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CHAPTER 1

Introduction

1.1 General

It has been generally known that in recent years the application of external prestressing is
becoming more popular and widely used for bridge structures. This type of construction
has been indicated that not only a simplicity in construction work but also a substantial
reduction of construction time and cost could be achieved especially when applied to the
precast segmental construction method.

In this type of prestressing method, a major portion of external tendons is placed outside
the concrete section and connected to the structural member at the deviators and
anchorages. As a result, there is no bond between external tendons and surrounding
concrete and the prestressing force can be transmitted to the concrete structure through
only the end anchorages and deviators. This implies that the strain compatibility at any
section can no longer be maintained in the analysis of externally prestressed concrete
structures. These facts lead to a “member-dependent” characteristic of the overall behavior

of EPC structure when subjected to external load.

In this chapter, a discussion of the development of external prestressing with large
eccentricities is presented along with the definition of this innovative type of structure. In
addition, some previous investigations regarding the flexural and shear behavior of
externally PC structure are reviewed and, finally, the objectives and scope of present study

are described.
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1.1.1 Development of EPC Structure with Large Eccentricities

Even though the externally PC structure is considered having many advantages, some
shortcomings -are also encountered. One of those disadvantages which are being much
concerned is that the ultimate flexural strength is comparatively lower than that of PC
beams with internal bonded tendons. This is especially true for precast box girder beams in
which the maximum eccentricities of external tendons are limited at the level of bottom

slab, causing a reduction of tendon eccentricity at critical sections (Fig. 1-1).

External Tendons

Diaphragm Anchorage

Fig. 1-1 Limitation of tendon eccentricity in typical box-girder bridge !

Many researches have been carried out indicating that the ultimate flexural strength as well
as the ductility of externally PC structure can be improved by the use of a mixed
prestressing method comprising external and internal bonded tendon. Another
methodology recently proposed by Aravinthan, et al. (1998 1y is to increase tendon
eccentricity by placing external tendon outside the concrete section at large eccentricities.
By using this concept, it has been found that an effective utilization of external tendon as a
tension member and concrete section as a compression one could be obtained leading to a
substantial enhancement of the ultimate flexural strength. Moreover, this innovative
concept of external prestressing was also extended to continuous girders in which a better
structural performance considering the serviceability condition could be obtained
(Aravinthan, et al., 1999 !y This newly developed concept, however, has not yet been
applied to precast segmental construction which has been extensively utilized in many
bridge structures nowadays. In order to investigate the flexural behavior of such beams, an
experimental as well as an analytical program were carried out by taking into account of

the effect of casting method and the provision of internal unbonded tendon. Furthermore,
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an experimental investigation on shear behavior was also conducted in order to obtain a

better understanding of shear behavior in this type of structure.
1.1.2 Definition of EPC Structure with Large Eccentricities

External prestressing with large eccentricities can be defined as a prestressing method in
which the external tendons are placed considerably outside the depth of concrete structure.
From this point of view, its definition is considered to be similar to those of extradosed PC
bridge. A difference can be made between these two new concepts by considering that in
extradosed PC bridges the external tendons are generally provided at the level beyond the
concrete girder by anchored between main tower and anchorages along girder length
(Fig.1-2). In EPC beam with large eccentricities, the external tendons are placed
continuously throughout the concrete girder length and attached only at the deviators and
the end anchorages (Fig.1-3). Therefore, the overall behavior of this kind of structure will
be similar to that of ordinary PC beams with external tendon rather than a cable-stayed

bridge as is the case for extradosed PC bridge.

L
[ - I
i P, o= 2 I
) A ANS %:» 3 i
' H=(L/\s~L/NT)

Internal prestressing

|

P Tsinf

Tcasf

'\,

Extradosed prestressing
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H=(L/30~1/35)

/ r  Tsnf
g% /
E 5 3 Tcosf
I

Cable-Stayed bridges

Fig. 1-2 The evolution from box-girder bridge to cable-stayed bridges '*!
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External prestressing with large eccentricities

Fig. 1-3 Typical view of EPC beam with large eccentricities

1.2 Literature Review

As mentioned earlier, in EPC structures there exists no bonding between concrete and
prestressing tendons, hence, the compatibility condition of strain at critical section cannot
be applied. This consequently makes the structural behavior dependent on the overall
deformation of the structure, leading to much difficulty in the analytical method. Many
previous researches have been extensively carried out to make clear understanding of the
structural behavior of PC beam with external prestressing. In this section, only some of
those investigations directly relevant to the present study are briefly reviewed comprising

two main categories: flexural and shear behavior.
1.2.1 Flexural Behavior

Naaman (1989 B} proposed a simplified methodology for predicting the stress increase in
unbonded tendons under service loading condition by using “strain reduction coefficient”,
£, which is dependent upon only tendon profiles and types of loading. This methodology
reduced the overall member analysis of PC beams with unbonded tendons to a sectional
analysis at critical section. This concept was also extended to the ultimate flexural strength
limit stage (Naaman, 1991 [6‘7') by the use of the ultimate strain reduction coefficient, £,,

which was determined from a parametric study.

Vega and Doterppe (1988 ®l) analytically investigated the flexural behavior of internally
unbonded PC beam by the use of moment-curvature method. They calculated the average
tendon elongation by integrating the curvature, assuming the beam remains linearly elastic

and uncracked throughout the stage of loading.
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Virlogeux (1988 ®ly discussed many aspects about the flexural behavior of externally
prestressed continuous and simply supported concrete beams. He proposed that the
elongation of external tendon between two consecutive deviators can be calculated by
considering the change of tendon’s geometry under loading assuming the beam remains
uncracked and linearly elastic. He also proposed a model for predicting the average tendon

elongation at the ultimate stage using an expression for the length of plastic hinge.

Alkhairi and Naaman (1993 1'% developed a nonlinear analytical model for the analysis of
beams prestressed with unbonded tendons or-external unbonded tendons. This model took
into account the material nonlinearity, span-to-depth ratio, and second-order effect of
eccentricity variation in external tendons. A good correlation between predicted and

experimental results was indicated in this study.

Matupayont (1995 ") developed a similar analytical model for the analysis of PC teams
with internal or external tendons both in simply supported and two-span continuous beams.
This analytical model was also madified for precast segmental beams by simply modeling
the joint behavior both in epoxy and dry joints. He also indicated that the secondary effect
due to change of tendon’s eccentricity can be reduced providing the arrangement of

deviators at mid-span section is utilized, (Matupayont 1994 (12ly,

Followings are some previous investigations related to the flexural behavior of precast

segmental beams and secondary moment in continuous PC structures;

MacGregor et al. (1989 3y discussed about the flexural behavior of precast segmental
structures by conducting an experimental program. The conclusion can be drawn that the
overall behavior of segmental structures is completely dependent on the behavior of the

joints, especially at critical joints where most of deformations are concentrated.

T.Y. Lin (1972 "*}) discussed the characteristic of secondary moment at the ultimate limit
stage in continuous PC beams. He finally concluded that “if plastic moments with full
redistribution are used to compute the ultimate load of a continuous beam, then secondary

moments may be either neglected or included, since the results will be the same.”
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However, it should be noted that he mentioned only the ultimate flexural strength without
consideration of bending moment profile along beam length which will be totally different

in case of including or neglecting the secondary moment.

1.2.2 Shear Behavior

It has been known that experimental and analytical investigations of shear behavior of PC
beams with external or internal unbonded tendons have been so far very few compared

with that of flexural behavior. Some of previous researches can be reviewed as follows.

K. Kordina et al. (1989 ")) experimentally investigated the shear strength of PC beams
with internal unbonded tendons in order to study the effect of the bond condition. By
comparing test results with shear design equations based on truss model and tie-arch
model, they concluded that, in PC beam without bond, shear strength can be predicted
accurately based on the concept of truss analogy which can distinguishes between tension-

shear or flexural-shear failure and web-crushing failure.

Ito T. et al (1995 "%y conducted an experimental program to investigate the shear strength
of precast segmental T-shaped beams with external cables. Test results indicated that there
was no diagonal cracks occurred in EPC beams, although the web thickness was thinner by
40% than that of similar PC beam with internal bonded tendons. This clearly demonstrated

that external prestressing is very useful for increasing shear strength.

Tan K.H. and Ng, C.K. (1998 {7y proposed an analytical model based on strut-and-tie
model for calculating shear strength in EPC beam. Such a model was verified by test
results and found to be accurately predictable for determining the ultimate load as well as
the failure mode. From test results, they indicated that decreasing the concrete strength or
the amount of shear reinforcement leads to shear-type failure and a correspondingly lower
external tendon stress at ultimate strength of the beams. However, when an appropriate
concrete strength and amount of shear reinforcement are provided, the beam would fail in

flexure, even for shear span to effective depth ratio as lower as 2.5.
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1.3 Objectives and Scope of Study

The concept of external prestressing with large eccentricities is quite new in the modern
bridge constructions. To the best of author’s knowledge, a clear understanding of the
flexural behavior of this innovative type of structure has not yet beén clarified regarding
the ultimate flexural strength and force increase in external tendons especially in precast
segmental beams. In order to obtain a better understanding of the flexural behavior of such
beams, an experimental and analytical investigation was carried out in both single span and
two-span continuous beams, emphasizing on the influence of casting method and the
provision of internal unbonded tendon with external tendon. In addition an effect of shear
loading type on this kind of structure was also investigated by conducting an experimental
program of simply supported beams. The objectives of this study can be summarized as

follows:

(a) to experimentally and analytically investigate the flexural behavior of EPC beams with

large eccentricities both in mondlithic and precast segmental beams,

(b) to make clear the applicability of deformation compatibility to the EPC beams with
large eccentricities by comparing with a different concept based on the geometrical

compatibility of external tendons,

(c) to experimentally investigate shear behavior of simply supported externally PC beams

with large eccentricities both in monolithic and precast segmental beams.
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Experimental Methodology of Flexural Behavior of EPC Beams with

Large Eccentricities

2.1 Introduction

The application of external prestressing with the precast segmental construction has been
first developed since the construction of the Long Key Bridge in Florida, USA. Because of
substantial cost and time saving in construction, this method has been extensively
developed and efficiently used in many bridge structures. As mentioned in the previous
chapter, the concept of external présfressing with tendon having large eccentricity has been
recently investigated showing a considerable enhancement of the ultimate flexural strength
comparing with that of conventional EPC beam. It is believed that this concept can also be
applied to the precast segmental construction which is quite important for extending this

application to the construction of highway bridge.

In order to obtain a better understanding of the flexural behavior of precast segmental
beam externally prestressed with large eccentricities, an experimental program was carried
out in both single span and two-span continuous beams. In addition, the effect of internal
unbonded tendon was also investigated in single span beam with an emphasis on the
ultimate flexural strength and the ductility of structure. This kind of combined prestressing
method may be preferred in the precast segmental construction because there will be no
problem concerning the quality of grouting concrete which has to be carried out in the case

of using internal bonded tendon.



