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ABSTRACT

Traditional cast-in-situ construction method normally includes a lot of construction
works on site such as preparing formworks, tying steel cages and casting concrete.
These activities are time consuming and can significantly influence the traffic. Precast
segmental column has been proposed to accelerate the construction speed, which is
especially critical in busy urban areas with heavy traffic. It is becoming more and more
popular and attractive recently considering its numerous advantages. However, the
applications are mainly limited to the areas of low seismicity due to the lack of

understanding on its performance under seismic loadings.

The studies carried out in this thesis concentrate on investigating the seismic
performance of precast segmental column, including the static performance under
cyclic loading and dynamic response under seismic excitations. Quasi-static cyclic
tests are carried out to evaluate the effects of different designs on its seismic
performance. The most vulnerable components and failure modes of precast segmental
columns are identified. Basalt fibre reinforced polymer (BFRP) and tension-only
external energy dissipation (TEED) devices are used to improve its seismic
performance. Extensive numerical studies are also carried out to investigate its
performances under uniaxial and biaxial cyclic loadings. Finally, shake table tests are

conducted to investigate its dynamic responses under bidirectional seismic excitations.

In the first part of this thesis (Chapter 2), five segmental columns are tested under
cyclic loading to investigate the performances of segmental columns under cyclic
loadings with reference to the monolithic column. In particular, the effects of different
design parameters on the performance of the segmental column are investigated,
including the energy dissipation (ED) bars, posttension force in the tendon, segment
number, and the shear keys. The test results demonstrate that the segmental columns
have better ductility and smaller residual drift compared to the monolithic column.
However, they have lower energy dissipation capability than the monolithic column
due to the fact that more concrete damages and reinforcement yielding are developed
in the monolithic column. It is also found that the concrete segments experience
excessive compression at the toes of the segments due to the joint openings, resulting

in concrete compressive failure at the joints.



To overcome the disadvantages of low energy dissipation and excessive concrete
compressive failure, Tension-only External Energy Dissipation (TEED) devices and
basalt fibre-reinforced polymer (BFRP) wrapped segments are proposed to be used in
the segmental column. The TEED device is designed to improve the energy dissipation
ability of the column while keeping the residual displacement small. The BFRP is used
to wrap the segments to mitigate the damage of the segments. Quasi-static cyclic tests
are performed to examine the effectiveness of the proposed method (Chapter 3). The
test results demonstrate that the combined use of the BFRP and TEED can improve
the seismic performance of the segmental column. In particular, BFRP can effectively
reduce the damages of the segments and TEED devices can increase the energy
dissipation capacity of the segmental column without significantly increasing the

residual displacement due to the non-buckling design of the devices.

In order to further investigate the seismic performance of segmental column,
numerical studies are conducted (Chapter 4). The numerical models are developed and
validated against the test results of two large scale segmental columns under cyclic
loading. Afterwards, parametric studies are carried out to systematically investigate
the effects of bonded and unbonded tendon, posttension force level, confinement of
the segments, and other parameters on the performance of segmental columns. In
addition, shape memory alloy (SMA) bars are also adopted and investigated as ED
bars to increase the energy dissipation. It is found that the bonded tendon results in
stress concentration in the tendon and decreases the ductility of the column. Higher
posttension force results in higher strength and energy, but lower ductility. The SMA
bars are effective to increase the energy dissipation capacity of the column while

keeping the residual displacement small.

Although many experimental and numerical studies have been carried out to study the
uniaxial cyclic performance of the segmental columns, the biaxial seismic
performance of the segmental column, however, is rarely investigated. In reality, the
seismic excitation has three components. Using the performance of the segmental
column under uniaxial loading to predict the structural response during an earthquake
may lead to inaccurate results. Therefore, the performance of the segmental column
subjected to biaxial cyclic loadings is investigated in Chapter 5. Six biaxial cyclic

loading paths are applied to a numerical model to investigate the influence of different
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biaxial cyclic loading combinations. The results demonstrate that the biaxial cyclic
loading paths have significantly influences on the strength, ductility and energy

dissipation of the segmental column.

Shake table tests allow direct observation of the dynamic behaviours of segmental
columns under seismic ground excitations. Only limited shake table tests have been
carried out on the precast segmental columns. Moreover, only uniaxial ground motions
are used in these tests. Shake table test on the segmental column under bidirectional
earthquake motions is carried out in this study (Chapter 6). A monolithic column is
also tested for comparison. It is interesting that significant twisting occurred to the
segmental column under the bidirectional earthquake motions during the test,
indicating that the friction between the joints is not enough to resist the torsional
moment induced by the unsymmetrical damages in the segments and the bidirectional
earthquake loadings. This has not been observed in previous studies. To prevent the
twisting, shear keys between the segments are proposed to be installed at the joints
between the segments, and they are proved to be effective according to the results of

the numerical simulations.
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CHAPTER1 INTRODUCTION

1.1 Background

Conventional cast in place construction involves many time consuming activities such
as formwork preparation, working platform installation, concrete casting, and
formwork removal, which can cause serious traffic delays, environmental impact to
the construction site, and disruptions to social and economic activities. In addition,
construction quality can be also affected due to the complex on site conditions. In
comparison, prefabricated structures can significantly reduce the construction time as
it shifts most of the construction works to the prefabrication factory. Compared to the
traditional construction method, it has many advantages such as less construction time,
minimal traffic disruption, less environmental impact, better quality control, and safer
working conditions. Due to these attractive advantages, it is becoming more and more
popular around the world. Precast segmental column is one of the prefabricated
structures which has been proposed as substructures to accelerate the bridge
construction speed. Many applications can be found around the world. However, they
are mainly limited to areas of low seismicity due to the fact that its performance under
seismic loading have not been fully understood yet (Hewes & Priestley, 2002).
Rigorous research on the performance of precast segmental column is necessary

before using it in earthquake prone areas.

A typical precast segmental column normally consists of precast concrete segments
and posttensioned tendon that used to clamp all the segments together. Some studies
have been carried out to investigate the seismic performance of precast segmental
columns (Billington & Yoon, 2004; Chou & Chen, 2006; ElGawady et al., 2010;
Hewes & Priestley, 2002; Yamashita & Sanders, 2009). Hewes and Priestley (2002)
carried out cyclic tests on the precast segmental columns with unbonded tendons. The
bottom segment was confined with steel jacket with various thicknesses to mitigate
the concrete damage. The test results showed that the residual displacements of the
specimens were small. Minor spalling damage was developed and the column with
thicker jacket performed better in terms of ductility. Billington and Yoon (2004) tested
segmental columns with shear keys between the segments. Ductile fiber-reinforced
cement-based composite (DRFCC) was used in the plastic hinge regions. It was found

that the DFRCC was able to increase the energy dissipation of the system and maintain
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its integrity better than the traditional concrete. Chou and Chen (2006) tested two
precast concrete filled tube (CFT) segmental columns, in which fixed axial force ratio
and the same number of segments were used for the two columns. Ou et al. (2009)
investigated the influences of axial load and ED bar ratio on the performance of precast
segmental columns with hollow square cross section. It should be noted that many
design factors could potentially affect the performance of segmental column, however
each of the above mentioned study focused on studying one or two of these factors.
Since different materials, dimensions, axial loads, and testing methods were used in
different previous studies, it is not easy to have direct comparisons. Chapter 2 in the
present study carries out cyclic tests on five segmental columns with different designs
to investigate the effects of different design parameters on the performance of precast

segmental columns.

After a strong earthquake event, large residual displacement can make it difficult or
even impossible to repair the bridge structures. For example, about 100 reinforced
concrete columns were totally demolished after the Hyogo-ken Nanbu earthquake in
1995 because the residual drifts of these columns were larger than 1% and it was
difficult to set and align the superstructures back to their original positions
(Kawashima et al., 1998). Experimental results of previous studies have revealed that
the precast posttensioned segmental column has excellent self-centring ability due to
the restoring force provided by the posttensioned tendon, which is an important
advantage for the post-earthquake retrofit activities (Ou et al., 2009). The experimental
results, on the other hand, also demonstrated that the energy dissipation capacity of
the segmental column is smaller than the monolithic column (Bu et al., 2015;
ElGawady et al., 2010). The reason is that the longitudinal steel bars are discontinuous
across the joints, when the lateral load is applied to the segmental column, openings
are developed at the joints between the segments instead of causing concrete tensile
cracks and steel bar yielding as observed in the monolithic column. Extra energy
dissipation (ED) devices are therefore necessary to increase the energy dissipation
capacity of the segmental column. In terms of the ED devices, both the internal
embedded bars and external ED devices have been used by previous studies. For
example, Ou et al. (2009) proposed using internal bonded mild steel bars as ED bars
across the joints to increase the energy dissipation capacity of the segmental column.

It was found that the ED bars were effective to increase the energy dissipation capacity
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of the column. However, they might also increase the residual displacement of the
column. Similar observations were also found in some other studies (Bu et al., 2015;
Wang et al., 2008). Moreover, the internal ED bars are difficult to be repaired and
replaced after damage during a severe earthquake event. To overcome this problem,
replaceable external ED devices were proposed and investigated by some researchers
(Chou & Chen, 2006; ElGawady & Sha’lan, 2010; Marriott et al., 2009). In these
studies, reduced steel angle plates or fuse type dissipaters were used. The use of the
external ED devices was found to be effective to increase the energy dissipation
capacity of the precast segmental column. However, buckling of the external ED
devices was found during the test when the devices were under compression and the
residual displacements of the segmental columns were relatively large. Chapter 3 in
this study proposes tension-only external ED (TEED) devices to increase the energy
dissipation capacity of the segmental column while preventing buckling damage and

keeping the residual displacement small with the special designed TEED devices.

Due to the joint opening and rocking behaviour of the segments, excessive stress can
be developed at the toes of the segments. As a result, concrete crushing and spalling
damages were observed in the previous tests. Various strengthening technics were
used to mitigate such damage, including using high performance concrete (Billington
& Yoon, 2004; Ichikawa et al., 2016), confining the segments with steel jacket (Chou
& Chen, 2006; Hewes & Priestley, 2002), and using replaceable rubber hinge at the
bottom of the column (Varela & Saiidi, 2016a). Fibre-reinforced polymer (FRP) was
also adopted in some studies to confine the segments (ElGawady et al., 2010; Guo et
al., 2015; Motaref et al., 2013). The FRPs used in the previous studies included carbon
fibre-reinforced polymer (CFRP) and glass fibre-reinforced polymer (GFRP).
Recently, basalt FRP (BFRP) has attracted increasing attention due to its low cost and
good mechanical properties. It is a potential material that can be used as an alternative
to strength the segments. In Chapter 3, BFRP is adopted to wrap the segments in order

to mitigate the concrete damage of the segments.

Besides the experimental studies, numerical simulation is another approach to
understand the performance of the column. A series of numerical modelling methods
have been used to simulate the behaviour of segmental columns. Wang et al. (2008)

developed two dimensional (2D) finite element (FE) model to capture the behaviour

22



of four precast segmental columns by using ABAQUS, in which only the last cycle of
the hysteretic curve was compared. Dawood et al. (2011) developed 3D FE models in
ABAQUS, and the backbone curves of the test and modelling results were compared.
Nikbakht et al. (2014) adopted ANSYS to build a 3D model. Ou et al. (2007)
developed 3D model in ABAQUS. Other fibre-based models by using OpenSees were
also investigated in some studies (Cai et al., 2018; Wang et al., 2014). It should be
noted that some influencing factors such as the bonding condition of the tendon and
confinement to the segments were not considered. Hence, further developing a reliable
numerical model to investigate the influences of different designs on the performance
of segmental column is still necessary. In Chapter 4, detailed 3D numerical models
are developed by using ABAQUS. The numerical models are validated against
previous cyclic test results first and then used for parametric studies. Comprehensive
numerical simulations are carried out to investigate the influences of different design

parameters on the cyclic performance of the segmental column.

Even though there have been many studies on the cyclic behaviour of the precast
segmental column, most of them only considered uniaxial cyclic loading. Study on the
bidirectional performance of the segmental column is not available in the literature.
Some previous experimental and numerical studies have been carried out to
investigate the bidirectional performance of traditional monolithic concrete columns
(Bousias et al., 1995; Qiu et al., 2002; Rodrigues et al., 2015; Rodrigues et al., 2013;
Shirmohammadi & Esmaeily, 2015) and thin wall steel columns (Goto et al., 2009;
Ucak & Tsopelas, 2014). It was found the bidirectional loadings affect the
performance of these columns significantly in terms of strength, ductility and energy
dissipation capacity. As the segmental column is different from the monolithic
column, to understand its biaxial performance, it is necessary to investigate the
performance of the segmental column under bidirectional loadings and to evaluate the
effect of load path on the performance of such column. In Chapter 5, the biaxial
performance of the segmental column is investigated through numerical studies. A
numerical model of a segmental column under uniaxial cyclic loading is first
developed and validated. Then different commonly used biaxial cyclic loading paths
are applied to the numerical model to assess the biaxial performance of the segmental
column. The influences of load paths and axial load ratios on the biaxial performance

of the segmental column are also investigated.
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Although the cyclic performance of the precast segmental column has been
investigated extensively, its real dynamic responses, however, are rarely studied. A
few shake table tests have been carried out in some studies. For example, Yamashita
and Sanders tested on a 1/4 scaled precast segmental column and it was found the
specimen showed good ductility and small residual displacement (Yamashita &
Sanders, 2009). Motaref et al. (2013) tested segmental columns with the plastic hinge
strengthened by damage-resilient material including elastomeric pad, ECC and carbon
fibre-reinforced polymer (CFRP). Moustafa and ElGawady (2018) tested the
segmental hollow-core FRP-concrete-steel (HC-FCS) columns on the shake table.
Varela and Saiidi (2016b) carried out shake table tests on two 1/4-scale columns with
replaceable plastic hinges incorporating ECC and SMA bars. However, it should be
noted that only uniaxial earthquake excitation was used in these tests. Due to the nature
of the earthquake, the columns are inevitably subjected to the multi-component
motions during the earthquake. The performance of the segmental column under
multi-component earthquake motions may be different from those observed from the
column under uniaxial earthquake motion. Therefore, it is necessary to carry out shake
table tests on the segmental column under multi-component earthquake input to better
understand its seismic performance. In Chapter 6, shake table tests and numerical
simulations are carried out to investigate the dynamic response of the precast

segmental column. A monolithic column is also tested as a reference.

1.2 Research Objectives

The primary objective of this study is to investigate the seismic performance of precast
posttensioned segmental concrete column. To achieve this goal, experimental tests
including cyclic tests and shake table tests are carried out. Numerical simulations are
also conducted to perform intensive parametric studies of the influences of various
design parameters and loading conditions on the performances of segmental columns.

The specific research works and objectives of this study include:

1) Investigating the influences of energy dissipation bars, number of segments,
shear keys and prestressing force on the performance of segmental columns.
2) Studying the effectiveness of using BFRP to mitigate the compressive damage

of the concrete, and studying the effectiveness of enhancing the energy
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dissipation capacity of the segmental column by using the newly proposed
buckling resistant tension-only energy dissipation device (TEED) devices.

3) Developing numerical models to reliably simulate the responses of segmental
column under cyclic loading. Investigating the effects of various design details
on the performance of segmental columns through comprehensive parametric
studies.

4) Investigating the effects of biaxial cyclic loadings on the performance of the
segmental column and the effect of different loading paths on its performance.

5) Investigating the dynamic response of segmental columns subjected to biaxial
ground excitations by conducting shake table tests and numerical simulations

on the segmental column.

1.3 Research Outline

This thesis comprises seven chapters. The contents of the six chapters following the

introductory chapter are described below:

Chapter 2 presents the experimental tests on one monolithic column and several
segmental columns with different designs. The differences between the performance
of monolithic and segmental columns are compared and discussed in terms of
hysteretic curves, backbone curves, energy dissipation and residual drift. The
influences of different designs on the cyclic performance of segmental columns are

also discussed.

Chapter 3 presents the proposed methods for strengthening the segments with BFRP
and increasing the energy dissipation capacity of the column with the newly proposed

TEED to achieve a better seismic performance.

Chapter 4 develops and calibrates the numerical models of segmental columns. The
effects of the bonding condition of the tendon, axial force ratio, confinement to the
segments, segment number and energy dissipation bar ratio are investigated through
comprehensive parametric studies. The use of Shape Memory Alloy (SMA) to
increase the energy dissipation and minimize the residual displacement are also

discussed in this chapter.
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Chapter 5 investigates the influences of biaxial cyclic loadings on the performance of
segmental columns. A numerical model is developed and different biaxial loading
paths are applied to the validated numerical model. The effects of the biaxial loading

paths on the performance of the segmental column are discussed.

Chapter 6 carries out shake table tests on both monolithic column and segmental
column under bidirectional earthquake motions. The dynamic responses of segmental
column subjected to the bidirectional seismic excitations are assessed and compared
with the monolithic column. The effectiveness of using multiple shear keys between
the segments to reduce the twisting of the segmental column is investigated through

numerical simulations.

Chapter 7 summarizes the concluding remarks of the current study, as well as

recommendations for the future research.

This thesis is compiled by a connection of technical papers prepared by the candidate
during the research. Therefore, Chapter 2 to 6 can be read independently, and consist

of some repeated information and literature review.
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CHAPTER 2 EXPERIMENTAL STUDY OF PRECAST
SEGMENTAL COLUMNS WITH UNBONDED TENDONS
UNDER CYCLIC LOADING

2.1 Abstract

Precast segmental column has attracted a lot of research interests over the past two
decades. It has become more and more popular in construction industry to achieve fast
construction, improve construction quality and reduce environmental impact. Many
factors including the energy dissipation bar, number of segments, prestressing force
and shear keys could affect the performance of segmental column, but each of previous
studies normally focused on investigating one or two of these factors. Since different
previous studies used different materials, different structural dimensions, different
axial loads and different testing methods, it is difficult to have comprehensive
comparisons. Moreover, limited studies indicated that shear keys had insignificant
influences on performances of segmental columns subjected to cyclic loadings, while
other studies revealed shear keys contribute to resisting impact loads but could lead to
more severe damage due to stress concentration. In this study, cyclic tests were carried
out to systematically assess the performance of segmental columns. Special attentions
were paid on the influences of shear keys on column responses. Five scaled segmental
columns with different designs were tested to study their damage mode, hysteretic
behaviour, residual drift and energy dissipation capacity. One monolithic column was
also tested as a reference. Test results showed that comparing with the monolithic
column the segmental columns exhibited better ductility and smaller residual drift,
indicating better seismic performance, but segmental columns had less loading
capacity and absorbed less energy. The influences of different designs including
energy dissipation bar between adjacent segments, number of segments, prestressing
force level in the tendon and concrete shear key on the seismic performance of

segmental column were investigated and discussed.

2.2 Introduction

Conventional construction of reinforced concrete buildings and bridges normally

includes erecting working platform, installation of structural forms, fabrication and
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placing steel reinforcement, casting concrete, concrete curing and removing
formworks. All of these procedures have to be finished onsite which take much time
and can be significantly affected by weather conditions. The associated labour hours
and equipment for conventional constructions are also significant. To accelerate the
construction speed, prefabrication systems are becoming more and more popular.
Precast segmental concrete column is one of them. Compared with traditional cast-in-
situ columns, precast segmental columns have various advantages. They can minimize
site disruption, increase construction speed, reduce weather-related time delays,
enhance construction quality and minimize environmental impact (Mashal et al.,
2013). In addition, since most of the components are precast off-site in the factories,
new materials such as fibre-reinforced concrete and ultra-high strength concrete which
normally require careful mixing or high-temperature curing could be applied on
precast segmental columns. Despite all these advantages, the applications of segmental
column are mainly limited in areas of low seismicity since its performance under
earthquake loading is not yet well understood (Motaref et al., 2010). Considering the
advantages of segmental column, in recent years, many studies have been carried out
to better understand its behaviour under earthquake ground excitations for its further
applications in seismic regions (Chou et al., 2013; ElGawady & Dawood, 2012;
Motaref et al., 2010; Shim et al., 2008; Tazarv & Saiid, 2015).

Previous studies on the seismic performance of segmental columns normally include
experimental tests (Billington & Yoon, 2004; Chou & Chen, 2006; Ou et al., 2009)
and numerical simulations (Dawood et al., 2011; Nikbakht et al., 2014). These studies
revealed that some factors could affect the performance of segmental columns. These
factors include the prestressing force, the number of segments, shear keys, and energy
dissipation bars. Limited studies indicated that the friction forces between the
segments are enough to resist the shear forces of the column induced by seismic
ground excitations (Mashal et al., 2013). Therefore, plain segments without shear keys
are commonly considered in the previous studies (Chou & Chen, 2006; ElGawady et
al., 2010a; Hewes & Priestley, 2002; Yamashita & Sanders, 2009). However, during
the service life of the column, other extreme loading conditions such as vehicle
collision, barge impact, and blast loading may induce significantly large shear forces
in the column as compared to the seismic ground excitations. Therefore proper designs

with sufficient shear resistance between segments are often needed. A recent study
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revealed that including shear key in the segmental column, while effectively increases
the shear resistance and reduces the relative deformation between segments subjected
to lateral impact loadings, leads to stress concentration, which may cause more severe
damage to concrete segments (Zhang et al., 2016). The influences of shear key on
segmental column performances under seismic loadings therefore need to be studied.
In previous studies, different number of segments were used by different researchers.
For example, twelve segments with small height of 50 mm were used in one study
(Ichikawa et al., 2016). While less number of segments with large segment height were
used by other researchers (Bu et al., 2015; Chou & Chen, 2006; Ou et al., 2010) or
even a single segment (Marriott et al., 2009). Because these studies used different
segmental column models, comparisons of the results are not enough to draw
conclusions on the influences of the segment number on the performances of
segmental columns. Only limited studies can be found in previous literature that
investigated the influence of segment number (ElGawady et al., 2010b; ElGawady &
Sha’lan, 2010). Further study on the number of segments is therefore also needed.
Similarly, since the integrity of segmental column largely depends on the
posttensioned tendon, prestressing force level is another important factor for
segmental columns. Only very limited studies investigate the influences of prestress
level on the performance of segmental column. Dawood et al. (2014) carried out
parametric study on segmental column through numerical simulations. It was found
that by increasing the prestressing force level the maximum strengths of the column
was increased, but the ultimate drift was reduced, which indicated that the ductility of
the specimen was decreased. In this study, columns with different levels of
prestressing force were tested to experimentally investigate the effect of prestressing

force on the performance of segmental columns.

The present study was designed to systematically investigate the influence of these
factors. Segmental columns with the same dimensions but different segment number,
different prestress levels, with or without shear key and ED bar were designed and
tested so as to systematically study the performance of segmental columns under
cyclic loading. The respective pros and cons of the designs are examined through the

experimental study.
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2.3 Experimental setup

2.3.1 Specimen design

Six specimens including five segmental columns and one reference monolithic column
were designed and tested under lateral cyclic loading. A prototype column was scaled
with the scaling factor of 1/4 (Zhang et al., 2016). As shown in Figure 2-1 (a), the first
column was a traditional monolithic column which was used as a reference to compare
the hysteretic behaviour between monolithic column and precast segmental columns.
The second column was a precast segmental column with five segments. The third
specimen was the same as the second one but with bonded ED bars across the segment
joints. For the column with ED bars, holes were left in the segments before casting.
The ED bars were inserted into the holes and the holes were then grouted with
cementitious materials so that the ED bars could be bonded with the surrounding
concrete. The fourth specimen had seven segments without ED bars or shear keys, and
the fifth specimen consisted of five segments with concrete shear keys. The sixth
specimen had seven segments with shear keys. The detailed dimension of the shear
key is shown in Figure 2-1 (d). All the columns are named based on the segment
numbers and other design details. For example, 5segED means that specimen has five
segments and ED bars across the joints; 7segkey represents the column has seven
segments and shear keys. Figure 2-1 (b, ¢, d) shows the typical cross sections of the
tested specimens. All of the six columns have the same cross section and height, i.e.
100 mm x 100 mm and 800 mm (H). For the column with shear keys, trapezoid
concrete shear keys with upper and bottom length of 40 and 60 mm, and a height of
20 mm were used. All the columns adopted four ribbed mild steel bars with a diameter
of 6mm as the longitudinal reinforcement. For the monolithic column, the longitudinal
reinforcement bars were continuous while for the segmental columns the
reinforcements were discontinuous at the segment joints. For the segmental columns,
two starter bars were used between the footing and the base segments to connect the
base segment to the footing in the lateral loading direction. A seven-wire high strength
prestress strand with a diameter of 9.3 mm was placed in the duct which was embedded
at the centre of the segmental column. The area of the tendon was 54.7 mm?. The
transverse stirrups had a diameter of 4 mm. The dimension of the footings was 400

mm x 400 mm x 140 mm (length x width x height) for all the columns. Table 2-1
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summarizes the design details of all the six columns. Table 2-2 gives the material

properties of the six specimens.

T - T - o - + r - 8
8 ‘ ‘ 8| ‘ 3 =] ‘ 8 ‘ 8 ‘ ‘
-t -+ -+ - -t -
. ’_ L !_ ! [ - VPR SN S—
______ l |
i
o f=1 1 [=] -|> ]‘ o o f=1 B
g g il 2 g g
1 |
+ + ED bar g
| starter bar | T | Nl
! gy S ||| I R i |
= | o | | =} | — T — =] — | — o — = [=] [ |
= = = = 1 = = |
T L Y+ L i S N — i S | S— T L™ i S NN | |
l_400 | l_400 | |l_400 | l_400 | L400 | l._400 |
Monolithic 5seg 5segED Tseg Ssegkey Tsegkey
(a)
4D6 mild steel bar 4D6 mild steel bar 4D6 mild steel bar
Shear key
+ # + | D4@40 stirup  Height: 20mmi™._ ¢ + | D4@40 stirrup
D4@40 stirrup (D4 ED bar) [ 11
| =& ST
g - . . 2 ?rI @\ 10mm cover
_.1 | 10mm cover JOmm cover || D9.7 PT strands in L D9.7 PT strands in
. 13mmPVC duct L U\ 13mmPVC duct
100 100 100

(b) (c) (d)

Figure 2-1 (a). Specimen schematic drawing, (b). Section of monolithic, (c). Section

of 5seg, SsegED and 7seg, (d). Section of 5segkey and 7segkey.

Table 2-1 Summary of specimen designs

Height No. of Reinforcement *PT
No. Name ) ) p
(mm) segments Longitudinal p(%) Transvers p(%) oree
1  Monolithic 800 - 4D6 1.13 D4w40 1.57 -
2 Sseg 800 5 - - D4@40  1.57 30kN
2D4
3 S5segED 800 5 025 D440 1.57 30kN
(ED bars)
4 Tseg 800 7 - - D4@40 1.57 30kN
5 Ssegkey 800 5 - - D4@40  1.57 25kN
6 7segkey 800 7 - - D4@40  1.57 30kN

*PT stands for prestressed tendon
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Table 2-2 Material properties

p E o fior fy
Material
(kg/m3) (GPa) (MPa) (MPa)
Concrete 2400 30 34 5
Longitudinal rebar 7800 200 - 500
Stirrup 7800 200 - 300
Prestress tendon 7850 195 - 1860

2.3.2 Experimental setup

The specimens were cast and prepared carefully in the laboratory. After all the
specimens were cured, the segments were sanded to achieve flat and smooth surfaces.
The levels of each column were also checked before they were installed on the testing
frame. During the test, the footing was firmly fixed onto the test frame. Then the
segments were stacked one by one, and the prestress tendon was inserted through the
duct embedded at the centre of each segment. A 450 kg top mass was added to the top
of the column. After placing the top mass, the prestress tendon was stressed with a
hydraulic jack. The applied post-tension (PT) forces for all the specimens are shown
in Table 2-1. The posttensioning level was controlled by a pressure monitor on the

pump and also a load cell at the top of the tested specimen.

