky,}cosB+{Az,}cosy)
dN de le de ’
{B;} = [{7&. /}[dC ey +Ny - ng {A ,}{dc ey + Ny - Fiq J]cosoz
de. dN 1 de, dN,
{2. 3Ny dl_; Zf ‘e, cosB+{).x,} N, e +<_1t - ey cosY

(4.39)

4.4.3 Prestressing Tendon Stiffness Matrix

As previously done for the stiffness matrix of the isoparametric concrete element,
the prestressed steel tendon stiffness matrix is computed using the well known standard

finite element integration given by

[k] = EA- J‘; (B} {B},-dl (4.40)

Or

[k,} = EA- jll {B}rT -{B},- tdg (4.41)

Once again, a numerical integration is used to evaluate the integration given above.
The same Gaussian quadrature technique is used along with the same shape functions.

4.4.4 Prestressing Forces and Prestressing Load Vector

The prestressing force at any point along the tendon can be calculated by

integration of the forces defined at each element node. Thus,

P) = Y N(&)-P; (4.42)

i=1

The tangential component of the prestressing force is expressed as

n
dN.,
p _dP _d{ dP _ 1 dP 1_2
t

l
2 — P, 4.
rT@ T dla T ag d (4.43)
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where ¢ is the magnitude of the vector tangent to the cable at the point under consideration
and is calculated from Equations 4.9b and c replacing x;, y; and 2; by xp;, yp; and zp;
(Equation 4.26).

The normal component of the prestressing force is evaluated as

P ===P-n (4.44)

n

= Tl

where R is the radius of principal curvature of the tendon line in space at the point under

consideration and equals the reciprocal of the magnitude of the principal normal vector n,

Figure 4.7, which can be expressed in the unit vector form as

3= {Z_} (4.45)

The global components of the distributed force at any point can now be obtained as

{P} =4 P r=P{\}+P,{A,} (4.46)

where A, is calculated from Equations 4.9, replacing x;, y; and z; by x;, ¥p; and zp,;.

The load vector obtained is then transformed into local coordinates at the node
under consideration and then used to obtain local concentrated moments as a result of
tendon node eccentricities. The final load vector (forces and moments), is inversely
transformed to the global coordinate system.

Finally, the corresponding equivalent nodal loads are computed using the standard

finite element technique as

© Ry =[N} (PO} 1 (4.47)
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Figure 4.7 Principal Normal and Tangent Vectors to the Tendon in Space
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4.5 Time-Dependent Stiffness Analysis

In section 3.6, the time-dependent strain due to creep and shrinkage of concrete
was discussed. In reinforced or prestressed structures, the free strain induced by creep and
shrinkage will be restrained by the reinforcement and redistribution of stresses between the
concrete and the steel takes place. Time-dependent deformations of individual members
also develop. In statically determinate structures, these deformations occur freely without
restraint at the suppo.rts and, thus, changes in reactions or internal forces develop. In
statically indeterminate structures, on the other hand, the time-dependent deformations are
restrained by the supports or by adjacent members and changes in the support reactions
and hence in internal forces develop. The displacement method of analysis described in the
previous sections can be applied to determine the time-dependent changes in
displacements, reactions and internal forces in statically indeterminate structures. For this

purpose, the stiffness matrix of individual elements must be modified for each time
interval by replacing the cross-section properties A , I and I, by A, T y and 1., the area
and moments of inertia about the centroidal y’ and z’ axes of an “age-adjusted”
transformed section made up of concrete and the area of steel reinforcement multiplied by
E/E,(t;,1,1,); where E (1;,,1,) is the age-adjusted modulus of elasticity of concrete
in the time interval (z;,,—t;) defined by Equation 3.22. The elasticity matrix [D] of
Equation 4.17 must also be modified by replacing E and G by E and G.

A group of nodal forces are also required to artificially restrain the hypothetical

free deformations at the ends of individual members. These nodal forces are to be summed

up and applied at the nodes of the assembled structure in reversed directions in order to
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calculate the time-dependent changes in nodal displacements and support reactions. Two
different approaches are used in the prismatic straight elements and in isoparametric multi-

node Jirousek elements.

4.5.1 Time-Dependent Restraining Forces in Straight Elements

Consider a typical space frame member as shown in Figure 4.1a. In order to
calculate the fixed-end forces required to restrain the free deformations due to the time-
dependent effects, assume that the member is fixed at one of its nodes, say Node 2, while
the other end (Node 1) is free, as shown in Figure 4.8. During any time interval i between

t; and 1;, , the time-dependent changes in fixed-end forces at the six degrees of freedom at

Node 1 are:

{AF'(1; s ti)}l = —[I-;(t,'.{.], 1)), {4d(z;, s ti)}l (4.48)

where {Ad(t;,,1;)}, represents the six displacements in the local directions at Node 1

with the member treated as a cantilever and subjected to the time-dependent effects within
the period (z;, ; —¢;) . The elements of vector {Ad}; are given as:

!
0 .
1 l
Ady = —[A¥ (t;, 1, 1)x'dx";  Ady==[A¥ (2,1, 1)x"dx’

0 1 0 > (4.49)

Ad4 = —JAex'(ti+ 1 tl)dx’

0
1 i

Ads = —[A¥ (1, 1)dxs  Adg= [A¥(t;, 1, 1)dx
0 0
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Figure 4.8 Displacement at Node 1 of a Straight Prismatic Space Frame Element
Treated as a Cantilever Fixed at Node 2.
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where Ae,, AY,., A¥, and AB,, are, respectively, the free time-dependent changes in

the average normal strain at the centroid and curvatures and angle of twist per unit length
as calculated at different cross sections of the member by Equations 3.24 and 3.31 or

similar equations as discussed in Section 3.6. In reinforced or prestressed concrete

members, Ae,, A¥,, and AY . are calculated using the area properties of the age-

adjusted transformed section. The integration in Equations 4.49 are evaluated numerically,

assuming a parabolic variation of Ag,, A¥,., AY, and A6, between each three

consecutive sections or a straight line variation of the same variables between each two

sections.
In Equation 4.48, [k(t;,;-1%)] is a 6x6 age-adjusted stiffness matrix

corresponding to the six degrees of freedom at Node 1 and is given by:

- Symmetrical;
_ Elements not
12E71, shown are zeros

l3

[k]; = ! (4.50)