1250 1250
312.5
\ \ g l y
| T 1 [ T 1T T T | |-~ 1 ™~ T | I N N | 4’
A _ . = UJ -
. ‘;
| 1250 | 1250 1250 | 1250 | 1250 & 1250 | 1250 | 1250 I
10400
(i |
Type A-1a
M 400
4T9.3mm
yavi 7
1 - n
o 3125
y Monolithic
B~ [ 1 [ bt T T 1T T T 7 ./__]
= -
Ed s 2 400
e I1T10.8 mm < >
125 12 1250 1250 [/ / 4DB 10
‘ | 2
5400 - C.)\\ ©\‘ ‘
. \ A\ - 2T 124 mm ’
Type D-1a Precast segment

(All dimensions in mm)

Fig. 2-1 Details of test beams (Precast Segmental)

1014pYyag [panxa]l,] fo £3ojopoyiay piudwiriadxy g 421dpy)



Chapter 2 Experimental Methodology of Flexural Behavior

2.2 Details of Specimens and Test Variables

Test specimens consist of two main categories of single span beams with 5.00 m span
length and two-span continuous beams with equal span length of 5.00 m. Each of them
consists of monolithic and precast segmental beams with identical parameters for a
comparison regarding the method of construction. All test beams were of rectangular-
shaped concrete slabs having a depth and width of 150 mm and 400 mm respectively. The
details of test variables and materials used in test are given in Table 2-1. The layout of test

specimens and external tendons are shown in Fig. 2-1.

Table 2-1 Summary of test variables and materials for flexure-type specimens

Method of Span Length Main Prestressing Tendons Concrete ,
No- | " Cagting | TYPe Of Beam (m) Reinforcement| Internal | External |strength, f.
- (200kN) | (25kN) | (MPa)
Two-span 4-T9.3
Al continuous 2x5.00 i (Bond) IT10.8 51.9
Monolithic
: 4-T9.3
D-1 Single span 2.x5.00 - (Bond) 1T10.8 57.2
Two-span 2-T12.4
A-la|  precast continuous 5.00 4@DB10 (Bond) 1T10.8 67.1
Segment,
_1. | Epoxy joint : 2-T12.4
D-la Single span 5.00 4@DBI10 (Unbond) 1T10.8 69.8

In single span beams, the layout of external tendon was provided in nearly parabolic shape,
a general case of moment from external load, by means of deviating along three strut
deviators which were connected to the concrete section at a spacing of 1.25 m. It is
important to note that the provision of deviator at the mid-span can reduce the secondary
effect in EPC structure regarding the change of tendon’s eccentricity (Songkiat 1995 ['*).
The ratio of span length to tendon depth is of 8 which is very low compared to those of
conventional EPC beams. In precast segmental specimens, precast segments having 312.5
mm length were assembled with the provision of epoxy at the joints. The surface of each
precast segments was provided with the multiple shear keys as shown in Fig. 2-2. Previous
study (Guide, 197881 Mathivat, 1983!"")) showed that the use of multiple shear keys can
provide a better mechanical interlock, thus ensuring a more uniform transfer of stresses

between the segments.
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Fig. 2-2 Details of shear keys in precast segmental beams
2.3 Materials used for Test Specimens

2.3.1 Concrete

All the precast segments were cast in the PC factory and transported to the laboratory for
testing. The method of casting is the long line match casting in which the first casting was
done on the segments with even number by using the steel shear key plate as end
formwork. One day later, the segments were removed from the formwork and the steam
curing was carried out in order to gain the required strength. Since the first casting of
segments had to be finished in one day due to the limited numbers of shear key-plate
formwork, it was necessary to use a high early developed strength concrete. Subsequently,
the segments with odd number were cast by using those of previous cast segments as
formwork in order to provide a good interlock between each segment joints. The design
strength of concrete, f'., was specified as 50 MPa in 28 days. The actual strength in each
batch of casting was measured by the compressive test of sample with a diameter of 100

mm and height of 200 mm prepared during the step of concreting.
In specimens with internal bonded prestressing tendon, the grouting concrete was prepared

by a concrete mix with a ratio of water to cement of 40 % and the air entrainment agent

with a ratio of 2% by weight of cement was added in order to improve a workability. The
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7-day compressive strength of the grouting concrete was measured by test of standard
cylinder with 50 mm diameter and found to be around 20-30 MPa which is higher than the
specified value of 17.3 MPa according to ACI 318-95 129,

2.3.2 Reinforcements

The non-prestressed reinforcements with grade SD 345 of deformed bar with 10 mm
diameter were used as the main longitudinal reinforcements and stirrup reinforcements.
The mechanical properties of these reinforcements are given in Table 2-2. In monolithic
beams, there was no main longitudinal non-prestressed reinforcements and the rectangular
stirrups were provided at a spacing 100 mm along beam length except at the anchorages
area where the spacing was reduced to 50 mm in order to prevent bond failure. In precast
segmental beams, each segment was provided with main reinforcements at top and bottom
layers and the stirrups were tied at spacing of 90 mm except at the anchorage segments in
which the spacing of 50 mm was used. At the deviators location in all test specimens, the
mesh reinforcement with a diameter of 3 mm was provided in order to prevent local

compression failure due to force transfer from the strut deviators.

Table 2-2 Mechanical properties of reinforcements

T Diameter Sectional Area Yielding Strength Young’s Modulus
ype s

(mm) (mm-) (MPa) (MPa)
SD 345 10 78.50 400 206,000

2.3.3 Prestressing Tendons

The prestressing tendons used for test specimens consist of two types of SWPR7A and
SWPR7B with seven strands. The external tendons in all test beams were specified as the
SWPR7B type with a diameter of 10.8 mm, but for internal tendons two different sizes
were utilized. In monolithic beams, as the internal tendons were pre-tensioned at the time
of casting, 4 tendons with a diameter of 9.3 mm were used. For precast segmental beams,
in order to provide ease in assembly of segments, internal tendons were post-tensioned and

the number was reduced to only 2 tendons with a diameter of 12.4 mm. It is noted that this
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results in a reduction of total are of internal tendon in precast segmental beams about 10 %

compared with those of monolithic beams.

Table 2-3 Mechanical properties of prestressing tendons

Sectional Area | Yielding Load Ultimate Load Young’s Modulus
e (mim) (kN) (kN) (MPa)
SWPR7A - ¢9.3 mm 51.61 75.5 88.8
SWPR7B - ¢ 10.8 mm 69.68 122 130 194,000
SWPR7B - ¢ 12.4 mm 92.90 161 172
SWPRION - ¢21.8 mm 312.90 537 590 193,300
2.3.4 Epoxy Resin

Since the experiment was carried out during winter season, the winter-type epoxy resin
using in precast segmental construction, PBAW type, was used for assembling precast
segments. Before applying epoxy, the surface of segment joints was cleaned to remove the
greasing material remained from the casting procedure by using wire brush and sand paper
for obtaining a perfect bond condition at segment joints. After applying epoxy, the initial
prestressing force around 50 kN was applied to provide initial confining force at the time

of assembling the precast segments.

2.4 Instrumentation

During the conduction of the experimental program, various measuring devices were
utilized in order to obtain necessary data such as concrete and steel strain, displacements of
beam, force in prestressing tendon and applied load, etc. Each of these devices was
selected by considering its appropriate function to measure the responses of beam under
loading particularly at the critical sections. All measuring devices were connected to the
switch boxes and a data logger in which a preliminary computation can be immediately
carried out and the response of structure can be observed at the time of loading. The details

of these instrumentation are provided in following section.
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2.4.1 Strain Gages

Two types of electrical resistance strain gages were used for measuring the strain in
concrete and steel reinforcements. Gages with 2 mm length were used for measuring strain
in both ordinary reinforcements and prestressing tendons because they were suitable for the
measurement of a very small change in length at a particular point along the length of
reinforcing steel. Whereas in the measurement of concrete strain, because it is not possible
to specify the location where the largest change of strain would occur, gages with 60 mm

were attached at the concrete surface of the expected critical sections.

2.4.2 Displacement Transducers

The cambers during initial prestressing as well as the vertical deflections of beams under
loading were measured by the use of displacement transducers. These devices varying in
length from 50 to 200 mm were mounted at the important locations along the beam length,
which were the center of loading span, the deviators location and the loading points in each
span, in order to monitor the vertical deflections as well as the change of tendon’s
eccentricity. Moreover, a horizontal displacement typically called “z” gage was also
utilized for measuring a crack width or joint openings in precast segmental beams. Two
different sizes consisting of 100 and 150 mm length were selected depending on the

expected size of crack or joint opening.
2.4.3 Load Cells

Load cells were used for measuring the applied force by placing between the loading jack
and the load-transferring girder. Furthermore, they were also mounted at the anchorage
ends of prestressing tendons in order to monitor the force increase in prestressing tendons.
The support reactions in two spans continuous beams were also measured by placing two
load cells per support below the beam in order to monitor the occurrence of moment

redistribution which is a very important characteristic in statically indeterminate structures.
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2.5 Prestressing Method

All test specimens were prestressed with a mixed prestressing system consisting of external
and internal prestressing. The amount of initial prestressing force for external and internal
tendons was approximately 25 kN (18% f,,) and 200 kN (55% f,.) respectively. The
provision of internal tendon was mainly designed for preventing cracking in concrete at
outmost fiber during the transportation as well as when introducing external prestressing
force. In monolithic beams, the internal tendons were straightly arranged into two levels
with the depths of 4 and 11 cm from the top fiber of concrete section and were pre-
tensioned at the factory. Nevertheless, the internal tendons in precast segmental beams
were placed at the mid-depth level of concrete section and were post-tensioned during
assembling the precast segments. For two spans continuous beam (A-1a type), the grouting
was later carried out in order to provide a bond between internal tendons and surrounding
concrete sections, making a similar condition as in beam A-1. However, in single span
beam (D-la), the grouting of internal tendon was not carried out in order to make a
comparison on the effect of internal unbonded tendon with beam D-1 provided with pre-

tensioned internal bonded tendons.
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CHAPTER 3

Experimental Results of Flexural Behavior of EPC Beams with

Large Eccentricities

3.1 Introduction

An experimental program of flexural behavior of EPC beams with large eccentricities was
conducted with the details as described in the previous chapter. The main objective is to
investigate the applicability of using external tendons with large eccentricities to the
precast segmental beams which are considered as a greatly advantageous construction
method of bridge structures. Furthermore the effect of internal unbonded tendons was also
investigated by comparing with the identical beam provided with internal bonded tendons.
These experimental results are presented and discussed in this chapter with emphasis on
the ultimate flexural strength, the ultimate deformation or ductility and the force in external
tendons. Besides, in two-span continuous beam, the moment redistribution mechanism was
also discussed as it has a marked influence on the overall flexural behavior of statistically

indeterminate structures.
3.2 Ultimate Flexural Strength

The experimental results including cracking loads, ultimate loads and mode of failure of
single span beams and two-span continuous beams are summarized in Table 3-1 and 3-2
respectively. It should be noted that cracking loads in precast segmental beams were
defined as the applied loads that caused joint opening at critical sections. It can be seen
that, in single span beams, the cracking loads of monolithic (37.0 kN) and precast
segmental beams (36.3 kN) are nearly the same, indicating the same flexural behavior up

to the occurrence of cracking. This similarity was also obtained in the test series of two-
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span continuous beams (A-type). This similar elastic behavior is mainly due to the
application of epoxy resin at segment joint; in precast segmental beams resulting in higher
tensile strength at the joint, hence, cracks can occur in concrete adjacent to the segment
joints. In two-span continuous beams, cracking was firstly observed at the center support
region and subsequently at the mid-span regions in both spans. This is because the applied
moment from external load at the center support was higher than that of mid-span regions
in case of two-span continuous beam. It should be noted that, in beam A-1a, cracking load
at right span (44.7 kN) was slightly higher than that of left span (38.7 kN). This can be
attributed to the different concrete strengths of critical segmental blocks in each span

which are 60.9 MPa and 59.8 MPa for right and left span respectively.