Figure 2-2 illustrates the setup of the testing system. The entire system was built on a
large rigid steel beam. To be different from previous cyclic tests, a specially designed
‘yielding arm’ (as shown on the left hand side of Figure 2-2) was made to hold the top
of the column. The arm was composed of two hinges, a rigid horizontal beam and a
vertical column. It will hold the top of tested column to restrain it from rotation once
the column was under the action of the actuator. The two hinges ensure the arm will
‘yield” and not provide other reactions to the column. The actuator was supported by
a frame on the right hand side of the testing system, which will push and pull the top
of the column to apply the cyclic loading. Each end of the actuator was tied to a ball

hinge to release accidental out-of-plane bending to protect the actuator during the test.
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A load cell was installed on the actuator to measure the applied cyclic load. Another
load cell was positioned on top of the column to monitor the change in prestressing
force. The displacement was measured by a linear variable differential transformer

(LVDT) behind the tested specimen.

The specimens were tested under a series of drift amplitude including 0.25%, 0.375%,
0.5%, 0.75%, 1.0%, 1.5%, 2.0%, 3.0%, 4.0%, 5.0%, 6.0% and 7.0%, respectively. The
drift is denoted as the displacement at the lateral load point divided by the distance
between the column base and the loading point. The loading point was 800 mm above
the column base. Different specimens may fail at different drift ratios, so the exact
limited drift ratio for each specimen was determined during the test. Each drift level
was repeated three times in order to examine the strength degradation of the columns
under the same drift ratio. During the tests, concrete cracks were carefully inspected

and marked.
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Figure 2-2 (a) Sketch of test setup; (b) Photo of test setup
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2.4 Test results and analysis

Test results of the segmental columns and the monolithic column are presented in this
section. Firstly, qualitative observations including column damages under cyclic
loadings are given. Then, the hysteric curves, the residual drift, the energy dissipation

capacity and the prestressing force histories are provided and discussed in detail.

2.4.1 Column damage

Figure 2-3 (a) shows the cracks and damage of the monolithic column after the test.
Flexural horizontal cracks were spotted at very early stage of the test. Flexural cracks
appeared at the base of the column and extended to about 70mm above the footing at
0.5% drift ratio. As the drift level increased, more and more cracks were formed along
the column. Because of the restraint at the top of the column, a lot of cracks and
concrete crushing damage were also found on the column near the top flange. At 5%
drift ratio, the lateral strength of the column dropped significantly due to the damage
of concrete and fracture of the longitudinal reinforcement. The test was stopped at 5%

drift ratio to prevent collapse of the whole testing system.

The segmental column 5seg was composed of five segments without shear keys or ED
bars. Only starter bars were used to connect the base segment to the footing. It was
designed to represent the most common segmental columns studied in literature.
Figure 2-3 (b) shows the observed column damage. The openings of the column were
mainly located at the joint between the two bottom segments and the joint between the
top mass and the top segment (column-mass joint). Since the bending moment at the
base and the top of the column were the largest under double curvature bending, both
of the column-footing and column-mass joints tended to open. However, the starter
bars across column-footing joint restricted the opening, so the joint between the two
bottom segments opened instead of the column-footing joint. At 7% drift, serious
damage was found at the base segment and the top segment due to large compressive
stress in the concrete segments. No obvious damage was found in the rest segments

since insignificant openings were observed between these segments.

The column 5segED had five segments and ED bars across the joints. Figure 2-3 (c)
shows the damage pattern of the column 5segED after the test. Comparing with

column S5seg without ED bars, the response and damage of column 5segED was
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different. Due to the placement of ED bars across the segmental joints, the column
performed more like a rocking column and rocked at the base and top joints. At 7%
drift ratio, the toes of the base and top segment were damaged. In addition, the starter

bars between the footing and the base segment were also fractured.

The specimen 7seg was designed to compare the influence of the number of segments
on the performance of the segmental column. Figure 2-3 (d) shows the damage and
failure of the column 7seg. Generally, the behaviour of this column was similar to that
of column Sseg in terms of the joint opening locations and damage mode. Notably,
relative slippage was found between the two bottom segments. Slip between the two
base segments was about 1.5 mm and did not increase because the prestress tendon at
the centre of the column prevented the segments from further slipping. The slip
phenomenon indicated that the friction force between the segments was not sufficient

to withstand the lateral shear force for the column 7seg.

The column Ssegkey consisted of five segments with concrete shear key. Figure 2-3
(e) shows the damage of the column. As the drift ratio increased to 7%, concrete
damage was not obvious. The damage of the concrete mainly concentrated at the
column-mass joint. The other segments remained almost intact. It was noted that with
the shear keys across the joints, no shear slip was found between all the segments,
which demonstrated the effectiveness of shear key in providing the shear resistance
and preventing segment slippage. The column 5segkey performed similarly to column
Sseg. However, it experienced less concrete crush damage and less cracks than column

Sseg due to lower initial prestressing force level.

The column 7segkey was designed to investigate the influence of shear keys on the
performance of the segmental column with seven segments. As shown in Figure 2-3
(f), concrete near the joint of two bottom segments of column 7segkey crashed in both
push and pull directions. Stirrups were exposed due to excessive damage to covering
concrete. As mentioned above, slippage between segments in column 7seg without
shear keys was observed, while this did not occur in 7segkey with shear keys. It proved
that the shear keys were effective in preventing the slippage between segments.
However, the column 7segkey experienced serious damage and the strength dropped
significantly at 6% drift level. This was because of stress concentration around the

shear key which led to the concrete crushing damage. Similar observations were also
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made on segmental columns under impact loads (Zhang et al., 2016). Both of these
observations indicate that shear key in segmental column prevents possible shear
slippage between segments, however, the shear key also causes stress concentrations,
which may lead to serious concrete damage. Modification to the shape of the shear
key will be made in the future study to minimize stress concentration and hence reduce

concrete crushing damage near the joints between the segments.
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(©)

38



(d)

(e)

®

Figure 2-3 Specimen damage: (a) monolithic column; (b) Sseg; (c) 5segED; (d) 7seg;
(e) Ssegkey; (f) 7segkey

2.4.2 Hysteretic curve

The hysteretic curve of the monolithic column is shown in Figure 2-4 (a). Significant
non-linear force-displacement relationship starts after 0.75% drift ratio. The ultimate
strength of the column reached about 6 kN and -4.8 kN for the push and pull directions
at the drift level of 2%. This asymmetrical lateral force was probably caused by
unsymmetrical damage of the column during the test in push and pull directions, which
could be relatively more apparent for small specimens tested in the present study.
Strength degradation can be observed in the repeated loading cycles at the same drift

level. At the ultimate drift of 5%, the lateral strength of the column dropped to
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approximately 2.5 kN. The hysteretic curve of the monolithic column encloses a large
area which indicates that the column dissipated a lot of energy. However, the residual

drift is also large which makes it difficult to retrofit after the earthquake.

The hysteretic curves for the column 5seg with five segments before 5% drift and the
maximum drift are shown in Figure 2-4 (b). Before 5% drift ratio, the response of the
column under lateral cyclic loading showed a typical flag-shaped hysteretic curve. The
area enclosed by the hysteretic loops was relatively small which indicated that the
energy dissipated by this column was smaller than that of the monolithic column.
Compared with the monolithic column, the prestress tendon in the column could pull
the column back to almost its initial position after removing the applied lateral load.
As a result, the residual drift of the segmental column was much smaller than that of
the monolithic column. The maximum strength reached about 4.8kN and -5.5kN for
the push and pull directions at the drift level of 5%. After 5% drift level, the strength
and stiffness of the column dropped significantly. Also it can be seen from Figure 2-4
(b) that when the drift ratio was larger than 5%, obvious residual drift could be
observed, especially for the push side with positive force and displacement. This can
be explained by the serious damage of the push side of the base segment as shown
previously in Figure 2-3 (b). At the ultimate drift of 7%, due to crush of the concrete
near the joint between the two base segments and the column-mass joint, the lateral
load dropped to only about 2.6 kN and -4.2 kN for the push and pull directions,
respectively. It should be noted that in the push side, the strength of the column
dropped more significantly. This is because the push side of the base segment was
damaged more severely. A more detailed explanation can be made as following, as
shown in Figure 2-5, assuming that the segments rotated rigidly and opening
developed at the interface between the two bottom segments. At the same drift level,
the rotation angle of the top segment in the push and pull directions should be the
same. When serious damage occurred in the push direction, the force arm L1 became
shorter than the force arm L2 in the pull direction. Additionally, the elongation of the
prestress tendon was also shorter in the push direction which directly decreased the
prestressing force. The reduction of the force arm and the prestressing force both
contributed to the loss of the column resistance and resulted in faster drop of column

resistance in the push direction.
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The hysteric relationship of column 5segED is shown in Figure 2-4 (c). This column
was designed to investigate the effectiveness of the energy dissipation bars on
increasing the energy absorption capacity of the segmental column. The strength was
about 4.7 kN and -5.6 kN, respectively, for the push and pull directions at the drift of
5%. At the ultimate drift of 7%, the lateral strength in the push and pull direction
dropped to 2.45kN and 3.65kN, respectively, which could be attributed to the fracture
of the starter bar as observed in the test. The present results are consistent with those
in previous study (Ou et al., 2009), i.e., adding ED bars will increase energy absorption
capacity, but also increase the residual deformation owing to the plastic deformation
of the ED bar. More tests and numerical simulations are needed to derive optimized
design of ED bars to achieve a compromise for large energy dissipation and relative

small residual deformation.

The hysteretic curves for the column 7seg are shown in Figure 2-4 (d). This column
also showed outstanding self-centring ability compared with the monolithic column.
In the push direction, specimen 7seg reached its maximum strength at 3% drift level
with a magnitude of 5.6 kN while in the pull direction the maximum strength was 4.6
kN at the drift of 5%. When the drift level reached 7%, the remaining lateral strength
of the specimen was only 3.7 kN in the push direction, which means that the strength
dropped 34% of the maximum strength. While in the pull direction the remaining
strength was 4.0 kN, the corresponding strength degradation was 13% of the maximum
strength. The strength of the column in the push direction dropped faster than the
strength in the pull direction. This again was mainly because of the unsymmetrical
damage of the column in the push and pull direction, which was similar to that

observed in column 5seg and the mechanism is displayed in Figure 2-5.

The hysteretic curves for the column 5segkey before 5% drift and 7% drift are shown
in Figure 2-4 (e). Since the initial prestressing force in the tendon was jacked to only
25 kN, the recorded maximum strength of the column was therefore relatively smaller
than that of the column with 30 kN prestressing force. At the drift of 4%, the column
reached its maximum strength, which were about 3.5 kN and -4.2 kN for the push and
pull directions, respectively. After 5% drift level, the strength and stiffness of the
column dropped slowly. At the drift of 7%, the lateral strength dropped to about 3.1
kN and -4.1 kN for the push and pull direction. From the phenomenon observed during
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the test as shown in Figure 2-3 (e), this column experienced less concrete damage due
to smaller axial force in comparison with other segmental columns. Therefore, for the
segmental column, the tendon force needs to be carefully designed since it strongly
influences the seismic performance of the segmental columns including the damage

level, lateral strength and ductility.

The hysteretic curves for the column 7segkey before 5% drift and 6% drift are shown
in Figure 2-4 (f). In the push direction, specimen 7segkey reached its maximum
strength at 4% drift level with a magnitude of 3.9 kN while in the pull direction the
maximum strength was -5.6 kN at the drift of 5%. At 6% drift, the strength of the
column dropped significantly and the test was stopped at this drift level. From the
observed phenomenon of the specimen as shown in Figure 2-3 (f), the column
underwent severe concrete crush in the two bottom segments and the top segment.
Compared with the column 7seg without shear key, column 7segkey experienced more
significant damage. Stress concentration around the corners of the shear keys may be
the main reason that caused such damage.
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Figure 2-4 Hysteretic curve of columns at different drift ratios: (a) monolithic
column; (b) S5seg; (¢) SsegED; (d) 7seg; (e) Ssegkey; (f) 7segkey

Figure 2-5 Mechanism of unsymmetrical damage
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2.4.3 Residual drift

To quantify and compare the performance of the tested segmental columns in terms of
residual drift, the averaged positive and negative (push and pull) residual drifts for
each column at different drift levels are summarized and plotted against the

corresponding applied lateral drifts in Figure 2-6.

As shown in Figure 2-6, the residual drifts of the monolithic column are similar to
those of the segmental columns until the applied drift ratio increased to 2%. At 5%
drift ratio the residual drift of the monolithic column reached about 2.9% which was
almost 58% of the total applied lateral drift, indicating that the monolithic column had
a poor self-centring ability. Due to the unbonded post-tensioned tendon, the residual
drifts of the segmental columns were much smaller than that of the monolithic column.
At 4% drift ratio, the residual drift of the segmental columns was about 0.16%. For
the specimen Sseg, the residual drift remained quite small before 6% drift ratio. It
increased gradually and reached about 0.36% at 6% drift ratio. Then at 7% drift ratio,
the residual drift increased quickly as a result of significant damage of the base
segment and the loss of the prestressing force. In comparison, the column 5segED with
mild steel energy dissipation bars across the joint had slightly higher residual drift than
that of column S5seg before 5% drift which could be the results of plastic deformation
of the ED bars. At 6% drift ratio, the residual drift reached about 0.55%. Then at 7%
drift ratio, the residual drift increased quickly as a result of the plastic deformation of
the starter bars and ED bars as well as the concrete crush of the base and top segments.
For the column Ssegkey, the residual drift remained small till the end of the test,
reaching only about 0.52% at 7% drift ratio. This was because the concrete damage of
this column was minor. Column 7seg had similar residual drift as column 5seg before
4% drift ratio, after which lower residual displacements were found on column 7seg
comparing with column 5seg. This is because of different levels of concrete damage
and prestressing force loss in the two columns. The residual drift of column 7segkey
increased quickly after 4% drift ratio because of severe concrete crush damage of the
two base segments. At 5% applied drift, about 0.75% residual drift was measured on
column 7segkey. And the recorded residual drift increased significantly to about 2.5%
as the applied drift ratio increased to 6%. This was because shear keys resulted in more
concrete damage, which was more apparent on segmental columns with more

segments as observed above. In summary, all the segmental columns had much smaller
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residual drift than the monolithic column at the same drift level. Column 7segkey
experienced a substantially larger residual deformation than column Ssegkey because
of more serious damages to concrete segments in 7segkey column due to stress
concentration. In the current design, the dimension of the shear key in both the five
segments and seven segments columns are the same, but the dimensions of the
segments in the two columns are different. Larger shear key relative to the concrete
segment resulted in more prominent stress concentration and hence led to more severe

damage.
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Figure 2-6 Residual drift of specimens

2.4.4 Backbone curve

The average maximum lateral strengths for all the tested columns at each drift level
are summarized and plotted in Figure 2-7. Among all the columns, the monolithic
column showed the highest maximum strength. However, the strength of the
monolithic column degraded quickly after the column suffered damage. As shown,
right after it reached the peak strength of 5.4 kN at 2% drift, the column strength began
to decrease quickly. The segmental columns had smaller strength as compared to the
monolithic column but they all showed larger deformation ability, indicating that they
had much better ductility than monolithic column. Except the column S5segkey with
smaller prestressing force, all the other segmental columns had similar backbone
curve. By comparing the backbone curves of column 5seg and 5segED, it can be found

that adding ED bars across the joints increased the initial stiffness and the strength of
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the column before 5% drift level. After 5% drift ratio, the strength of the 5segED
started to drop, which could be caused by the yielding of the starter bar between the
footing and base segment as shown in Figure 2-3 (c). The column 7seg had slightly
higher lateral strength than column Sseg at small drift levels but after 4% drift level
column S5seg had higher loading capacity. This was because the 5seg column
experienced more damage and prestressing force loss at small drift levels while the
7seg column suffered more severe damage at large drift. The column 5segkey with 25
kN prestressing force had smaller lateral strength compared with other segmental
columns. However, this column showed almost no strength decrease till the end of the
test, indicating that it had better ductility than other columns. These results indicate
that increasing the prestressing force increases the load-carrying capacity of the
column but may reduce the ductility of the column. The column 7segkey had smaller
lateral strength than the column 7seg and the column failed at the 6% drift level. As
explained above, this was because of the excessive concrete crushing damage due to

stress concentration caused by shear keys.
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Figure 2-7 Backbone curve of all specimens

2.4.5 Hysteretic energy dissipation and equivalent viscous damping ratio

Energy dissipation is a major issue when studying the earthquake resistance capacity.
The energy dissipated by a column can be calculated by integrating the area of the
hysteretic loops. The cumulative energy dissipation of the columns in the current tests

was derived and shown with respect to the drift ratio in Figure 2-8 (a). As shown, when
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the drift ratio was lower than 5%, the monolithic column dissipated more energy than
the segmental columns due to more plastic deformations. At 5% drift ratio, the
accumulated energy dissipation of the monolithic column was 1249.6 kN.mm. The
accumulated energy dissipation of the segmental column Sseg at this drift ratio was
450.53 kN.mm, which was 64% less compared with the monolithic column. As
discussed above, this was mainly because more concrete cracks were formed on the
monolithic column. The plastic deformation and the fracture of the longitudinal
reinforcement also consumed a large amount of imposed energy. In comparison, in the
segmental column the flexural induced cracks were replaced by the joint openings.
Since less concrete damage and reinforcement yielding occurred in the segmental
column, less energy was dissipated. To improve the energy dissipation capability of
segmental column, ED bars were introduced in column 5segED. As shown, at 5% drift
ratio the cumulative energy consumed by the column 5segED with ED bars was
significantly increased to 626 kN.mm, which was 39% higher than that of column 5seg
without ED bars. As the drift ratio further increased, more energy was dissipated by
the segmental column with ED bars. At 7% drift, the accumulated energy dissipated
by the column 5segED was about 1356.9 kN.mm. It should be pointed out that despite
monolithic column could consume more hysteric energy at relatively low drift ratio, it
failed at 5% drift while the segmental column 5seg and 5segED both survived the test
at 7% drift. The influence of segment number can be found by comparing column 5seg
and 7seg. Before 6% drift, the cumulative energy dissipated by column 7seg was
higher than column S5seg. For example, at 5% drift, column 7seg dissipated 531.4
kN.mm energy while column 5seg dissipated 450.5 kN.mm energy. From the observed
damage phenomenon, the base segment of column 7seg experienced much more
damage than the base segment of column 5seg. Moreover, column 7seg has more joints
and relative movement at joints also contribute to energy dissipation. However, after
6% drift, more energy was dissipated by column S5seg. This might be caused by
propagation of cracks and significant loss of prestressing force due to the concrete
damage at the anchorage zone in this column after 6% drift, leading to a large amount
of energy dissipation. The column 5segkey dissipated slightly higher amount of energy
than the specimen 5seg before 5% drift. This was probably because of more concrete
damage and interface friction inside the segments around the shear key. After 5% drift
level, the energy dissipated by the specimen 5seg increased faster, reaching 1084.8

kN.mm at 7% drift, which was 18% higher than 5segkey. This is because of the severe
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damage of the base segment of column 5seg. The column 7segkey had a significant
increase in energy dissipation after 4% drift. From the observed phenomenon and
hysteretic curve, this column experienced serious damage and significant strength

degradation after this drift level, resulting large energy dissipation.

The hysteretic energy dissipation is represented by the area (An) of the hysteretic
curve. Suggested by Priestley et al. (Priestley et al., 1996), an equivalent viscous

damping ratio is defined as:

An Ap _ A4p

$eq = 27V Am - 2mKeppAl,  ATAe (2.1)
Vo= |Vmaxlz|vmin| 2.2)
Ay = omea! i (23)
Kepr = 3 24)

where &, is the equivalent viscous damping ratio; Aj, is the area of the hysteretic loop
or the energy dissipation per cycle; V,, and A4,, are the average peak force and
displacement; K,z is the effective stiffness of an equivalent linear elastic system; A,

is the elastic strain energy.

Figure 2-8 (b) shows the equivalent viscous damping ratio of the tested specimens.
Since the lateral displacements at the beginning of the test were only 2-3 mm which
was quite small and might lead to large error while computing the equivalent viscous
damping ratio, the results were therefore only given for drift ratios after 0.5%. The
equivalent viscous damping ratios of the columns show a slight decrease at small drift
ratios. Similar results were also observed by other researchers (ElGawady & Sha’lan,
2010; Guo et al., 2015). Guo et al. gave a brief explanation on this initial decrease of
the equivalent viscous damping ratio (Guo et al., 2015). Possible explanations could
be made as follows. When the drift ratio was small, the columns were still in elastic
condition, the main source of the energy dissipation came from the system (such as
friction). With the increase of drift ratio, the average peak force and displacement (1,
and 4,,) for each drift level increased quickly while the column still did not show quite

obvious nonlinear behaviour thus the energy dissipation (An) would not increase too
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much. According to Equation (2.1), the equivalent viscous damping ratio decreased
gradually. The equivalent viscous damping ratio of the monolithic column reached
20.85% at the drift ratio of 5%. In comparison, the segmental columns had much
smaller equivalent viscous damping ratio at this drift level, reaching approximately
around 4% to 8%. Comparing column 5seg and column S5segED, the equivalent
viscous damping ratio of column SsegED was higher than 5seg due to the placement
of ED bars. For instance, at 5% drift the ED bars increased the ¢, value of column
5segED to about 5.6% which was approximately 35% more than that of column Sseg
without ED bars. The column 7seg and 7segkey had similar value of ¢,, before 4%
drift level. Afterwards, column 7segkey started to experience serious concrete damage
which dissipated a large amount of energy and also reduced the strength of the column.
As aresult, &, of column 7segkey increased significantly, reaching 14.3% at 6% drift

ratio.
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Figure 2-8 (a) Cumulative energy dissipation of the specimens, (b) Equivalent
viscous damping ratio

2.4.6 Prestress tendon force

All the segmental columns tested in this study used unbonded post-tensioned tendons.
The measured tendon force-drift histories of the columns under lateral cyclic loading
were shown in Figure 2-9. The initial force for the tendon was labelled by a horizontal
red dash line in the figure. Since the tendon was placed at the centre of the column,
when the column was pushed and pulled in two directions the prestress tendon
elongated as the column was forced to deform sideways. The measured force in the

tendon therefore showed a V-shape relationship with the applied drift. The damage of
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columns near the segmental joints resulted in plastic deformation of the column, which
led to the loss of prestress in the tendon. In addition, damage and plastic deformation
in the concrete near the anchorage area and possible slip of the anchorage could also
result in the loss of prestressing force in the tendon. As shown in Figure 2-9 (a), for
column 5seg the prestressing force started to drop obviously under repeated loading at
6% drift ratio. As the drift ratio further increased to 7%, significant drop of
prestressing force was observed. The drop of prestressing force directly decreased the
lateral strength of column which could be observed in Figure 2-4 (b). Similarly, for
column 5segED, significant prestressing force loss happened at 7% drift. The same
decrease trend of the column strength was observed in Figure 2-4 (¢). The prestressing
force history of column 7seg was shown in Figure 2-9 (c¢). Serious unsymmetrical
damage of the base segment could be the reason for unsymmetrical prestressing force
history. For column 5segkey, the prestressing force history was stable. No sudden
prestressing force loss was observed. For column 7segkey, as shown in Figure 2-9 (e),
significant prestressing force loss started after 5% drift ratio. The two base segments
were damaged seriously, as shown in Figure 2-3 (f), which loosened the tendon and
decreased the prestressing force. The strength of the column 7segkey was affected and
underwent significant drop after 5% drift. To sum up, for the segmental column the
effective prestressing force is closely related to the lateral strength. Carefully design
of the prestressing force and anchorage of the tendon should be made to avoid sudden

loss of prestressing force which would results in sudden loss of column strength.
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2.5 Conclusions

This article presents results from a comprehensive experimental study that
systematically investigates the seismic performance of segmental columns under
lateral cyclic loading. Six columns with different designs but the same overall
dimensions were tested to examine the influences of different parameters on the
performances of segmental columns. Based on the experimental results, it was
concluded that monolithic column failed due to flexural cracks, crushing of concrete,
and fracture of longitudinal reinforcement bars while segmental columns failed
primarily due to concrete compression damage near the joints. Segmental columns
showed much better ductility compared with monolithic column. Due to restoring
force provided by the prestress tendon, segmental columns had much smaller residual
drifts comparing with that of the monolithic column. Using ED bars across all the
joints, the accumulated energy dissipation and equivalent viscous damping ratio of the
column could be increased. The segmental column with ED bars had slightly higher
residual drift than the specimen without ED bars, but it was still small in comparison
with the monolithic column. Lower prestressing force level resulted in lower
maximum strength but less column damage and better ductility. The segmental column
with five segments and seven segments had similar performance. The loss of the
tendon force resulted in a drop of the column strength and significantly increase of the
residual drift. Shear keys were able to prevent the slippage between the segments, but
stress concentration could be developed near the shear keys, which could cause more
crushing damage to the concrete segments. Further studies are needed to better
examine the pros and cons of shear keys, which may be critical to resist lateral impact

forces for the column.
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CHAPTER3 CYCLIC TEST AND NUMERICAL STUDY OF
PRECAST SEGMENTAL CONCRETE COLUMNS WITH
BFRP AND TEED

3.1 Abstract

Previous studies on the seismic behaviour of precast segmental concrete column
revealed that concrete crushing and spalling damages may occur at the toes of the
segments due to rocking between segments at the joints. In addition, the energy
dissipation capacity of segmental column is smaller than the conventional monolithic
column. Energy dissipation bars therefore have been proposed to increase its energy
dissipation capability. The energy dissipation bars, however, increase the residual
displacement of the column, which degrades the most advantageous characteristic of
precast segmental column. To solve these problems, this paper proposes wrapping the
segments with basalt fibre-reinforced polymer (BFRP) to reduce the concrete
compressive damage and using Tension-only External Energy Dissipation (TEED)
devices to dissipate energy. Compared to other FRP materials, BFRP has better
mechanical properties and costs less. The proposed TEED device can keep the residual
displacement of the column at small level while improving the energy dissipation
capacity of the column due to its special design. Experimental cyclic tests are carried
out to examine the effectiveness of the proposed method. The results show that the
damage of the segments could be effectively reduced by using BFRP, and the columns
show good ductility and almost no strength degradation. The TEED devices are
effective to increase the energy dissipation capacity of the column while keeping the

residual displacement small.