6EI, 4El,

where E and G are the age-adjusted elasticity and shear moduli, respectively; and A, I ¥

and T . are the area and the moments of inertia of the age-adjusted cross-section of the
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member.
Equation 4.48 gives the fixed-end forces at Node 1. The forces at Node 2 can be

determined by equilibrium; thus, the twelve fixed-end forces can be expressed as:

{AF'} = [LY{AF'}, (4.51)
where [L]¢ . ;5 is given by:
1 -1 Element not
1 -1 ~l} shown are
=] ! -1 | s 4.52)
1 -1
1 -1

The fixed-end forces given by Equation 4.51 are derived with respect to the local
coordinate system. Before assemblage of the overall load vector, the forces {AF’} for all

members must be transformed from the local to the global directions as follows:

{AF,} = [HY {AF’} (4.53)

where {AF, } is the load vector in global coordinates for member m and [H ]172 x12 182

transformation matrix given by

[T] Matrices not shown
are null

H) = | [T - (4.54)

(7]

in which [T]5 5 is given by Equation 4.8 but with
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A, = cosb,. ; kz,} = cos6,,, 3 Ay, =cosb,,
( 2y xv x))“z'z); L (4.55)
1
}")"}' = ;(A’*"XAZ'Z - }"z'x)"x'z);
1
Ayz = 1 Qoghpy =hochy)

where x, y and z are the global coordinates of the nodes; the subscripts 1 and 2 refer to the

first and second nodes of the element, respectively; 6., ez,), and O, are the angles

between the local z’-axis and the global x, y and z axes; ¢ is given by

P= Al Ak A2, (4.56)

4.5.2 Time-Dependent Restraining Forces in Isoparametric Curved
Elements

The increments of free strain during a time interval (#; _, —?;) at each nodal cross-

section are restrained by the following restraining forces:
EK' Aeo,j(ti+l’ ti)
AMy ;=G ; 88, (1, 1) |
AM}".J' = E yl’j A‘P}",j(ti'l' 12 ti)
AM ', =E 72"1' A‘Pz',j(ti-l-l’ tl)

(4.57)

J

These restraining forces are stored in a generalized stress resultant vector {G,} at

each node J:

{c,}; = { AN, 0, 0, AM,, AM,, AMZ,} (4.58)
j
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The equivalent nodal forces for each element are calculated directly from the nodal

resiraining forces as follows:

, 1 T
{AF(1;, 1, 1)} = [ [B] {o,} td (4.59)
Ky — J 'AG r'
where 6.} =E 2 X I 1..AY¥: .
{0} {AAeo, 0. 0,5 5y A%y IoAY; } (4.60)
where
n n ]
A= ZNJ- zj ; A€o=2Nj Aej,o
j=1 j=1
n n
j= j=1 [
n . (4.61)
Iy = z N; 1., . AY, = 2 N; AY. ;
j= j=1
n n
I,= ¥N; I., A¥, = Y N; A¥, ;
j= j=]

Numerical integration is required to evaluate the integration in Equation 4.59.

Gauss quadrature is used with an order depending on the order of shape functions N;.
4.5.3 Nodal Forces due to Prestress Losses

In prestressed concrete structures, a prestressing tendon experiences a continuous
decrease in the tension force due to instantaneous and time-dependent effects. In mult-
stage construction, a prestressing tendon undergoes instantaneous losses at the instant of
new events such as addition of new loads, change of boundary condition, addition or
removal of another tendon or changing the tension force of an existing tendon. These
losses are referred to as elastic losses as they result from elastic deformations of the

structure. During a period between any two consecutive instants, prestress losses take
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place only due to the time-dependent deformations which result from creep and shrinkage
of concrete and relaxatibn of prestressed steel.

To evaluate the losses in a prestressed tendon, either due to elastic or time-
dependent deformations, the contribution of the tendon to the stiffness of the overall
structure must be taken into consideration when performing the stiffness analysis of the
completed part of the structure at any time during or after construction. This was discussed
in Section 4.4 above.

In the present analysis, reduced relaxation of prestressed steel is computed for each
tendon in the structure based on the time at which the initial tension is applied to the
tendon. The decrease in the steel stress is converted to equivalent nodal forces using the
conventional finite element formulation for initial stress problem. The equivalent forces

can be expressed as (Cook, 1992):

(AF,, (1, 1)} = [ AN} {8PE)} 1& @62

where AP(E) represents the losses in the prestressing force at any cross-section and is

equalto A,; AG

pr» With A . being the cross-sectional area of the tendon and AG,, being

the reduced relaxation in the period (z;, ; —1;) as calculated by Equation 2.33.

i+1
In the analysis of the time-dependent effects, the total losses in a prestressing
tendon within any time interval due to the combined effects of creep, shrinkage and

relaxation are calculated as:

AP, = A, AG, +AP (4.63)

Equation 4.63 gives the absolute value of the prestress losses. The term AP is the
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change in the prestressing force due to application of the nodal forces resulting from creep,

shrinkage and relaxation on the structure.

4.6 Formwork Adjustment in Segmental Construction

The balanced cantilever method of construction has become widely used over the
past few decades because of its flexibility in allowing long span bridges and those with
arbitrary alignment to be built. In this construction method the piers are built first and then
segments of the bridge deck are placed successively on both sides of the pier and tied
together by post-tensioning forming a balanced cantilever at each pier. When two
cantilevers from two consecutive piers meet near the middle of the span between the piers,
a closure segment is used to complete the span. Additional prestressing tendons extending
over a number of adjacent spans are also stressed to provide the amount of prestressing
required by the design and to ensure continuity of the spans.

A cantilevered part of the structure consists of several segments, which can be of
different ages constructed, loaded or prestressed at different instants of time during
construction, this leads to significant time-dependent deformations due to creep, shrinkage
and relaxation. These time-dependent deformations may cause considerable discontinuity
(i.e., relative displacements) between the free ends of two meeting cantilevers. These
relative displacements must be accurately predicted in order eliminate the discontinuity in
the field by adjusting the formwork during construction either by jacking or by providing
appropriate camber.

During construction, a segmentally built cantilever deforms continuously with time
due to its self weight, prestressing and time-dependent effects. Thus, when a new segment

is added, it will assume a position different from that originally intended. This deviated



position is a result of the displacements in space at the tip of the cantilever before the
segment is added. Figure 4.9 shows the projection on the xy-plane of a two segment
cantilever which may represent a part of a segmentally erected space frame. For clarity of
presentation, the two segments are assumed to be modelled with two straight prismatic

elements. Line ABC represents the projection of the desired undisplaced position of the
cantilever. Line AB’ represents the projection of Segment 1 after deformation and just

before adding segment 2 to the structure. Thus, line B'C’ represents the projection of the
deviated position of Segment 2 at the instant of its installation.