Table 3-1 Summary of test results of single span beams (D-type)

No. Description Cracl;:(r}\%)Load Ultlrr(llzi;)Load Mode of Failure
D-1 Single span 37.0 945 Crushing of concrete at right loading point,
Monolithic o ) Ext. tendon: yielded, Int. tendon: yielded
D-1a Single span 16.3 86.3 Crushing of concrete at right loading point,
Precast segment o . "~ Ext. tendon: yielded, Int. tendon: not yielded

Table 3-2 Summary of test results of two-span continuos beams (A-type)

Cracking Load (kN) Ultimate Load (kN)
No. | Description Left | Center | Right Left Right Mode of Failure
span | support | Span span Span

Two-span Crushing of concrete,
Monolithic 39.2 36.8 392 107.9 108.6 Yielding of external tendon

Two-span {397 1 377 | 449 | 992 | 1010  Crushing of concrete,
Precast segment Yielding of external tendon

The failure mode of all test beams can be defined as the flexural compression type due to
the crushing of concrete at critical sections. In single span beams, crushing of concrete was
observed at the right loading point, and the ultimate flexural strength of monolithic beam
(D-1) was higher than that of segmental beam (D-la) approximately 8%. This can be
attributed to the effect of internal unbonded tendon in beam D-la, resulting in lower
ultimate internal tendon force compared to that of beam D-1. In other words, it can be
clearly seen that there was no yielding of internal tendon in beam D-la at the ultimate

stage. It is also noted that the ultimate flexural strengths given in Table 3-1 and 3-2 were
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defined as the applied load when the crushing of concrete at critical sections was observed

in the tests.

In two-span continuous beams, crushing of concrete was observed at the top fiber of
concrete section (A-1) or segment joints (A-1a) under the loading point in the left span and
internal tendons were yielded. Note that there was no crushing of concrete at the bottom
fiber of concrete section or joints at the center support. It is resulted from higher magnitude
of resisting moment from external prestressing at the center support due to the effect of
secondary moment. The ultimate loads of beam A-1 and A-la were slightly different
having the average value of 108.3 kN and 100.1 kN respectively. This difference is due to
the lower total area of internal bonded tendons in segmental beam (A-1a), approximately

10% less than that of monolithic beam (A-1).

The load-deflection relationships of single span and two-span continuous beams were
shown in Fig. 3-1 and 3-2 respectively. It can be seen that in all test beams the load-
deflection curves can be divided into three major portions as: 1) linear elastic uncracked, 2)
linear elastic cracked and 3) nonlinear cracked. In the first portion, the response of beam
under loading behaves linearly up to the first occurrence of cracking or joint opening in
segmental beams. This elastic linear behavior is almost the same by comparing between
monolithic and precast segmental beams in each series of single span and two-span
continuous beams. After the occurrence of cracking, the slope of load-deflection curve is
rather higher than that in previous stage because of the reduction of flexural stiffness of
cracked concrete section. However the responsive curves still showed a linear relationship
in this stage. This is because the external tendons, which give a large contribution to the
flexural strength of this kind of structure, remain in the elastic range as can be observed

from the force measured by load cells in the tests.

It is also essential to note that the load-deflection curve of monolithic beams registered
slightly higher slope compared to that of precast segmental beams. This behavior can be
mainly attributed to the discontinuity characteristics of precast segmental beams due to the
existence of segment joints along beam length. After the occurrence of joint opening, it

was observed that, cracks continuously propagated only at the critical joints (see Fig. 3-3),
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as load was increased, causing a concentration of rotation and compressive concrete strain
and eventually resulting in larger deflection than that of monolithic beams in which cracks
can further occurred at other stiffer sections. Considering the nonlinear cracked behavior
near the ultimate stage, it is clearly observed that the load-deflection responses of all test
beams show very large increment of deflection with a little increase of applied load,
indicating a ductile behavior of structure. This is because force in external tendons can be
increased up to the yielding as a consequence of the provision of large eccentric external

tendons in this type of structure.
3.3 Ultimate Deflection and Ductility
The summary of deflections of all test beams at important stages of loading is given in

Table 3-3.

Table 3-3 Summary of deflections observed in test

- Deflection at crushing of | Maximum deflection
.. Initial camber (mm)
No. Description . concrete (mm) (mm)
Left span |Right span| Leftspan | Rightspan | Leftspan | Right span
A-1 | Two-span, Monolithic -4.9 -4.9 82.7 82.6 94.1 93.8
A-la| Two-span, Segmental -3.6 -3.8 70.2 70.1 80.1 80.0
D-1 [Single span, Monolithic -10.7 117.9 130.3
D-1a | Single span, Segmental -12.3 100.2 100.2

It can be seen that the initial camber of single span beams was around 11 mm while it was
only about 4.5 mm in two-span continuous beams. This is due to the fixed condition at the
center support in two-span continuous beams whereas the rotational capacity can be
obtained in single span beams. It can be seen that the deflections at crushing of concrete in
monolithic beams were larger than that of precast segmental beams. Similarly, the
maximum deflection in monolithic beams was slightly higher than the value at crushing of
concrete compared to the precast segmental beams. The reason for these characteristics is
that in precast segmental beams there was a concentration of compressive concrete strain at
the critical joints leading to an earlier failure mechanism. Whereas in monolithic beams,
after the concrete crushing at the top compressive fiber of critical sections, beams can still
additionally resist some magnitude of load by the uncrushed adjacent concrete section

resulting in non-sudden failure mode unlike in precast segmental beams.
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The profiles of deflection along beam length are shown in Fig. 3-4 and 3-5 for single span
beams and two-span continuous beams respectively. It can be seen that the maximum
deflection was at mid-span region in single span beams while it was at the outside loading
point in each span of two-span continuous beams. This can be attributed to the shape of the
applied moment from external load which is largest at the loading point in two-span
continuous beams. It can also be seen that the deflections on both spans in two-span
continuous beams had almost the same value implying that the loading system was

effectively symmetrically applied in the experimental program.

3.4 Force in Prestressing Tendons

The variation of force in unbonded tendon is a very important parameter in PC structure as
it depends on the overall behavior of structure not only at critical section. In order to
measure the change of force in both external tendons and internal unbonded tendons, load
cells were attached at the end anchorages. Further, the electronic strain gages were also
attached at the critical locations to ronitor the strain increase of internal bonded tendons.
The summary of initial prestressing force and the ultimate tendon force of both external

and internal tendons is shown in Table 3-4.

Table 3-4 Summary of force in prestressing tendons at important stages

External tendon Internal tendon
Initial PS force| Ultimate tendon
No. | Description (kN) force (kN) . . |Initial PS force| Ultimate tendon | ,. . ..
Tef | Right | Left | Right | D edingl ey force (kN) | Yielding
end end end end
A-1 | Twosspan, | oo | 954 | 1160 | 115.8 205.3 >303.8
monolithic
A-la| TWOSPAM. | 526 1 948 | 109.9 | 107.9 200.4 >294.6 Yiclded
secgmental .
Sinalo s Yiclded
D-1 | 2'N8CSPAN Y 549 | 247 | 117.9 | 118.3 192.9 >303.8
monolithic
D-1a | SMElCsPAN | o3 g | 935 | 11ad | 11400 196.2 222.8 Not
segmcental yiclded

As can be seen from Table 3-4, the external tendons were yielded in all specimens

indicating an effective utilization of prestressing tendons in this kind of structure. The
measured ultimate external tendon force at both end anchorages showed nearly the same

value with the maximum difference of 2%. This means that the effect of friction force at
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deviators was of insignificance and can be neglected in the analytical method. It is
important to point that, except beam D-1a, the internal tendons also reached yielding at the
ultimate stage. In beam D-la, as the grouting of internal tendon was not carried out
resulting in an unbonded condition, therefore, the tendon force can be increased only by

26.6 kN or approximately 9% fpy.

The response of force in external tendons at any stage of loading of all specimens is shown
in Fig. 3-6. It can be clearly seen that the rate of force increase in external tendon with
applied load is comparatively higher in single span beams than that of two-span continuous
beams. This can be attributed to the larger deflection at any step of loading in single span
beams, consequently resulting in the greater elongation of external tendons. Considering
between monolithic and precast segmental beams, it was found that force in external
tendons in the latter one register slightly higher rate of increase than the former. This
characteristic was also due to the difference of deflection shape which is slightly larger in

precast segmental beams as described in previous section.
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Fig. 3-6 Applied load and force in external tendons relationship
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Fig. 3-7 Force in external tendons and mid-span deflection relationship

It is very interesting to note that, from Fig. 3-7, there is the same relationship between
force in external tendons and m'id-span deflection in both single span and two-span
continuous beams. Before reaching the yielding point, the relationship is almost linear
implying that the external tendons were in elastic range. Afterwards the curve showed a
very steep slope indicating the start of yielding of external tendon. This similar behavior
can be explained by considering that the geometrical shape or layout of external tendons in
both single span and two-span continuous beams was designed to be identical, so the
change of shape of external tendons due to a unit of mid-span deflection will be the same,
consequently resulting in the same magnitude of force increase in external tendons as

observed in Fig. 3-7.
3.5 Moment Redistribution in Two-span Continuous Beams

It is generally known that the influence of moment redistribution in statically indeterminate
structure having sufficient ductility at critical sections is very important as it greatly affects
the ultimate flexural strength of the structure. To investigate this phenomena, the support
reactions were measured in the tests by means of placing load cells under concrete beam at

each support. The relationship between support reactions and the applied load is illustrated
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in Fig.3-8 (a) and (b) for monolithic beam (A-1) and precast segmental beam (A-1la)
respectively. In addition, the calculated support reactions if the beams behave elastically
are also given for making a clear comparison of moment redistribution behavior. It can be
observed that the curves between support reactions and the applied load had a nearly
bilinear shape where the deflected point was indicated at load approximately of 35 kN in
both beam A-1 and A-1la. This magnitude of load can be regarded as the cracking load at
center support observed in the tests, implying that the start of non-linear behavior or
moment redistribution can be defined as when the occurrence of concrete cracking at
center support. It can also be seen that at any stage of loading, the observed values of
center support reactions were lower than the calculated elastic values, and the opposite
case for the end support reactions. It can be concluded that after the occurrence of cracking

at center support, the additional applied moment was transferred to the mid-span sections.