3.2 Introduction

Bridge construction activities often cause site disruptions due to occupation of large
working areas and long construction time. This is a critical problem for urban regions
where traffic conditions are generally heavy. Precast segmental column has attracted
extensive research interests recently as a rapid construction solution. The precast
segmental column normally includes concrete segments that are precast in the
prefabricated factories and posttensioned tendons which are used to connect the

segments together. The onsite construction activities only include the installation of
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precast segments and applying posttensioned forces to the tendons to clamp the
segments. The construction time, therefore, can be greatly reduced and the traffic
disruption can be significantly minimized. Moreover, since the concrete segments are
prefabricated in the factories, the qualities of the segments can be better controlled and
the working conditions for workers are improved. It is becoming a promising solution
for rapid construction in the congested urban areas. However, due to the lack of
knowledge on its seismic performance, precast segmental columns are mainly applied
to the areas with low seismicity. In recent years, some studies have been carried out to
investigate the seismic performance of precast segmental columns to widen its
applications in earthquake prone areas (Billington & Yoon, 2004; Chou & Chen, 2006;
ElGawady et al., 2010; Leitner & Hao, 2016; Li et al., 2018; Mashal & Palermo; Ou
et al., 2009; Shim et al., 2008; Shim et al., 2017; Zhao et al., 2017; Zhao et al., 2018).

For the traditional monolithic concrete columns under earthquake excitations, concrete
cracks, concrete spalling damages, and steel reinforcement yielding are normally
developed, forming plastic hinge in the column. In comparison, for the precast
segmental concrete column, when the lateral load is applied to the column, openings
will be developed at the joints between the segments instead of forming the tensile
concrete cracks. Due to the joint opening, the segments rock against each other and
excessive compressive stress can be developed in the concrete segments at the rocking
joints. Concrete crushing damage is therefore commonly observed at the column joints
when the column is subjected to the seismic loadings (Bu et al., 2015; Wang et al.,
2008). To reduce such damage in the segments, strengthening methods such as using
high performance concrete (Billington & Yoon, 2004; Ichikawa et al., 2016),
confining the segments with steel jacket (Chou & Chen, 2006; Hewes & Priestley,
2002), and using replaceable rubber hinge at the bottom of the column (Varela &
Saiidi, 2016) were proposed and investigated.

Some studies also investigated the effectiveness of using fibre-reinforced polymer
(FRP) to wrap the segments to mitigate the compressive damage (ElGawady et al.,
2010; Guo et al., 2015; Motaref et al., 2013). According to the types of fibre material,
FRP can be categorized into carbon fibre-reinforced polymer (CFRP) and glass fibre-
reinforced polymer (GFRP). Recently, basalt fibre has attracted increasing attention

as an alternative to the commonly used carbon and glass FRPs because of its low cost
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and good mechanical properties. Basalt fibres are made from basalt rocks by melting
the rocks and forming the basalt filaments. No additives are required and lower amount
of energy is needed during the manufacturing process, which consequently reduces
the cost and also the environmental impact. Another important advantage of BFRP is
its excellent mechanical properties. Compared with glass fibres, basalt fibres have
higher strength (Artemenko, 2003). It was also reported that basalt fibres have about
35-42% higher Young’s modulus than glass fibres (Lopresto et al., 2011). Though the
strength of basalt fibres is lower than carbon fibres, they are less brittle, and a lot
cheaper than carbon fibres (Artemenko, 2003; Dhand et al., 2015). Due to these
advantages, it is a promising material that can be used as an alternative among the
fibre reinforcement materials available currently to strengthen the structure
components in the construction industry. In this study, basalt fibre-reinforced polymer
(BFRP) is adopted to strengthen the concrete segments considering its excellent

mechanical properties and low cost.

Early types of precast segmental columns normally consist of posttensioned tendons
and precast segments. The segments are connected by the posttensioned tendons only
and no steel reinforcement passes across the joints between the segments. Previous
studies revealed that this kind of design shows very good ductility and outstanding
self-centring ability. However, the energy dissipation capacity of the column is low
(Chou & Chen, 2006; Hewes & Priestley, 2002; Ou et al., 2009). To increase the
energy dissipation ability of segmental column, internal energy dissipation (ED) bars
(Guerrini et al., 2015; Li et al., 2017; Marriott et al., 2009; Ou et al., 2010; Wang et
al., 2008) were proposed and investigated. For the internal ED system, corrugated
tubes are placed in the formwork of the prefabricated elements before casting. These
holes allow the ED bars to pass through and are grouted with cementitious materials
after installation of the segments and ED bars. According to the previous studies, the
internal ED bars are effective to increase the energy dissipation capacity of the precast
segmental columns (Li et al., 2017; Nikbakht & Rashid, 2018; Ou et al., 2009).
However, the use of internal ED bars could increase the residual displacement due to
the plastic deformation (Li et al., 2017; Ou et al., 2009; Wang et al., 2008). Another
disadvantage of internal ED bars is that they are difficult to be repaired and retrofitted
after fracture or yielding during a severe earthquake event since they are grouted

together with the concrete.
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To overcome this problem, the external ED devices were then proposed (Chou &
Chen, 2006; ElGawady & Sha’lan, 2010; Palermo et al., 2007; Wang et al., 2018). For
example, Chou et al. (2006) tested two precast concrete filled steel tube segmental
columns under cyclic loading, one of the columns had no ED device and the other one
had ED devices made of Reduced-Steel-Plate (RSP). It was found that the RSP devices
were effective to increase the energy dissipation capacity of the column with the
equivalent viscous damping ratio increased from 6.5% to 9%. However, buckling of
the RSP devices were found during compression, which resulted in larger residual
displacement. Marriott et al. (2009) proposed external energy device that was similar
to the buckling restrained braces (BRB) to increase the energy dissipation capacity of
rocking columns. The device consisted of a mild steel round bar with reduced
diameter, bolt thread parts at both ends for connection, and an external round steel
tube filled with grout or epoxy to restrain buckling. Sarti et al. (2016) carried out
extensive studies on similar fuse-type external energy dissipation devices and it was
found that contact between the internal bar and the external steel tube could occur
during compression, which caused a sway mechanism in the external restraining tube.
Once the slenderness ratio became large, buckling could also happen to the device.
Very recently, Wang et al. (2018) proposed using a core zone, replaceable UHPC
cover plates, and replaceable dissipaters between the core zone and cover plates in the
bottom segment of the precast segmental columns to achieve rapid repair after an
earthquake. It was found that the replaceable dissipaters buckled during the test and
the buckling deformation of the dissipaters led to a lateral extrusion force on the cover
plates which finally caused bending failure of the cover plates. Serious buckling of the

dissipaters also increased the residual drift of the segmental columns.

These studies have demonstrated the effectiveness of using external ED devices to
increase the energy dissipation of precast segmental column. However, as mentioned
above, buckling may occur to these devices when they are under compression,
resulting in an increase in the residual displacement of the column. To overcome this
problem, this study introduces a Tension-only External Energy Dissipation (TEED)
device to increase the energy dissipation while avoiding buckling. This design concept
was inspired by the non-buckling segmented brace proposed by Hao (2015). The non-
buckling segmented brace consists of steel segments connected by tension only joints.

It behaves similar to the conventional brace under tension, while under compression,
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it can slide without or with limited resistance. Therefore, buckling of the brace can be
avoided. Excellent performance was observed in the cyclic tests on this new tension-
only brace member (Hao, 2015). The TEED device proposed in this study consists of
a simple steel plate with a fixing hole and a sliding slot (refer to Figure 3-2). The
device will elongate and dissipate energy when it is under tension, while there is no
resistance when it is under compression since the connection bolt can slide in the slot,

therefore buckling of the device can be avoided with such design.

This article proposes using BFRP to wrap the segments of segmental column to
mitigate the compressive damage at the joints of the segments, and adopting TEED
devices to increase the energy dissipation capacity of the precast segmental column.
This design has the following obvious advantages compared to the previous
commonly adopted methods: (1) the possible damages at the joints of the segments
can be significantly reduced with low additional cost; (2) the energy dissipation
capability is increased while keeping the residual displacement of column small.
Quasi-static cyclic tests are performed to examine the effectiveness of the proposed

method.

3.3 Experimental program

3.3.1 Specimen design

Three specimens were designed and fabricated in the present study. Figure 3-1 shows
the schematic view of these specimens and Table 3-1 summarizes the design details.
Column SO was the reference column without any strengthening and energy
dissipation devices. Column S1 was similar to SO except that all the segments were
wrapped with BFRP to confine the concrete segments and reduce the concrete damage.
Column S2 was similar to column S1, but TEED devices were installed to increase the
energy dissipation capability. The specimen was scaled from an actual column with a
height of 3.2 m (Zhang et al., 2016), and the scaling factor was chosen as 1/4
considering the capacity of the loading equipment. The steel ratios were kept the same
as that in the prototype column. The dimensions of the columns were restricted by the
capacity of the available cyclic testing equipment in the lab, and a height of 800 mm
and a cross section of 100x100 mm were selected for all the columns. Each column

consisted of five segments, the height of each segment was 160 mm. It should be noted
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that shear keys between the segments were found to be effective to increase the shear
resistance of the segmental columns (Li et al., 2017; Zhang et al., 2016). However,
previous studies also demonstrated that introducing large trapezoid-shape concrete
shear keys might lead to stress concentration and result in serious damages in the
concrete segments (Li et al., 2017; Zhang et al., 2016). In the present study, a domed-
shape shear key with the radius of 107 mm (Figure 3-1 (c)) was designed at the bottom
of each segment to improve the shear resistance of the column between the segments

while minimizing the stress concentration.

Four longitudinal steel bars with a diameter of 6 mm and four transverse stirrups with
4 mm diameter were used in each segment to hold the longitudinal reinforcements.
The longitudinal reinforcement ratio and volumetric stirrup ratio were 1.13% and
1.57%, respectively. It should be noted that since the longitudinal reinforcements
discontinue at segment joints, they do not contribute to the lateral resistance of the
column. Two starter bars with 6 mm diameter were used to connect the base segment
and footing in the lateral loading direction. The longitudinal steel bars were
discontinuous at the segment joints, i.e., the joints between the segments were free to
open when the column was subjected to lateral loading. All the segments were precast
and then stacked together one by one. A tendon that located at the centre of the column
was used to clamp the segments together with posttension force. The tendon used in
this study was a seven-wire high strength prestress strand with an area of 54.7 mm?.
The corresponding prestressing tendon steel ratio was 0.547%. The posttensioned
tendon was anchored at a recess in the footing and the top of the mass blocks, and the

dimension of the concrete footing was 400 x 400 x 140 mm (length x width x height).

The design concept of the TEED device is to allow it to take force and dissipate energy
under tension while having no resistance to compression, so that the posttension
tendon can pull the deformed column back to its original position and thus keeping the
residual displacement of the column small. Figure 3-2 shows the design details of the
TEED device. As shown, a dog-bone shape was selected to facilitate the energy
dissipation. Considering the possible deformation of the columns, the total length,
width and thickness of the device were selected as 114 mm, 26 mm and 2 mm,
respectively. As illustrated in Figure 3-2, a circular hole was designed as a fixing end

and a sliding slot hole was designed as a sliding end. The bolt in the sliding slot could
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hold the device and allow the device to elongate in tension, while in compression it
could slide in the slot free without any resistance. Since no compressive force could
be induced in the plate, buckling of the device could be avoided. Bolts that were used
to fix the TEED devices to the column were placed at the designed positions in the

formwork before concrete casting.

The columns were prepared and cast in the Structural Lab in the University of Western
Australia. After the curing of the segments, two layers of BFRP were wrapped to the
concrete segments with epoxy resin (Sikadur 30). According to the specification as
suggested in ACI 440.2R-08 (Bakis et al., 2002), the corners of the square cross
section of the segments were rounded to a radius of 13 mm to avoid stress
concentrations to the BFRP wrapping. The tensile strength, elastic modulus, ultimate
strain, and the thickness of the BFRP were 2100 MPa, 105 GPa, 2.1% and 0.12 mm,
respectively. The corresponding material properties of the concrete, steel, BFRP and
prestressing strand used in the tests are summarized in Table 3-2, in which p is density,
fe’ and f; are the compressive and tensile strengths of concrete, fyis the yield strength

and E is Young’s modulus.
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Figure 3-1 Schematic drawings of the specimens (a) elevation view, (b) cross section
and (c) details of the segment and domed-shape shear key
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Table 3-1 Summary of design details

Strengthenin Energy Height  Cross section

Name
g dissipation  (mm) (mm X mm)
SO No No 800 100 x 100
S1 BFRP No 800 100 x 100
S2 BFRP TEED 800 100 x 100
RS 7
Bolt %
Sliding slot ﬂ
26
Fixing hole
Bolt § RS
/]
Figure 3-2 Details of TEED device
Table 3-2 Material properties
p e fi or fy E
Material

(kg/m*) (MPa) (MPa) (GPa)

Concrete 2400 34 3.6 30

Longitudinal rebar 7800 - 500 200

Stirrup 7800 - 300 200

ED plate 7800 - 300 200

BFRP 2500 - 2100 105

Prestress tendon 7850 - 1860 195

3.3.2 Test setup and loading protocol

Figure 3-3 shows a photograph and a schematic view of the cyclic testing system used

to perform the experimental studies. As shown, the system included a strong beam, a
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reaction frame, an actuator, a protection frame and three top mass blocks. The strong
beam was used to fix the column and the reaction frame. The beam was firmly fixed
to the strong floor in the lab. The actuator was connected to the reaction frame and the
specimen. To protect the actuator, two spherical hinges were installed at both ends to
release the possible bending moment. During the installation process, the tendon was
first inserted to the footing which was fixed to the strong beam, and then the segments
were stacked one by one. After all the segments were installed, the top mass blocks
were placed onto the column. The top mass blocks included one concrete block with
a dimension of 400 x 400 x 450 mm (length x width x height), and two steel blocks
with dimensions of 500 x 240 x 150 mm. The total dead weight of the three mass
blocks was around 450 kg. The prestressing tendon was stressed to 30 kN by a
hydraulic jack after the mass blocks were placed at the correct position. The total axial
force in the column was 34.55 kN, which was approximately 10.16% of the axial load

capacity of the column.

After the installation of the column, displacement controlled lateral loads were applied
to the column with different drift ratios including 0.25%, 0.375%, 0.5%, 0.75%, 1.0%,
1.5%, 2.0%, 3.0%, 4.0%, 5.0%, 6.0%, respectively. Here the drift ratio is defined as
the displacement at the loading point divided by the distance between the top surface
of the footing and the loading point. For each drift ratio, the load was repeated twice
to examine the strength degradation at the same displacement amplitude. Figure 3-4
shows the loading protocol used in the tests. The lateral force applied to the column
was measured by using the load cell of the actuator and the displacement of the column

was recorded by the LVDT as shown in Figure 3-3 (b).
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3.4 Test results and discussions

3.4.1 Observed damage patterns

Figure 3-5 illustrates the damage patterns of the three columns after tests. As shown
in Figure 3-5 (a), column SO experienced concrete damage near the joint between the
two bottom segments. This is because the bottom segment was connected to the
footing with starter bars, opening at this joint was therefore restrained and the opening
was shifted to the joint between the two bottom segments. Due to the joint opening,
the toes of the segments experienced excessive compressive stress, which in turn
caused the spalling and crushing damages to the concrete segments as observed in
Figure 3-5 (a). Figure 3-5 (b) shows the view of column S1 at the end of the test. No
visible damage was observed in the segments due to the confinement provided by
BFRP, which demonstrated that BFRP was effective to strengthen the column
segments and prevent the crushing and spalling damages of precast segmental column
under cyclic loading. Figure 3-5 (c) shows the final view of column S2 when both
BFRP and TEED were applied. Similar to the column S1, no visible damage of
concrete or fracture of BFRP was observed. Also, no buckling of the TEED device
was observed during the test, which demonstrated that the proposed TEED device met
the design purpose. The improvement of the energy dissipation ability of the column
resulted from the use of TEED devices will be discussed quantitatively in the

following sections.
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Figure 3-5 Views of the three columns after test: (a) SO, (b) S1 and (c) S2

3.4.2 Hysteretic curves and backbone curves

The hysteretic curves and backbone curves of the three columns are shown in Figure
3-6 and Figure 3-7, respectively. As shown in Figure 3-6, the columns showed very
good self-centring ability and ductility, all the columns did not fail at 6% drift ratio.
For column S0, it behaved linearly until the drift ratio reached approximately 0.5%.
After that, the strength showed obvious nonlinearity due to the opening of the joint
and damage in concrete segments. The results also show that the hysteretic curves
were not exactly symmetrical and the strength in the negative displacement direction
showed slight degradation after 4% drift ratio, which could be attributed to the more
severe concrete damage in the negative displacement direction as shown in Figure 3-5
(a). This is also reflected in the backbone curve as shown in Figure 3-7. It can be seen
that the strength of the column (the black curve in Figure 3-7) in the positive
displacement direction was almost a constant (about 1.94 kN) when the drift ratio was
larger than 2%. In the negative displacement direction, it reached 2.10 kN at 4% drift
ratio and decreased to 2.03 kN at 6% drift ratio due to the damage in the bottom

segment.
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Figure 3-6 (b) shows the hysteretic curve of S1. It can be seen that the curve was
almost symmetrical in the positive and negative displacement directions and the
strengths in the both directions showed no obvious degradation due to the confinement
of the BFRP. The maximum lateral force in the positive and negative displacement
directions were 2.10 kN and 2.12 kN, respectively as shown in Figure 3-7 (the red
curve), which were close to those of column S0. This is because the fibres of the BFRP
were unidirectional and also discontinuous across the joints of the segments, it could
provide confinement to the segments and thus prevent the cover concrete from damage
but it would not directly increase the lateral loading strength of the column. However,
it should be noted that column SO experienced slight strength degradation which was
not observed in column S1, indicating that the BFRP could mitigate the damages and

improve the ductility of the column.

The hysteretic curve of column S2 is shown in Figure 3-6 (c) and the corresponding
backbone curve is also shown in Figure 3-7 (the blue curve). As expected, the column
had higher strength due to the use of TEED devices, the maximum strengths in the
positive and negative displacement directions reached 2.5 kN and 2.7 kN, respectively,
which were larger than those obtained in columns SO and S1. Moreover, the area of
the hysteretic curve was larger in comparison with the column S1, indicating the

TEED devices were effective to increase the energy dissipation of the column.

The residual drift is an important parameter for columns because large residual
displacement can impede the post-quake rescue and retrofitting activities. For the three
columns, the residual displacements were quite small, with the averaged values of 2.2
mm, 2.1 mm and 2.8 mm respectively at the 6% drift ratio. This can be attributed to
the prestressing tendon which could pull the columns back to the original positions.
The residual displacement in column S1 was slightly smaller than SO. For the column
S2, installation of the TEED device slightly increased the residual displacement
compared to S1, but the increment was very small, indicating the advantage of the
TEED device, i.e. it can increase the energy dissipation capacity of the column while
not increasing the residual displacement significantly. This is different from other
energy dissipation devices such as the internal ED bars. For example, as reported by
Bu et al. (Bu et al., 2015), the residual displacement increased from 5.7 mm to 16.3

mm at 7% drift ratio when the internal ED bars were used.
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Figure 3-7 Backbone curves of the columns

3.4.3 Hysteretic energy dissipation and equivalent viscous damping ratio

The energy dissipation of the column under cyclic loading is the area enclosed by the

hysteretic curves, and it can be calculated by integrating the hysteretic loops. Figure
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3-8 shows the cumulative energy dissipation of the specimens. It can be observed that
the columns dissipated nearly the same amount of energy when the drift ratio is less
than 1% due to the very minor damage and plastic deformations of the specimens.
When the drift ratios became larger, more evident differences could be observed. As
shown, column S1 dissipated the least amount of energy and column S2 resulted in
the most evident energy dissipation capability. In particular, the cumulative energy
dissipation reached around 348.9 kN.mm, 199.3 kN.mm and 423.9 kN.mm for
columns SO, S1 and S2, respectively at 6% drift ratio. Compared to S0, 42.9% less
energy was dissipated by column S1 due to that less damage was developed in the
segments, which again demonstrated the effectiveness of using BFRP to mitigate the
concrete damage. For column S2, it can be seen that 112.7% more energy was
dissipated compared to the column S1, which showed the very good energy dissipation
capability of the proposed TEED device. It might worth reiterating again that the
proposed device on the other hand did not significantly increase the residual

displacement of the column.
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Figure 3-8 Cumulative energy dissipation of the columns

The hysteretic energy dissipation of the specimens can be evaluated by the equivalent
viscous damping ratio (&), which can be calculated by Equations (3.1-3.3) as

suggested by Priestley et al. (Priestley et al., 1996).
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where A, is the energy dissipation of each cycle; V}, is the average peak force and 4,,
is the corresponding displacement of each cycle; K, is the stiffness of the equivalent

linear elastic system; A, is the elastic strain energy. Figure 3-9 shows a schematic
drawing of the parameters described above and Figure 3-10 shows the calculated
equivalent viscous damping ratios of the three columns. It can be found that column
S1 resulted in the smallest equivalent damping ratio among the three columns due to
the limited energy dissipation as shown in Figure 3-8. For columns SO and S2, similar
damping ratios were obtained and the values ranged from 6.1% to 7.9% as shown in
Figure 3-10. However, it should be noted that the damping mechanisms of the two
columns were different. For the column SO, the large damping was because of the
concrete damage at the joints, while for column S2, it mainly came from the energy
dissipation devices, i.e. the TEEDs and starter bars. It also should be noted that though
more energy was dissipated by column S2 compared to column SO at the same drift
ratio as shown in Figure 3-8, the equivalent damping ratios of the two columns were
however similar. This is because as defined in Equation (3.1), besides the dissipated
energy, $q 18 also related to the lateral force (1, in Equation (3.2)). For column S2,
though more energy was dissipated, the strength of the column was also larger
compared to SO. In summary, based on the discussions above, the BFRP could
effectively minimize the damage of the column. With the added TEED devices, the
energy dissipation capability of the column was evidently increased, while the residual
displacement was only slightly increased compared to the original column SO. All
these results demonstrate the effectiveness and advantages of using BFRP and TEED

to improve the seismic performances of precast segmental columns.
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3.5 Numerical study

In this part, three dimensional (3D) finite element (FE) models are developed to
simulate the behaviours of the precast segmental columns tested in the present study.
The commercially available FE program ABAQUS/Standard (Simulia, 2012) is
adopted to perform the simulations. In particular, the modelling details of each
component of the column and the interactions between different parts are described
and summarized first, then the numerical results are compared with the test results in

section 3.5.2.

3.5.1 Modelling details

Figure 3-11 shows the FE models of the three columns. The concrete components,

including the precast concrete segments, footing, loading block, are modelled by the
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3D solid elements (C3D8R) in the present study. After the mesh convergence tests,
the mesh sizes are chosen as 10 mm for the column segments, 30 mm for the footing
and 50 mm for the loading block. In ABAQUS, the concrete damaged plasticity model
(CDP) is the most suitable one to simulate the performance of the reinforced concrete
structures under repeated cyclic loading (Simulia, 2012), which is therefore adopted
in this study. The CDP model needs the inputs of five plasticity parameters and the
uniaxial stress-strain relationship of the concrete. The five plasticity parameters are
the dilation angle (1), the flow potential eccentricity (e), the ratio of initial equibiaxial
compressive yield stress to initial uniaxial compressive yield stress (gp9/0.0), the
coefficient to define the shape of the deviatoric cross-section (K,), and the viscosity
parameter (p). Table 3-3 summaries the definitions and values of these parameters as
suggested in some previous study (Demir et al., 2016). For the concrete stress-strain
relationship, the model proposed by Mander et al. (1988) is used for column SO for
the normal concrete segments and the model provided in ACI 440.2R-08 (Bakis et al.,
2002) is adopted for columns S1 and S2 for the BFRP confined concrete.

Table 3-3 Input parameters

Parameter  Value Explanation (Simulia, 2012)
Y 30 Dilation angle
e 0.1 Flow potential eccentricity

The ratio of initial equibiaxial compressive
0b0/0co 1.16 yield stress to initial uniaxial compressive
yield stress

The coefficient determining the shape of the

K. 0.6667 deviatoric cross-section

i 0.0001 Viscosity parameter

The longitudinal reinforcements and transverse reinforcements are modelled as truss
elements (T3D2). No bond slip between the steel and concrete is considered in the
simulation, and ‘embedded constrains’ in ABAQUS are used to model such behaviour.
Since there was a gap between the tendon and the reserved hole in the concrete
segments, the prestressing tendon is modelled as 3D solid elements (C3D8R) to more

realistically simulate the gap between the tendon and the segments (Li et al., 2017).
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Surface to surface contact elements are used to model the contact between the tendon
and the segments. For the column S2 with TEED devices, solid elements were used to
model the TEED devices, and a mesh size of 3 mm is selected. The bolts that cast in
the segments to connect the TEED devices are also modelled as solid elements and
surface to surface contact elements are adopted for the interactions between the TEED
devices and the bolts. The classical elastic-perfectly plastic stress-strain material
model is used for the steel material (Nikbakht et al., 2015). For the column S1 and S2
with BFRP confinement, the FRP jacket is modelled by the membrane elements
(M3D4R). Linear elastic laminar material property is assigned to the elements in the
fibre hoop direction, which is defined to simulate the confinement effect of the FRP
jacket. The material parameters for the BFRP are listed in Table 3-2. No bond slip is
considered between the FRP and the concrete, and ‘tie’ constrain is used to connect
the concrete and FRP jacket (Yuan et al., 2017). To model the joint openings of the
segmental column under cyclic loading, surface to surface contact elements are
adopted again. Hard contact and tangential friction are used to model the normal
contact between the surfaces and the tangential behaviour, respectively. The friction
coefficient of the tangential contact is assumed to be 0.5 as recommended by some
previous studies (e.g. (Dawood et al., 2011)). For the boundary condition, the fixed
footing is modelled by constraining the bottom and top surface of the footing. The
anchorages of the tendons are modelled by embedding two ends of the tendons in the

surrounding concrete.