The step-by-step procedure which will be described in Section 4.9 gives the
displacement increments that take place at the end of each stage of construction. Thus, at
the end of stage 1, the displacements of node B will be known. Just before erection of

Segment 2, node C will take the position C.The displacements between C and C'can be

calculated as follows:
d,
{dc} = {dp}+[T]pc-5 d).r (4.64)
dz,
. C
{6c} = {63} (4.65)
where
d, 0
< d}" > = ez'(B) . lBC (466)
d, ~6y3) " Ipc
\ J C
{9'}3 = [T]BC : {9}3 (4.67)
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Axes

Figure 4.9 Horizontal Displacements in Precast Segmentally Ereceted Elements
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In the above equations the primed symbols denote deformations related the local
axes of the element BC whereas the unprimed symbols refer to displacements with respect
to the global axes; Iz is the length of the chord between nodes B and C. The transformation
matrix [T]1s given by Equation 4.8 for the Jirousek curved element and by Equation 4.55

for the straight prismatic element.

4.7 Effect of Changes in Boundary Conditions

In multi-stage and segmental constructions shoring or temporary supports are
commonly used during some stages of construction. They are normally added at or
removed from some locations to maintain deformations within certain limits or to prevent
excessive internal forces. Temporary supports are more likely needed in curved than in
straight bridges to provide stability of parts of the structure during construction.

In the balanced cantilever method of construction, a constructed part of the bridge
deck can be kept cantilevering from the pier until it reaches the middle of the span or the
location of a permanent support provided that the deformations of the cantilever are
acceptable, otherwise, a temporary support must be used as in the case shown in Figure
4.10a for example. Just after removal of the temporary supports, the reaction components
resisted by the supports must be applied in a reversed direction on the structure as shown
in Figure 4.10b. Another similar situation arises when the rigid connection between the
pier and the bridge deck is transformed into a hinged or a roller support after the spans are
completed or the bridge is made continuous. Any unbalanced moments at the top of the
pier must be applied at the support in a reversed direction. The effects of these changes in
boundary conditions are automatically accounted for in the computer program TD-

SFRAME developed for this research.
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Figure 4.10 Effect of Changes in Support Conditions
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4.8 Calculation of Reactions

In the program TD-SFRAME, boundary conditions are introduced to the stiffness
matrix and the load vector of the structare using the penalty method. For a restrained degree

of freedom n with a prescribed displacement B, the stiffness element X, ,, is modified to:

Knn(madiﬁed) =K,,+H (4.68)
where H is a large number calculated as
H = K,,x10° (4.69)

And the element R,, of the load vector is modified to:

R = R,+H-P (4.70)

ni{modified)

After solving the simultaneous equilibrium equations for the nodal displacements, the

reaction F,, can be calculated as:

F,=H-(B-r,) 4.71)

where r,, is the nodal displacement associated with the degree of freedom n.

4.9 Analysis Routine

The time domain under consideration is divided into a finite number of intervals,
for each interval the conventional displacement (stiffness) method is generally performed
twice. First the structure is analyzed under the instantaneous effects that take place at the
beginning of the time interval. These instantaneous effects can be due to addition or
removal of an element, prestressing tendons, supports or boundary conditions. Concrete
moduli of elasticity used are those calculated at the beginning of the interval. The analysis
is performed for a second time to evaluate the effects of the time dependent changes in

displacements, reactions and internal forces that take place during the time interval under
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consideration. For this analysis, fhe age-adjusted effective moduli of elasticity are to be
used in formulating element stiffness matrices and the vector of nodal forces required to
restrain the hypothetical free deformations due to creep, shrinkage and relaxation.

In some cases, the user may wish to ignore the time dependent effects on the
structure at any intermediate time interval. Here the length of the time interval is zero and
only an instantaneous analysis is performed. Similarly, the user may need to calculate the
time dependent effects on the structure at some specific time interval after completion of
construction and no changes in loads or boundary conditions take place. Here, only a time-
dependent analysis is performed.

For any time interval i, the instantaneous and time-dependent increments of nodal
displacements, support reactions and member internal forces are determined in steps as
follows:

1. Generate the element stiffness matrices of all members already existing or added
to the structure at the beginning of interval i. The isoparametric finite element
formulation presented in Subsections 4.3.1 to 4.3.6 are to be used for the curved
elements and the conventional space frame element stiffness matrix is to be used
for the straight prismatic elements. The concrete elasticity and shear moduli, E and
G, used for establishing the stiffness matrices depend on the analysis required,
instantaneous or time-dependent. Also, calculate the stiffness matrices of all the
prestressing tendons already effective in the completed part of the structure using
the equations given in Subsections 4.4.1 to 4.4.3. The system stiffness matrix is
then established by assembling the individual stiffness matrices of all concrete and

prestressing elements.
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2. Calculate the system nodal force vector. For an instantaneous analysis, this vector
consists of all external forces applied at the nodes plus the nodal forces equivalent
to loads acting on the concrete elements and forces due to prestressing, alllapp]ied
at the beginning of interval i. The equations given in Subsection 4.3.7 and 4.4.4 are
to be used for this purpose. For a time-dependent analysis, the elements of the
nodal force vector represent the forces required to restrain the hypothetical free
deformations due to creep and shrinkage of concrete and relaxation of prestressed
steel. These restraining forces are to be calculated for individual concrete straight
or curved elements and prestressing tendons using the equations presented in
Subsections 4.5.1 t0 4.5.3.

3. Using the well known Gauss elimination technique, solve the system equilibrium
equations to determine the increments of nodal displacements and support
reactions. Add the increments to the existing values to obtain updated totals.

4. Use the displacement increments to calculate the changes in member end forces
and internal forces (or stress resultants) at different sections as well as the changes
in the prestressing forces. Add the changes to the previous values to calculate the
total values at the end of interval i.

The above four steps are to be repeated for all time intervals until completion of
the analysis. The procedure just described is implemented in the computer program TD-
SFRAME. The logic of the program is illus;rated in the flow chart of Figure 4.11. A detailed
description of the input data required to run the program and the output printout is given in
a user’s manual (Debaiky and El-Badry, 1997). A listing of the program is also provided.

The program is developed to run on both IBM personal computers and SUN Workstations.
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Read Input data:
Control parameters; geometry;
tendons data; number of time

intervals; etc.