Table 3-5 Summary of ultimate moments and percentage of moment redistribution

Observed plastic moment | Calculated elastic moment | Moment redistribution (%)
N M, (kN-m M, (kN-m) [1-MJM,]
o Left | Center |- Right Left | Center | Right Left Center | Right
Span | Support| span Span_ | support | Span span | support span
A_! . 75.8 | -67.8 76.3 65.8 -95.1 65.8 -15.2 28.7 -16.0
(monolithic)
A-la 714 | 595 | 717 | 609 | 88 | 609 | -172 | 324 | -177
(precast segment)

The magnitude of moment redistribution can be evaluated by comparing the plastic
moment, M,, calculated by observed support reactions with the elastic moment, M,,
computed by assuming elastic behavior. The summary of ultimate moments of beam A-1
and A-la is given in Table 3-5. The bending moment profiles along beam length are also
illustrated in Fig.3-9. It can be seen from Table 3-5 that the observed moments at the mid-
span were higher than that of the elastic moments showing a negative redistribution. On
the contrary, the positive redistribution was obtained at center support indicated by the
lower observed plastic moment compared to the calculated elastic moment. Comparing
between beam A-1 and A-la, it was found that the percentage of redistribution at center
support was slightly higher in precast segmental beam (32.4 %) compared to the
monolithic one (28.7 %). This difference can be attributed to a large concentrated joint-
rotation at the center sLlpport in segmental beams resulting a marked redistribution of

moment.

-27 -



Chapter 3 Experimental Results of Flexural Behavior

160 A B I B S I
L : ‘ Center support P
N SO SOt N SR A
140 C : : Elasnc Analys:s ,' ]
2 120 E_ —©— Left support g _:
2= + —8&— Center support .
[ —e— Rip or ]
2 100 - Right support . 3
2 . : : : ]
- - H -
9 - B -
8 80 EERRRRRLEE :. ..................... L —
=4 N : ]
t C 4
= 60 ; 3
= C : ]
= r : ]
] F : ]
©40 : g
20 F 2 : .
L : : E lastrc Analys:s 4
0 “ A I I BTN IS D
0 20 40 60 80 100 120
Applied Load (kN)
(a) Beam A-1 (monolithic beam)
160 RS SRR RS RS AR RS
N : : Center support E
140 R e e L LT RED: SEPPERN -
C Elasnc Analyszs / _
E 120 :_. Left Suppon ........... E ..‘:;,.. : ......... _:
~ [ —8— Center support ]
2]
.g I 00 :—. ........{./.A._... l{iz;hl Su‘)l’)(.)r[ ............................. -
S - ' :
B P S U SRR SN SO SORTN
)
e~
N
s
)
=%
o
=
)
Elastic Analynv
0 A o IR W BT S T
0 20 40 60 80 100 120

Applied Load (kN)

(b) Beam A-1a (precast segmental beam)

Fig. 3-8 Relationship between support reactions and applied load




Chapter 3 Experimental Results of Flexural Behavior

-120 A B I I B L R IR
80 fpeeeeeeeeee- [EEEEEE e B R R PR
T 40 b ol
Z, X :
= - ;
= 0 K 70KN
[3) = \\\“_\\_______.
£ TN 40KN-
S w0 N
[ E “\/,-:' §
PO R e O \
- 108 3 kN Observed Moment .
]20 -I LLLiIIII;IIIIII|IIllllLilllJillllillll_
-5000 -3750 -2500 -1250 0 1250 2500 3750 5000
Beam Length (mm)

(a) Beam A-1 (monolithic beam)

-120

rrrr Tty rrrrprr e e e et Tt

’g -40
Z
&
b= 0
)
£
o
= 40
e e e eee s l OO'IkN ....... :,------..‘........: ........ . ....... , ...... —
80 - : Observed Momcmt : 4
I2O —LLLiIIlIilIlIIIIIIIIIll;llLlilllli!ll|-

-5000 -3750 -2500 -1250 0 1250 2500 3750 5000
Beam Length (mm)

(b) Beam A-1a (Precast segmental beam)

Fig. 3-9 Bending moment profile along beam length at various loading steps
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3.6 Conclusions

It can be concluded from the test results discussed in this chapter that the flexural behavior
of externally PC beams with large eccentricities was basically nearly the same for both
monolithic and precast segmental beams. By placing external tendon at large eccentricities
force in external tendon can be increased up to the yielding point indicating an effective
utilization of prestressing tendons in this type of structure. Nonetheless, some
considerations should be also given to the serviceability condition in which the cracking
load was observed to be rather lower compared to the ultimate load. The relationship
between force in external tendon and mid-span deflection was found to be the same in both
single and two-span continuous beams which had a linear relationship before the external
tendons yielded. The effect of internal unbonded tendon was found to be small on the
ultimate flexural strength and ultimate deflection. In addition the moment redistribution in
two-span continuous beams was slightly larger in precast segmental beam than that of
monolithic one due to the influence of concentration of compressive strain which caused
larger rotation at critical joints. By considering these characteristics, an analytical .
methodology based on the moment-curvature method was proposed and, finally, a

comparison between experimental versus analytical results was discussed in next chapter.
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CHAPTER 4

Analytical Methodology of Flexural Behavior of EPC Beams with

Large Eccentricities

4.1 Introduction

It has been generally known that the flexural analysis of EPC beams has an additional
difficulty regarding force increase in external tendon which depends upon the overall
structure, member-dependent, rather than the critical section as usually used in
conventional flexural analysis. Previous researches carried out by Alkhairi and Naaman
(1993 1'% and Matupayont (1995 (') have shown that by using thé concept of deformation
compatibility along with the conventional beam theory, the flexural strength as well as the
stress in external tendon could be predicted with a good accuracy. This methodology was
also extended for the analysis of EPC beam with large eccentricities by Aravinthan, et al.
(1999 12 by adopting an assumption considering imaginary concrete strain at tendon level,
and was verified by comparing with the experimental results showing a good accuracy.
However, such an applicability may have a limitation when the eccentricity of external
tendon becomes very large. In order to make a clear understanding of such a concept, an

analytical investigation was carried out in this study.
4.2 Basic Assumptions

A nonlinear analytical methodology used for analyzing the flexural behavior of EPC beams
with large eccentricities was essentially adopted from the moment-curvature method with
multiple iterative loops. The fundamental assumptions used in the analytical method can be

summarized as follows:
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(1) Plane section remains plane after bending (Bernoulli theory of bending). This
implies that the variation of strain normal to the plane of the concrete section can
be assumed to be linear through the depth.

(2) Strain in external or unbonded tendon is uniformly distributed along its entire
length. In other words, the influence of friction force at the surface between
tendons and deviators is neglected.

(3) The total elongation of external tendon is equal to the total deformation of concrete
strain at tendon level (the compatibility of deformation).

(4) The provision of web reinforcement is sufficient to resist shear force and has no
contribution to the flexural strength of beam.

(5) The shear deformation is neglected.

It should be noted that assumption (3) has been verified to be applicable for the analysis of
conventional EPC structures by many previous researchers. For extending such a concept
to the beam with large eccentric tendon in which a major. portion of tendon is placed
considerably far from the concrete section, an additional assumption was also adopted

considering the imaginary concrete strain at the tendon level (Fig.4-1).

Zioimimimimim _T_A\‘ ;
-‘.'.
Deviator s
—————————— A i -
linaginary concrete strain
External tendon at tendon level

Fig. 4-1 Imaginary concrete at tendon level

4.3 Analytical Methodology of Single Span Beams

4.3.1 Overview

It has been commonly known that the analysis of EPC beam cannot be determined by
performing an analysis of the critical section, section-dependent, but it should be evaluated
from the overall behavior of the structure, member-dependent, (Naaman, 1993 [6’) which

requires much more effort due to the complex iterative calculations. As such, a
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comprehensive analytical method was carried out by using computer programming written
in FORTRAN language initially developed by Matupayont (1995 (1Y Several factors such
as the nonlinear behavior of materials an the geometry of unbonded tendon were taken into
account in the analytical prograrﬁ. It is noted that the geometrical nonlinearity of unbonded
tendon was considered due to the fact that the deflected shape of unbonded tendon will not
follow the deformation of structure, leading to the change of tendon’s eccentricity except at

the deviations and anchorages.
4.3.2 Constitutive Models of Materials

The idealized stress-strain relationships of materials used in the analytical program were
considered the nonlinearity behavior. This is because the overall flexural behavior of EPC
beam up to the ultimate stage can be more accurately predicted than that based on the
elastic relationship of material. The details of constitutive models of all materials are given

as follows.
(a) Concrete

The modified Hognestad stress-strain curve was used as a constitutive model for concrete
in compressive stress consisting of a parabolic curve followed by the sloping line and
terminating at a limiting strain, &, as shown in Fig. 4-2. In the tensile stress, it should be
noted that after the stress in concrete reaches the modulus of rupture,F,, it is assumed that
concrete c;m still resist more tensile stress until the ultimate tensile strain, &,, which can be

referred as the commencement of cracking.
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j"!
0.85f.

Eu &

&0 Ecu
(0.25%) (0.35%)

Fig. 4-2 Stress-strain relationship of concrete

A 4

The equations of constitutive models of concrete are given as follows:

o.=f"le, le,~(. 1)) for 0<e, <e,
= (Ec _Ecu )(Fw - fc‘ I)/(gcu —81'0 ) + Fz'u for Ec0 < 8( < Ecu
o.=—F[2e|/e,—(e|/€,)’ for 0<|e | <€, -
= (Igc ;elll )(Fru - Fr ) /(gm _EIO)+ Fru fOl’ 810 = |£c < 8111 (4-1)
F, =085f"
F. =0.58(f.")%" .
F, =085F.
E, =40000(f,")""
in which:
f.’ = maximum compressive strength of concrete, kgf/cm?
F., = ultimate compressive strength of concrete (at crushing), kgf/cm?
F, = modulus of rupture of concrete, kgf/cm?
F., = ultimate tensile strength of concrete (at cracking), kgf/cm’
E. = modulus of elasticity of concrete, kgf/cm2

(b) Reinforcements

The stress-strain relationship of reinforcements is assumed to be bilinear characteristic

having perfectly plastic behavior after yielding as shown in Fig. 4-3.
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A Tension (+)

S

&y

\4

Ey

5

Compression (-)

Fig. 4-3 Stress-strain relationship of reinforcements
in which
E; = modulus of elasticity of reinforcing steel

fy = yield strength of reinforcing steel
(c) Prestressing Tendons

It should be noted that in EPC beam with large eccentricities, stress in external tendon can
be substantially increased as load increasing and may reach up to the yield strength at the
ultimate stage due to its large eccentricity. Therefore, a constitutive model that can
accurately predict the overall nonlinear behavior of prestressing steel is important. In this
study, the stress-strain relationship of prestressing steel was adopted from that proposed by
Menegotto and Pinto, 1973 ¥ which has a smooth change from elastic to plastic behavior

as shown in Fig. 4-4.