Enlargement of the

. Enlargement of the TEED
FRP jacket

devices

(@) (©)

Figure 3-11. FE models of the three columns: (a) S0, (b) S1, (¢) S2
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3.5.2 Numerical results

Figure 3-12 compares the damage patterns of column SO observed in the test and in
the numerical simulation. Comparisons of the damage patterns of column S1 and S2
are not given here because no obvious damages were observed in the tests and in
numerical simulations. As shown, the numerical model well captures the damage
developed at the joint. However, it should be noted that the damage across the section
is symmetrical in the numerical simulation, the observed damage in the test was,
however, not exactly symmetrical. This could be the tested specimen is not exactly
symmetric in the test and minor construction imperfection may obviously influence
the results considering the small dimension of the scaled specimens, while no such
problem exists in the numerical simulations. This is also reflected in the hysteretic
curves and backbone curves as shown in Figure 3-13 and Figure 3-14. As shown, the
numerically simulated hysteretic curves and backbone curves are symmetric, while
certain asymmetry exists in the experimental results. Nevertheless, reasonable
matches between the testing and numerical results can be observed, which
demonstrates the accuracy of the numerical models. It should be noted that some
differences exist in the column S2. Generally speaking, the strength of the column is
slightly larger in the numerical simulations as shown in Figure 3-13 (c) and Figure
3-14 (c). This might be because in the numerical simulation, the bolts and the TEED
devices are assumed to be in perfect contact, while in the test certain imperfections or
small gaps might exist between the TEED devices and the bolts, which in turn made
the column S2 slightly flexible compared to the numerical model. In summary, the
developed numerical models can well capture the cyclic performance of the segmental
columns. It can serve as a supplementary tool for conducting experimental studies and
be used to further investigate the influences of critical parameters on the seismic
performances of segmental columns. In the present study, the number of layer of the
BFRP, the shape, slot length and thickness of the TEED, etc might influence their
performances. However, since the primary aim of the present study is to demonstrate
the effectiveness of the proposed methods, these parametric studies are not included

in the present paper, and will be further investigated in the future studies.
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3.6 Summary and conclusions

Previous studies on the seismic behaviours of segmental columns revealed that severe
concrete spalling and crushing damages may occur at the joints of the segments, and
installing conventional ED devices may increase the residual displacement of the
column. To overcome these problems, this chapter proposes using BFRP to wrap the
concrete segments in order to mitigate the concrete damage, and using TEED devices
to increase the energy dissipation capability of the column while keeping the residual
displacement at a small level. Quasi-static cyclic tests are carried out to investigate the
effectiveness of the proposed method. The following conclusions are drawn based on
the experimental results: The conventional segmental column (SO) experienced
concrete damages at the joints of the segments due to the large compressive stress
induced by joint openings. When BFRP was used to wrap the segments, no obvious
damage was observed (columns S1 and S2). BFRP can be an alternative of the
conventionally used GFRP and CFRP wrapping sheets considering its lower cost and

good mechanical properties. The specially designed TEED devices could increase the
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energy dissipation capacity of the segmental column while the residual displacement
was maintained at a small level. The buckling free design of the proposed TEED
device was achieved and the device can be a good alternative of the conventionally
used ED devices. The combined use of BFRP and TEED can obviously enhance the

seismic performances of the conventional segmental column.
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CHAPTER 4 NUMERICAL STUDY ON THE SEISMIC
PERFORMANCE OF PRECAST SEGMENTAL CONCRETE
COLUMNS UNDER CYCLIC LOADING

4.1 Abstract

To accelerate construction speed, precast segmental column is becoming more and
more popular in recent years due to its obvious advantages in saving construction time,
reducing site disruption and controlling construction quality. However, the
applications are still limited primarily in low seismic areas because its performance
under earthquake loading is not well known yet. Many experimental studies have been
carried out to investigate the seismic performance of segmental columns under cyclic
loading. Due to the complexity in modelling such structures, numerical study of
precast segmental columns subjected to seismic loads is limited. In this paper, three
dimensional (3D) finite element (FE) models for two precast segmental columns are
developed to predict the responses of such columns under lateral cyclic loading. The
numerical models are first validated against the cyclic test results and then used to
perform parametric studies. The influences of five parameters including bonding
condition of the tendon, total initial axial forces level, confinement of the segments,
number of segments, and energy dissipation (ED) bars on the performance of
segmental columns are systematically investigated. Moreover, columns with shape
memory alloy (SMA) bars are also investigated to increase the energy dissipation
capacity and reduce the residual drift of the segmental columns. It is found that both
mild steel and SMA bars can increase the energy absorption capacity of the column,
but the SMA bars can minimize the residual drift due to its mechanical property. This
study clearly identifies the influences of different factors on the performance of
segmental columns. The developed numerical model can be used in the future studies

to predict the seismic responses of structures with segmental columns.

4.2 Introduction

Precast construction has attracted a lot of research interests in recent years. Compared
with traditional cast in situ construction method, the precast construction has many
advantages. In the precast concrete systems, most of the structural elements are

prefabricated in factories and then shipped to the construction site. With a few workers
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and lifting equipment, the structural system can be quickly erected. As a result, the on-
site construction time can be significantly reduced and hence the environmental
impact is less as compared to the traditional construction method. In addition, the
quality of the structure and safety for workers can be improved since most of the
construction activities are carried out in prefabrication factories. Precast segmental
column is one the prefabricated systems which can be used as bridge piers to improve
the construction efficiency in urban areas with heavy traffic. However, it should be
noted that the applications of segmental columns are still limited to areas of low
seismicity due to a lack of knowledge about its performance under seismic loading.
To overcome this problem many important studies have been carried out to investigate
the seismic behaviour of precast segmental columns recently (Billington & Yoon,
2004; Chou & Chen, 2006; ElGawady & Dawood, 2012; Hewes & Priestley, 2002;
Ou et al., 2010; Shim et al., 2008; Sideris et al., 2014; Tazarv & Saiid, 2015). Owing
to the challenge in numerically modelling such columns formed up with discrete

concrete blocks, most of the previous studies are based on the experimental tests.

In the precast segmental column system, the bonding condition of the prestress tendon
is an important factor that has significant influence on the performance of the column.
Both bonded and unbonded tendon systems have been reported in the previous studies.
In the bonded tendon system, the tendon is placed in the corrugated tube and
cementitious materials are injected into the corrugated tube after applying the
prestressing force to the tendon. As a result, the tendon will deform together with the
surrounding concrete. For the unbonded tendon system, no cementitious materials are
filled in the tube. Previous studies (ElGawady et al., 2010; Ou et al., 2009) showed
unbonded tendon system normally results in smaller residual drift. In comparison,
bonded tendon will increase the strength of the column and yielding of the tendon can
dissipate some energy (Wang et al., 2008). However, yielding of the tendon can also
lead to a reduction of the axial force, which consequently decreases the friction force
between the segments and thus reduces the shear resistance. Moreover, yielding of the
bonded tendon is likely to result in larger residual deformation as compared to that of

the unbonded tendon.

Since the segments of a segmental column are normally connected by prestress

tendons, the level of prestressing force in the prestress tendon directly affects the
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performance of segmental column because it provides the lateral shear resistance
through friction force and also the moment resistance for the column. Two specimens
with different levels of prestressing forces under the same loading conditions were
reported by Ou et al. (2009). The test results showed that the column with higher
prestressing force had higher ultimate strength and smaller residual drift, therefore
large prestressing force is desirable in these regards. On the other hand, increasing the
posttensioning force increases the axial compressive stress in the concrete of the whole
column. The toes of the segments therefore may experience large compressive stress
when the segments rock with respect to each other. In other words, high axial
compressive stress may lead to concrete crushing failure of the column and reduce the
ductility of the column. Therefore, systematic studies are needed to determine the

proper posttension force level that can be applied to the segmental column.

Previous studies showed that the segmental column normally experienced
compression failure at the joints of the segments due to the large compressive stress
when the segments rocked between each other under cyclic loading (ElGawady &
Sha’lan, 2010; Shim et al., 2008). Thus different strengthening methods were used to
mitigate the damage of the column, such as using high performance concrete
(Billington & Yoon, 2004), confining the segments with FRP (ElGawady et al., 2010),
and confining the segments with steel jacket (Chou & Chen, 2006; Hewes & Priestley,
2002). The confinement effectiveness directly affects the confined strength of the
concrete and thus affects the performance of segmental column. Therefore, it is
necessary to investigate the influence of confinement for the precast segments on the

performance of segmental column.

For a segmental column, the joints will open and the segments will rock between each
other under seismic loading, so a segmental column with the same height but with
different number of segments may have different responses due to the different
locations and the different amount of openings. Thus the number of segments is
another factor which may affect the seismic performance of the segmental column.
However, only very limited studies have investigated the influence of this factor.
Experimental study on a series of precast segmental bridge bents confined with FRP
was conducted (ElGawady & Sha’lan, 2010). Among the five specimens, F-FRP1 and

F-FRP3 had the same dimensions and the same designs except that specimen F-FRP1
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had only one segment while specimen F-FRP3 had three segments. The test result
showed that these two specimens behaved similarly. Further studies are however
necessary to confirm this observation and its validity to segmental columns with other

number of segments.

For a segmental column in an earthquake event, the rocking behaviour between the
segmental joints reduces the damage of the whole column and the posttensioned
tendons can pull the column back to its original position which minimizes the residual
displacement of the column. Therefore the segmental column has better self-centring
ability in comparison with the traditional monolithic column. Nevertheless, many
previous studies also showed that precast segmental columns that connected only with
prestress tendons dissipated very limited energy (e.g. (Ou et al., 2009)). A variety of
energy dissipation devices have been proposed to increase the energy dissipation
capability of segmental columns. These devices can generally be divided into two
categories, i.e. the internal energy dissipation bars (Ou et al., 2010; Ou et al., 2009)
and the external energy dissipation devices (Chou & Chen, 2006; Marriott et al., 2009,
2011). According to these studies, the use of energy dissipation devices increases the
energy dissipation of the columns, but may also introduce more damage to the column

and increase the residual displacement.

The above review reveals that many factors can affect the performance of segmental
column under seismic load. To systematically investigate the influences of these
factors on the behaviour of segmental columns, ideally numerical simulation is a better
alterative since laboratory testing is not only time consuming but also costly. Some
numerical models have been developed and reported in the literature to investigate the
influences of particular factors on the performance of segmental columns. These
models include fibre based model (Tazarv & Saiid, 2015), two dimensional (2D) FE
model (Wang et al., 2008), and three dimensional (3D) FE model (Dawood et al.,
2011; Leitner & Hao, 2016; Nikbakht et al., 2015; Ou et al., 2007). Among them, Ou
et al. (2007) investigated the influence of energy dissipation bar ratios, Dawood et al.
(2011) focused on predicting the backbone curves of segmental columns, and other
researchers investigated the influence of different options to increase the energy
dissipation capacity of the columns (Leitner & Hao, 2016). However, studies on the

influences of different designs on the cyclic performance of segmental columns are
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limited. The present study aims to develop an accurate numerical model and then
systematically investigate the influences of different design parameters on the
performance of segmental columns. Three dimensional (3D) FE models are first
developed by using the ABAQUS/Standard program and the models are validated
against the experimental results (Hewes & Priestley, 2002). Comprehensive
parametric studies, including the influences of bonding condition of the tendon, total
axial force level, confinement for the segments, number of the segments, and energy
dissipation (ED) bars on the cyclic response of the segmental columns are then carried
out to better understand the behaviour of segmental columns. Finally, shape memory
alloy (SMA) bars are also used and investigated to increase the energy dissipation

capacity and reduce the residual drift of segmental columns.

4.3 Numerical modelling

Three dimensional (3D) FE models of two segmental columns are developed by using
the commercial finite element software ABAQUS/Standard (Simulia, 2012). In this
part, a brief description of the models and the detailed modelling methods and

procedures will be presented.

43.1 Model description

Three dimensional FE models are developed based on the experimental tests (Hewes
& Priestley, 2002). A tall column JH1 with an aspect ratio of six and a short column
JH3 with an aspect ratio of three are modelled and validated in this study. Figure 4-1
shows the design details of the two columns. For column JHI, a base segment and
another three segments are connected by an unbonded prestress tendon at the centre
of the column. For column JH3, the base segment is the same as JH1 while only one
segment is stacked on the base segment. All the segments have a circular cross section
with a diameter of 610 mm. To minimize the damage of the concrete segments, the
base segments of JH1 and JH3 are confined by steel jackets with the thickness of 6mm
and 2.8 mm, respectively. No steel bars are placed in the base segments. The upper
segments are transversely confined by transverse reinforcement with a diameter of 9.5
mm and a spacing of 75 mm. Eight longitudinal steel bars with a diameter of 12.7 mm

are also placed around the section evenly in the upper segments. The tendons used in
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the columns are ASTM A779 Grade 270 prestressing strands. The total cross section

area of the tendons for each column is 2665 mm?.
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Figure 4-1 Design details of the specimens: (a) JH1; (b) Cross section; (c) JH3

4.3.2 Finite element model

All the concrete components of the column, including the column segments, footing
and top mass, are modelled with the eight-node 3D brick elements (C3D8R). For the
concrete material, three models are available in ABAQUS, including smeared crack
model, brittle cracking model and concrete damage plasticity model (Simulia, 2012).
The smeared crack model is normally applied when the concrete is subjected to
monotonic loadings. The brittle cracking model assumes that the compressive
behaviour is linear elastic and it is accurate for modelling brittle materials such as
brittle rocks and plain concrete. The concrete damaged plasticity model (CDP) is
developed primarily for the reinforced concrete structures under monotonic, cyclic and
dynamic loadings (Simulia, 2012). Since the columns studied in this paper are
reinforced concrete structures subjected to cyclic loading, the concrete damaged
plasticity (CDP) model is therefore adopted to simulate the inelastic behaviour of the

segmental columns.
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In general, the CDP model is based on five plasticity parameters and two sets of the
basic uniaxial data of the concrete. The five parameters Y, e, 0,0/0.9, K., and p,
define the yield surface function, the potential flow and the viscosity of the material.
The uniaxial data are the compressive and tensile stress-strain behaviour of the
concrete. Damage data which decrease the stiffness of the materials are used to
describe the behaviour of the material under repeated loading. The definitions of these

parameters are shown as below in sequence.

The CDP model uses the yield function developed by Lubliner et al. (Lubliner et al.,
1989) and further modified by Lee and Fenves (Lee & Fenves, 1998). The evolution
of the yield surface is defined by several parameters, including the ratio of the initial
equibiaxial compressive strength to initial uniaxial compressive strength g3,4/0.0, the

parameter K, which defines the shape of the failure surface in the deviatoric plane,

and the plastic strain & ! The yield function is defined as

F =——(7 - 3ap + B(e" ) Gnax) — V{~Gmax)) = Ge(el) = 0 @.1)

— (GbO/GCO)_l (42)

" 2(0p0/0c0)-1

_ 3(1-K)

y = ey (4.3)
L (ePH) = %ﬁ;,g 1-—a)—(1+a) (4.4)

where a and y are the dimensionless constants defined by 6;,/0. and the parameter
K_. g is the Mises equivalent effective stress, p is the hydrostatic pressure stress, Gy, gy
is the major principle stress, . is the effective compressive cohesion stress, d; is the

effective tensile cohesion stress (Simulia, 2012).

The flow potential G used for the model is Drucker-Prager hyperbolic function. The
flow potential eccentricity e and the dilation angle 1 are required to define the

function:

G = /(eoyptanp)2 + g2 — ptany (4.5)
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where Y is the dilation angle, g,y is the uniaxial tensile stress at failure, e is a

parameter, referred to as the eccentricity of the potential flow.

To define the concrete material, several parameters are required including the elastic
modulus, Poisson’s ratio and the plasticity parameters for CDP. Table 4-1 tabulates
the material properties of the columns. Table 4-2 summarizes the fundamental
plasticity parameters required by CDP model in ABAQUS which are suggested in
(Demir et al., 2016; Zhu et al., 2017).

Table 4-1 Properties of the materials

Items JHI JH3
Concrete Strength (MPa) 48.7 57.3
Elastic modulus Ec (Gpa) 33008.5 35804.6
Poisson’s ratio 0.2 0.2
Longitudinal bars Number and arrangement  8D12.7 8D12.7
Elastic modulus Es (Gpa) 206 206
Yielding stress (Mpa) 410 410
Poisson’s ratio 0.3 0.3
Transverse bars ~ Diameter and spacing D9.5@75 D9.5@75
Elastic modulus Es (Gpa) 206 206
Yielding stress (Mpa) 410 410
Poisson’s ratio 0.3 0.3
Steel jacket Thickness (mm) 6 2.8
Elastic modulus Es (Gpa) 206 206
Yielding stress (Mpa) 303 290
Poisson’s ratio 0.3 0.3
Tendons Area (mm?) 2665 2665
Elastic modulus Es (Gpa) 196 196
Yielding stress (Mpa) 1860 1860
Poisson’s ratio 0.3 0.3
Prestress level (%) 54 42
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Table 4-2 Plasticity parameters for CDP in ABAQUS

Parameter Value Explanation (Simulia, 2012)
P 30 Dilation angle
e 0.1 Flow potential eccentricity
Gus/ 0o 116 The ratio of initial equibiaxial compressive yield

stress to initial uniaxial compressive yield stress

The coefficient determining the shape of the

K, 0.6667 o .
deviatoric cross-section

1) 0.0001 Viscosity parameter

For the stress-strain relationship of the concrete, many stress-strain models have been
proposed (Han et al., 2007; Hu & Schnobrich, 1989; Mander et al., 1988). Two widely
used concrete stress-stain models are utilized in this study, one is the Mander’s stress-
strain model (Mander et al., 1988) for the stirrup confined concrete segments and the
other is the model proposed by Han et al. (2007) for the bottom segments which are
confined by the steel jackets. With the given material properties in Table 4-1, including
the concrete characteristics compressive stress f; and the confinement properties
(stirrup diameter, stirrup spacing, steel jacket thickness, and yield stresses), the stress-
strain curves of the concrete material can be defined based on the material models in
(Han et al., 2007) and (Mander et al., 1988). Since these models have been well
documented in the two references, so only brief descriptions are presented here.

Equation (4.6) gives a brief description of Mander’s model.

_ fc,cEcgc/Ecc

fc N Esec+(Ec—Esec)(ec/€cc)Ec/ Ec=Esec) (46)
where f. is the maximum compressive concrete stress and €., is the corresponding
strain, which are determined by the confining pressure provided by the stirrups. E, is

4
the tangent modulus of elasticity, E,. is the secant modulus defined as E,,. = ZC—C

cc

More details about the definition of the parameters can be found in reference (Mander

et al., 1988).
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For the steel jacket confined concrete, the constitutive law is defined as following:

2x — x? (x<1)
y=y_x (x> 1)

Bo(x—1)"T+x

(4.7)

where x = Eg—, y = (;i, 0, is the cylinder strength of the concrete f., and & is the
0 0

corresponding strain. ff; and n are parameters determined by the properties of the
confining steel jacket. More details about the parameters are available in (Han et al.,

2007).

The tensile behaviour of the concrete is modelled as linear elastic until the tensile

strength f; = 0.62276@ MPa is reached. The post-cracking behaviour is modelled

by a linear softening until an ultimate strain of 0.2% (Dawood et al., 2011).

The CDP model in ABAQUS also needs the definition of damage variables which are
designed to model the degradation of the concrete stiffness under cyclic loading.

Figure 4-2 shows the typical relationship of the parameters in CDP model. E, is the

undamaged Young’s modulus of the concrete, £¥ "is the plastic strain (irrecoverable),

and £&. is the elastic strain (recoverable). The compression damage variable is defined

as the following function (Birtel & Mark, 2006):

ocE;Y
- GOcfe 4.8
sfl(bic—l)ﬂrcEc_l (4.8)
where the plastic strain €?' =b, x €. Previous study recommended a value of 0.7 for
the constant b, which is validated against experimental data (Birtel & Mark, 2006).
The inelastic strain is defined as following: ei* = &, — e€!, where &&= o, /E..

Relationship between these parameters is shown in Figure 4-2.
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Figure 4-2 Relationship between parameters in CDP model

Similar to the compressive damage variable, the tensile damage variable is defined by

the following function with a constant parameter b¢=0.1 (Birtel & Mark, 2006).

otE; !

plf1 -1
& (b—t—1)+0'tEc

di=1- 4.9)
For the steel reinforcements, steel jackets, and prestress tendons, the classical elastic-
perfectly plastic stress-strain material model is adopted (Nikbakht et al., 2015), and
the basic properties of each material are listed in Table 4-1. The steel reinforcements,
including the longitudinal and transverse mild bars in the segments, are modelled with
truss element T3D2. The reinforcements are embedded in the surrounding concrete.
In other words, the slippage between the steel bars and surrounding concrete is not
considered in the numerical model. The steel jacket for the base segment is modelled
with shell element (S4R). The holes for the tendon in the segments have a diameter
of 140mm while the diameter of the tendon is about 58mm, which leaves a gap
between the tendon and the concrete segments. To realistically model the contact
behaviour between the tendon and the concrete segments, the 3D brick elements
(C3D8R) are chosen to model the tendon. Certain lengths of the top and base ends of
the tendon are embedded into the top mass and the foundation to model the anchorage

of the tendon. The initial prestress levels in the tendons are summarized in Table 4-1.
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Under lateral cyclic loading, the joints of a segmental column normally experience
openings. In order to model such behaviour, surface to surface contact elements are
adopted. The tangential contact behaviour between the master and slave surface is
modelled by tangential friction. The friction coefficient is assumed to be 0.5 between
the segments (Dawood et al., 2011). The normal contact behaviour between the
surfaces is modelled by hard contact. The surfaces are allowed to separate without any
resistance and also able to develop compression when the surfaces are in contact. For
the unbonded tendon in the column, the contact behaviour between the unbonded post
tensioning tendon and the duct is also modelled with surface to surface contact
elements. The tangential friction coefficient is assumed to be zero to model the
unbonded behaviour between the tendon and the duct. For the bonded tendon in the
following parametric study, the tendon is totally embedded in the top mass, the
footing, and also all the segments so that the tendon will deform together with the

surrounding concrete.

During the tests, the footing was fixed to the ground. In the model, the nodes of the
footing are totally constrained to simulate the fixed boundary conditions. Three
loadings need to be defined in the numerical simulation, including the prestressing
force of the tendon, the axial load, and the lateral cyclic load. The prestressing force
is applied to the tendon with initial stress condition. The axial load is modelled as a
surface pressure and loaded on the top surface of the top mass block. The lateral
displacement controlled cyclic loading is imposed to the top mass with predetermined
drift ratio. The loadings in the models are the same with those in the experiment
(Hewes & Priestley, 2002). Figure 4-3 shows the cyclic loading history. The whole

numerical models are shown in Figure 4-4.
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Figure 4-4 The FE models (a) JH1; and (b) JH3

4.4 Validation of the numerical models

To validate the accuracy of the numerical models, the numerical results are compared
with the experimental results in terms of the damage mode and force-displacement

hysteretic curves. Figure 4-5 shows the damage mode of JH1 from the test and the
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numerical simulation at 3% drift ratio. It can be seen in Figure 4-5 (a) that during the
experiment, a part of the cover concrete of on one side of segment two spalled at 3%
drift level due to large axial compressive stress the concrete segment experienced.
Numerical simulation successfully captures this damage as shown in Figure 4-5 (c).
The dark area in Figure 4-5 (c) shows the concrete elements with high axial strain
which is larger than the strain at the peak stress of unconfined concrete (Yuan et al.,
2017). Similarly, large strain is observed in the numerical model at the joint between
the footing and the base segment in Figure 4-5 (¢). This is because the steel jacket of
the base segment was designed to be 25mm higher than the bottom surface of the base
segment to prevent contact between the steel jacket and the footing in the experiment.
As expected, the concrete crush was also observed in the test at the same place, which
is shown in Figure 4-5 (b). In general, the numerical model is able to capture the
damage mode of the tested segmental column. Figure 4-6 shows the comparisons of
the hysteretic curves of JHI and JH3 derived from the numerical models and the
experimental results. The grey curves represent the experimental results and the red
dot lines stand for the modelling results. In general, good agreements are observed
between the experimental and numerical results. As shown, the initial stiffness, post-
yield stiffness and the lateral strength of the tested segmental columns are well
captured by the numerical models. Here the word “yield” does not mean material
yielding of the tendon. It is meant to describe the nonlinear force-displacement relation
in the column response due to the joint opening between the segments. To
quantitatively examine the results, the predicted results and the corresponding errors
with respect to the testing data of the lateral force at each drift level are summarized
in Table 4-3. It can be found that for JH1, the prediction errors are quite small in the
positive displacement direction, while in the negative displacement direction the errors
are slightly larger. By checking the experimental results carefully, it can be seen that
the lateral forces are not symmetric in the positive and negative directions during the
tests. For example, at 2% drift ratio, the strengths of column JH1 in the positive and
negative directions are 210.4kN and 199.4kN, respectively. In comparison, the
predicted values are 215.4kN and 216.2kN, respectively. The lateral strengths are
almost symmetric in the numerical model while they are slightly asymmetric in the
test results which could result from the unsymmetrical damage in the column and the
test setup errors during the experiment. Nevertheless, the maximum error between the

predicted results and the experimental results of column JHI is about 8.4% at 2% drift
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ratio, which is considered acceptable in view of the many uncertainties in performing
such tests. Similarly, for column JH3, a slight discrepancy is observed between the
experimental and numerical results. The maximum error between the predicted results
and the experimental results is also about 8.4%, which occurs at 3% drift ratio. Overall,
the numerical models are able to predict the experimental force-displacement response
of the unbonded segmental columns with good precision. These comparisons verify
the reliability of the numerical model in simulating the responses of segmental
columns under cyclic loadings. The validated numerical models are used to
systematically investigate the influences of different factors on the cyclic performance

of segmental columns in the next section.

(b)

Figure 4-5 Comparisons of damage pattern of JH1: (a) concrete damage in the
second segment (Hewes & Priestley, 2002); (b) concrete crush below the steel jacket
(Hewes & Priestley, 2002); (c) axial strain of the numerical model
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Figure 4-6 Comparisons of the simulated hysteretic curves with the experimental
results: (a) JH1; (b) JH3
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Table 4-3 Modelling results and errors of lateral forces at each drift ratio

Drift JH1 JH3

ratio  Experimental Modelling  Error  Experimental Modelling Error

(%) (kN) (kN) (%0) (kN) (kN) (%0)
0.6 164.7 161.5 2 334.1 318.9 4.6
-0.6 -156.2 -164.6 5.3 -342.8 -327.1 4.6
0.9 186.7 184.1 1.4 377.5 360.5 4.5
-0.9 -175.6 -186.4 6.1 -389.7 -363.1 6.8
1.2 196.9 197.2 0.1 3823 3725 2.6
-1.2 -185.3 -198.6 7.2 -397.4 -371.3 6.6
1.6 206.1 205.9 0.1 393.0 389.0 1.0
-1.6 -194.9 -206.7 6 -412.6 -382.5 7.3
2 210.4 215.4 2.4 399.0 397.8 0.3
2 -199.4 -216.2 8.4 -418.7 -387.2 7.5
3 217 220.3 1.5 391.0 392.8 0.5
3 -206.3 -222.2 7.7 -417.9 -382.8 8.4

4.5 Parametric study

The above calibration study verified the accuracy of the numerical model, which is
used here to perform parametric simulations. Without loss of generality, the calibrated
segmental column JH1 is adopted here as the reference column. The influences of six
parameters are investigated in the present study and the different cases are summarized
in Table 4-4. The same numerical model is used for all the cases by adjusting different

design parameters of the reference column.
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Table 4-4 Specimens with different design parameters

Axial .
No. Bogf o fo?:e Confinement NO 1\l/zflIl)drai‘E[ﬁitce):1 Sl\t/!A ];D
Unbonded r(?, At §) (%) ratio (%)
B1 (JH1) Unbonded 27.2 Iseg-6mm 4 0 0
B2 Bonded 27.2 Iseg-6mm 4 0 0
P1 Unbonded 10 Iseg-6mm 4 0 0
P2 Unbonded 20 Iseg-6mm 4 0 0
P3 Unbonded 30 Iseg-6mm 4 0 0
P4 Unbonded 40 Iseg-6mm 4 0 0
P5 Unbonded 50 Iseg-6mm 4 0 0
C1(JHI) Unbonded 27.2 Iseg-6mm* 4 0 0
C2 Unbonded  27.2 Iseg-3mm 4 0 0
C3 Unbonded  27.2 Iseg-9mm 4 0 0
SI(JHI) Unbonded 27.2 Iseg-6mm 4 0 0
S2 Unbonded  27.2 Iseg-6mm 2 0 0
S3 Unbonded  27.2 Iseg-6mm 1 0 0
E1(JH1) Unbonded 27.2 Iseg-6mm 4 0 0
E2 Unbonded  27.2 Iseg-6mm 4 0.23 0
E3 Unbonded  27.2 Iseg-6mm 4 0.58 0
E4 Unbonded  27.2 Iseg-6mm 4 0.91 0
E5 Unbonded  27.2 Iseg-6mm 4 1.31 0
E6 Unbonded  27.2 Iseg-6mm 4 2.32 0
SE1(JH1) Unbonded  27.2 Iseg-6mm 4 0 0
SE2 Unbonded  27.2 Iseg-6mm 4 0 0.23
SE3 Unbonded  27.2 Iseg-6mm 4 0 0.58
SE4 Unbonded  27.2 Iseg-6mm 4 0 0.91
SES Unbonded  27.2 Iseg-6mm 4 0 1.31
SE6 Unbonded  27.2 Iseg-6mm 4 0 2.32

* 1seg-6mm means that the bottom segment is confined by a steel jacket with 6mm

thickness.