Calculate prestressing forces in
all tendons after friction losses
and anchorage slip

Loop over time intervals
i=1,N

Read data for current interval
External loads; boundary condition.

I

v

Generate nodal force vector due to
external loads and prestressing

.

-Generate element stiffness matrices
for existing elements using the proper
elasticity and shear moduli

Figure 4.11 Flow Chart for Computer Program TD-SFRAME
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Generate cable stiffness matrices:

i) for tendons exist prior to the current
interval for instantaneous analysis

ii) for all tendons existing in the structure
for time-dependent analysis

!

Solve for increments of
nodal displacements

Calculate increments of member
end forces and prestress losses.

Add increments to existing values
to obtain totals.

Generate 9, X, A€, AG,,
due to creep, shrinkage at
every Cross section

v

No
Calculate Ae , A_G a Aw}_,, Ay,
T due to creep, shrinkage at every
i=i+1] cross section

v

Calculate restraining forces required
to prevent free strain at every section

total number of

intervals-reached?

v

Calculate nodal force vector due
to prestressed steel relaxation

(®)

Figure 4.11 Flow Chart for Computer Program TD-SFRAME (Cont’d)
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CHAPTER FIVE
Verification Examples and Application

5.1 Introduction

In. the preceding chapters, a numerical procedure has been presented and a
computer program, TD-SFRAME, has been described for the analysis of instantaneous and
time-dependent behaviour of segmental prestressed concrete curved bridges. In this
chapter, Program TD-SFRAME is employed for the analysis of a number of numerical
examples, the purpose of which is to verify the validity of the method of analysis and to
demonstrate the applicability of the program.

In Section 5.2, two verification examples are presented. In the first, two-span
continuous beams tested by Kountouris (1970) for the effects of settlement of supports are
analyzed. In the second example, a comparison is made between the analysis by TD-
SFRAME and a method developed by Dezi and Tarantino (1991) for the analysis of the
effects of change of statical system on the time-dependent behaviour of structures built in
stages. A simple example of a structure made up of two cantilevers which are made
continuous after a period of time is considered.

In Section 5.3, Program TD-SFRAME is applied for the analysis of a three span
continuous curved prestressed concrete box-girder bridge built by the cantilever
construction method. Stresses and defcrmations are calculated due to dead loads and
prestressing during construction and due to superimposed load after completion of
construction. In Section 5.4, TD-SFRAME is used to investigate the effects of restraints
provided by the supports on the time-dependent behaviour of continuous curved concrete

bridges.
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5.2 Verification Examples

5.2.1 Example 1: Effects of Support Settlement in Continuous Beams

In statically indeterminate structures, movement of supports produces changes in
the reactions and hence in internal forces. To allow for differentia] settlement in the design
of continuous structures it is necessary to know the settlement-time relationship, the creep
function and the changes in the properties of the structure during the period over which the
settlement takes place. Sudden movement of a support produces instantaneous changes in
reactions; subsequently these reactions decrease gradually with time due to the effect of
creep. In other words, relaxation takes place. In the majority of structures, the settlement of
supports takes place gradually over a long period of time so that settlement and relaxation
occur concurrently. The variation in the reactions in this case is much smaller than when
the settlement occurs suddenly. Since the maximum variation in the reactions is important
for the design, ignoring the effect of the interaction of relaxation and settlement is definitely
uneconomical (Neville, Dilger and Brooks, 1983).

To illustrate the time-dependent effects of support settlement on the reactions and
internal forces in continuous structures, consider a two-span continuous beam subjected to
a downward movement of the central support as shown in Figure 5.1. The reaction F caused
by downward settlement § is investigated for two cases. When & is sudden, a force of
magnitude Fy 44, is instantaneously induced. If subsequently o is maintained constant,
creep of concrete causes relaxation of the reaction as shown by curve L. If the settlement is
introduced gradually from zero to full value over a period of time (2, 2,), the reaction force
develops also gradually until it reaches a maximum value F,, at z; which is generally much

smaller than F 44, and then decreases gradually with time as shown by curve II.
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Figure 5.1 Time-dependent Reaction due to Support Settlement
in a Two-span Continuous Beam. I, Sudden Settlement;

II, Gradual Settlement.
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For the analytical treatment of the forces induced by differential settlement, four
cases can be considered:

1. Instantaneous settlement,

2. Settlement occurring at the same rate as creep,

3. Settlement following a standard time-consolidation curve,

4. Settlement occurring at a rate not included in (1) to (3).

The first two cases can be solved conveniently by the aging coefficient approach. The third
case can be analyzed by using standardized charts developed by many researchers and
available for use in several text books. The general case where settlement of support follows
an arbitrary curve is best analyzed by the step-by-step procedure described in the preceding
chapters and incorporated in Program TD-SFRAME.

Kountouris (1970) analysed a group of four two-span continuous beams for the
effect of creep on the reaction and internal forces induced by settlement of the central
support. Experimental tests were conducted on the four beams and the measured data was
compared with the analytical solution. The four beams were subjected to different
settlement profiles. All the beams had the same configuration, a cross section of 100 x 200
mm, two equal spans of 910 mm each and stressed by post-tension unbounded bar with
initial prestressing force of 147 kN and cross-section area of 285 mm?. The prestressing bar
was located at the centroid of the cross-section of the beam and was mainly used to provide
sufficient compressive stress to prevent cracking of the beam since the analysis done was
only concerned with uncracked members.

In the present work, Program TD-SFRAME is used to analyze two of the four beams

tested by Kountouris. The first beam is subjected to a sudden settlement of 76 mm
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introduced in its full value at age 11 days and kept constant thereafter. The beam was
monitored up to age.300 days. The second beam was subjected to a total settlement of 89
mm introduced in seven equal increments at ages 13, 18.25, 25, 35, 49, 64 and 96 days. The
increments were applied instantaneously and maintained constant thereafter.

The development of the reaction at the central support with time to age 300 days is
plotted in Figures 5.2 and 5.3 for the two beams respectively. .The experimental values and
those predicted by the program TD-SFRAME are compared in the figures. The program
calculates the reaction values just before and just after the application of the support
movement and at age 300 days. Creep functions given by CEB-FIP (1990) were adopted in
the analysis. The agreement between the experimental and the analytical values indicates
that TD-SFRAME is capable of predicting the behaviour of continuous structures subjected
to support settlements with good accuracy. The results obtained from the analysis by
Program CPF developed by El-Badry (1988) are also shown in Figures 5.2 and 5.3.