f;l u

stress

- 3 >
strain L

Fig. 4-4 Stress-strain relationship of prestressing tendons
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The expression of equation can be given as following:

1-0 and ¢ =£:ffkl_f 4-2)

N N ps< pu
1+ E p.rs/u
Kf Py

with the following parameters;

N=4.71,K=1.1341

f = prspx Q+

fo = 0.85 £,
E,, = 1.90 x 10° kgf/cm” (27,000 ksi)
&u = 0.040

where:

E,; = modulus of elasticity of prestressing tendon
fyy = yield strength of prestressing tendon

Jpu = ultimate strength of prestressing tendon

&, = ultimate strain of prestressing tendon

4.3.3 Flowchart of Analytical Program

The flowchart of the analytical program is given in Fig.4-5. It can be seen that the step of
calculation can be mainly categorized into three major iterative loops as 1) force
equilibrium condition, 2) moment equilibrium condition, and 3) compatibility of unbonded
tendon. The analytical model of simply supported beam used in this program is shown in
Fig. 4-6. The beam is divided longitudinally into subdivision of n elements. The integration
points, i, are defined as the locations between each elements which can be also interpreted

as the locations of uniformly distributed crack along beam length.
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Division of longitudinal element and
discrete element in concrete section

v

Increment of compressive concrete strain
at critical section, Ag,,,

< <&
\ A

Assumption of elongation of unbonded tendon

Ag,,

}

AA

Strain distribution at each discrete section

Iterative No.1
(Force Equilibrium)

Iterative No.2
(Moment Equilibrium)

Iterative No.3
(External Tendon)

Calculation of resisting moment at
critical section, M,

Y

Distribution of moment at each section
due to external load, M,;

v

Calculation of resisting
moment at each section, M;

Next Step

Increase of concrete strain at
compression fiber, A&,

Yes

Calculation of curvature,
rotation and deflection

Y

Calculation of elongation of
external tendon A&, ;v

Iterative No.4
(Internal Unbonded Tendon)

\ 4

Calculation of applied load

No

Ultimate stage

Fig. 4-5 Flowchart of analytical program
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Fig. 4-6 Analytical model of simply supported beam
(a) Initial stage

At the first step, from the input data such as properties of materials, dimensions of beam
and the amount of prestressing force, the constant values involving the sectional properties,
the constitutive model of material and so on were calculated. Next, the stress at top, g;, and
bottom, o, fiber of each discrete sections are calculated by assuming the elastic behavior
of concrete section. This is because there is no crack occurs at this stage, hence, beam will
behave like a homogeneous elastic' material (Lin, T.Y. and et al., 1982 (23 ]). The step of

calculation can be expressed as following equations.

o, = Z—-w 4-3)

v, = 1:_,,[+ WM, - M[,/ Xh—y.) (4-4)
where

P,; = the effective prestressing force

A, = the transformed area of transformed concrete section

M,; = moment due to prestressing force

M; = moment due to self weight of beam

Y. = neutral axis depth of transformed concrete section

h = depth of concrete section

I = moment of inertia of transformed concrete section

Then, the initial strain distribution at each discrete sections will be computed by using the

nonlinear stress-strain relationship of concrete as given in Eq.4-1. Subsequently the
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curvature, rotation and deflection at all integration points are determined by using the
numerical integration method as usually used in moment-curvature analysis. This step was
implemented until all of the initial values would be obtained involving the difference of
internal force, the internal resisting moment and the concrete strain at all integration points

which will be used in further step of analysis.

After obtaining the initial concrete strain at all discrete sections, the calculation is next
proceeded by adding the strain at the extreme compression fiber of critical section, &,
with the assumed increment Ag,,,. Note that the critical section was firstly assumed to be at
the mid-span section (n integration point) in single span beam. The distribution of concrete
strains at all integration points can be determined by considering the following three

iterative loops.
(b) Equilibrium of Internal Force (1** Iterative Loop)

The internal forces of any discretesection comprising those from concrete, non-prestressed
reinforcement and prestressing tendons, were calculated by dividing the concrete section
into small fibers parallel to the neutral axis and assuming that the concrete strain is linearly
distributed over the depth of beam (Fig. 4-1). The internal force of concrete of each fiber
area can be determined by firstly computing the concrete strain at any level i by using
linear strain distribution and then changing such concrete strains to the corresponding
stress by using the stress-strain relationship of concrete, and finally multiplying with the
concrete area of each fiber to obtain the force. By summation of the concrete force at all m
discrete fibers, the total compressive force of concrete section can be obtained as given by

following equations.

(i) = €, —[(g, —€,)(i—0.5)/m]

" . 4-5)
C =) o (ibAx
i=0
in which:
C = summation of concrete force in section

) = number of discrete element from the extreme top fiber
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ofi) = concrete stress at level i corresponding to concrete strain &(i)
m = total number of horizontal discrete element
Ax = h/m

In similar way, the tensile forces of non-prestressed reinforcements and internal bonded
tendons can be evaluated. It should be noted that an assumption of perfect bond between
steel reinforcements and surrounding concrete was adopted in such a way that the
increased steel strain can be directly calculated from the concrete strain distribution on

beam section. The method of calculations are given in following equations.

E;, =&+ (gb - 8r) .
h
Ae, =€ +(g, —€ )dL
s t b t h (4-6)

k

T.\' = Z fsi A.\'i
i=l

Tp.r = f Py Ap.\‘ ; f ps :f pi + Af ps

in which: )
&; = strain of reinforcements at level i

Ag,; = strain increase of internal bonded tendon

T, = total force of reinforcements

Jpi = initial stress in internal bonded tendon

Af,s = stress increase in internal bonded tendon corresponding to A€,
T,, = force in internal bonded tendon

As previously mentioned, force in unbonded tendons are initially assumed at the first step
of calculation. Hence, at this step, a force equilibrium condition can be checked by
summing the totai internal forces which would give a zero value if the strain distribution of
concrete is correctly estimated. If it is not so, the adjustment is made to the tensile concrete
strain until the error in calculation is less than the allowable value defined in this study as
1% of total tensile force. After satisfying this condition at all integration points, the

calculation is proceeded to the next step which is equilibrium of moment.
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(c) Equilibrium of Moment (2™ Iterative Loop)

The required condition in this step of calculation is that the magnitude of internal resisting
moment should be equal to the applied moment caused by external load at all integration
points. The total internal resisting moments at any section are comprised of those from
concrete, reinforcements, internal tendon and external tendons. These internal moments
were calculated by multiplying the force in each materials with the depths from the top
fiber of concrete section, rather than the neutral axis. This is because it can reduce the
difficulty in determining the neutral axis which will be changed as load was increased. The

expression of calculation can be given as following equation.

M,=M_,+M_,+M,, 4-7)
in which:

M; = internal resisting moment at section i

M. = moment due to concrete force at section i

M;; = moment due to rei'nforcements at section {

M, = moment due to prestressing force at section i

In this step, based on the concrete strains obtained in the first iterative loop, the internal
resisting moment was first calculated at the critical section, M,. By using this value along
with the elastic analysis, the distribution of moment due to external load at any integration
point, M,;, can be determined. The criteria condition used in this study is that the difference
between M; and M,; is less than the specified allowable error. If not so, an adjustment will
be made to the compressive concrete strain, &, and the calculation will be re-started since
the first iterative loop until the difference is less than the allowable tolerance for all

integration points.
(d) Compatibility Condition of Unbonded Tendon (3™ Iterative Loop)

After satisfying the calculation of force and moment equilibrium conditions, the strains in
concrete at unbonded tendon level were numerically integrated to obtain the total

deformation, 6. By deducing with the deformation of concrete at tendon level at initial
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stage (before loading), d., and divided by the entire length of unbonded tendon, the
average strain increase of concrete at tendon level, A p;, can be obtained. Based on the
deformation compatibility, this value should be equal to the average strain increase in
unbonded tendon, Ag,;, which was initially assumed at the beginning of calculation (see
Fig. 4-5). Therefore, in this step, the last criteria can be checked by comparing the assumed
value of strain increase in tendon, Ag,;, with the new value calculated based on the
deformation of concrete at tendon level, Ag,; e (Or AE.p). The allowable iterative error
used in this study was specified as 1% of Agy .. If this criteria is not obtained, the new
assumed strain increase in unbonded tendon will be made and the preceding procedures
involving force and moment equilibrium loop will be repeated until the difference of

|AEps,new-AEys! is within a specified value equal to 1% of Ag,s e

(e) Failure Criteria

After all three iterative loops are satisfied, the calculation of externally applied load was
carried out by using the internal resisting moment at the critical section to determine the
corresponding value of external load. This is based on the elastic theory as previously
explained in the iterative loop of moment equilibrium. Subsequently, the computation was
proceeded to the next loading step by increasing the compressive concrete strain at the
critical section, &, and all the steps of calculation will be implemented again. It is
important to be noted that the failure criteria defined in this analytical program can be
summarized as follows: 1) concrete strain reach maximum compressive strain, 2) strains in
reinforcements are larger than the ultimate strain of reinforcements, and 3) strains in
prestressing tendons exceed the ultimate strain of tendons. When one of these failure
modes is detected in the computation, the program will be terminated and the results can be

seen in the output files.

4.3.4 Modification For Precast Segmental Beams

It has been investigated by a previous research (J. Muller and Y. Gauthier, 19891**))
showing that the overall flexural behavior of precast segmental beams is mainly dependent

on the behavior of joint opening. According to Fig. 4-7 which illustrates the behavior of
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joint opening, it can be seen that the magnitude of joint rotation can be considered as the
curvature at that joint section, @, because it is assumed that there is no bending within the
segments. Also the depth of the contact surface, k., can be equivalent to the depth of
neutral axis as used in the previous analytical method for monolithic beams. As a result,
the precast segmental beams can be modeled in such a way that the integration points are
selected at the segment joints because cracking can occur at these locations. In the step of
calculating internal forces, the assumption that joint surface still remains plane after the
occurrence of joint opening was adopted. This also implies that the strain distribution along
the depth of beam is a linear distributjon as shown in Fig. 4-7. In the analytical method, the
contribution of main reinforcements is neglected as there is no continuity across segment

joints.

contact surface— M
VY.
7
C _’ h, < y
.
T L» ]
—> Strain distribtution at joint

rotation or opening at joint

Fig. 4-7 Joint opening behavior in precast segmental beam

However, it was observed from the test results that after cracks or joint opening reached
the mid-depth of concrete section, they tended to incline to the concrete sections under
loading point which had maximum moment (see Appendix, photo 7). This clearly showed
that the assumption of no bending within segment cannot be maintained anymore. This
characteristics may be caused by the geometrical shape of precast segments used in the
tests which had a ratio of width (312.5 mm) to depth (150 mm) around 2.08. In general
precast segments, it yields value approximately 1.00, indicating a square-shaped block. To
take into account of this characteristic, an assumption was made that the integration points

can also be selected at the position inside the precast segment.
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4.3.5 Modification for Internal Unbonded and External Tendons

The analysis of EPC beam with internal unbonded tendon provides additional difficulty as
the stress increase in both prestressing tendons which is member-dependent characteristic
has to be taken into account at the same time. In this study, a modification was made in the
analytical program by adding an additional iterative loop for checking the compatibility of
internal unbonded tendon after all three iterative loops as previously described are satisfied
(Fig. 4-5). It should be noted that the assumption adopted for this computation is that the
strain in internal unbonded tendon is uniformly distributed along its entire length. The
computation of all iterative loops will be carried out until the required condition is obtained

WhiCh iS SpeCifiCd as IAE,)_Y'”ew'Agpslinf S 0.5 % Of (Ael)_g_"e“;)i”[.