99



4.5.1 Influence of bonding conditions of prestress tendons

As reviewed above, for the segmental column, both bonded and unbonded
posttensioned (PT) tendons are commonly used to clamp the precast segments. For the
bonded tendon system, steel corrugated ducts are precast in the segments. After curing
the concrete, the steel tendons are inserted in the ducts and posttensioned force is
applied to the tendons. Cementitious grout materials are then injected into the
corrugated ducts after applying the posttensioned force. As a result, the tendon is
bonded to the surrounding concrete and can then deform together with the surrounding
concrete. Bonded PT tendons can protect the tendon from corrosion. However, bonded
tendon may yield under earthquake ground excitation, which may not only endanger
the performance of the whole structure since the tendons are the main connection
between the segments and provide the lateral strength for the segmental column, but
also increase the residual deformation. To investigate the influences of bonding
conditions of the tendons on the performance of segmental columns, two specimens
B1 and B2 are simulated and compared, in which B1 is the same as JH1 with unbonded
tendons while the only difference between the two columns is that B2 has a bonded
tendon. To simulate the bonded tendon in the model, the tendon is embedded in the
surrounding concrete. No bond slip between the tendon and concrete is assumed in the
model. Therefore, the tendon deforms together with the concrete. In numerical
simulations, the columns are both loaded to 6% drift ratio. Figure 4-7 compares the
hysteretic curves and the cumulative energy dissipation of the two columns. It can be
seen that the specimen with bonded tendon (B2) demonstrates higher lateral strength
and dissipates more energy than that of the specimen with unbonded tendon (B1). The
maximum strength of column B2 occurs at 4% drift ratio and the value reaches
279.3kN. While for column B1, the strength at 4% drift ratio is 221.2kN, which is
20.8% lower than that of B2. However, after 4% drift ratio, column B2 experiences an
obvious drop of strength, indicating the ductility of column B2 is not as good as that
of column BI1. This is because, as shown in Figure 4-8 (a), when the joints between
the segments open, for the column B1 the tendon elongates and the stress of the tendon
is evenly distributed along the whole tendon. Thus the stress of the tendon is not too
large (maximum 1147MPa). For the column B2, however, the bonded tendon shows
significant localized higher stress (maximum 1860MPa) at the segment joints as

shown in Figure 4-8 (b). With higher tendon stress, the column can achieve higher
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lateral strength, but the higher localized tendon stress also cause yielding of the tendon
and more concrete damage which therefore results in a decrease of the strength and
poor ductility. Figure 4-7 (a) also shows that the residual drift of column B2 is larger
than B1. This is consistent with the results observed in previous study (Wang et al.,
2008). The reason is that higher localized tendon stress causes more damage to the
concrete. Moreover, yielding of the bonded tendon also contributes to the residual
deformation. These are also the reason that column B2 dissipates more energy than
column B1 as shown in Figure 4-7 (b). Here the energy dissipated by the column under
cyclic loading is represented by the areas of the hysteretic curves. Therefore, the
amount of energy absorption at each loading cycle is calculated by integrating the area
of the hysteretic loop. It should be noted that the maximum lateral load applied to the
column is smaller than the friction force between the segments, which means that the
friction force is sufficient to resist the shear force in the column and slippage between
the joint is not expected. In another word, the energy dissipated by the precast
segmental column is mainly contributed by the damage of the concrete segments,
possible yielding of the tendon, and yielding of the steel reinforcements. It is obvious
that more severe damage of the concrete, yielding of the bonded tendon and large
residual displacement make it hard to retrofit after a severe earthquake. In other words,
in terms of ductility and residual drift, the column with unbonded tendon performs
better than the column with bonded column. It should be noted that corrosion might
be a problem for the unbounded column since the unbonded system exposes the tendon
to the air and water directly. To overcome this problem, advanced corrosion resistance

materials such as FRP tendons might be a viable alternative of the steel tendons.
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Figure 4-8 Stress of the tendon: (a) B1; and (b) B2
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4.5.2 Influence of total axial force

To investigate the influence of axial force levels on the performance of the segmental
column, five new segmental columns P1, P2, P3, P4 and P5 with different amount of
total axial forces are considered. The only difference between these columns and the
reference column JH1 is the axial force ratio, as given in Table 4-4. The total axial
force ratio is defined as (Fp+Fp)/f;Ag, in which Fp stands for the prestressing force, Fp
represents the dead load on the column, f; is the strength of the concrete, and Ag is the
gross section area of the column. For the external axial load resulting from gravity, the
load direction is vertical and this load will have P-A effect when the column deforms
and will result in extra moment in the column. In this study, the dead loads on the
columns are kept the same and the prestressing forces are changed such that the total
axial load ratio varies from 0.1 to 0.5 for column P1 to P5, respectively. Figure 4-9 (a)
shows the force-displacement relationships of the specimens with different total axial
force levels. It can be seen that the lateral strength of the column increases with the
increase of the axial load ratio. In addition, when the axial load ratio is low, the column
stiffness after yielding is positive. However, when the axial load ratio reaches certain
level (0.4), the stiffness after yielding is negative, implying the drop in the column
lateral strength. For example, for columns P4 and P5 with the axial load ratio of 0.4
and 0.5, respectively, the strengths of the columns start to drop after 4% drift ratio,
which means the column with higher axial load ratio is less ductile compared to the
one with low axial load ratio. This is because a higher initial axial stress in the concrete
causes more concrete crushing damage to the segments when subjected to cyclic
loading. The damage of the concrete also results in more energy dissipation as shown
in Figure 4-9 (b). To summarize, the modelling results indicate that a low axial load
ratio results in a low lateral strength and low energy dissipation, but high displacement
capability and ductility; a high total axial load ratio, on the other hand, results in a high
strength, but low ductility. This observation is similar to that of monolithic columns
tested by previous researchers (Ahn & Shin, 2007; Barrera et al., 2011). Therefore to

achieve a good balance, the axial load level should be carefully selected in the design.
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Figure 4-9 (a) Hysteretic curves of P1-P5; (b) cumulative energy dissipation of P1-
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4.5.3 Influence of confinement

In the precast segmental column, high compressive strains are expected around the
segment joints especially at the base joint. Therefore some researchers explored the
effectiveness of confining the base segment of the column. For the reference column
considered in this study (JH1) (Hewes & Priestley, 2002), the base segment was
confined with a 6mm thick steel jacket in the test. To investigate the influence of

confinement, two specimens (C2, C3), which are the same as the reference column
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JH1 (C1) except for the thickness of steel jacket, are modelled. The thicknesses of the

steel jackets in these two specimens are 3mm and 9mm, respectively.

Figure 4-10 shows the hysteretic curves and cumulative energy dissipations of this
group of columns. It can be observed that the thickness of the steel jacket has obvious
effects on the hysteretic curves of the segmental columns since it provides important
confinement to the concrete segment in the plastic hinge region. With the increment
of the steel jacket thickness, the stiffness of the columns after yielding changes from
negative to positive. For example, for column C2 (with 3mm thick steel jacket), the
maximum strength reaches 200.6 kN at 2% drift ratio. After this, the strength starts to
drop and the strength decreases to 180.2 kN at 6% drift level. On the other hand,
column C3 (with 9mm thickness steel jacket) shows no strength degradation and the
strength reaches 248.9 kN at the drift ratio of 6%. Figure 4-10 (b) shows the
cumulative energy dissipation of column C1 to C3. Column C2 with thinner steel
jacket dissipates 40.6 kN-m energy at drfit ratio 6%, which is 28.7% higher than that
of the reference column C1. Column C3 dissipates 31.2 kN-m energy at drift ratio 6%,
which is 23.3% lower than that of column C1. The reason of the above observations
is that the base segment is subjected to the largest compressive stress, which causes
lateral expansion of the concrete and also bulge in the steel jacket as shown in Figure
4-11. When the thickness of the steel jacket is decreased, the steel jacket is more
vulnerable to yield, which leads to a higher energy dissipation. More clear
explanations can be made by examining the stress distribution of the steel jacket, as
shown in Figure 4-12. It can be seen that for the column C2 with 3mm thick steel
jacket, the height of the yielded area is about 390mm which is nearly two times of that
of column C1. For column C3 with 9mm thick steel jacket, the height of the yielded
area reduces to about 140mm. These results indicate that the confinement of the base
segment directly affects the performance of the segmental column. The thinner the
steel jacket is, the larger the yielding area occurs in the jacket which results in larger
energy absorption but lower ductility. Therefore proper design of the confinement is

necessary to achieve the desired performance of the segmental columns.

105



300

200+

100 ~

-100 1

Lateral force (KN)
o

-200 -

-300

Drift (%)

(a)

[=)]
(=]

w
(=]
I

~
o
I

(73]
[
f

(3%
[e=)
1

—
<
L

<
L

Cumulative energy dissipation (KN-m)

Drift (%)

(b)

Figure 4-10 (a) Hysteretic curves of C1-C3; (b) cumulative energy dissipation of C1-
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Figure 4-11 Bulge in the steel jacket observed in the test and simulation
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Figure 4-12 Stress distributions of the steel jackets C1 to C3

4.5.4 Influence of the number of segments

To investigate the influence of the number of segments on the performance of
segmental column, columns with different number of segments are investigated in this
part. Column S1 is the reference column JHI1. Column S2 has two segments,
equivalent to combining the bottom two segments, and the top two segments of the
reference column JHI together. Column S3 is a rocking column, equivalent to
combining all the four segments of JH1 together to form one segment. Figure 4-13 (a)
shows the hysteretic curves of the three segmental columns. It can be seen that the
differences of the hysteretic curves among the columns with different number of
segments are not significant. Accordingly, the difference among the cumulative
energy dissipated by the three columns is insignificant either. It can be seen that
column S2 and column S3 dissipate slightly more energy at the same drift ratio than
the reference column S1. This is because that at the same drift level, column S1 with
four segments is more flexible and has more openings at different joints along the
column, while S3 with one segment has only a single opening at the base joint. More

concrete damage in S3 is expected and thus increases the energy dissipation.
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Figure 4-13 (a) Hysteretic curves of S1-S3; (b) cumulative energy dissipation of S1-
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4.5.5 Influence of energy dissipation (ED) bars

As reviewed above, previous experimental studies showed that segmental columns
connected only with posttensioned tendons showed unsatisfactory energy dissipation
capacity (Ou et al., 2009). The column JH1 modelled in this study did not include any
energy dissipation device, as a result, the column dissipated limited amount of energy
as observed above. In this part, mild steel bars are placed across the segment joints in
the numerical model to increase the energy dissipation capacity of the column.
Besides, to minimize the residual drift of the columns, mild steel bars are replaced by
shape memory alloy (SMA) bars to investigate the effectiveness of using SMA on

dissipating seismic energy and minimizing the residual deformation.
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4.5.5.1 Mild steel

Eight mild steel bars are added to the column. As detailed in Table 4-4, the specimens
are denoted as E1-E6, in which E1 (JH1) has no ED bars and E2-E6 include ED bars
with diameters of 10 mm, 16 mm, 20 mm, 24 mm, and 32 mm, respectively, and the
corresponding ED bar ratios of these specimens are 0.23%, 0.58%, 0.91%, 1.31% and
2.32%, respectively. These bars start from the footing and extend to the third segment.
The ED bars are evenly distributed in the segments with 270 mm distance from the
column centre. The arrangement of the ED bars is shown in Figure 4-14. In the
numerical model, the ED bars are simulated with truss elements which are embedded
in the surrounding concrete, in other words, the bond-slip behaviour between the steel
bars and the concrete is ignored. A 50 mm length of the ED bars are unbonded at the
joint between the footing and the bottom segment to prevent premature failure of the
ED bars (Leitner & Hao, 2016). To make the designated region unbonded in the mild
steel in practice, duct tape or small PVC pipe could be used to cover the steel bars and
separate the steel bar from the surrounding concrete. After inserting the reinforcement
in the precast corrugated ducts, the precast ducts will be filled with grout materials and
thus the steel bars is bonded with the surrounding concrete except the unbonded region
covered with tape or PVC tube. All the ED bars are defined with a bilinear elastic-
plastic stress-strain material model (Nikbakht et al., 2015), with a density of 7800
kg/m?, a Young's modulus of 206 GPa, a Poisson’s ratio of 0.3 and a yield stress of
410 MPa. The hysteretic curves of the columns E1 to E6 are shown in Figure 4-15 (a).
As shown, the maximum lateral strength of the column increases with the increment
of the ED bar ratios. To compare the hysteretic curves more clearly, a comparison of
the hysteretic curves between columns E1 and E6 is shown in Figure 4-15 (b). For the
reference column E1, the maximum strength capacity is about 224.6 kN while the
maximum strength of column E6 with 2.32% ED bar ratio reaches 358.3 kN. Figure
4-15 also shows that with the increment of ED bar ratio, the residual drifts increase
due to plastic deformation of the ED bars. For example, at 6% drift level, the residual
displacement of column E6 is about 99.2 mm which equals to a residual drift of 2.7%.
For column E1, however, the residual displacement is only about 5.2 mm. The larger
strength of the column and larger residual drift result in the larger area enclosed by the
hysteretic curve, indicating more energy dissipation. Figure 4-16 shows the

cumulative energy dissipated by each specimen. As shown, the cumulative energy
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dissipated by column E6 with 2.32% ED bar ratio is 312.9 kN-m at drift ratio 6%,
which is 6.7 times the energy dissipated by the reference column E1. To summarize,
the numerical results clearly demonstrate that increasing the amount of ED bars
increases the energy dissipation capacity of segmental column. It, however, results in
larger residual displacement. This is consistent with the experimental results in
previous study (Ou et al., 2009). The parametric study can potentially provide
guidelines on the optimum amount of ED bars in terms of energy dissipation without

losing the self-centring characteristics.
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Figure 4-16 Cumulative energy dissipation capacity of E1 to E6

4.5.5.2 SMA

Shape memory alloys (SMA) can undergo large strain and recover to its original shape
through heating (shape memory effect) or stress removal (super-elastic effect) (Wilson
& Wesolowsky, 2005). This self-centring property can be used to help the structures
recover to their original position after an earthquake event and therefore reduce the
residual deformation of the structures. Some applications of super-elastic SMA can be
found in experimental studies on bridge columns (Saiidi et al., 2009) and bracing
system (Gao et al., 2016). Some numerical studies also investigated the effect of SMA
on minimising the residual displacement and increasing the energy dissipation
capacity (Leitner & Hao, 2016; Nikbakht et al., 2015; Shrestha & Hao, 2015). In this

study, SMA bars are used in the segmental column as ED bars to increase the energy
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dissipation capacity and reduce the residual drift of the column. To compare the
performance of segmental columns with mild steel ED bars and SMA ED bars, the
same amount of SMA bars with the same diameters as the mild steel bars are used in
the analysis. For the constitutive model of super-elastic SMA, Auricchio-Taylor model
is widely used by previous researchers (Auricchio & Taylor, 1997). This material
model is implemented in ABAQUS as a user defined material (UMAT) subroutine in
this study. Figure 4-17 shows a schematic of the stress-strain relationship of the super-
elastic SMA. The mechanical properties of SMA used by Alam et al. are adopted in
this study (Alam et al., 2009) and the parameters to define the material properties of
SMA bars are listed in Table 4-5.

Table 4-5 Parameters for SMA

Parameter Symbol Value
Modulus of elasticity for austenite Ea 68200 MPa
Modulus of elasticity for martensite Em 68200 MPa
Volumetric transformation strain & 0.062

Start stress of austenite to martensite phase

. c 480 Mpa
transformation SAM p
Finish stress of austenite to martensite phase
, P OtaM 540 Mpa
transformation
Start stress of martensite to austenite phase
. P OsMA 260 Mpa
transformation
Finish stress of martensite to austenite phase
. P OivA 120 Mpa
transformation
Start stress of phase transformation durin
p & OsCAM 480 MPa

compression
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Figure 4-17 Idealized constitutive model of super-elastic SMA

The hysteretic curves of the modelled columns with SMA bars are shown in Figure
4-18 (a). To compare the results more clearly, the hysteretic curves of column SEI
and column SEG6 are plotted separately in Figure 4-18 (b). It can be observed that with
the SMA bars, the strength of the column is increased. In addition, the area enclosed
by the hysteretic curve of column SE6 is also larger than that of column SEI1,
indicating a higher energy dissipation. Figure 4-19 shows the cumulative hysteretic
energy dissipated by the columns. It can be observed that the additional SMA bars are
effective to increase the energy dissipation. The cumulative energy dissipated by
column SE6 at 6% drift ratio i1s 121.3 kN-m, which is about three times the energy
dissipated by column SE1. Compared with the column with traditional mild steel bars,
as shown in Figure 4-20, the energy dissipation capacities of the columns with SMA
bars are lower, however, it should be noted that the residual drifs of the columns with
SMA bars are also smaller than those of columns with mild steel bars. Table 4-6 gives
a quantitative comparison of E6 and SE6 in terms of lateral strength, residual
deformation, and energy dissipation at 6% drift ratio. It can be observed that the
column with mild steel ED bars dissipated more energy than that of the column with
SMA ED bars, however the residual drift is also larger. These differences can be
attributed to the material properties of the SMA and steel as mentioned above. Figure
4-21 shows the stress-strain curves of the mild steel and the SMA bars obtained from

the bars at the joint between the bottom segment and the footing. It can be observed
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that the steel bars experience large plastic deformation which results in a significant
residual strain. On the other hand, under the same loading condition, the stress-strain
relationship of the SMA bars demonstrates a typical flag shaped curve, which results
in a small residual drift of the column. In addition, the area of the stress-strain loops
of the SMA bars is smaller compared with that of the mild steel bar, indicating smaller
energy dissipation. Figure 4-21 (b) also shows that the stress-strain curve developed
in the SMA bars is not symmetric as that in Figure 4-17. This is because the strain
shows in Figure 4-21 (b) is the strain from the SMA bars on the left side of the column
(Figure 4-22). When the column is pushed in the positive direction as shown in Figure
4-22 (a), the column joint opens and the SMA bar on the left side is in tension and the
strain increases in the tensile direction. The tensile stress can reach a large value which
makes the SMA yield. On the other hand, when the column is pulled back (Figure 4-22
(b)), the SMA bars on the left side is in compression. The compression stress is not
significant in the SMA bars because the surrounding concrete on the left side of the

column provides the main resistance in compression.
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Table 4-6 Quantitative comparisons of E6 and SE6

Column E6 SE6
Lateral strength (kN) 358.6 374.6
Residual deformation (mm) 99.2 15.8
Cumulative energy (kN-m) 312.9 121.3
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Figure 4-22 Joint openings and deformation of the SMA bars when the column is in
push and pull direction
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4.6 Conclusions

This paper performs numerical studies on the cyclic performance of precast segmental
columns. Three dimensional detailed FE models of two segmental columns with
different aspect ratios are developed. These two models are first validated against the
experimental results. After validation of the numerical models, comprehensive
parametric studies are carried out. Different parameters including the bonding
conditions for tendons, axial force ratio, confinement of the segments, the number of
segments, and energy dissipation bars are studied to systematically investigate the
parameters that may affect the performance of segmental column. Some conclusions

are drawn based on the numerical studies:

(1) The numerical models developed in this study are able to capture the general
behaviour of precast segmental columns. The modelling results agree well with the
experimental results in terms of damage mode and hysteretic curve, indicating the
accuracy of the modelling methods. With proper modelling methods and accurate
constitutive material model, the FE analysis can be a reliable and efficient tool to

capture the nonlinear behaviours of segmental columns.

(2) The numerical models demonstrate that bonded tendons can increase the lateral
strength of the column, however, it also results in stress concentration in the tendon.
Moreover, the residual drift of the column with bonded tendon is increased and the

ductility of the column is reduced compared to the column with unbonded tendons.

(3) Higher initial axial forces in the column results in higher lateral strength and higher
energy dissipation of the column, but lower ductility. The initial axial load needs to be

carefully designed to achieve a reasonable strength and ductility.

(4) The confinement for the base segment significantly affects the performance of the
segmental column. The thinner the steel jacket is, the larger the yielding area is
observed in the steel jacket, leading to an increase in the energy dissipation but a

decrease in the lateral strength and ductility.

(5) According to the simulated results, the segment number has insignificant influence

on the cyclic behaviour of the column.
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(6) Adding mild steel bars across the joints between segments increases the energy
dissipation of the segmental column. However, with the increase of the steel ED bar
ratio, the residual drift is also increased due to the plastic deformation of the mild steel
bars. Using SMA bars as ED bars can also increase the energy dissipation capacity

while keeping the residual drift small.
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CHAPTER S SEISMIC PERFORMANCE OF PRECAST
CONCRETE-FILLED CIRCULAR TUBE SEGMENTAL
COLUMN UNDER BIAXTAL LATERAL CYCLIC
LOADINGS

5.1 Abstract

Precast segmental column has been developed in recent years as one of the widely
used prefabricated structures to accelerate construction speed. However, its
applications are limited in the areas of low seismicity due to insufficient knowledge
about its performance under seismic loading. Recently, some research works have
been performed to understand the seismic performance of precast segmental columns.
However, only the uniaxial cyclic loading was considered. In reality, the seismic
excitation is not uniaxial. Considering responses of columns to uniaxial loading only
may not accurately reflect the true structural response during an earthquake. In this
study, comprehensive numerical analyses are carried out to investigate the seismic
performances of circular precast segmental columns under biaxial lateral cyclic
loadings. A three-dimensional numerical model is firstly developed and validated
against the experimental results of a precast concrete-filled tube (CFT) segmental
column under uniaxial cyclic loading. Six biaxial cyclic loading cases are then applied
to the validated model. The numerical results indicate that biaxial cyclic loading paths
can significantly influence the strength, ductility and energy dissipation of the column.
In addition, the residual displacement of the segmental column increases obviously
under biaxial cyclic loading compared with that of the column under uniaxial cyclic
loading. Shape memory alloy (SMA) is found to be effective to minimize the residual
displacement of the segmental column under biaxial loading. Moreover, the axial
loading ratio has a more pronounced effect on the strength degradations of the column

under biaxial lateral cyclic loading than that of the column under uniaxial loading.

5.2 Introduction

Precast segmental column has attracted a significant amount of research interests
recently. The reason is that compared with the traditional cast-in-situ construction
methods, this kind of structure has a series of benefits such as shorter on-site

construction time, less site disruption, improved quality control and safer working
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conditions for construction workers (Ou et al., 2009). Therefore, it is a promising
structure that could be used to accelerate construction speed which is especially
important in urban areas with heavy traffic. However, due to the limited understanding
of its performance under earthquake loading, the applications are still limited to the

areas of low seismicity.

A few experimental investigations have been carried out by different researchers in
recent years (Billington & Yoon, 2004; Bu et al., 2015; Cai et al., 2018; Chou & Chen,
2006; ElGawady et al., 2010; ElGawady & Sha’lan, 2010; Hewes & Priestley, 2002;
Lietal.,2017; Ou et al., 2010; Ou et al., 2009; Shim et al., 2008; Sideris et al., 2014).
For example, Hewes and Priestley (2002) presented an experimental study, in which
four large-scale segmental columns with the base segment encased in a steel jacket
were tested under cyclic loading. Billington and Yoon (2004) tested segmental
columns with ductile fibre-reinforced cement-based composite in the potential plastic
hinging zones to reduce the concrete damage. Shim et al. (2008) performed an
experimental study on the precast segmental piers with bonded prestressing bars and
steel tubes which passed across the segmental joints continuously. Ou et al. (2009)
carried out large-scale cyclic tests on a series of segmental columns with a hollow
square cross section under cyclic loading, and it was concluded that the segmental
columns had excellent self-centring ability. The good self-centring is resulted from the
tendon in the column which is also beneficial for minimizing the residual displacement
of the monolithic column (Sun et al., 2016). Besides these experimental investigations,
some numerical studies were also conducted (Cai, et al., 2018; Dawood et al., 2011;
Leitner & Hao, 2016; Nikbakht et al., 2014). These studies have greatly advanced the
understanding and enriched the knowledge of the seismic performance of precast

segmental columns.

It should be noted that all the above studies assumed the column is under uniaxial
lateral cyclic loading. Due to the nature of earthquake, the seismic excitations are not
uniaxial and columns are inevitably subjected to biaxial horizontal loadings during a
severe earthquake event. Therefore it is important to understand the performance of
columns under biaxial lateral loadings. A few studies on the biaxial performance of
thin wall steel columns (Goto et al., 2006; Goto et al., 2009; Ucak & Tsopelas, 2014)
and RC columns (Bousias et al., 1995; Chang, 2009; Qiu et al., 2002; Rodrigues et al.,
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2013b; Rodrigues et al., 2015; Rodrigues et al., 2017; Rodrigues et al., 2018) were
reported in the literature based on the assumed loading paths. Goto et al. (2006) tested
four thin wall steel columns, in which one column was subjected to the uniaxial cyclic
loading as a reference and the other three were subjected to the biaxial lateral cyclic
loading with a circular loading path. It was found that the biaxial loading accelerated
the local buckling and decreased the strength and ductility of the columns in
comparison with the uniaxial cyclic loading. Ucak et al. (2014) developed a detailed
numerical model to predict the uniaxial cyclic performance of thin wall steel columns.
Different loading paths were then used to investigate the effect of loading path on the
biaxial behaviour of the columns. The simulated results showed that the ductility and
energy dissipation capacity were greatly affected by the loading paths. Bousias et al.
(1995) conducted experimental studies on twelve RC columns and investigated the
biaxial performance of the tested columns. It was concluded that the degradation of
strength and stiffness of the columns under biaxial lateral cyclic loadings were more
serious than that of columns under uniaxial lateral cyclic loading. Qiu et al. (2002)
tested seven identical RC columns under seven different loading paths to investigate
the biaxial performance of RC columns. It was found that the column under biaxial
loading had significantly different behaviour as compared with that of the column
under uniaxial loading. Chang (2009) tested RC columns under biaxial bending and
the hysteretic curves also showed more stiffness and strength degradation. Rodrigues
et al. tested a series of columns under different kinds of loading conditions to evaluate
the biaxial cyclic performance of rectangular RC columns and the results
demonstrated that the responses of the RC columns under biaxial loadings were highly
dependent on the loading paths (Rodrigues et al., 2015; Rodrigues et al., 2013a;
Rodrigues et al., 2013b). Critical review reveals that most of the previous researches
concentrated on investigating the seismic performance of the segmental columns
under uniaxial cyclic loading. Limited studies investigated the biaxial cyclic
performance and loading path effect on the monolithic reinforced concrete columns
and thin wall steel columns. To the authors’ best knowledge, there is no study that has
investigated the performance of precast segmental column under biaxial cyclic

loadings and the effect of different biaxial loading paths on its performance.