5.2.2 Example 2: Effect of Change of Statical System

Dezi and Tarantino (1991) introduced a new relation between the integral-type term
(E-function) and the creep function to evaluate the redundant reactions in viscoelastic
structures subjected to changes of statical system. The method of Dezi and Tarantino states
that such redundant reactions can be obtained by multiplying the associated elastic solution
by an integral-type term.

This method of analysis was applied to a simple structure shown in Figure 5.4. Two
symmetric cantilevers, each of length / and having the same age, are loaded simultaneously
at age t, = 14 days with a uniformly distributed load g per unit length. They were then left

to behave freely till age #; = 90 days, the time at which they were joined together to form a
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beam fixed at its two ends. The redundant reaction which in this case is the bending moment
M at mid-span, is calculated simply by multiplying the elastic solution for the current
structure (M = ql2/24) by the value of the integral-type function. Table 5.1 shows the values
presented for this function for different ages of the beam after closure.

The structure was analysed by the computer program TD-SFRAME developed for
the present analysis: Material properties and ultimate creep coefficient were taken the same
as used by Dezi and Tarantino. The concrete compressive strength at 28 days, fg= 25 MPa,
and ultimate creep coefficient, @, = 3. The CEB-FIP (1990) creep function is adopted in
the analysis. Comparison between the results obtained from TD-SFRAME and Dezi and
Tarantino for the mid-span bending moment M is shown in Figure 5.5. Good agreement is

obtained.

107



t,<t<t,

q per unit length

;ilii;llli“lll%iiiil%
elastzc deflection (t =

deflection at time t
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Figure 54 Variation of the Bending Moment at Mid-span with Time
due to Change in Statical System.
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Table 5.1 Time Development of £ Function as Presented

by Dezi and Tarantino (1991).

1, days E(z; 14,90)
90 —————
100 0.0387
500 0.2879

1000 0.3420
5000 0.4165
10000 0.4346
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5.3 Demonstration Example

In 1979, Van Zyl developed a computer program that predicts the time-dependent
behavior of prestressed box-girder curved bridges. The program was based on the straight
beam finite element with skew ends developed by Bazant and El-Nimeiri (1974). Van Zyl
analyzed a fictitious bridge in order to demonstrate the capabilities and flexibility of his
program. In the present research, due to the sever lack of data and experimental work
available on curved bridges, the fictitious bridge of Van Zyl will be analyzed using TD-
SFRAME for demonstration purpose.

The bridge selected is a three-span continuous box-girder bridge with variable depth
over its length. Figures 5.6 and 5.7 show an elevation and a plan of the bridge. The overall
length of the bridge is 168 m and the main span is 72 m. One end span of the bridge, span
AB, is straight in plan and is 42 m long. The two spans BC and CD are curved in plan and
of length 72 and 54 m, respectively. The radius of the curved part BCD is 150 m with a
central angle of 48.13 deg. The cross section of the bridge consists of a single box section.
Both the top and bottom widths of the cross-section (upper and lower slabs) vary linearly
over the entire length of the bridge while the depth of the cross section and the thickness of
the bottom slab vary as shown in Figures 5.8 and 5.9. The thicknesses of the top slab and
the webs are constant. Figure 5.8 shows the cross-section dimensions at different locations
of the bridge.

The bridge is built in segments using the balanced cantilever technique. The bridge
segments are longer and the number of préstréééing tendons is smaller than normally
accepted in practice. The reason behind this choice is to reduce the computation time and

to simplify the example for clarity of presentation. Erection of the bridge starts at the left
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pier where segments are successively placed and tied together by post-tensioning. Figure
5.9 depicts the arrangement of segments and the prestressing tendon layout along the bridge
length. The construction period is divided into nine stages (time intervals). Addition of new
segments, prestressing tendons, loads, and/or boundary condition are all considered as new
construction stages. Figure 5.10 shows the construction process for all the nine stages
indicating the newly introduced segments, loads, boundary conditions in each stage. Table
5.2 summarizes the erection sequence and Tables 5.3 to 5.5 list the history of casting the
concrete segments, the prestressing tendons data, and the tendon layout data, respectively.

Concrete properties used in the analysis are the same as those used by Van Zyl. The
compressive strength at 28 days, fy= 27.6 MPa, Poisson’s ratio = 0.18. Unit weight of
25.14 kN/m> which was used to calculate the dead load due to own weight of the structure
during construction.

During the construction process, the following points were the major corner stone
for the analysis:

- Erection of the L.H.S. portion of the structure was carried out first and completed
at stage 3. The R.H.S. portion was then constructed in stages 4 to 8 during which the L.H.S.
cantilever was left under its own weight and time-dependent effects.

- At the beginning of stage 7, the right cantilever of the R.H.S. portion of the bridge
reached unacceptable length as a free cantilever which required introduction of a temporary
support to prevent excessive deflection and stresses. This support was shortly removed in
stage 8 when the above mentioned cantilever was connected to the right abutment and Span

CD was completed.
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- Completion of Span AB and closure of Span BC was done at stage 9 by adding
segments 1 and 8 respectively. The L.H.S. portion of the structure was previously rotated
by an angle equal to 0.0017 radians at stage 8 in order to match the vertical levels of the two
tips of the inner cantilever parts which form the middle span. The value of the rotation angle
was predicted by Van Zyl through a separate analysis, it was noticed from the current
analysis that this value is slightly smaller than needed.

- Superimposed load is introduced at the final stage 10. This load is distributed over
a major portion of the middle span, specifically between nodes 32 and 57 (Figure 5.10).
Major conflict between the results of Van Zyl and the current analysis was observed with
respect to the deflection produced by this superimposed load.

The profile of all tendons follow parabolic curve except for some zones in particular
tendons where the tendon follows a straight line. Data for tendon profiles are summarized
in Table 5.5. The straight.zones of the tendons lie at 150 mm depth from the top surface of
the bridge at all nodes.

Each tendon is stressed from both ends simultaneously. For all tendons, the material
properties and data for friction and anchor slip losses are constant as follows:

1- Young’s modulus, Eps=191.6 GPa

2- Wobble coefficient = 0.0002, friction coefficient = 0.2.

It should be mentioned here that in the analysis of Van Zyl, there were no
consideration for prestressed steel relaxation.