4.3.6 Geometrical Compatibility of External Tendon

As previously stated, some questions may be raised for the applicability of the concept of
compatibility of deformation to the analysis of EPC beam with large eccentricities because
it is apparent that a major portion of external tendon is placed considerably far from the
concrete section, therefore, an additional assumption considering the imaginary concrete at

tendon level has to be assumed (see Fig.4-1).

Ano,ther method to evaluate stress increase in external tendon has been proposed by
Virlogeux, 1988 ) by considering that, because of the rectilinear shape of external tendon
between end anchorages, the elongation of tendon between deviations can be calculated
providing the beams remain uncracked and linear elastic. This method is considered to be
more realistic than the previous concept because it is based on the change of the geometry
of external tendon as load was increased and is rather easy to visualize how the stress in
external tendon can be increased at any stage of loading. This concept can be referred as
“the geometrical compatibility of external tendon”. To the best of author’s knowledge, this
method could be further extended even when after the occurrence of cracking, nonlinear
behavior, provided that the deformations of beam at the deviations and anchorages can be

accurately calculated up to the ultimate stage.
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This statement can be preliminarily verified by means of calculating force in external
tendon using the deflections of beam at all deviators measured in the tests. By knowing the
deflections at any stage of loading, the deflected shape of external tendon can be
determined, consequently, the elongation, AL, and the strain increase, Ag,;, in external
tendon could be also evaluated. Then the stress corresponding to such strain increase in
external tendon was computed by using the stress-strain relationship as given in Eq.4-2.
The comparisons of the calculated value with the experimental results of single span beams
are shown in Fig. 4-8. It can be observed that by using such a simplified calculation, force
in external tendon can be predicted with a reasonable accuracy up to the ultimate stage.
This clearly indicates that the difficulty in evaluating force in external tendon can be coped

with by considering only the deformations of beam at deviators in the structure.
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Fig. 4-8 Comparison between external tendon force from simplified calculation and

experimental results

The application of this concept, geometrical compatibility of external tendon, to the
analytical methodology can be described by using the analytical model of simply supported
EPC beam with three deviators (Fig. 4-9). The assumption adopted for using this concept is
that the strut deviator is considered as a rigid member implying that there is no relative
deformation at the connection between concrete beam and deviators. In addition, the strain

in external tendon is assumed to be uniformly distributed over the entire length of beam.
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Therefore, we can calculate the elongation of external tendon, AL, directly from the known
deformations (rotation, 6 and deflection, ) at deviators and, subsequently, strain increase
in external tendon, Ag,;. In the analytical program, this calculation was implemented in the
3™ jterative loop for determining the strain increase in external tendon instead of using the

compatibility of deformation.
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Fig. 4-9 Deflected shape of simply supported beam under loading

The step of calculation using concept of geometrical compatibility of external tendon can

be expressed as following equations.

¢ [Initial elongation of tendon, L;

L, =\/L2 +e12
=L +(e,—¢)’ , (4-8)
L=L,+ le

¢ Final elongation of tendon, L,

L. = \f (L )f + (L, )3

=\/(L—e, sinf,)? + (3, +e¢, cosh,)?

e B 49
L=yl + (Ll'z'); ( )
=J(L+e sin6,)* +(5, -8, —e, cosh, )’
L =L, +L,,
¢ Strain increase in external tendon, Agys
AL= (Lur + er') - (Lm + Lll)
AL 4-10)

Ag, =—
L

m

i
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e;,e; = eccentricity of external tendon at deviator 1 and 2
0,, 6, = rotations of beam at deviator 1 and 2
6;, 6, = deflection of beam at deviator 1 and 2

4.3.7 Comparison with Experimental Results (Single span beams)

A comparison between analytical predictions based on both deformation compatibility and
geometrical compatibility of external tendon and experimental results is summarized in
Table 4-1. Unexpectedly, it can be seen that the analytical predictions from both
compatibility concepts showed nearly the same value of the ultimate load, deflection and
force in external tendon. This finding implies that there may be a similarity in the
fundamental concept of each method which will be further discussed in section 4.3.8. Of
greater importance, by comparing with the experimental results, it can be observed that the
predicted ultimate load was slightly lower than the test results of monolithic beam but little
higher in case of precast segmental beam. This can be attributed to the imperfection of
analytical program to simulate the l;ehaviox' at joint in precast segmental beam in which a
concentration of compressive strain can occur and resulting in early failure. Another
interesting point should be given here is that the predicted value of ultimate deflection is
considerably less than that of the test results. The magnitudes of such errors are
approximately 20% and 27% for monolithic and precast segmental beam respectively. This
difference may be caused by the fact that the calculation of deflection in the analytical
program was based on the assumption of pure bending (moment-curvature method) in

which the influence of shear deformation is neglected.

Table 4-1 Comparison with experimental results (single span beam)

. ) . . Ultimate External

No. Deseription Ultimate Load (kN) Ultimate Deflection (mm) Tendon Force (kN)
Exp™' Def Geo Exp Defl Geo Exp Defl Geo
- 92.9 93.2 94.2 96.4 120.4 120.5
D-1-1 Monolithic | 945 4 9g3)2| (0.086) | 172 | 0.799) | 0.818) | '8! | (1.019) | (1.020)
86.7 87.2 72.8 74.3 113.5 113.8

-1a SLsegme 3 . .

D-la |Precast segment - 86.3 1 | g05) | (1 010y | 1902 | 0727) | (0.742) | "' | (0.993) | (0.996)

Note *1 Exp: experiment, Def: deformation compatibility, Geo: geometrical compatibility of external tendon

*2 correlation ratio (Analysis/Experiment)
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In case of beam D-1a which was provided with both external tendon and internal unbonded
tendon, the relationship between increase of tendon force and applied load is shown in Fig.
4-10. It can be seen that force in internal unbonded tendon was nearly constant before the
occurrence of first cracking corresponding to the load value of 37 kN. After cracking,
forces in both external ahd internal tendon increased very rapidly compared to the previous
stage. This is because the deflection of beam also increased at a high rate after cracking,
resulting in large tendon elongation and consequently tensile stress in both internal
unbonded and external tendon. By comparing the analytical results with those observed in

the tests, it can be seen that a good agreement was obtained.

|00_,..T7f.|....ﬁrrrlvr.!..
| Internal, experiment ]
2 80 - T Internal, analysis --------- S —
= i External, experiment ! 1
@ L e External, analysis : ]
S 60 L et Ceeeenennns FOSTRE S A [ ]
= L ; : : ; : j
=] H H H
& [ External Tendon : : 1
E 40 o ........... ........... .......... .......... . ........ -
2 r : : : Internal Tendon
g ~ A
5 :
] 20 frreeAree e AL S -
Ll
-5
(5]
s
L L R SR o
[ : : : i Beam D-la
’20...1...1.411,.1I.|.|.
-20 0 20 40 60 80 100

Applied Load (kN)

Fig. 4-10 Force increase in prestressing tendons in beam D-1a (precast segment)

Fig. 4-11 (a) and (b) show the comparative plots of load versus mid-span deflection and
load versus force in external tendon obtained from the analytical program and experimental
results. It can be seen that the predicted values of initial camber were somewhat less than
the experimental results in both two beams. Notwithstanding, by considering the overall
behavior of load-deflection or load-force in external tendon response, it can be concluded
that the flexural analysis of EPC simply supported beams with large eccentricities can be

predicted with a reasonable accuracy by using such an analytical methodology based on

both two compatibility concepts.
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(a) Load and mid-span deflection curve (b) Load and force in external tendon
relationship

Fig. 4-11 Comparison with experimental results of single span beams
4.3.8 Verification of the Compatibility Concept of External Tendon
In previous section, it can be concluded that the analytical results using both compatibility

concepts—deformation compatibility and geometrical compatibility of external tendon—

showed almost nearly the same values and also agreed well with the experimental results.

e

7

€m

.,

a"

’

7
[ S,

B Ao

Fig. 4-12 Model of simply supported beam
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For further investigation of the applicability of those concepts, an analytical study was
carried out by using a model of EPC beam with large eccentricities as shown in Fig. 4-12.
The model consists of a simply supported beam with a draped external tendon at mid-span
section by strut deviator having eccentricity of e,,. The elongation of external tendon, AL,

was then calculated by using both compatibility concepts which can be described as below.

(a) Compatibility of Deformation

Concept:

- The concrete strain is assumed to be linearly distributed throughout the total depth of
structure from the top fiber of concrete beam to the level of external tendon. Note that
the concrete strain below the concrete section is assumed to be fictitious.

- The elongation of external tendon is calculated assuming to be equal to the total

elongation of concrete at tendon level.

The unit strain in concrete at any point is given by;

g=2 My @-11)
E, E.I

c

The total strain along the external tendon is then;

L/2

AL = j edx

LM (x)e(x) e,
hich —_m_ ]
J in which e(x) = )cL/2 4-12)
L2
= [#x)e(x)x
0
Hence,
L2

L/2 jxqb(»c)cu (4-13)

Solve Eq.4-13 by using method of integration by part;
judv = uv-— Jvdu
u=x ; dv=¢(x)dx 4-14)
du=dx; v= _[(p(x)dx =0(x)
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Hence, we can obtain;

2

L'/[ x¢(x)dx = uv — Jvdu
0

= [x@(x) - J‘G(x)a'xlf/2 - 4-15)
L2 0
=— [ 6(x)dx = [B(x)dx
0 L2
‘Therefore, Eq.4-13 can be rewritten as following;
e L/2
AL — m
- !x¢<x)dx
e 0
= —— |0(x)dx 4-16
- 2] (x) (4-16)
— em
L2

(b) Geometrical Compatibility of External Tendon
Concept:
- The concrete strain is assumed to be linearly distributed throughout the depth of

concrete beam section.
- The elongation of external tendon is determined by considering the change of shape of

external tendon as load is increased.