The primary objective of this paper is to investigate the biaxial performance of the

circular precast segmental columns and the effect of biaxial lateral loading paths on
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the performance of precast segmental columns. A detailed three-dimensional (3D)
numerical model that can accurately predict the nonlinear cyclic performance of
segmental column is first developed based on a previous experimental study. Six
biaxial cyclic loading protocols with different paths are then applied to the column.
The influence of biaxial cyclic lateral loading on the performance of precast segmental
column and the effect of different loading paths on the damage patterns, hysteretic
curves, strength degradation, residual displacement and energy dissipation capacity
are compared and analysed. The results and discussion can lead to better understanding

on the seismic performance of the precast segmental columns.

5.3 Numerical model

As discussed above, no study reports the seismic performance of precast segmental
columns subjected to biaxial lateral cyclic loadings. In the present study, a detailed 3D
numerical model is developed and validated against a previous experimental study of
a precast segmental column under uniaxial cyclic loading. In this part, the design
details of the segmental column, the modelling methods and procedures, and the

validation of the numerical model are presented.

5.3.1 Model description

The finite element model developed in this study is based on the experimental results
(Chou et al., 2013). Figure 5-1 shows the design details. The column consisted of four
segments and the total height of the segments was 2030 mm. The footing and the
loading block were 850 mm and 840 mm, respectively. The total height of the tested
specimen was therefore 3720 mm. The segments had a circular cross section, and the
diameter of the cross section was 500 mm. Eight longitudinal steel bars were installed
in each segment, the diameter of the steel bars in the upper three segments was 16 mm
(#5 steel) and that in the bottom segment was 25 mm (#8 steel). It should be noted that
these longitudinal steel bars only existed within the segments, in other words, they
were discontinuous at the joints between the segments. #3 steel with the diameter of
10 mm was used as the hoops, and the spacing between the adjacent hoops was 400
mm. Four #6 energy dissipation (ED) bars with the diameter of 19 mm were used to
increase the energy dissipation capability of the segmental column. The ED bars

started from the footing and extended to the top surface of the bottom segment. To
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avoid stress concentration of the ED bars at the joint, a portion (250 mm) of the ED
bars was left unbounded in the footing, while the other parts were bonded in the
footing and bottom segments, respectively. The column segments were connected and
clamped by high strength prestressing tendon. The tendon included nineteen seven-
wire high strength prestressing strands with a diameter of 15 mm. Each segment was
encased in a steel jacket to mitigate the concrete spalling damage. The thicknesses of
the steel jacket for the bottom segment and the upper three segments were 5 mm and
3 mm, respectively. Table 5-1 summarizes the material properties of each component

of the simulated precast segmental column.
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Figure 5-1 Design details of the column (after (Chou et al., 2013))
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Table 5-1 Material properties of the column

Items Values
Concrete Strength (MPa) 48
Poisson’s ratio 0.2
Steel bars Diameter (mm) 10/16/25
Elastic modulus Es (GPa) 203
Yielding stress (MPa) 474
Poisson’s ratio 0.3
Steel jacket Thickness (mm) Smm/3mm
Elastic modulus Es (GPa) 206
Yielding stress (MPa) 240/269
Poisson’s ratio 0.3
ED bars Diameter (mm) 19
Elastic modulus Es (GPa) 203
Yielding stress (MPa) 307
Poisson’s ratio 0.3
Tendons Area (mm?) 2611
Elastic modulus Es (GPa) 196.5
Ultimate stress (MPa) 1860
Poisson’s ratio 0.3
Prestressing force (kN) 2321

5.3.2 Numerical modelling details

The finite element (FE) model is developed by using the FE code ABAQUS/Standard
(Simulia, 2012). Figure 5-2 shows the numerical model. In particular, the precast
concrete segments, footing and loading block are modelled by the 3D brick elements
(C3D8R), and the longitudinal reinforcements, hoops, and ED bars are modelled by
the truss elements (T3D2). The steel jacket is modelled by four-node shell element
(S4R). For the mesh size, a mesh convergence test on various mesh sizes (25, 50 and
100 mm) is conducted and it is found that the model with 50 mm mesh for the column

and 100 mm for the footing and loading block yields similar results as compared with
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that of the model with smaller meshes. These mesh sizes are therefore adopted for the
concrete in the numerical simulations. For the longitudinal reinforcements and hoops,
they are embedded in the surrounding concrete. For the ED bars, as in the experiment,
both ends of the ED bars are also embedded in the concrete and the unbonded region
is left unconstrained (i.e. separate) in the model. For the steel jacket, the mesh size is
the same as the column, i.e. 50 mm is adopted. Since the diameter of the hole for the
tendon in the segments is 130 mm and the diameter of the tendon is only about 58 mm,
there is a gap between the tendon and segments. To more realistically consider the
contact between the prestressing tendon and the hole, the prestressing tendon is also
modelled by the brick C3D8R elements, and a mesh size of 10 mm is adopted for the
prestressing tendon based on the mesh convergence test. Surface to surface contact
elements are adopted to model the contact between the tendon and the segments which
allow the surfaces to separate without any resistance and develop compression when
they are in contact. The anchorage of the tendon is modelled by embedding two ends

of the tendon in the surrounding concrete.

To simulate the behaviour of the concrete, the concrete damaged plasticity model
(CDP) is used to model the concrete behaviour since it is the most suitable model to
simulate reinforced concrete structures under cyclic loading among the smeared crack
model, brittle cracking model and concrete damage plasticity model that are available
in ABAQUS (Simulia, 2012). The CDP model requires the input of five plasticity
parameters and the independent uniaxial stress-strain relationships of the concrete in
compression and tension. The five plasticity parameters include the dilation angle (1),
flow potential eccentricity (e), the ratio of initial equibiaxial compressive yield stress
to initial uniaxial compressive yield stress (03,/0.0), the coefficient determining the
shape of the deviatoric cross-section (K.), and the viscosity parameter (p). These
parameters define the yield surface function, the potential flow and the viscosity of the
material. More detailed descriptions of the definitions of the parameters can be found
in the authors’ previous paper (Li et al., 2017). In this study, the values of 30) 0.1,
1.16, 0.6667 and 0.0001 are used for the five parameters (Y, €, 0,0/0¢0, K¢, and ).

For the stress-strain relationship of the concrete in compression, the widely used steel

tube confined concrete model developed by Han et al. (Han et al., 2007) is adopted to
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calculate the uniaxial stress-strain relationship of the concrete. The stress-strain model

is defined as follows:

2x — x? x<1)
y = x (x> 1 (5.1)

Bo(x—1)+x

in which x = EE—, y = (;i with g, =f, representing the cylinder strength of the concrete
0 0

and ¢, the corresponding strain; 8, and 7n are related to the jacket shape and the

material properties of the steel jacket.

For the tensile stress and strain relationship of the concrete, linear elastic behaviour is
modelled until the tensile strength f; = 0.62276,/f/ MPa is reached. A linear
softening behaviour is modelled for the post-cracking behaviour till an ultimate strain
0t 0.2% (Dawood et al., 2011). For the steel reinforcements, steel jackets and prestress
tendon, the classical elastic-perfectly plastic stress-strain material model is adopted

(Nikbakht et al., 2015). The properties of each material are listed in Table 5-1.

Under the external loadings, openings at the joints between two adjacent segments
might occur. To model the possible joint openings, surface to surface contact elements
in ABAQUS are used. The normal contact between the surfaces is modelled by the
hard contact, which means the surfaces can develop compression when they are in
contact and will separate without tensile resistance when the joints open. For the
tangential behaviour, tangential friction is used and the friction coefficient is assumed
to be 0.5 as suggested in (Dawood et al., 2011). For the boundary condition, the footing
is fixed at the bottom surface. The prestrsssing force in the tendon is modelled by
initial stress condition and the prestressing force is given in Table 5-1. The axial load
ratio is the same as that in the test, i.e. 24.6%. To be consistent with the experimental
setup, the lateral cyclic loading, which is shown in Figure 5-3 (a), is applied to the
loading block with predetermined drift ratios. The uniaxial cyclic (UC) loading path
is shown in Figure 5-3 (b).
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Figure 5-2 Numerical model of the column
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Figure 5-3 Uniaxial lateral loading: (a) displacement amplitude; (b) loading path
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5.3.3 Model validation

Figure 5-4 shows the comparison of the hysteretic curves obtained from the finite
element model (the red dash curve) and the experimental result (the black solid curve).
It can be observed that the hysteretic loops predicted by the numerical model are in
good agreement with the experimental results. The model can well capture the initial
stiffness, unloading stiffness, and ultimate load capacity of the tested segmental
column, which indicates the accuracy of the numerical model. Figure 5-5 compares
the energy dissipations in the experimental tests and numerical simulations at each
drift ratio. It can be observed that the energy dissipations from numerical simulations
agree well with those from experimental tests, which further proves the accuracy of

the numerical model. Since the column was confined by the steel jacket, the damage
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was not visible in the test, they are therefore not directly compared. The validated
numerical model is used to investigate the biaxial cyclic performance of the precast

segmental column in the following sections.
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It should be noted that the numerical model is only validated under the uniaxial loading
due to the lack of data, the validated numerical model is then used to investigate the
seismic performances of the circular segmental column under biaxial loadings. This is
deemed as a reasonable practice because the only difference is the applied loads. As
the 3D brick elements (C3D8R) and truss elements (T3D2) are used to simulate the
concrete and rebars in the numerical simulations. These elements are not only able to

capture the responses of the column under uniaxial loading but also the responses

under biaxial loadings.
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5.4 Biaxial loading protocols

The effects of biaxial loadings on the performance of precast segmental column are
investigated by applying different types of biaxial lateral loading protocols. The
biaxial lateral loadings are modified based on the uniaxial lateral cyclic loading. The
displacement amplitudes of the biaxial loadings in each direction are the same as that
of the uniaxial loading while the loading path varies for different protocols. Figure 5-3
shows the loading protocol for the UC case, and six commonly used (Bousias et al.,
1995; Goto et al., 2006; Khaled et al., 2010; Qiu et al., 2002; Rodrigues et al., 2013b;
Rodrigues et al., 2012; Shirmohammadi & Esmaeily, 2015; Ucak & Tsopelas, 2014)
biaxial cyclic loading paths (BC1-BC6) as shown in Figure 5-6 are adopted in the
present study. The sequence of the loading is represented by the numbers and arrows
in Figure 5-6. For the loading path BC1 (Figure 5-6 (a)), the loadings in X and Y
directions are applied to the column simultaneously with the same displacement
amplitude, forming a diagonal-shape path. The second and third paths BC2, BC3 are
both cross-shaped paths. For the loading path BC2 (Figure 5-6 (b)), the loading is first
applied in the X direction with positive and negative amplitudes, after the column
returns to the original position the Y direction loading is applied. For the loading path
BC3 as shown in Figure 5-6 (¢), the shape and amplitude are the same as BC2, but the
loading firstly goes to the positive X direction and then to the positive Y direction.
Paths BC4, BC5, and BC6 are formed with displacement cycles of circular-shape,
rhombus-shape and flower-shape, respectively. The corresponding loading protocols
are shown in Figure 5-6 (d), (e) and (f) respectively. It should be noted that except the
loading protocol, all the modelling methods and parameters (including the axial load
ratio) of the column under biaxial loadings are kept the same as those in the uniaxial

loading case as presented in Section 5.3.
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5.5 Biaxial modelling results

In this part, the biaxial modelling results are presented. The damage patterns,
hysteretic curves, backbone curves, strength degradations, residual displacements,
relationships between bidirectional lateral forces and energy dissipation capacities

from the results of different loading protocols are analysed and discussed in detail.

5.5.1 Damages and hysteretic curves

Figure 5-7 shows the accumulated damage distribution at the bottom segment of the
column under different loading cases at the end of the numerical simulations. In the
figure, more severe damage is represented by the larger value of the damage variable
‘DAMAGEC’. In particular, the deep red colour means the element is damaged. It can
be seen that for the column under UC, since the loading is only applied in one
direction, the damage is concentrated at the two bottom corners of the segment in the
loading direction. The adjacent region between the two corners remains undamaged.
For the column under BC1, the column deforms like a column under uniaxial loading
which has a 45-degree angle against the UC loading. Since the displacements in both
the X and Y directions are kept the same as UC, the resultant displacement of BC1 is
1.41 times of that of the UC. As shown in Figure 5-7, evident damages are also
concentrated at two corners of the segments, but it is 45-degree from the X axis, and
the areas are larger as compared to UC due to the larger resultant displacement applied
to the column. In the case of the column under loading paths BC2 and BC3, the
damage distribution patterns are similar with each other. The most serious damages
are developed at the four corners due to the fact that the loadings are now applied in
both the X and Y directions, while relatively obvious damage also develops in the
adjacent areas. For the column under BC4, BC5 and BC6, it can be observed that more
evident damages are formed over the entire section of the segment as compared to the
previous four cases. As shown, the damages are fully developed around the column
within certain region instead of just at the two corners. The results indicate the
coupling effect of the biaxial loadings leads to more damages in the segments. More

strength degradations are therefore expected for a column under biaxial loadings.
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Figure 5-7 Damage distributions at the bottom segment of the column under
different loading paths (at the end of the simulation)

Figure 5-8 shows the hysteretic curves in the X and Y directions of the simulated
column under six different BC loading paths as described above. The hysteretic curve
of the column under UC loading condition is also plotted in the figures for direct
comparison. It should be noted that since the column is symmetric, the hysteretic
curves in the X and Y directions are the same when the UC loading protocol is applied
separately in the two directions. It also should be noted that for loading paths BC1 and
BC6, the maximum displacement demand for each cycle is the resultant displacement
in both the X and Y directions. To be consistent, the results are still plotted in the X

and Y directions separately.

It can be observed that the shape of the hysteretic curves of the column under biaxial
cyclic loading are different from that of the column under UC loading due to the
coupling effect in the two loading directions. In addition, the hysteretic behaviour of
the segmental column under each biaxial loading path differs from each other. For the
column under loading path BC1 (Figure 5-6 (a)), the hysteretic curves in the X and Y
directions are shown in Figure 5-8 (a-b). It can be observed that the hysteretic curves
are almost the same in the X and Y directions since the column section is symmetric
in the two directions and the loadings are also the same in both directions. Compared
with the column under UC loading, the strengths of the column in both the X and Y
directions are smaller than that of the column under uniaxial loading. As shown, the
maximum lateral strength of the column under UC is 202.4 kN, while under BC1, the
maximum strengths reduce to 137.8 kN and 137.6 kN in the X and Y directions,
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respectively. This is because the loadings in the X and Y directions are applied to the
column at the same time. When the displacement in the X direction reaches the
maximum value, the displacement in the Y direction also reaches the maximum value.
The column deforms like a column under uniaxial loading with a 45-degree angle
against each axis. Therefore, the strength of the column in each direction is a
component of the resultant strength of the column. Figure 5-8 (a-b) also show that the
column experiences insignificant strength degradation and the residual displacements
in the both directions are small, indicating that the coupling effect of BCI1 is

insignificant.

The hysteretic curves for the column under loading path BC2 (Figure 5-6(b)) are
shown in Figure 5-8 (c-d). Compared with the column under UC, it can be observed
that the difference between the hysteretic curves is minor. As shown in Figure 5-8 (c-
d), the strength of the column at the maximum displacement under BC2 is only about
5% smaller than that of the column under UC. The reason is that at one particular time,
only the loading in one direction is applied and this column deforms in the X and Y
directions separately. In other words, the coupling effect between the loadings in the
two directions is minor and has insignificant influence on the performance of the
column. The hysteretic curves of the column under loading path BC3 are shown in
Figure 5-8 (e-f). The same trends are observed compared to loading path BC2. This is
because loading path BC3 is similar to BC2 and the only difference is the loading
sequence as discussed above. These results indicate that when the loadings applied in
the two directions are not coupled with each other, the effects of biaxial loading and
the effects of the loading path on the performance of the segmental column are

insignificant.

Figure 5-8 (g-h) show the hysteretic curves of the column under BC4, which has a
circular shape. It can be observed that the strong coupling between the two orthogonal
directions has significant influences on the performance of the column in both the X
and Y directions. The strength of the column drops significantly compared with that
of the column under UC loading. For example, as shown in Figure 5-8 (h), the final
strength in the Y direction of the column at the largest displacement is about 143.3
kN, which is 29.2% smaller than that of the column under UC. In addition, the residual

displacement of the column increases evidently. As shown in Figure 5-8 (g-h), the

136



largest residual displacements in the X and Y directions reach 32.9 mm and 33.4 mm
respectively. When the column is under UC, the residual displacement is only 6.3 mm.
Similar trends are observed for loading paths BC5 and BC6. As shown in Figure 5-8
(i-1), for the column under BCS5, the residual displacements are 23.6 mm and 22.6 mm
inthe X and Y directions, respectively. The corresponding values for the column under
BC6 are 21.5 mm and 20.9 mm. The results reveal that different loading paths result
in different hysteretic behaviours, indicating the loading path has significant influence

on the biaxial performance of the precast segmental column.

Drift (%) Drift (%)
-8 -4 0 4 8 -8 - 0 8
300 L L 300 ' !
Z 200 Z 200
< S |
> 100 1 > 100 1
£ S J
()] (o))
g 0 § 0
£ -100 21004
© [
(0] [0}
% -200 % -200 1
| — ]
-300 T . T -300 T T
-200 -100 0 100 200 -200 -100 0 100 200
Displacement-Y (mm) Displacement-Y (mm)
Drift (%) Drift (%)
-8 -4 0 4 8 -8 - 0 4 8
300 ! L 300 L L
BC2-X
Z 200 uc Z 200 -
=3 =z
> 100 > 100
e S
()] (o))
@ 0 § 0
B 3
= -100+ = -100
g 2 200
3-200- (c) - b
-300 r , ; -300 T . .
-200 -100 0 100 200 -200 -100 0 100 200
Displacement-Y (mm) Displacement-Y (mm)
Drift (%) Drift (%)
-8 -4 0 4 8 -8 - 0 4 8
300 L ! 300 ! L
Z 200 Z 2001
=< | <
> 100 > 100 -
S J £
% 4004 3 100
© [
[0} ] [o]
% -200 - & -200 -
| ] -
-300 T T -300 T T
-200 -100 0 100 200 -200 -100 0 100 200

Displacement-Y (mm)

137

Displacement-Y (mm)



Drift (%) Drift (%)
0 4 4 0

-8 -4 8 -8 - 4 8
300 . 1 . . L . 300 . L . . L
Z 200+ Z 200 -
= . = )
> 100 > 100
= 1 =
()] [o)]
s O] g 01
21004 2100
© | o )
& -200 £ 500
| ] —
-300 T T -300 T T . . T .
-200 -100 0 100 200 -200 -100 0 100 200
Displacement-Y (mm) Displacement-Y (mm)
Drift (%) Drift (%)
-8 - 0 8 -8 - 0 8
300 . 1 . - L : 300 : . . L
g 200—_ é 2004
> 100 > 100
= ) =
()] [
§ 0 § 0
w 1 Iz
T -100 5 -100 4
] [}
& -200 £ -200
| ] -
—300 T T '300 T T
-200 -100 0 100 200 -200 -100 0 100 200
Displacement-Y (mm) Displacement-Y (mm)
Drift (%) Drift (%)
-8 - 0 4 8 -8 -4 0 4 8
300 300 - . . .
é 200—_ *Z\_‘, 200 -
> 100 > 100
£ =
k) ] 5)
§ 0 g 0
7] | »
< 100+ < -100
o) 1 )
® -200 ® -200
- i —
-300 - T - } - T - -300 T T T T T T
-200 -100 0 100 200 -200 -100 0 100 200
Displacement-Y (mm) Displacement-Y (mm)

Figure 5-8 Hysteretic curves of segmental column under different biaxial loading
paths

5.5.2 Backbone curve

The backbone curves of the hysteretic curves are summarized and plotted in Figure
5-9, in which Figure 5-9 (a) and (b) show the results in the X and Y directions,
respectively. For comparison, the backbone for the UC case is also shown in the figure.
The solid line in the figure is the result of the column under UC loading and the dashed
curves are the corresponding results for the BC cases. According to the backbone
curves, it can be observed that the initial stiffness is not significantly affected by the

BC loading paths. The initial stiffness for all the cases are similar as shown in the
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figure. The figure also shows that when the column is under loading paths UC and
BCl1, very small strength degradations are observed. Loading paths BC2 and BC3 lead
to slightly larger strength degradations as compared to UC and BC1. Loading paths
BC4, BC5 and BC6 result in quite obvious strength degradations. Table 5-2
summarizes the strength degradation ratios of the column under different loading paths
quantitatively. In which, the strength degradation ratio is calculated as the strength
decrease of the column at the end of the simulation compared with the maximum
strength of the column during the simulation (Figure 5-10). It can be observed that the
maximum average strength degradation reaches 21.6% for the column under the
loading path BC4, while for the column under loading path UC, the average strength
degradation is only 4.7%. These results can be explained by the damage distributions
as shown in Figure 5-7. As shown, under the loading paths UC and BC1, the loading
can be regarded as being applied in one direction, only minor damage occurs at the
two corners of the segment, which in turn leads to the unobvious strength degradation.
However, it should be noted that in the present study each segment is confined by a
steel jacket as presented in Section 5.3. If the steel jackets are removed, more damage
and more evident strength degradation would be expected. Under loading paths BC2
and BC3, slightly more serious damages occur as shown in Figure 5-7, which lead to
the slightly more evident strength degradations. For loading paths BC4, BC5 and BC6,
obvious damages appear at the bottom of the segment as shown in Figure 5-7, and they

therefore result in the most evident strength degradations.

The above results indicate that using the uniaxial behaviour of the segmental column
in the analysis of the whole structure under biaxial lateral seismic excitation may
overestimate the performance of the structure in terms of the strength and ductility.
The biaxial performance of the segmental column should be carefully considered in
the structural response analysis to avoid overestimating the performance of the

structural system.
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Table 5-2 Strength degradation in comparison with the maximum strength (%)

BCl1 BC2 BC3 BC4 BC5 BC6
Direction UC
XY XY X Y X Y XY XY

Positive 5.0 6.1 6.0 10.0 10.9 10.0 11.2 18.0 22.2 13.6 17.3 20.1 18.4

Negative 4.4 5.1 48 88 92 95 99 222209 169 16.1 16.8 17.6

Average 4.7 5.6 54 94 10.1 9.8 10.6 20.1 21.6 15.3 16.7 18.5 18.0

5.5.3 Residual displacement

The residual displacement is another important parameter to evaluate the seismic
performance of the column. Large residual displacement after an earthquake event will
make it difficult or even impossible to retrofit the structure. In this part, the residual
displacements of the column under uniaxial and biaxial loadings are summarized and
compared. Figure 5-11 shows the residual displacement of the column under different
loading paths. As shown, different loading paths result in different residual
displacements in the column. For example, under the UC loading path, the residual
displacement is 6.3 mm, while under the loading path BC4, the maximum residual
displacements reaches 32.9 and 33.4 mm in the X and Y directions, respectively,
equalling to around 1.6% drift ratio. They are more than 5 times of that when the
column is under the UC loading path. Further analyses indicate that the residual
displacement shows the same trend with the strength degradation percentage as
summarized in Table 5-2. This is actually understandable since the strength
degradation reflects the damage extent of the column. More serious damage (thus
larger strength degradation) makes the column more difficlut go back to its original

position, and therefore leads to the larger residual displacement.
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5.5.4 Relationships between bidirectional lateral forces

To investigate the coupling effect of the loadings in the two directions, the relationship
between the biaxial lateral forces of the column under BC1 to BC6 are shown in Figure
5-12. The red dash circle represents the maximum lateral strength of the column under
uniaxial loading path UC. As shown in Figure 5-12 (a), for the first loading path BC1,
the force path shows almost the same shape as that of the loading path (Figure 5-6 (a)).
This is because the loading path and cross section of the column are both symmetric,
it deforms like a column under uniaxial loading path. The shapes of the force path of
the column under BC2 and BC3 differ slightly from the shapes of the applied loading
paths (Figure 5-6 (b-c)) due to the nonlinear behaviour of the column. For the column
under loading paths BC4, BC5 and BC6, the shapes of the force path show similar
shapes to the applied loading displacement shapes at the initial several loading cycles
since the response of the column is essentially elastic at small drift ratios. After that,
the shapes of the lateral force relationship grow and differ from the applied loading
displacement shape due to plastic deformation of the column and strong coupling
effect in the X and Y directions. With the blue dash lines and red dash lines
representing the symmetric axes of the imposed displacement path and the lateral force
relationship respectively, it can be seen from Figure 5-12 (d-e) that the lateral force
trajectories for the column under BC4 and BCS5 rotate anti-clockwise slightly, which
results in a phase shift compared with the applied displacement trajectories. The phase
shift is caused by the damage of the column and it results in a large residual

displacement. This result is consistent with that observed in the thin walled steel
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column (Ucak & Tsopelas, 2014) and monolithic reinforced concrete columns

(Bousias et al., 1995).
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5.5.5 Energy dissipation

The energy dissipation capacities of the column under different loading paths are
investigated in this section. It is obvious the energy dissipation capacity of the column
under cyclic loading can be calculated by integrating the area of the hysteretic curve.
For the biaxial loading cases, the total energy dissipated by the column is therefore
calculated by summing up the integrated areas of the hysteretic curves in the X and Y
directions respectively as commonly did by other researchers (Qiu et al., 2002;
Rodrigues et al., 2015; Rodrigues et al., 2017). Figure 5-13 shows the comparisons of
the dissipated energies of the column under uniaxial and biaxial lateral loading paths.
For the column under loading paths BC1 and BC6, the value shown in the figure
corresponds to the maximum resultant drift of the column at each cycle. It can be
observed that the energy dissipation of the column under UC reaches 47.3 kJ at the
end of the simulation. For the column under biaxial loadings, different loading paths
result in different energy dissipations of the column. The column under BC1 dissipates
about 76.9 kJ energy at the end of the simulation, which is 62.6% higher than that of
the column under UC. For the same drift ratio, the column under loading paths BC2
and BC3 dissipates similar amount of energy due to the similar shapes and lengths of
the loading paths. Among all the loading paths, the column under loading path BC6
dissipates the largest amount of energy, reaching 185.8 kJ at the end of the simulation,
which is about 4 times of that when the column is under UC. The reason is that for the
same amplitude, BC6 has a longer loading path length, leading to a larger amount of
energy dissipation. In summary, the amount of energy dissipation of the precast
segmental column varies with the change of loading path. The column under BC
loading paths dissipates more energy than the column under UC loading path because
of the coupling effects of the loading in the X and Y directions and also the larger
length of the loading path. Different BC loading paths also result in different energy
dissipations. It may underestimate the performance of the column in terms of energy
dissipation when using the uniaxial behaviour of the column in the seismic analysis of

a structure with segmental columns.
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Figure 5-13 Cumulative energy dissipation of the column under different loading
paths

In order to investigate the influence of the loading path length on the energy
dissipation capacity of the column, the energies dissipated by the column at different
drift ratios are normalized by the length of the loading path at each maximum resultant
drift ratio. Figure 5-14 shows the results. As shown, in general the normalized energy
dissipation capacities of the column differ from each other for different loading cases.
For columns under loading cases BC1, BC2 and BC3, the normalized energy
dissipation capacities are close to that of the column under UC. This is reasonable
because for these loading paths, the loadings in the X and Y directions induce
insignificant coupling effect to the column as shown in Figure 5-7 and discussed in
section 5.5.1. For the column under loading paths BC4, BC5 and BC6, the energy
dissipation capacities of the column start to increase faster than that of the column
under other loading paths after about 1.5% drift ratio. This is also consistent with the
previous observations in section 5.5.1, i.e., the loading paths BC4, BC5 and BC6 cause
more damage to the column due to the strong coupling effect of the loadings in the X
and Y directions. Interestingly, the results also show that the normalized energy
dissipation capacities of the column start to decrease when the drift ratio reaches 3%
(for BC4) or 4% (for BC5 and BC6). This can be attributed to the strength degradation

as observed in the hysteretic curves (Figure 5-8).
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5.6 Discussion

5.6.1 Minimize the residual displacement

As observed in the numerical simulations, the biaxial loading increases the residual
displacement of segmental column. Large residual displacement often makes the
retrofitting difficult after an earthquake event. Some previous studies have used shape
memory alloy (SMA) to minimize the residual displacement of bridge columns
(Leitner & Hao, 2016; Nikbakht et al., 2015; Saiidi et al., 2009; Shrestha & Hao, 2015)
because it can undergo large strain and recover to its original shape after removing the
stress (Wilson & Wesolowsky, 2005). In this section, the mild steel ED bars are
replaced by SMA bars in order to mitigate the residual displacement of the column
under biaxial loading. Numerical simulations are carried out to investigate the

effectiveness of the proposed method.