Results of the analysis:
The results of the current analysis were not verified extensively, but a few

equilibrium checks were made. Figure 5.11, depicts the deflected shape of the structure as
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obtained from the current analysis at the end of each time interval (stage) up to the time of
completion of construction. The deflection curves plotted in this figure are measured from
one horizontal datum assuming no pre-camber is provided, i.e. each new segment is
attached during construction to the previously erected segments so that it is tangent the
existing deflection profile.This produces discontinuities in the girder profile at nodes 7 and
92 and nodes 42 and 47 just before the closure segments (segments 1, 8 and 17) are placed
in position. Such discontinuities can be eliminated by building in camber while casting the
cantilever segments or by application of imposed rotation at the tip of the cantilever as done
here in this example at the beginning of stage 8. The deflection curves in Figure 5.11 can
be used to calculate the required camber. Figure 5.12 shows the deflected shape of the
completed structure starting from the instant of closure up to the end of the analysis at day
1000. Unfortunately, a significant difference in values of deflections for both cases was
found between the results reported by Van Zyl and the current analysis. This difference can
be attributed to the following:

1- The analysis of Van Zyl was carried out using two different structural
discretization, the first one was done using 56 elements while the second employed only 14
elements. Surprisingly, the deflection results were plotted only for the second analysis
which was described by Van Zyl in page 246 of his thesis as

“The analysis of the present method using the element configuration of Fig. 7.31
yielded results which do not satisfy statics at all”.

2- In the dissertation of Van Zyl, the bending moment due to the superimposed load
was plotted and compared to that obtained from analy;is by the commercial software

“SAP”. The two results were not of good agreement. Also, the maximum ordinate of the
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parabola of the bending moment obtained by Van Zyl failed to be of a reasonable value
which should be in the neighbourhood of qlz/8 where g is a value of the superimposed load
per unit length. Figure 5.13 shows the bending moment by Van Zyl as given in his thesis.
Figure 5.14 depicts the bending moment diagram at the time of completion of
construction, just before and just after application of the superimposed load on Span BC and
at the end of analysis at =1000 days. It should be noted that these bending moments include
the primary moments due to prestressing. It can also be noted that the time-dependent
effects on the bending moment are not as pronounced as they are on the deflection.
Variation of the prestressing force in tendon No. 9 (introduced at stage 2) is plotted in
Figure 5.15. Significant loss was reported near the ends of the tendon where large strains
are developed while smaller losses took place near the support (left pier) where the tendon
can be described as partially restrained. Figure 5.16 shows the variation of the torsional
moment over the bridge with time since the instant of completion of construction, the
results indicate higher influence of the time dependent effects of torsion than on bending
moment. The curved part of the bridge experienced higher variation especially in the zone

around the left pier were its effect is pronounced.
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5.4 Application: Effect of Skew Supports on Time-Dependent Stresses
and Deformations

5.4.1 Description of the Problem:

As explained in section 1.7 of this thesis, movements at the supports in curved
bridges must be permitted in some horizontal directions to allow for expansion or
contraction of the superstructure due to temperature variations. The current design
specifications (AASHTO, 1990) require that in horizontally curved bridges, movement at
each roller support be allowed in the direction from a fixed (hinged) support to the'roller
support and that movement perpendicular to this direction be restrained at one support at
least. An alternate design practice suggests that movements be restrained in the radial
direction at the two ends of multi-span curved bridges as well as in the tangential direction
at one of the interior supports. All other intermediate supports must be free to move in all
directions as floating points (ball bearing) that prevent only vertical displacement. Figures
5.17 a and b show the directions of unrestrained movements and hence the alignments of
skew supports in a typical three-span continuous curved bridge according to AASTHO
recommendations and the alternate design practice, respectively.

The two systems of skew support alignment of Figure 5.17 have been used recently
by Lai (1995) to study the effects of skew support alignments on the seismic response of
horizontally curved girder bridges. A three-dimensional finite element analysis using the
commercial software STAAD-III was performed to test the effects of the two alignments
under different seismic loads.

In the present research, where the development of time-dependent stresses and

deformations in curved bridges is the main concern, the effects of construction sequence
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(a) AASHTO Criterion

(b) Alternate Criterion

Figure 5.17 Unrestrained Horizontal Movement and Alignments
of Skew Supports in Curved Bridges Adopted in the
Present Study
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and load history as well as changes in the statical system or boundary conditions have been
included in the analysis. During the literature survey for this research, it was found that no
previous research was done to evaluate the effects of skew support alignment on the time-
dependent response of curved bridges. The common trend in all previous work was to
assume the direction of skew supports in the orthogonal radial or tangential directions.

In this section, the effects of the two skew support alignments of Figure 5.17 on the
time-dependent behavior of curved bridges are investigated. For this purpose, a three- span
curved box-girder bridge (Figure 5.18) is analyzed. The span length, radius, cross-section
dimensions and prestressing cable profile and forces are adopted from an existing box-
girder curved bridge built over the Bow River in Calgary, Alberta in 1980. The actual
bridge consists of a total of 9 continuous spans arranged in two straight parts connected
with a three-span circular portion. The bridge was built using the span-by-span technique
with cast-in-place single box-section. In the present study, only the curved part of the
bridge is considered as shown in Figure 5.18. The prestressing cable profile is shown on a
developed elevation of the bridge in Figure 5.19 and Table 5.6.

In the present analysis, the effects of multi-stage construction are not considered. It
is assumed that the bridge is cast monolethically and built in one stage. The bridge is
analyzed for the effects of its self-weight, an additional superimposed dead load of 20kN/
m, and prestressing force of 30.40 MN. The time-dependent stresses and deformations are
observed for a period of 5000 days and calculated at ¢ = 500, 1000, 5000 days. The
modulus of elasticity of concrete, the creep and aging coefficients and shrinkage strains
are calculated automatically by TD-SFRAME according to the CEB-FIP

recommendations based on compressive strength at 28 days, f (28) = 30 MPa and relative
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humidity of 40%. Other data include the elasticity modulus of prestressing steel, Ep =190

GPa, area of prestressing cables, A = 0.0211 m?. The intrinsic relaxation is calculated

according to the CEB-FIP equations based on characteristic strength f,,, = 1860 MPa. The

friction coefficient of prestressed steel = 0.15, the wobble coefficient = 0.0025 and anchor
slip =4.2 mm.

Figures 5.20 to 5.23 show the instantaneous and time-dependent development of
stress resultants along the bridge length for both systems of skew support alignment. It

should be noted here that the stress resultants shown in these figures include the primary

effects of prestressing. For example, the bending moment M ¥ includes the values P - e,

and M includes P - e, etc. Figures 5.24 to 5.26 depict the variation of displacements in

the three global directions for both alignments.