From Fig.4-13, we can obtain;
AL =L, -L,
=4, sinf ;AG =0 4-17)
=0, tan6 ;0 =0

Substituting tanf = —2— into Eq.4-17;
L/2

e
AL = .5 Same as Eq.4-16 4-18
7,50m ( q ) (4-18)

It can be observed from Eq.4-16 and Eq.4-18 that both compatibility concepts showed the

same value of elongation of external tendon, implying that they are basically based on the

same fundamental concept. In addition, it is apparent that elongation of external tendon,
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AL, is a function of the mid-span deflection, &, and its geometrical shape, tanf. Hence, it
can be concluded that force in external tendon is totally dependent on its geometrical shape
and deformations of structure at deviators and anchorages. In case of internal unbonded
tendon, deviators can be regarded existing along entire beam whereas, in external tendon,
they will be only at the discrete number of deviators (Fig.4-13). This characteristic results
in much more simplified calculation of force increase in external tendon as it can be
directly determined from the change of geometrical shape unlike internal unbonded tendon
in which the elongation of tendon has to be carried out by integration method which is the

basis of deformation compatibility concept.

— ’
N"\-«\ "'/ﬁ

Internal unbonded prestressing mnodel

>

External unbonded prestressing model

Fig. 4-13 Model of unbonded prestressed concrete

Therefore, a conclusion can be drawn that both compatibility concepts are in nature the
same methodology to calculate the elongation of unbonded tendon by considering the
geometrical shape of tendon as well as the deformation at deviators and anchorages. These
methods can be applied regardless how far the level of external tendon from the concrete
section or, in other words, there exists the real concrete strain at tendon level or not.
However, in case of EPC beams with large eccentricities, to obtain a clearer understanding
of behavior of stress increase in tendon as well as to simplify the calculation, it is
recommended that the geometrical compatibility of external tendon be used as a basis for

evaluation of force in external tendon.

4.4 Modification for Two-Span Continuous Beams

In two-span continuous PC beams, it is generally known that the effect of secondary

moment and moment redistribution occurred due to the geometrical condition of structure
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at the center support in which the rotational capacity is prevented unlike in simply
supported beams. These characteristics can have a marked influence on the flexural
behavior of two-span continuous beams especially in the nonlinear response, therefore,

some modifications are necessary which will be discussed as follows.

Moment due to prestressing, M,, in two-span continuous beams is comprised of two
components: primary moment, M., and secondary moment, M;,.. The primary moment
can be easily calculated by considering that there is no center support or like two simply
supported beams and the calculation is carried out as in static determinate structure. Next,
the real system of beam with center support was considered to be applied by such primary
moment. The calculated internal moment at any section can be referred as the total moment
due to prestressing, M,. Finally, the secondary moment can be calculated by following

equation:

Msec = Mp + Mpi (4-19)
Questions may be raised whether the secondary moment is appear at the ultimate limit state
or not. To the best of author’s knowledge, it will mainly depend on the rotational capacity
of section at center support in case of two-span continuous beams. If the fixed condition at
center support can not be maintained due to the occurrence of cracking or yielding of
reinforcement the magnitude of secondary moment will tend to decrease. In this study, a
modification of secondary moment was implemented by assuming that the reduction of

secondary moment is equal to the magnitude of redistributed moment at the center support.

In order to evaluate the amount of moment redistribution, the model of moment-load
relationship was proposed (Fig. 4-14). After yielding, which can be considered as the
cracking at center support in this study, the bending moment diagram will differ from that
determined by linear-elastic analysis. The negative moment at center support will increase
much slower than in the previous step. In contrast, the positive moment at mid-span region
or under loading point in this study will increase with a rate higher than that of center
support. The relationships of these two rates of moment increase can be determined by

assuming that the amount of redistributed moment at any section is linearly distributed
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along beam length implying the same characteristic of secondary moment. At the ultimate

stage, the moment at both critical sections will reach the ultimate moment, M,, resulting in

a collapse mechanism.

A

Elastic

Plastic

Moment

/|

L

negative moment

positive moment

/

P

Y Applied Load

P,

\ 4

Fig. 4-14 Model of moment versus applied load

4.4.1 Comparison with Experimental Results (Two-span continuous beams)

A comparison between experimental versus analytical results of two-span continuous

beams is summarized in Table 4-2. The comparative plots are also given in Fig.4-15 (a)

and (b). It can be seen that there is a reasonable agreement between experimental and

analytical results. However, it should be noted that the predicted values of ultimate

deflection are considerably less than that of the test results, which are approximately 20%

for both two specimens. This difference may be caused by the assumption used in the

calculation of deflection in the program which considered only pure flexural deformation.

Table 4-2 Comparison with experimental results (two-span continuous beams)

Ultimate Load Ultimate Deflection Ultimate Tendon Force
No. | Description (kN) (mm) (kN)
Test | Analysis |Correlation|Test| Analysis |Correlation| Test | Analysis |Correlation
A-1 | monolithic | 108.3 104.8 0.968 82.7| 66.0 0.798 1159 1122 0.968
A-la| Preesst ligo8| 99.2 0984 [80.0] 65.7 0.821 [112.6] 109.1 0.969
segment .
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Fig. 4-15 Comparison between experimental and analytical results of two-span

continuous beams

4.5 Conclusions

In this chapter, an analytical methodology for predicting the ultimate flexural strength of
EPC beams with large eccentricities was discussed. The analytical program was based on
the conventional moment-curvature method and the compatibility of deformation of

external tendon. The assumption of imaginary concrete strain at tendon level in the concept
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of deformation compatibility was discussed and theoretically verified to be applicable for
using in the analysis of EPC beams with large eccentricities. This was carried out by
comparing with a different concept, geometrical compatibility of external tendons,
showing nearly the same value compared with those of the experimental results. The
methodology was also extended to the analysis of two-span continuous beams by including
the effect of secondary moment and moment redistribution. A good agreement between
experimental results and analytical predictions was obtained. However, there still have
some error in the predicted value of deflection in all test beams. This may be caused by the
effect of shear deformation occurred in this type of structure especially at center support
region in two-span continuous beams. A further research is recommended to include such

an effect in the analytical methodology.
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CHAPTER 5

Investigation of EPC Beams with Large Eccentricities under

Shear-type Loading

5.1 Introduction

In recent years, questions have been raised about the shear behavior of PC beams with
unboned or external tendons because it is apparent that there is no bond between
prestressing tendons and surrounding concrete. Hence, the shear transfer mechanism of PC

beam with external tendon might be different from those with internal bonded ones.
| Further, it can be observed that the investigations in this topic have been so far very little
compared to those of flexural behavior especially in precast segmental beams. In order to
obtain a better understanding of the shear behavior of EPC beam with large eccentricities,
an experimental program was carried out in both monolithic and precast segmental beams

with emphasis on the influence of stress increase in large eccentric external tendons.
5.2 Experimental Program
5.2.1 Overview

The main objectives of this experimental investigation were to investigate the structural
behavior of EPC beams with large eccentricities under shear-type loading. At the
beginning of test program, the beams were designed to obtain the shear failure by
calculating shear strength according to JSCE ™' standard and flexural strength from the
analytical program described in previous chapter. The safety factor defined as the ratio of
flexure-failure load to shear-failure load was specified to be approximately 1.5. Various

important parameters having influence on shear strength were selected including 1) method
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of casting, 2) main reinforcement, 3) stirrup reinforcement, 4) eccentricity of external
tendon, and 5) bonding condition of internal tendon. Nevertheless, after obtaining some
test results indicating the flexural failure mode for first two specimens, it was decided to .
change the test parameter to the amount of initial prestressing forces both in internal and
external tendons for the remaining specimens. This is because it was observed from the test
results that the existence of compressive prestressing force and the vertical component of
external tendon force substantially increased the shear strength of this type of structure.

The details of test specimens and test variables are presented in following section.

5.2.2 Details of Specimens and Test Variables

Test specimens consisted of six simply supported beams with a rectangular-shaped cross
section of 40 cm width and 15 cm height, the same dimension as flexure-test specimens.
Table 5-1 shows the summary of test variables and material used in test. The details of
mechanical material properties of reinforcements, prestressing tendons and epoxy can be

found in chapter 2.

The layout of all test specimens is illustrated in Fig.5-1. All test beams were provided with
two internal tendons of SWPR7B type with 12.4 mm diameter and one external tendons of
SWPRION type with a diameter of 21.8 mm. External tendons were deviated at mid-span
section by a strut deviator, leading to a single-draped shape tendon. For internal tendons,
they are of straight-lined tendons along beam length provided at the mid-depth level of
concrete section. The utilization of internal tendons was primarily to prevent crack at the
top fiber of concrete section due to the prestressing moment from external tendons at the
initial stage as well as to provide an initial compressive force for assembling precast
segments with epoxy resin in precast segmental beams. The concrete mix was designed for
a 28-day compressive strength, f.’, of 50 MPa. However, at the day of testing it was found
that the concrete compressive strengths of all test beams were average of 70 MPa, fairly

higher than the design value.

For precast segmental beams, each beam consists of 13 math cast segments with the width

of 250 mm. They were assembled after applying epoxy resin at all shear-key surfaces by
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introducing an initial compressive force of approximately 20 kN. After the initial required
strength of epoxy was developed which took around 1 days according to the specification,
internal tendons were then fully prestressed up to the design value. It should be noted that,

before testing, it required at least 1 week for fully developed strength of epoxy resin.

Table 5-1 Summary of test variables and material for shear-type specimens

No. Mg;zgﬁgOf Eczzzfr?;ty - F.leinforcem?nt Prestressing Tendons Sgg:gctl:,tj: .
(cm) ain Stirrup Internal External (MPa)
> ] - Uni_;LZiTO%mkN) ]:;251 an;m 66.1
> 406 4-DB6 ; Bi_rIjl(zigomkr;) 1851 fNr;‘m 702
4| Same s || e [ ] o
55 4-DB6 | DB6@100 . ™| 702
w oo | - | e [

5.2.3 Test Setup and Measurements

The beams were instrumented to measure the response of the structure to the applied load
including concrete and steel strain, joint opening, force in prestressing tendons and
deflections at mid-span and loading points. The details of such measuring devices can be
found in chapter 2. All specimens were tested up to the ultimate by two-point static loading
with a distance of 1.50 m, resulting in a shear span length of 0.5 m. The cracking load was
recorded when the first crack or joint opening was observed. Test data was automatically
recorded by the data logger in which the response of beam such as load-deflection curve
can be monitored at the time of testing. It should be also noted tests of beam S-3 to 5 were
carried out by removing the loading and support steel plates in order to provide the shear

span length as the designed value.

5.3 Experimental Results and Discussions

The summary of experimental results of all shear-type specimens is shown in Table 5-2.
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It can be seen that all test beams except beam S-2 were failed in flexure-type mode by
compression of concrete at critical sections. It is important to note that beam S-3 was
provided with internal bonded tendon but showed quite lower ultimate load than that of
beam with internal bonded tendon (S-1). This may by caused by the fact that there was no
loading steel plate in test of beam S-3, thus a concentration of compressive concrete strain

can occurred at the region under loading point leading to an early failure mechanism.