The numerical model is exactly the same as that presented in section 5.3, the only
difference is the mild ED bars are replaced by the SMA bars. The SMA bars are also
modelled with the truss elements. The material model for the SMA is the Auricchio-
Taylor model (Auricchio et al., 1997). Figure 5-15 shows the stress-strain relationship
of SMA (Lietal., 2017), and the corresponding material parameters are listed in Table
5-3. As shown in Figure 5-11, loading path BC4 results in the largest residual
displacement, therefore this case is selected as an example to demonstrate the

effectiveness of using SMA bars.
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Table 5-3 Material properties of SMA

Symbol Value Parameter
Ea 68200 MPa Modulus of elasticity for austenite
Em 68200 MPa Modulus of elasticity for martensite
€L 0.062 Volumetric transformation strain

Start stress of austenite to martensite phase
GeAM 480 Mpa P

transformation
Finish stress of austenite to martensite phase
GtaM 540 Mpa _ P
transformation
Start stress of martensite to austenite phase
_— 260 Mpa ! P
transformation
Finish stress of martensite to austenite phase
oA 120 Mpa . P
transformation
Start stress of phase transformation durin
OsCAM 480 MPa p &

compression

Figure 5-16 shows the comparison of the hysteretic curves of the column with mild
steel bars and SMA bars. It can be seen that the residual displacement of the column
can be reduced significantly by using SMA bars. When the conventional ED bars are
used, the maximum residual displacement reaches about 33.4 mm as discussed above.
When SMA bars are used, the value reduces to 12.7 mm, with a reduction ratio of

61.9%. Figure 5-16 also shows that when SMA bars are used, the area of the hysteretic
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loops in the X and Y directions become slightly smaller compared to the case with
conventional steel ED bars due to the innate mechanical properties of the SMA. Figure
5-17 compares the cumulative energy dissipation of the column with mild steel bars
and SMA bars. It can be seen that the total energy dissipated by the column with SMA
is reduced by 30.8% compared with that of the column with mild steel ED bars. The
numerical results clearly demonstrate the effectiveness of using SMA bars to reduce
the residual displacement of the column. However, a balance might need to be made

since this design will decrease the energy dissipation of the column.
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Figure 5-16 Hysteretic curves of segmental column with mild steel and SMA bars
under biaxial loading path BC4.
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Figure 5-17 Comparison of the cumulative energy dissipation of the column with
mild steel and SMA bars

5.6.2 Effect of axial loading ratio

Some previous studies (e.g.(Li et al., 2017)) showed that under uniaxial lateral loading,
increasing the axial loading ratio could increase the strength of the precast segmental

column but it could also cause more damage in the segments and reduce the ductility
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of the column. Under biaxial lateral loading, the effect of axial loading ratio on the
performance of the precast segmental column, however, has not been investigated yet.
Different axial loading ratios are applied to the column under uniaxial loading path
UC and biaxial loading path BC4 in this section to investigate the effect of axial
loading on the seismic performance of segmental column. Without loss of generality,
seven axial loadings, i.e. 10%, 15%, 20%, 25%, 30%, 35%, and 40% of the axial
loading capacity of the column, are considered in the present study. The backbone

curves and strength degradations are compared and analysed.

Figure 5-18 shows the backbone curves of the column under uniaxial lateral loading
with different levels of axial loading ratios. It can be observed that the increase in the
axial loading leads to the increases in the column lateral load resistance capacity.
However, the column with higher axial loading ratio shows more strength degradation,
indicating that the increase of the axial loading ratio results in the decrease in the
ductility of the column. As shown in Figure 5-18, the strength degradation of the
column under the uniaxial loading path UC with 40% axial loading ratio is about

16.5%, while it is only 0.7% when the axial loading ratio is 15%.

Figure 5-19 shows the backbone curves of the column under biaxial lateral loading
path BC4 with different levels of axial loading ratios. Similar to the observations on
the column under uniaxial loading, increasing the axial loading ratio increases the
strength of the column but decreases the ductility of the column under biaxial lateral
loadings. By comparing the backbone curves of the column under biaxial loading
(Figure 5-19) with that under uniaxial loading (Figure 5-18), it can be found that the
axial loading ratio has more significant effect on the column under biaxial loading in
terms of the strength degradation. Table 5-4 summarizes the maximum strengths, final
strengths and strength degradations of the column under uniaxial and biaxial loading
paths. When the axial loading ratio is 40%, the strength degradations of the column
under biaxial loading path BC4 reach 30.1% and 33.1% in the X and Y directions,
respectively, which are much higher than that of the column under uniaxial loading
(16.5%). These results indicate that the axial loading ratio has more pronounced effect
on the precast segmental column under biaxial loadings compared with the column
under uniaxial loading. The reason is that the biaxial loading results in more plastic

deformation in the column, while the high axial loading aggravates the accumulated
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damage. Therefore, axial loading ratio should be carefully considered during the

seismic analysis of the columns under bidirectional excitations.
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Figure 5-18 Backbone curves of the column under uniaxial loading with various
levels of axial loading ratios
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Table 5-4 Summary of the strengths and strength degradations of the columns under
different loading cases

. - —
Loading Axial loading ratio (%)

Strength

path 10 15 20 25 30 35 40

ucC Max. (kN) 137.63 15548 183.53 20531 218.06 234.73 253.91

Final (kN) 137.63 15442 173.23 195.72 200.68 207.99 211.92

Degradation 0.0% 0.7% 5.6% 4.7% 8.0% 11.4% 16.5%

BC4-X  Max. (kN) 127.09 146.33 163.90 186.63 200.42 219.87 237.27

Final (kN) 122.39 137.32 148.35 155.76 159.44 163.97 165.94

Degradation 3.7%  6.2%  9.5% 16.5% 20.4% 25.4% 30.1%

BC4-Y Max. (kN) 121.14 136.53 154.14 17793 19244 21236 231.25

Final (kN) 118.92 127.96 138.65 145.74 149.39 153.35 154.75

Degradation 1.8%  6.3% 10.1% 18.1% 22.4% 27.8% 33.1%

5.7 Summary and conclusions

The performance of the precast concrete-filled circular tube segmental column under
biaxial cyclic loading and the load path effect on the biaxial performance of the
column are comprehensively investigated in this study through numerical simulations.
Six biaxial lateral cyclic loading paths are considered and applied to the validated

numerical model. Based on the numerical results, the following conclusions are made:

1. Different biaxial loading paths result in different damage patterns and hysteretic
behaviours, indicating the loading paths have significant influence on the biaxial

performance of segmental columns.

2. The initial stiffness of the columns is not significantly affected by the loading paths.
However, the coupling effect of the biaxial loading results in strength degradation and

larger residual displacement of the column as compared to the uniaxial loading case.
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The largest strength degradation and residual displacement are observed on the
column under loading path BC4, in which the strength degradation reaches about 22%
of its maximum strength and the residual displacement is more than 5 times larger than

that of the column under uniaxial loading path UC.

3. The force relationships in the X and Y directions show obvious nonlinear
behaviours compared with the applied loading path. Phase lag between the loading

path and the force relationship is observed in the column under BC4 and BCS5.

4. The energy dissipation of the column varies with the change of loading paths. The
column under loading path BC6 dissipates more energy than the columns under other

loading paths due to longer length of the loading path.

5. For the column under BC4, BC5 and BC6, the normalized energy dissipation
capacities of the column are larger than that of the column under UC and other BC
loading cases due to the strong coupling effects of the biaxial loadings which cause
more damage to the column. However, when the drift of the column reaches a certain
level, the energy dissipation capacities normalized by the drift of the column begin to

decrease due to the strength degradation of the column.

6. The residual displacement of the column can be reduced significantly by using SMA

instead of mild steel bars.

7. The increase of the axial loading ratio increases the strength of the column but
decreases the ductility of the column under both uniaxial and biaxial lateral loadings.

For the column under biaxial loading, this effect is more pronounced.

Though this study revealed some important information about the biaxial performance
of precast segmental columns, it is a preliminary step to fully understand the
performance of precast segmental column under biaxial loading. Experimental studies

are needed to further investigate the biaxial behaviours of precast segmental columns.
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CHAPTER 6 SEISMIC PERFORMANCES OF PRECAST
SEGMENTAL COLUMN UNDER BIDIRECTIONAL
EARTHQUAKE MOTIONS: SHAKE TABLE TEST AND
NUMERICAL EVALUATION

6.1 Abstract

Precast segmental concrete column, as one of the prefabricated structures used to
accelerate the construction speed in the urban areas with heavy traffic, has been more
and more widely used recently. Current applications of such structures are mainly
limited to the low seismicity areas due to the lack of knowledge on its seismic
performances. Recently, extensive research efforts have been made to understand the
force-displacement relationship of such columns under quasi-static cyclic loading
through experimental and numerical investigations. The behaviours of the column
under real dynamic earthquake motions were, however, rarely investigated. Moreover,
only the uniaxial motion was considered in the limited shake table tests of such
columns despite earthquake excitations have three components in reality. This study
carries out shake table tests on the seismic performances of precast segmental concrete
column, and bidirectional earthquake motions were used as inputs. For comparison,
the behaviours of the traditional cast-in-situ monolithic column were also
experimentally investigated and compared with the segmental column. Interestingly,
the experimental results showed that obvious twisting occurred to the segmental
column under the bidirectional earthquake motions. To prevent the adverse twisting
response, shear keys between the segments are proposed. The effectiveness of the
proposed method is demonstrated through numerical simulations after the model is

validated by the experimental results.

6.2 Introduction

Prefabricated structures have been proposed to accelerate construction speed in the
congested urban areas. Precast segmental column, as one of the prefabricated
structures, can be used to shorten construction time, reduce traffic delays, improve
quality control and minimize environmental impact. Despite these advantages, its
applications are mainly limited to the low seismicity areas due to the insufficient

knowledge on its performance under extensive seismic loading.
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To understand the seismic performance of precast segmental column, some research
works have been carried out in recent years (Billington & Yoon, 2004; Cai et al., 2018;
Chou & Chen, 2006; ElGawady et al., 2010; ElGawady & Sha’lan, 2010; Guo et al.,
2015; Hewes & Priestley, 2002; Hung et al., 2017; Ichikawa et al., 2016; Li et al.,
2018; Li et al., 2017; Nikoukalam & Sideris, 2017; Ou et al., 2010; Ou et al., 2009;
Tazarv & Saiid, 2015; Wang et al., 2018; Yang & Okumus, 2017; Zhao et al., 2017;
Zhao et al., 2018). According to these studies, some advantages of segmental column
were observed, such as the excellent self-centring ability and good deformation
capability. However, it was also found that the segmental column has limited energy
dissipation capacity. Therefore, some studies were carried out to increase the energy
dissipation capacity of the segmental column by using additional energy dissipation
(ED) devices. Commonly studied ED devices included the internal ED bars and
external ED devices. In the internal ED bar system, mild steel bars were normally
embedded in the footing and extended to the segments across the joints. Such design
was found effective to increase the energy dissipation capacity of the segmental
column (Cai et al., 2018; Ou et al., 2010; Ou et al., 2009). However, these internal ED
bars might increase the residual displacement (Ou et al., 2009). Moreover, they are not
easy to be replaced if damaged during a severe earthquake, which can delay the retrofit
activities after the earthquake. To overcome this problem, external ED devices were
proposed and it was found the external ED devices were able to increase the energy
dissipation capacity of the column while keeping the residual displacement small
(Chou & Chen, 2006; ElGawady & Sha’lan, 2010; Guo et al., 2015; Nikoukalam &
Sideris, 2017). Another observation was the concrete damage near the joints. Due to
the joint openings between the segments, excessive compressive stress can be
developed in the toes of the concrete segments, and concrete spalling damages were
observed during the tests. Therefore, some other researches concentrated on mitigating
the concrete spalling near the joints by confining the segments with steel jacket (Chou
& Chen, 2006; Hewes & Priestley, 2002), fibre-reinforced polymer jacket (FRP)
(ElGawady et al., 2010), or using advanced materials such as ductile fiber-reinforced
concrete (DFRCC) (Billington & Yoon, 2004), engineered cementitious composite
(ECC) (Tazarv & Saiid, 2015), and ultrahigh-performance concrete (UHPC)
(Ichikawa et al., 2016; Wang et al., 2018; Yang & Okumus, 2017).
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It should be noted that almost all the above-mentioned researches focused on the quasi-
static performance of the segmental column under cyclic loading. To fully understand
the real dynamic behaviours of such column, shake table tests are essential. Up to now,
very limited shake table tests (Motaref et al., 2013; Moustafa & ElGawady, 2018;
Varela & Saiidi, 2016; Yamashita & Sanders, 2009) have been carried out to
investigate the performance of precast segmental columns under seismic ground
motions. Yamashita et al. (2009) carried out shake table tests on a precast segmental
column with rectangular hollow cross section. It was found the specimen showed
limited damage, good ductility and small residual drift. Motaref et al. (2013) tested
several segmental columns with damage resilient material such as elastomeric pad,
ECC and carbon fibre-reinforced polymer (CFRP) in the plastic hinge region. The test
results showed that the damage and residual displacement could be reduced by using
these materials. Moustafa et al. (2018) tested the segmental hollow-core FRP-
concrete-steel (HC-FCS) columns on the shake table and it was found that the HC-
FCS columns sustained minor damage and smaller residual displacement compared to
the reference RC column. Varela and Saiid (2016) conducted shake table tests on two
1/4-scale resilient bridge columns with replaceable plastic hinges incorporating ECC
and two types of SMA bars. It was concluded that the concept of disassemble and
reassemble connection could be achieved and the use of ECC and SMA bars could

reduce the damage and residual displacement of the column.

It is worth mentioning that only the uniaxial earthquake excitation was applied in all
the above shake table tests. During a severe earthquake, the columns are inevitably
subjected to the multi-component earthquake motions, and the performances of the
column under multi-component earthquake motions might be different from those
obtained from the uniaxial earthquake motion. A few previous studies investigated the
bidirectional performance of the traditional monolithic columns (Acosta et al., 2011;
Hachem et al., 2003; Kitajima et al., 1992). Kitajima et al. (1992) tested several 1/9-
scale columns under bidirectional earthquake motions. It was found that under
bidirectional motions, the strength and stiffness of the monolithic columns decreased
more significantly compared with those subjected to unidirectional motion. Hachem
et al. (2003) tested four columns under seismic ground motions and it was concluded
that the residual displacements of the column under bidirectional motions could be

larger than those under unidirectional motion. Acosta et al. (2011) carried out shake
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table tests on several monolithic oblong columns with interlocking stirrups subjected
to two horizontal motions. It was found that after yielding, the bidirectional motions
caused more stiffness and strength degradation and thus larger displacement responses

compared to uniaxial excitations.

This paper carries out shake table tests on the seismic performances of precast
segmental columns. The column was subjected to the bidirectional seismic motions
with different peak ground accelerations (PGAs) until the failure of the column. For
comparison, a conventional monolithic column was also experimentally investigated
and the results were compared in detail with the segmental column. For the segmental
column, it was generally believed that the friction forces between the joints were
sufficient to resist the shear force during the earthquake event, and no shear keys
across the joints were necessary (e.g. (Chou & Chen, 2006; Hewes & Priestley, 2002)).
During the shake table tests in this study, it was interesting to observe that obvious
twisting occurred to the segmental column under bidirectional seismic excitations,
demonstrating that the friction forces at the joints were not enough to resist the shear
force. This phenomenon has never been reported in the previous quasi-static and
unidirectional shake table tests. To resist the adverse twisting, steel shear keys are
proposed to be installed at the joints of the segments. To demonstrate the effectiveness
of the proposed method, detailed three-dimensional (3D) finite element (FE) model is
developed and numerical simulations are performed after the numerical model is
validated by the experimental results. This article is organized as follows: Section 6.3
introduces the design and construction of columns; Section 6.4 presents the test setup.
The test results are discussed in Section 6.5; In Section 6.6, a detailed 3D model is
developed and the effectiveness of using steel shear keys between the segments to
resist the twisting of the column is discussed; and finally some concluding remarks

are drawn in Section 6.7.

6.3 Column designs and constructions

The shake table tests were performed in the Structural Dynamics Lab at Curtin
University by using the recently commissioned four-shake table system. Each table
has a platform with the dimension of 1000 x 1000 mm (length x width). The maximum
payload, frequency range and stroke of each table are 8 kN, 0.1-50 Hz, and £150 mm,

respectively. The specimens were scaled down based on a bridge pier prototype
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adopted from (Schoettler et al., 2012). In this part, the design of the columns, the

construction process and material properties are presented.

6.3.1 Column design

One monolithic column (RC) and one segmental column (S1) were designed and
tested in this study. The prototype column has a diameter of 1.22 m and a height of
7.32 m. A geometry scale factor of 1/12 was selected for both columns considering
the capacity of the shake tables. The diameter and height of the scaled columns were
therefore chosen as 100 mm and 600 mm, respectively. Table 6-1 summarises the
geometry and other scale factors based on the similitude rules (Dove & Bennett, 1986).
Figure 6-1 shows the general dimensions and design details of the columns. As shown,
each column had a footing and a cap with the dimensions of 400 x 400 x 150 mm
(length x width x height) and 500 x 500 x 150 mm (length x width % height),
respectively. For the reference monolithic column (Figure 6-1 (a)), four steel bars with
a diameter of 6 mm were used as the longitudinal reinforcements. The diameter and
spacing of the stirrups were 3 mm and 35 mm, respectively. In contrast, for the
segmental column, as shown in Figure 6-1 (b), the column was divided into three
segments and each segment had a height of 200 mm. The steel reinforcements were
the same as the monolithic column except that the longitudinal bars were
discontinuous across the joints between the segments. A posttensioned strand with a
cross sectional area of 54.7 mm? was used to clamp all the segments together. The
tendon was anchored at the footing and the top surface of the cap. Two pieces of
concrete blocks were fixed on the top of the column cap to mimic the weight of the
superstructures. The dimension of the two blocks was 1000 x 1000 x 150 mm (length
x width x height) and the weight of each block was 375 kg. The total weight of the
whole specimen was 1456 kg. In particular, the weight of footing, column and cap
were 60 kg, 12 kg and 94 kg, respectively. The total weight of the two mass blocks on
the top of the column was 750 kg and the base slab was 540 kg. It should be noted
that the sizes of the aggregates and rebar should be selected based on the scaling law
as well. However, it could be very difficult to have the steel reinforcement and
concrete aggregates uniformly scaled down. The maximum aggregate size used in the
test was 7 mm and the smallest diameter of the rebar was 3 mm, which were the best

available sizes from the local suppliers.
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Table 6-1 Scale factors for the column

Physical Quantities

Scale Factors, S;

Scale rule Values
Geometry Length of / S, 12
superstructure
Displacement 0 S 12
e S
Stress o SE 1
Strain € 1 1
Poisson's Ratio v 1 1
Dynamic Acceleration o Sa 1
properties Mass m SeSi*/Sa 144
Frequency w (S/S)"*’ 0.29
Velocity v (SiS,)"’ 3.46
Time t (S/S,)" 3.46
Loadings Force F SEeSF 144
Moment M SeSP 1728
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Figure 6-1 Design details of the tested columns (a) monolithic column; (b) segmental
column

6.3.2 Construction and material properties

For the monolithic column, the footing, column and the cap were cast together as a
whole, while for the precast segmental column, each part was cast separately. Figure
6-2 shows some of the construction procedures of the specimens. After curing of the
concrete, the segments of the segmental column were camped together by the
posttensioned tendon, and the posttensioning force was applied to the segmental

column through the hydraulic jack. Figure 6-2 (e) shows the posttensioning setup of
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the segmental column. In the design of the posttension force of the segmental column,
normally two aspects should be considered. Firstly, the posttension force should be
able to provide the column with flexural and shear strengths at the joints. To satisfy
this requirement, Ou et al. (2010) applied the posttension force with a value around
0.072f;/ Ay, in which f¢' is the compressive strength of the concrete, A, is the cross

sectional area of the column. Cai et al. (2018) applied a force to the tendon with the
value around 0.1f¢A,. Another consideration is the initial posttension load level
corresponding to the strength of the tendon. During the earthquake excitations, the
posttension force of the segmental column will increase due to the joint opening. To
minimize the occurrence of yielding of the tendon so to preserve the column with self-
centring ability, the initial posttension force is designed at a low level. For example,
ElGawady et al. (2010) used the prestressing force corresponding to 30% of the
ultimate strength of the tendon. In the present study, the initial posttension force was

designed to be around 0.087f; A, and the size of the tendon was chosen based on the

available smallest strand from the local supplier, which resulted in the initial
posttension load level equalling to 24% of the ultimate strength of the tendon. The
measured compressive strength was 37.0 MPa on the testing day (41 days). The
ultimate strengths of the longitudinal rebar and stirrups were 616 MPa and 430 MPa,
respectively, as provided by the supplier. The seven-wire high strength steel strand
was used as the tendon to clamp the segments. Details of the material properties are

summarized in Table 6-2.
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Figure 6-2 Construction of the specimens: (a) arrangement of rebars for the
monolithic column, (b) formwork for the monolithic column, (¢) monolithic column
after curing, (d) formwork for the segmental column, (e) posttensioning setup of the

segmental column, (f) base slabs and top mass slabs before casting, (g) base slabs
and top mass slabs after casting
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Table 6-2. Properties of the materials

Elastic Yield Ultimate
Diameter Area
Material modulus strength strength
mm mm? (GPa) (MPa) (MPa)
Longitudinal
6 28.3 200 555 616
rebar
Stirrup 3 7.1 200 346 430
Prestress tendon 93 54.7 195 1674 1860

6.4 Shake table test setup

6.4.1 Shake table and column installation

As mentioned above, the total mass applied on the column, including the mass blocks
and the cap was 844 kg, which was larger than the capacity of a single shake table.
The four shake tables in the lab were therefore combined together to form a big table.
A base concrete block with dimension of 1500 % 1500 % 150 mm was used to connect
to the four tables together. This concrete block also served as the base to support the
specimen. Figure 6-3 (a-b) show the arrangement of the shake tables and the
installation of the base concrete block. It should be noted since the four tables were
used together, the alignment and synchronization of the tables are essential. Special
attention was paid to align the shake tables in the horizontal and vertical directions
before the installation of the base slab to ensure their levelling and alignment. In
addition, the four tables were carefully controlled during the tests and the recorded
data from the four tables showed that good synchronization was achieved. This will
be demonstrated later in section 6.4.3. After tying the base slab to the shake tables, the
column was installed and fixed to the base slab through four D22 mm thread bars that
were embedded in the base slab. Figure 6-3 (c) shows the column that was ready to be
installed. After installing the column, as shown in Figure 6-3 (d), the mass blocks were
stacked on top of the column cap and connected with the cap through four bolts. A
catching frame was built to prevent the column from collapsing after failure. Figure

6-3 (e) shows the final setup of the whole test system before testing.
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Figure 6-3 (a) Shake tables alignment and levelling, (b) base concrete block
installed, (c) column ready to be installed, (d) installation of the mass blocks, (e)
final setup of the column

6.4.2 Instrumentation

Sensors including accelerometers, LVDTs and load cell were used to measure the
responses of the columns under seismic motions. Table 6-3 summarizes the names and
locations of the sensors and Figure 6-4 illustrates the front and top views of the sensor
locations. As shown in Figure 6-4, two accelerometers (A0 and Al) were placed on
the mass block to measure the accelerations in the North-South and East-West
directions and another two accelerometers (A2 and A3) were installed on the footing
to record the input accelerations. For simplicity, the North-South and East-West
directions will be named as X and Y directions respectively in the following context.
The accelerometers have a measurement range of +£5g and a frequency range of 0.06

Hz to 450 Hz. Three LVDTs were used to measure the displacements of the mass
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block. Among which, the LVDT L0 was installed in the X direction and LVDTs L1
and L2 were installed in the Y direction. These LVDTs were made by Keyence (IL
series) and have a measurement range of £140mm. The measurement sensitivity of the
LVDTs is 30 um, which is accurate enough to capture the small displacements in the
tests. A load cell was placed at the top of the segmental column to measure the change
of the post-tensioning force in the tendon. In addition to these sensors, each shake
table itself has integrated displacement and acceleration sensors in both directions
which are not shown here. All the sensors were wired to QuantumX, a data acquisition
system made by HBM, and the data were recorded with a sampling frequency of 200
Hz.