Two other parameters are believed to have influence on the time-dependent
stresses and deformations in conjunction with the alignment of skew supports in curved
bridges; these are: the magnitude of the prestressing force including creep and the radius
of curvature of the bridge. Therefore, the bridge of Figure 5.18 is reanalyzed for an
increase in the prestressing force to 40 MN and again for a reduction in the bridge radius to

100 m. Figure 5.27 and 5.28 show the results of these two analyses.
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5.4.2 Results of the Analysis

I- With Respect to the Stresses

In a comprehensive review of the results obtained from the two different skew
alignment systems, which will be referred to as cases one and two, the following
conclusions can be drawn:

- Shearing forces in local y’ direction (Radial direction of the Bridge), developed
with almost the same behaviour in the two cases. The forces were noticed to develop in
greater values in short zones near the two ends of the bridge in the two cases. The time-
dependent behaviour of the two structures has no distinct difference (Figure 5.20).

- Shearing forces in local z’ direction (vertical global direction) were noticed to have
very slight difference between the two cases. This can be explained as the vertical
component of the reaction are not affected at all by the orientation of the other two
components of reactions in the horizontal plan. Since the bridge is curved horizontally, only
the geometry of the bridge and load distribution can affect the values of the vertical
reactions obtained. Magnitude of shearing forces were also slightly changed from the
original values at time zero days. The behavior of the bending moment about the local y’
direction (Figure 5.21), as expected, follows the same behavior and rate of change as the
shearing force in vertical global direction. In the second case, a slight drop in the bending
moment curve was obtained, i.e., increase in negative moment and decrease in positive
moment.

- The change in the torsional moment along the bridge length due to time-dependent
effects is more pronounced in both cases of support alignment. Using the AASHTO

alignment, the change in torsional moment was slightly less than that of the alternate
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solution (Figure 5.22).

- The transverse bending moment about the local z’-direction is noticed to be highly
affected by the skew support alignment. For the first case, even though the initial moment
had greater values, it changed due to time-dependent effects by a ratio smaller than for the
second case (Figure 5.23).

- The transverse bending moment was also studied under the effect of other
parameters such as the amount of prestressing and the curvature of the bridge in plan. The
bridge was reanalyzed using a radius of 100 m. For this smaller radius, the chaﬁge in
moment due to time-dependent effects was higher. This change also was noticed to be
greater in the case where the AASHTO support alignment is used. This was a result of the
higher restraint to the structure in the transverse direction using that alignment (Figure
5.27). The same conclusion was also drawn when higher prestress force was applied to the
bridge. Higher prestress force produced higher time-dependent moments following the
same aforementioned behaviour and having a greater effect in the case of the alternate
alignment (Figure 5.28).

I1- With Respect to the Deformations

- Movement of the bridge in the global x’ direction, as shown in Figure 5.24,
indicates higher effect in second case over the first one. The initial displacement of the
nodes in that direction were almost the same for both alignments. On the other hand,
development of this displacement with time was higher in the case of the alternate skew
support alignment. Although the difference between the two alignments is small (about
16%), the AASHTO support alignment is recognized to give more accepted behaviour.

- Deformations of the bridge in the global y’-direction (Figure 5.25) were noticed to
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be greatiy affected by the support alignment. while in the AASHTO alignment the second
support to the left is hinged and the second to the right is restrained in global y direction, it
is realized that the alternate alignment does not restrain the movement in that direction at
any point. This led to a small displacements in the first case than in the second one.

- The vertical deflection (global z’-direction) is shown in Figure 5.26. The bridge
using the AASHTO alignment experienced smaller values of downward deflections in the
outer spans than in the bridge with the alternate alignment. The change due to time-
dependent effects was almost the same for both alignments.

5.4.3 Closing Remarks

The present study conducted on two suggested alignments of skew support in
horizontally curved box-girder bridges, namely the AASHTO and an alternate alignments,
has successfully highlighted the main characteristics and merits of each. Differences in their
effects on the bridge both in the instantaneous and the time-dependent behaviour were
obtained. The AASHTO support alignment showed more acceptable performance than the
alternate one. Development of time-dependent stresses in most of its components, were of
a smaller rate and values. Deformation of the structure on the long range were more
accepted in magnitude using this alignment.

5.5 Conclusion

Throughout the present chapter, several examples and verification problems were
presented to investigate and explore the behavior of segmentally erected structures under
time-dependent effect. The study of a two-span continuous beam under the effect of
incremental settlement of the central support showed excellent results in comparison with

previous theoretical and experimental research work. A girder totally fixed at both ends
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built from two cantilevers connected together at a later time was analyzed using the
developed program TD-SFRAME. The results of the development of the mid-span positive
bending moment was compared to the theoretical formula suggested earlier by Dezi and
Tarantino (1991). Very good agreement was obtained between the two results.

The capabilities of the computer program TD-SFRAME was demonstrated by an
example of a three-span post-tensioned prestressed segmental curved box-girder bridge.
The bridge was built in 9-stages using the balanced cantilever method of construction. The
analysis involved evaluation of both instantaneous and time-dependent stresses and
deformations in each construction stage or time-interval. For every stage, addition of new
element, prestressing cables and/or boundary condition was successfully perforrned. TD-
SFRAME was able to determine the development of every parameter involved in the
investigation of such structures and hence can be used for the prediction of the behavior of
any similar structure during and after construction.

Finally, TD-SFRAME was utilized for a study into the effect of alignment of the
skew supports on the development of time-dependent stresses and deformations in curved
bridges. The study was conducted over a part of an existing prestressed single box-girder
bridge. Two systems of skew support alignment, the AASHTO recommended alignment
and an alternate alignment were used in the study. The results obtained showed an

advantage of the first alignment over the second one.
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CHAPTER SIX

Conclusions and Recommendations

6.1 Summery

In today’s modern highway bridge systems, prestressed concrete box-girders have
become the most frequently used type of bridges. Among these bridges, curved bridges are
very common as a practical solution for complicated roadway alignments and crossing
problems. Such structures, particularly those of medium and long spans, are normally built
over a long period of time and, therefore, need to be constructed in stages. A continuous
bridge can be cast span-by-span or assembled from precast or cast-in-place segments. In
each stage of construction, units or segments of the bridge are cast or placed in the
appropriate position ang tied together by post-tensioned prestressing tendons.

During the construction process, the structure undergoes continuous changes in
geometry, in the statical system or support conditions and in the distribution and magnitude
of applied loads and prestressing. This leads to significant and continuous variations in the
stresses and deformations during the construction period and after completion of the
structure. Such variation occur because of the effects of creep and shrinkage of concrete and
relaxation of prestressed steel.