Table 5-2 Summary of experimental results of shear-test specimens

. . . Mid-span
Cracking | Ultimate Prestressing Tendon Force (kIN) Deflection (mm) Mode of
No. Load Load Internal External Failure
KN kN Initial 1ti
(kN) (kM) Initial | Ultimate | Initial |Ultimate |  © Ultimate
S1 | 1030 | 4032 | 101.9 | 1435 | 218 | 2008 | -277 | 2736 | Crushingof

concrete

S-2% 107.9 265.9% 100.5 122.5% 23.2 191.9* -5.09 16.56* | No failure

S-3 78.5 274.7 100.6 188.0 19.9 184.2 -1.22 18.08

S-4 44.1 280.6 23.7 929 8.1 200.9 -0.42 24.46 | Crushing of
concrete

S-5 319 114.8 - - 4.5 79.2 -0.11 12.36

S-6 43.2 137.5 19.9 43.9 22.1 134.4 -0.97 16.20

*Note: test of beam S-2 was stopped when the compressive concrete strain at critical section reached the
value of 2000 micron.

Crack patterns of shear-type specimens are illustrated in Fig. 5-2. Cracks first occurred at
the regions near the loading points in monolithic beam or at the concrete adjacent to the
critical joints in precast segmental beams and propagated rapidly until the crushing of
concrete. It should be noted that there was only few large cracks occurred at the critical
sections. This can be attributed to influence of resisting moment from external tendon
which had a large magnitude in the loading span region, thus effectively preventing crack

in such region to take place.

Fig. 5-3 shows a plot of load versus mid-span deflection of shear-type specimens. It can be
seen that all test beams showed a bilinear curve with a deflected point at the occurrence of
cracking. The difference of cracking loads in each test beam can be attributed to the

amount of initial prestressing force which was lower in beam S-4 to 6.
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Fig. 5-2 Crack patterns of shear-type specimens
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Fig. 5-3 Load and mid-span deflection relationship of shear-type specimens

The relationship of force in external tendons and mid-span deflection is plotted in Fig. 5-4.
It can be observed that force in external tendons increased very rapidly after the occurrence
of cracking. There was the same li;lear relationship in all test beams with a increasing rate
of about 10 kN/mm except beam S-6 which had slightly lower value of 8.3 kN/m. This can
be attributed to the different geometrical shape of external tendon whereby beam S-6 had a

smaller eccentricity at mid-span section.
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250 |
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Fig. 5-4 Force in external tendon of shear-type specimens

-63-



Chapter 5 Investigation under Shear-type Loading

5.4 Comparison with Shear Design Equation

To investigate the applicability of existing shear design equations for this type of structure,

a comparison was made between the ultimate strength observed from tests which can be

considered as the lower limit value of shear strength with those calculated based on JSCE

and ACI code.

JSCE Code

The shear design equation is given as following equation:

Vy=V,+V,

~d

+ Vped

V.4 = design shear capacity carried by concrete

Vcd = frcrl : bw ' d /‘}/;

fros =098, B, B, - f.'

B, =W(d:cm) , ;when B, > 1.5, B, istakenas1.5

ﬁp =M ‘ ;whenﬁp >1.5,[3p istakenasl1.5

B,=1+M,/M, (N',>0) ;when 8, > 2.0, B, istakenas 2.0
 =1+2M, /M, (N',<0) :when B, >0, B, is takenas0

=13 and p,=A /b.d
Vsa : design shear capacity carried by shear reinforcing steel
V\'{I = [Awfw.\'d (Sin a.\' +cos a,y ) / S", ]Z /Yb

Jura 1 nOt greater than 4000 kgf/cm?2
z =d/l.15and %= 1.5

(5-1)

(5-2)

(3-3)

Vpea : component of effective tensile force of longitudinal tendon parallel to the shear force

1%

ped

=P

ed

sina, /1y, 3 =15

ACI 318-95

The shear design equation is given as following equation:
V,=¢(V.+V,)

V. : concrete shear strength (smaller value of V,; and V...

V. : Inclined shear cracking
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V.M

V,= 0.6,/ f ‘b tV,+ A‘/I = (5-5)

M, =1y)64f. + e -f) (5-6)
V.. : web shear cracking

Vcw = (3‘5Vfc’ +O‘3fpc)bwd +Vp (5'7)
Vs : shear strength from shear reinforcement

A fd
y AL .
s

Table 5-3 Comparison with shear design equation

No. Ultimate Shear Strength (kIN)

Test JSCE ACI
S-1 >403.2 73.6 88.7
S-3 >274.7 73.8 84.3
S-4 > 280.6 58.5 67.3
"S-5 >114.8 100.6 100.1
S-6, .| >1375 73.1 75.0

From Table 5-3, it can be seen that the ultimate shear strength from both JSCE and ACI
code showed conservative value compared with the lower limit value of assumed shear
strength from the test. It is interesting to note that, in beam S-5, in which the amount of
prestressing force is smallest and the stirrup is provided, the discrepancy was found to be

very least compared to other beams.

5.5 Conclusions

An investigation of behavior of EPC beams with large eccentricities under shear-type
loading was carried out. It was found that the ultimate shear strength of EPC beams with
large eccentricities was very high due to the large magnitude of large eccentric external
tendon force and the existence of compressive stress at the ultimate. This clearly indicated
that the application of external prestressing can be effectively utilized not only for
enhancing the ultimate flexural strength but also the shear strength of structure. In addition,
it was found that shear strength from JSCE and ACI standard showed very conservative

values for predicting the ultimate shear strength of EPC structure with large eccentricities.
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CHAPTER 6

Conclusions

6.1 Conclusions

It has been generally known that in recent years the application of external prestressing is
becoming more popular and widely used for modern bridge structures. Very recently, the
concept was also developed in order to improve the flexural strength by placing external
tendon outside the concrete girder at large eccentricities. It has been found that an effective
utilization of external tendon as a tension member and concrete section as a compression
one could be obtained resulting .in a substantial enhancement of the ultimate flexural
strength. However, to the best of author’s knowledge, a clear understanding of the flexural
behavior of this innovative type of structure has not yet been clarified regarding the
ultimate flexural strength and force increase in external tendons especially in precast
segmental beams. Further, the investigations of shear behavior of EPC beams with large
eccentricities, which is also an important design aspect, have been so far very few. As a
result, a study on both flexural and shear behavior of this type of structure was carried out

in this study.

In order to obtain a better understanding of the flexural behavior of EPC beams with large
eccentricities, an experimental program was conducted in both single span and two-span
continuous beams. The results have shown that the flexural behavior of both monolithic
and precast segmental beams was nearly the same at any stage of loading. This is because
there was no main reinforcement in monolithic beams, thus showing the overall behavior
nearly same as in precast segmental beams. In addition, the effect of internal unbonded
tendon was also investigated in single span beam with an emphasis on the ultimate flexural
strength and the ductility of structure. This kind of a mixed prestressing method may be

preferred in the precast segmental construction because the problem of the quality of
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grouting concrete can be eliminated, resulting in a better durability of bridge structure. It
was found that the provision of external and internal unbonded tendons in precast
segmental beam showed slightly lower ultimate flexural strength and ductility compared to
those with internal bonded tendon. Such effects, however, were considered to be
insignificant. This is because most of flexural strength was mainly from the large eccentric

external tendons.

A nonlinear analytical methodology based on moment-curvature method and deformation
compatibility was adopted in this study for analyzing the flexural behavior of EPC beams
with large eccentricities. The assumption of imaginary concrete was theoretically verified
by using a different analytical methodology base on the concept of geometrical condition
of external tendon. The conclusion can be drawn that both analytical method are
fundamentally the same methodology to calculate the elongation of unbonded tendon by
considering the geometrical shape of tendon and the deformation of structure at deviators
and anchorages. These methods can be accurately utilized regardless of the eccentricity of
external tendon provided that the inclined concrete strain component at tendon level can be
assumed to be insignificant. Nevertheless, in the analysis of EPC beams with large
eccentricities, to obtain a better understanding of the mechanism of stress increase in
tendon, it is recommended that the geometrical compatibility of external tendon be used as

a basis for evaluation of stress in large eccentric external tendon.

In respect of the shear behavior of EPC beam with large eccentricities, an experimental
program was conducted in both monolithic and precast segmental beams with emphasis on
the influence of stress increase in large eccentric external tendons. Notwithstanding, it was
found that the shear strength of this type of structure was comparatively high and all the
test specimens failed in flexure-type. This is because external tendon force can be
increased rapidly as load was increased, therefore, the contribution to shear strength from
the vertical component of external tendon force is very large particularly at the ultimate
stage compared to those of conventional EPC beams. In addition, it was also found that
shear strength from JSCE and ACI standard showed very conservative values for

predicting the ultimate shear strength of EPC structure with large eccentricities.
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6.2 Recommendation for Further Study

It can be concluded from this study that the ultimate flexural strength can be predicted with
a good accuracy by using the developed analytical program. However, there still have
some erratic parts in such a program as it can be seen that the predicted value of the
ultimate deflection was very lower than observed value from test around 20%. This is
believed to be caused by the effect of shear force on this kind of structure particularly at
the center support region in two-span continuous beam. Therefore, a modification is
recommended to take into account such an effect of shear deformation. Further, in the
analysis of two-span continuous EPC beam with large eccentricities, there still have some
difficulties to predict the magnitude of redistributed moment at the ultimate stage as well
as the reduction of the secondary moment. Some parameter affecting such a behavior
should be further investigated in order to obtain an accurate model. Finally, even though it
can be concluded from the current study that EPC beam with large eccentricities will not
have much problem under shear-type loading, a further investigation is recommended in
order to obtain an accurate preEliétion of the shear strength of this kind of structure,
especially the influence of the absence of bonding between prestressing tendons and

surrounding concrete.
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APPENDIX : PHOTOGRAPHS OF EXPERIMENTAL WORK




Photo 2 Long-line match casting method (second casting)
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Photo 4 Preparation before assembly of precast segments
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Appendix : Photographs of Experimental Work

O

Photo 6 Layout of test of single span beam D-1a (flexure-type)
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Appendix : Photographs of Experimental Work

Photo 8 Assembly of two-span continuous beam A-1a (flexure-type)
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Appendix : Photographs of Experimental Work

Photo 9 Anchorage details with steel tube filled with epoxy for external tendon

Photo 10 Deformation shape of two-span continuous beam A-1a under loading
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Photo 11 Joint openings near center support region of beam A-1a

Photo 12 Critical opened joint and crack near left loading point region of beam A-1a
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Photo 13 Layout of test of shear-type specimens (S-type)

Photo 14 Single large crack at ultimate load of monolithic beam S-1
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Appendix : Photographs of Experimental Work

Photo 16 Inclined crack at ultimate failure of beam tested without loading steel plates
(beam S-3)
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Appendix : Photographs of Experimental Work

Photo 17 Cracks at joints in mid-span region at the ultimate load (beam S-3)

Photo 18 Crack at end support at the ultimate load (beam S-4)
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