Imposed deformations due to temperature variation in continuous structures also
produce changes in the reactions and the internal forces. Development of these time-
dependent and thermal stresses and deformations in curved bridges depends primarily on

the restraint provided at each support. The analysis of such stresses.and deformations is a
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complex problem and is an essential step to predict the behaviour of these structures in
order to achieve better design and performance.

The present investigation is concerned with the development of a rational numerical
procedure and a reliable computer program that are capable of predicting the time-
dependent stresses and deformations in curved prestressed concrete segmentally erected
box-girder bridges. The analysis accounts for the effects of aging, creep and shrinkage of
concrete and relaxation of prestressed steel, for the effects of sequence of construction,
loading and prestressing and changes in geometry, the statical system and support
conditions during construction and for the effects of temperature variation and support
movements.

The structure is idealized as a space frame in which the concrete segments are
modelled using multi-node isoparametric elements or two-node prismatic straight elements.
Post-tensioned prestressing tendons of arbitrary profile in space are also included in the
curved concrete elements and are defined by their eccentricitiés with respect to the nodal
points. The stiffness method of structural analysis is employed to determine the
instantaneous and time-dependent changes in displacements, reactions and stress resultants.

The analysis is performed step-by-step for which the time is divided into intervals.
In each interval two analysis, instantaneous and time-dependent may be carried out. An
instantaneous analysis is performed at the start of a time interval only when a new event
takes place. Such events include addition or removal of new members, prestressing, loads
or support conditioris. In the time-dependent analysis for any time-interval, the hypothetical
free strain due to creep and shrinkage of concrete is calculated at individﬁal sections using

the stress history of all previous intervals. This free strain is used to calculate nodal
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restraining forces for each element of the structure. Relaxation of prestressed steel is treated
as an initial stress.

The numerical procedure is implemented in a computer program, TD-SFRAME
(Debaiky and El-Badry, 1997) which is a modified version of program SFRAME developed
by Maher (1985). The time variation of concrete properties such as the modulus of
elasticity, creep and shrinkage, can be calculated automatically by TD-SFRAME from
equations given either by the CEB-FIP 1990’ Model Code or the ACI Committee 209.
Relaxation of prestressed steel can be calculated based on CEB-FIP recommendations.
These material parameters can be also specified by the analyst as input to the program.

The computer program has been tested using analytical and experimental results
previously published by other investigators. The applicability of the program has been
demonstrated by studying the behaviour during erection and after completion of
construction of a three-span continuous curved prestressed concrete box-girder bridge built
segmentally by the cantilever construction me:thod. Finally, the program has been eﬁap]o-yed
in an investigation into the effects of skew support alignments on the development of the
time-dependent stresses and deformations due to creep, shrinkage and relaxation in curved
concrete bridges.

6.2 Conclusions

The main conclusions drawn from the present investigation are:
1. The numerical procedure presented in this thesis enables the analysis of the
instantaneous and the time-dependent stresses and deformations that develop in
segmentally erected prestressed concrete curved box-girder bridges due to the

effects of loads, prestressing, sequence of construction, changes of geometry and
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boundary conditions and the effects of creep and shrinkage of concrete and

relaxation of prestressed steel during and after construction.

2. The computer program TD-SFRAME has been shown to be useful and valuable
tool for the analysis of the time-dependent effects on segmentally erected bridges
of arbitrary geometry.

3. The results of analysis of the bridge examples presented in this thesis show the
significance of the time-dependent deformations and internal forces on the
serviceability of curved bridges. For example,

a) Prediction of stresses and deformations in segmentally erected curved bridges
can be considerably in error if the effects of creep, shrinkage and relaxation are
ignored. Considerable discontinuity can develop during construction due to the
time-dependent deformations at the ends of two joining parts of a bridge. Such
deformations can be accurately predicted by the present method of analysis and
can be used to determine the adjustment in the formwork and the pre-camber
required to eliminate the discontinuity.

b) The orientation of movement of skew supports in curved bridges has a
significant influence on the time-dependent internal forces. The study
conducted in this thesis has shown that the AASHTO recommendation for skew
support alignment is more advantageous than an alternate alignment which

allows movements in the tangential and radial direction.

6.3 Recommendations for Future Research

Through the progress of the present study and the development of the computer

program several points were observed and believed to be of great importance. Detailed
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simulation of concrete bridges with arbitrary geometry can not be achieved unless

refinements are made to the current version of the computer program. Such refinements

may include but not limited to the following:

1.

o

It is well established that the presence of non-prestressed (reinforcing) steel in
concrete structures has a great effect on their time-dependent behaviour. This steel
restrains the free strain that takes place in concrete due to creep and shrinkage and,
thus, produces a redistribution of stresses in individual cross sections. Therefore,
it would be useful to modify TD-SFRAME to include modelling of non-
prestressed steel within the concrete elements and to account for its effects on the
time-dependent behaviour of curved bridges.

In the present study, a concrete member or segment is assumed to be precast or cast
in place in a single stage. In most cast-in-place bridges, box-girder cross-sections
are often built-up in three casts in which the bottom slab is cast first, followed by
the webs and then the top slab. Also, in girder-type bridges, the deck slab is
normally cast some time after placing the precast girders or casting the cast-in-
place girders. This type of construction creates cross-sections with parts of
different ages and time-dependent properties. TD-SFRAME can be modified to

account for this type of multi-stage construction.

. As outlined in Chapter 4, the formulation of the isoparametric curved element of

Jirousek is based on the linear behaviour of both concrete and steel. The material
nonlinearity and the effects of cracking of concrete and yielding of steel are
beyond the scope of this study. Cracking of concrete is known to have significant

effects such as a reduction in stiffness and, hence, increase in deflections, high
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concentration of stresses in the compression zones and large strains in both
concrete and non-prestressed steel. Incorporation of the non-linear behaviour of
the material into the present program and studying its effects is highly
recommended.

4. Time-dependent analysis presented in this study is based on the evaluation of the
hypothetical free strain in any time-interval from the stress history during all the
preceding time-interval (Chapter 3). With this approach, a relatively large
computer storage is required, particularly for the analysis of an actual complicated
structure in which large number of cross-sections, prestressed tendons, time
intervals, and boundary conditions are involved. Thus, a technique for reduction
of the computer storage required for the analysis is desirable.

Finally, it is believed that the present research work can be considered as a solid
comner stone to several future investigations for development of state-of-the-art software

package useful for the analysis of curved segmental structures.
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