During the test, three cameras were also used to record the videos. One of the cameras
was used for tracking the general overall behaviour of the column. The other two were
placed perpendicular to the specimens in the X and Y directions to record the videos
and derive the displacement of the footing and column in each direction through
Digital Image Correlation (DIC) analysis for backup. Some tracking points were made
on the base concrete block, column footing and mass block for the DIC analysis before

the tests. The locations are also shown in Figure 6-4.

Table 6-3. Sensor details

Device Name Note
Accelerometers AO North-South (X) Acceleration at Top Mass
Al East-West (Y) Acceleration at Top Mass
A2 North-South (X) Acceleration at Column Base
A3 West-East (Y) Acceleration at Column Base
LVDTs LO North-South (X) Displacement
L1 West-East (Y) Displacement-1
L2 West-East (Y) Displacement-2
Load Cell LC Post-Tension Force in the Tendon
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Figure 6-4 Arrangement of the sensors: (a) front view; (b) top view

6.4.3 Input ground motions

The columns were subjected to the two directional earthquake motions that were

recorded at the Niland Fire Station during the 1979 Imperial Valley Earthquake. The
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PGAs of the original data were 0.108g and 0.068g in the N-S (X) and E-W (Y)
directions, respectively. In the present study, the specimens were designed to be tested
up to failure. The original earthquake ground motions therefore should be scaled.
During the tests, the original earthquake motions were scaled with the maximum PGA
varying from 0.2g up to the collapse of the column with an interval of 0.1g. The same
scaling factor was used for both the X and Y directions. To account for the scale factor

of the tested column, the time duration of the input accelerations was compressed by

afactor of V12 = 3.46 according to the scaling rules as illustrated in Table 6-1. Figure
6-5 shows one pair of the earthquake motions with the maximum PGA of 0.2g in X

direction and the corresponding response spectra.

It is worth noting that this pair of ground motions were selected mainly because of the
following two reasons: Firstly, the two specimens (i.e. the segmental column and
monolithic column) were designed to be tested up to failure. The specimens should be
able to fail before the tables achieving the maximum achievable PGA. Secondly, due
to the special arrangement of the four tables (i.e. using the four shake tables as a
whole), the initial positions of the tables’ centres were shifted from their original
physical zero positions to allow the connections of the shake tables to the strong floor
and the concrete slab on the top of the four tables. As a result, the allowable
displacements of the tables were only about 95 mm though the stroke of the tables
could reach 150 mm. The displacements of the ground motions should be smaller than

95 mm during the testing case with the maximum PGA.

It should be noted that since the four shake tables were used together as a whole, it is
important to ensure that the four tables were well synchronized. Figure 6-6 shows the
comparisons of the input and outputs in the X direction of the four shake tables when
the PGA was 0.2g. In particular, the displacements, accelerations and Fourier spectra
of the corresponding accelerations are compared. It can be seen that the output
displacements of the four shake tables were exactly the same as the input displacement
(Figure 6-6 (b)) due to the fact that displacement control was used in the controlling
system of the shake tables. For the accelerations (Figure 6-6 (a)), slight discrepancies
could be found between the input and outputs. This was also reflected in the Fourier
spectra of the accelerations (Figure 6-6 (c)). For the other direction and other PGAs,

the same observations can be drawn. After the tests, the slab that connecting the four
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tables and the bolt holes on the slab were also checked carefully, no damage to the
slab/holes was observed, implying very good control of the four tables that they had
synchronized movements. To measure the change of the dynamic characteristics of
the columns with the increase of the ground motion intensities, white noise excitations
were used as inputs between the earthquake motions. The white noise inputs had

duration of 40 s and a small amplitude of 0.02g.
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Figure 6-5 One pair of the bidirectional inputs (maximum PGA=0.2g): (a) N-S (X)
direction; (b) E-W (Y) direction; (c) Acceleration response spectra
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Figure 6-6 Comparisons of the input and outputs: (a) accelerations; (b)

displacements; (c) Fourier spectra

6.5 Test results

The monolithic column collapsed when the maximum PGA reached 1.0g and the
segmental column collapsed at 0.8g. In the following sections, most of the results were

compared when the PGA was up to 0.7g before the collapse of the two columns.

6.5.1 Observed damage

Figure 6-7 and Figure 6-8 show the damages and final failures of the two columns.
For the monolithic column, the main damage mode of the column was the concrete
tensile cracks, concrete cover spalling and fracture of the internal longitudinal steel
bars. Figure 6-7 (a) illustrates the damage patterns of the monolithic column at the
PGA of 0.9g. It can be observed that concrete cracks distributed along the column
from the bottom of the column and developed to about half height of the column.

Figure 6-7 (b-c) show the final collapse views of the column (at 1.0g) and the local
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damage near the footing-column joint. It can be found that the longitudinal bars

fractured and the concrete crushed at the bottom of the column.

The segmental column experienced rocking and joint opening responses during the
test, and no tensile crack was observed. This is because the segments could rock
against each other and opening could be formed at the joints instead of forming tensile
cracks as observed in the monolithic column. No visible concrete damage was
observed before the PGA reached 0.6g. Due to the rocking behaviour, the toes of the
bottom segment experienced significant compressive stress. As a result, concrete
spalling damage started to appear at the PGA of 0.6g and further developed with the
increase of PGA. Figure 6-8 (a-b) show the concrete spalling and crushing damages
near the joint between the footing and the bottom segment when the PGA was 0.7g. It
can be observed that severe concrete damages occurred in the bottom segment. Figure
6-8 (c-d) show the final collapse views of the segmental column when the PGA
reached 0.8 g. It can be found the concrete was seriously damaged due to the excessive

compressive stress in the segments.

As mentioned above the monolithic and the segmental columns collapsed at the
maximum PGA of 1.0g and 0.8g, respectively. The segmental column collapsed
earlier than the monolithic column. This could be attributed to the large axial force
from the posttensioned tendon in the segmental column. On one hand, the tendon could
pull the column to its initial position after deformation, so that the residual
displacement of the segmental column is small (details will be presented in Section
6.5.4). On the other hand, the prestressed tendon increased the axial stress of the
column and the bottom segment experienced excessive compressive stress resulting
from the rocking of the column. Concrete crushing damages were therefore induced
and developed in the segment. Therefore, the posttensioning force should be carefully
chosen in the design and the bottom segments might need to be confined by FRP or
steel jackets to minimize the concrete crushing and spalling damages. With such
treatments, less concrete damages would occur and the segmental column might be

able to fail at the same or even higher PGA level compared to the monolithic column.

Another interesting observation during the test was that obvious twisting occurred in
the segmental column while almost no twisting was observed in the monolithic

column. This is because the segmental column had no continuous steel bars across the
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joints except a post-tensioned tendon at the centre of the column. The only resistance
of the column to the torsional moment and shear was the friction between the
interfaces of the segments. The observation of the twisting during the test indicated
that the friction was not enough to resist the torsional moment in the segmental column
when it was subjected to bidirectional seismic motions. No previous literature has
reported such phenomenon yet. Further quantitative discussions and method to prevent

this adverse twisting will be presented in Sections 6.5.4 and 6.6, respectively.

o .
Figure 6-8 Damage of the segmental column: (a-b), PGA 0.7g; (c-d), PGA 0.8g
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6.5.2 Variations of the fundamental periods

As described in section 6.4.3, white noise tests were carried out between each
earthquake input. The periods of the columns then can be obtained by transforming
the time domain data into the frequency domain through the Fourier transform. Figure
6-9 shows the variations of first vibration periods of the two columns during the tests.
As shown, the segmental column has smaller initial vibration period compared to the
monolithic column. As the mass of the mass blocks at the top of the two columns is
the same, the results indicate that the segmental column has larger initial stiffness than
the monolithic column. This is because the stiffness of the segmental column depends
on the posttensioning force in the tendon, and the variation of the posttensioning force
directly changes the stiffness of the segmental column. Trono et al. (Trono et al.,
2014), when testing a damage-resistant posttensioned bridge column rocking at the
interface of its foundation, also observed that the period of the posttensioned column
was smaller than the reference monolithic column. Figure 6-9 also shows that when
the PGA increased from 0.2g to 0.6g, the periods of the segmental column (S1) were
almost a constant with an increment of 8.2% only. In comparison, for the monolithic
column (RC), the period increased from 0.42s to 0.52s, with an increment of 21.6%.
These results indicated that the monolithic column experienced more intensive
damages than the segmental column owing to the concrete tensile cracks and steel bar
yielding, which did not occur in the segmental column since the joints could open
under tensile force. The primary damage of the segmental column was the crushing
damage to the concrete segments as shown above, which was not prominent under
these excitation levels. When the PGA became larger, both the vibration periods of
the segmental and monolithic columns increased due to the damages developed in the
columns. However, the increment was more obvious in the monolithic column as
shown in Figure 6-9. This means that compared to the conventional monolithic
column, the segmental column is less vulnerable to the small to medium seismic

excitations that may be experienced during its whole lifecycle.
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Figure 6-9 Measured first vibration periods of the columns prior to each test

6.5.3 Drift responses

The displacements of the column were recorded by the LVDTs in the two directions.
The relative displacements were calculated by subtracting the displacement of the
shake table from the measured displacements. Figure 6-10 shows the lateral relative
drift response time histories of the columns in the both directions. It can be observed
that when the PGA was 0.2g, the two columns had similar drift responses. When the
PGA reached 0.7g, the maximum drifts of the segmental column were larger than those
in the monolithic column. As shown, the maximum drifts reached 4.49% and 4.45%
in the X and Y directions respectively for the segmental column. In contrast, the
corresponding values for the monolithic column were 3.42% and 2.64%. Figure 6-11
shows the maximum resultant drift responses of the two columns at different PGAs.
Similar observations can be obtained, i.e. the two columns had similar drift responses
at small input intensities, while under large intensities the segmental column
experienced larger drift responses than the monolithic column due to the openings at
the joints. It should be noted that both the columns showed very small residual drift
even the maximum PGA reached 0.7g (Figure 6-10 (¢) and (d)). For the segmental
column, this was attributed to the restoring force provided by the posttensioned tendon
that could pull the column back to its original position after deformation. For the
monolithic column, the concrete mainly experienced tensile cracks and almost no
crushing damage, no obvious plastic hinge was formed during the tests and the residual
drift of the monolithic column was therefore also very small. More quantitative

analysis will be presented in Section 6.5.4.
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Figure 6-11. Intensity vs resultant drift responses of the two columns

6.5.4 Residual twisting angle and residual displacement

As mentioned above, obvious twisting was observed in the segmental column during

the tests. Figure 6-12 shows the residual twisting angles of the two columns after each

test. It can be observed that the residual twisting angles of the monolithic column were

almost zero during the tests. In contrast, the twisting angles of the segmental column

S1 gradually increased from zero to around 5.5 degrees when the maximum PGA
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reached 0.7g. The cause of the twisting can be explained as follows. As shown in
Figure 6-13 (a), when the column was intact, the stiffness centre was the same as the
mass centre because the column was symmetric, no torsional moment would be
developed in the column. When the column was subjected to earthquake motions, the
column had different displacement responses in each direction during the test due to
the different earthquake motions, and even in the same direction, the displacement
amplitudes in the two sides of the column could be different, unsymmetrical damages
therefore could be formed in the column as illustrated in Figure 6-13 (b), resulting in
the change of the stiffness centre of the column. When the stiffness centre and the
mass centre were not coincident, the bidirectional earthquake motions applied to the
column could induce torsional moment to the column. For the segmental column, the
only resistance to the torsional moment was the friction between the interfaces of the
segments at the joints. Once the friction was not enough to resist the shear stress
caused by the torsional moment, twisting between the interfaces occurred. In contrast,
the monolithic column was cast as a whole, no such problem existed and the twisting

angle was thus small.

It should be noted that such phenomenon has never been reported in previous studies.
This is because previous studies mainly focused on the quasi-static cyclic tests or only
the uniaxial earthquake motion was used as input when shake table tests were
performed. It was therefore commonly believed that the friction forces between the
joints were enough to resist the shear forces (Chou & Chen, 2006; Hewes & Priestley,
2002), and no special treatment was needed to increase the shear resistant capacity of
the segmental column. This study, on the other hand, shows that the friction forces
between the joints was not enough to resist the shear forces caused by the torsional
moment and severe residual twisting was observed. Therefore, shear resistant designs
(e.g. concrete shear keys, steel shear keys) between joints need to be provided. The
effectiveness of using shear keys to decrease the adverse twisting effect will be

discussed in Section 6.6 through numerical simulations.
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Figure 6-12 Residual twisting angles of the two columns
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Figure 6-13 Schematic drawing of the stiffness centre change due to asymmetric

damage

The residual displacements of the two columns are compared and evaluated in this
part. It is obvious that the twisting would influence the residual displacement recorded
in the tests, and the influence should be removed before assessing the results. Figure
6-14 shows a schematic view of the twisting of the mass block at the top of the column.
The solid lines show the original position of the column and the dash lines represent
the column without any lateral residual displacement but with a twisting angle ¢. The
red short lines ME in the E-W direction and RR’ in the N-S direction are the lateral
displacements resulting from twisting, which should be removed. Figure 6-15 (a)
shows the residual displacements of the both columns in each direction after the
influence of twisting was removed. It can be found that the residual displacements of
the monolithic column in the X direction were larger than those in the Y direction.

This is because that the PGA of the inputs in the X direction was larger than that in
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the Y direction as illustrated in Figure 6-5, resulting in more damage in the X direction.
The same trend was found for the segmental column S1 except when the PGA reached
0.7g, at which severe damages occurred to the bottom segments. Figure 6-15 (b) shows
the resultant residual displacements of the columns. It can be found that the maximum
resultant residual displacements were 1.4 mm and 0.7 mm for the monolithic column
and segmental column, respectively, which were very small for the both columns. The
reason is that the monolithic column experienced insignificant concrete spalling and
crushing damages before collapse and no obvious plastic hinge was formed in the
monolithic column as shown in Figure 6-7 (a). It also can be seen that the resultant
residual displacements of the segmental column were smaller than those of the
monolithic column due to the fact that the posttensioned tendon could pull the
segmental column back to the original position, which demonstrated the most widely

recognized advantage of precast posttensioned segmental column.

Figure 6-14 Schematic drawing of the influence of twisting on the residual
displacement
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Figure 6-15 Residual displacements of the two columns: (a) in each direction; (b)
resultant residual displacements

6.5.5 Posttension force

As mentioned above, the posttension forces in the segmental column were recorded
by the load cell at the top of the column. Figure 6-16 shows an example of the
relationship between the posttension forces and the displacements of the column when
the PGA was 0.7g. In the figure, the black line represents the posttension force
corresponding to the actual deformation of the column in the X and Y directions, and
the green and blue lines are the projections of the black line to the X and Y directions,
respectively. As shown, the posttension forces increased with the increase of the lateral
displacement and showed a V-shape relationship with the displacement, which was
similar to those observed in the previous cyclic test (Li et al., 2017). Due to the damage
of the column, posttension force loss was observed. Figure 6-17 summarizes the
maximum and minimum posttension force during the tests. It can be observed that the
maximum posttension forces increased with the increase of PGA due to the larger
displacement responses and joint openings. The maximum posttension force reached
33.3 kN at 0.7g, the corresponding stress in the tendon was around 608.8 MPa, which
was smaller than the yielding stress of the material, indicating the posttensioned
tendon did not yield. The minimum stress decreased with the increase of the PGA.
When the PGA reached 0.7g, the minimum posttension force was 23.2 kN, which was
reduced by 6.4% compared with the initial posttension force (24.8 kN). As mentioned
above, the tendon did not yield during the test, the loss of posttension force was

therefore caused by the damages accumulated in the column during the tests, which
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shortened the height of the column and in turn reduced the existing posttension force
in the tendon.
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Figure 6-16 The posttension force versus displacements of the segmental column
(PGA=0.7g)
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Figure 6-17 The Maximum and minimum posttension forces in the tests

6.6 Numerical study

In this part, a detailed 3D numerical model of the segmental column is developed to
simulate the dynamic behaviours of the column under seismic excitations. The model
is validated against the test results first, and then steel shear keys between the segments

are then proposed to minimize the twisting of the column.

6.6.1 Numerical model

To realistically simulate the joint opening and twisting behaviour of the segmental
column under earthquake ground motions, a detailed 3D FE model is developed by

adopting the commercially available FE software ABAQUS/Standard (Simulia,
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2012). The concrete segments, footing and mass blocks are modelled by the 3D eight-
node solid elements (C3D8R in ABAQUS). The mesh sizes of the segments, footing
and mass are chosen as 10 mm, 40 mm and 50 mm, respectively by conducting mesh
convergence test. Details regarding the concrete and steel modelling can be found in

the authors’ previous work (Li et al., 2017).

As observed in the tests, joint openings and twisting were developed at the interfaces
between the segments. To model these behaviour, surface to surface contact elements
are used. Hard contact is used for the normal contact behaviour between the two
contact surfaces of the segments. The tangential behaviour is modelled as tangential
friction with Coulomb friction model. Different values of the friction coefficient (p)
have been used in the previous studies. For example, the value of 0.5 was used in the
simulations of the quasi-static cyclic performance of segmental columns (Dawood et
al., 2011; Ou et al., 2007). In another study, the value of 0.4 was used (Pitilakis et al.,
2017). Tassios and Vintzéleou carried out systematic experimental studies on the
friction behaviour between concrete interfaces (Tassios & Vintzeleou, 1987). It was
found that the friction coefficient was dependent on the normal compressive stress and
loading conditions. For example, under monotonic loading, when the compressive
stress increased from 0.5 MPa to 2 MPa, the friction coefficient decreased from 0.5 to
0.4. Moreover, under the repeated cyclic loading, the friction coefficient could further
decrease. In the current study, the axial compressive stress was around 3.2 MPa and
the interfaces experienced repeated loading during the test, the friction coefficient
could be smaller than 0.4 according to the observations from the reference (Tassios &
Vintzgleou, 1987). The friction coefficient is selected as 0.3 in the present study. The
damping is modelled as Rayleigh damping and a damping ratio of 1.8% is adopted as
determined based on the half-power bandwidth method through analysing the response

of the column under the white noise excitations (Motaref, 2011).

For the loadings, three loading steps are defined in the model, including the
prestressing force, gravity load, and the earthquake inputs. The posttensioning force
is applied to the tendon with initial stress condition and the gravity load is applied to
the model by assigning gravity acceleration to the whole model. The bidirectional
earthquake motions are imposed to the column footing with the recorded

displacements in the two horizontal directions. For the boundary condition, the footing
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was totally constrained during the prestressing and gravity loading steps. In the
earthquake loading step, the lateral displacements of the two horizontal directions are
released to allow the movements of the footing. After the earthquake loadings are
finished, the footing is constrained again to allow the free vibration of the column.

Figure 6-18 shows the whole numerical model.

Figure 6-18 Numerical model

6.6.2 Model validation

The numerical model is calibrated by the experimental results. Firstly, eigenvalue
analysis is carried out to determine the vibration periods of the column. It is found that
the fundamental vibration period of the numerical model is 0.29 s, which is close to
the measured value of 0.30 s. Then more detailed comparisons are made. Figure 6-19
(a-d) show the comparisons of the lateral displacement time histories of the column in
the two horizontal directions when the maximum PGA of the inputs is 0.2g. It can be
seen that the displacement responses of the simulated results agree well with the test
results. Figure 6-19 (e-h) show the comparisons of the displacement responses when
the PGA reaches a relatively large value of 0.5g. It can be seen that in general good
matches can be obtained. The discrepancies might be caused by the construction
uncertainties, the bidirectional coupling damages in the segments and the accuracy of
the material models in the simulation. As shown in Figure 6-20, the residual twisting
is also observed in the numerical simulation and the trend of the residual twisting angle
in the simulation is similar to that in the test but with smaller values. This might be

because the selected friction coefficient (0.3) is still slightly larger than the real value,
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and it changes during the tests with the change of the interface conditions, which is
not considered in the present study. The experimental result (the black curve in Figure
6-20) also shows that obvious twisting is observed at the very beginning of the test (at
the first 2.5s), this is however not observed in the numerical simulation (the red curve).
This is because the mass centre and stiffness centre of the specimen could not be
exactly coincident with each other in the real test due to the minor construction error,
though the structure was designed to be symmetrical. In the numerical simulation, no
such problem exists. Other than these, the above comparisons show that the developed
numerical model can capture the dynamic performances of the precast segmental

column when it is subjected to the bidirectional earthquake excitations.
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Figure 6-19 Absolute displacement response comparisons: (a-b) PGA=0.2g; (e-f)
PGA=0.5g; relative displacement response comparisons: (c-d) PGA=0.2g; (g-h)
PGA=0.5g
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Figure 6-20 Twisting angles of the column from the test and numerical simulation

6.6.3 Shear keys to mitigate torsional responses

Both the experimental and numerical results show that the frictions between the joints
are not enough to resist the torsional moment in the earthquake event. Some
measurements need to be implemented to increase the torsional resistant capacity of
the segmental column at the joints. In this part, shear keys are proposed to be added
between the segments to minimize the adverse twisting, and the effectiveness of the

proposed shear key is demonstrated through numerical simulations.

Recently, Hung et al. proposed installing a single steel shear key at the centre of the
cross section between the neighbouring segments to increase the lateral shear
resistance of the segmental columns, so as to reduce the high prestressing force in the
tendon that was usually used to increase the friction between the segments to resist the
lateral shear force (Hung et al., 2017). It should be noted that the single shear key at
the centre of the column cannot resist the adverse twisting phenomenon. To resist the
torsional moment, the method suggested by Hung et al. is slightly modified in the
present study. Instead of using one large shear key at the centre of the cross section,
multiple smaller shear keys are proposed to be installed. Figure 6-21 (a-b) show a
schematic drawing of the column with four shear keys. As shown, the shear key system
includes four holes that are symmetrically reserved in the segments and four protruded
shear keys that can be fitted into the holes. Figure 6-21 (c) shows the FE model of one
segment with shear keys. In the numerical simulation, the steel shear keys are
modelled as solid elements and the material property is the same as the longitudinal

steel bars as shown in Table 6-2. Surface to surface contact elements are used to
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simulate the interaction between the concrete segments and the shear keys. Figure 6-22
compares the twisting of the columns with and without shear keys when the columns
are subjected to the same bidirectional earthquake motions. It can be seen that the
twisting angles of the column with the proposed shear keys are reduced to almost zero,
demonstrating that the proposed method is effective to minimize the twisting angle of

the segmental column.

It should be noted that during the service life of the structure with segmental columns,
besides earthquake loading, it may also subjected to the other types of dynamic loads
such as impact and blast. Previous experimental and numerical studies (e.g. (Li et al.,
2017; Zhang et al., 2016)) revealed that shear keys in the segmental column could
reduce the lateral slippages between segments resulting from these impact and blast
loads. The experimental and numerical results in this study as shown above
demonstrate the necessity and effectiveness of installing shear keys between the
segments to reduce the twisting of the segmental column under seismic excitations.
The proper design of shear keys so that it can be used to resist multi-hazard could be
an interesting topic. This is, however, out of the scope of the present study, which will

be further investigated in the future studies.
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Figure 6-21 Steel shear key system between the segments: (a-b) schematic drawing
of the shear keys, (¢) modelling of the shear keys
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6.7 Summary and conclusions

Previous studies on the seismic performances of segmental column mainly focused on
the quasi-static cyclic tests. Limited studies investigated the dynamic behaviours of
segmental column subjected to the earthquake motions. In the present study, the
dynamic responses of the segmental column under bidirectional earthquake motions
are experimentally investigated through shake table tests. For comparison, the
behaviours of the conventional monolithic column is also investigated. Moreover, a
detail 3D FE model is developed to simulate the behaviours of the segmental column
under bidirectional earthquake motions. Multiple shear keys are proposed to mitigate
the adverse twisting response, and the effectiveness of the proposed method is
examined through numerical simulations. According to the test and numerical results,

the following conclusions are drawn:

1. Tensile cracks could widely develop along the traditional monolithic column, while
in the segmental column, the main damage pattern was the concrete crushing at the

toes of the segments.

2. The fundamental vibration period of the segmental column after repeated seismic
excitations varied much less compared to the monolithic column, indicating less
damages developed in the segmental column after low to medium level earthquake
ground motions. The segmental column failed earlier than the monolithic column due
to excessive compressive stress resulting from the posttensioned tendon and rocking

of the bottom segment.
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3. Segmental column experienced significant twisting under bidirectional earthquake
motions. The friction force between the joints was not enough to resist the torsional
moment associated with eccentricities induced by the unsymmetrical damages in the

segments and the bidirectional earthquake motions.

4. The developed 3D FE model can capture the seismic performances of the segmental

column under bidirectional seismic motions including the twisting effect.

5. For the segmental column investigated in the present study, shear keys are effective
to reduce the twisting response of the segmental column subjected to the bidirectional
earthquake motions. Further study could be carried out to investigate the performance

of different types of shear keys.
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CHAPTER7 CONCLUSIONS AND RECOMMENDATIONS

7.1 Main findings

The thesis has investigated the seismic performance of precast posttensioned
segmental column. Quasi-static cyclic tests were conducted to evaluate the
performances of monolithic and segmental columns. In addition, to improve the
seismic performance of the segmental column, BFRP was used to mitigate the damage
of the concrete segments and TEED devices were used to increase the energy
dissipation capacity of the segmental column. Moreover, detailed 3D numerical model
of the segmental columns were developed. Systematical parametric studies were
carried out to assess the effects of different design configurations on the seismic
performance of such columns. Furthermore, the performance of the segmental column
under biaxial cyclic loading was also studied and compared with that of the column
subjected to the uniaxial cyclic loading through numerical simulation. Finally, shake
table tests on the monolithic and segmental columns were conducted. Bidirectional
seismic excitations were used as inputs. The main findings from these works are

summarized below.

Quasi-static performance of monolithic and segmental columns

The performance of the traditional monolithic column and the segmental columns
under cyclic loading are investigated through quasi-static tests. One monolithic
column and five segmental columns with different designs have been tested. It is found
that the damages of the monolithic column are the concrete crushing, concrete flexural
cracks, and fracture of longitudinal reinforcements. In contrast, the damages of the
segmental columns are the concrete spalling and crushing due to the excessive
compressive stress caused by the rocking between the segments. Moreover, the
segmental columns show better ductility and smaller residual drift, but less energy
dissipation capacity compared with the monolithic column. The use of ED bars
between the joints of the segments is found effective in increasing the energy
dissipation capacity of the segmental column. The number of segments has limited
influence on the performance of the segmental column. The shear keys between the
segments is found effective in increasing the shear resistance and reduce the relative
slip between the segments, but they also cause stress concentration around the concrete

shear key, resulting in more severe damages in the segments.
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Effectiveness of using BFRP and TEED devices

The BFRP is used to wrap the segments to mitigate the damages of the segments and
the TEED device is proposed and used to increase the energy dissipation capacity of
the segmental column and minimize the residual displacement of the column. The
combination of these two methods aims to improve the seismic performance of the
precast segmental column. The use of BFRP is found to be effective to prevent the
concrete compressive failure such as spalling and crushing damages. No visible
damages can be observed in the columns with BFRP wrap. The newly proposed TEED
device can increase the energy dissipation capacity of the segmental column. Due to
the special design, buckling is prevented, the design therefore ensures full
functionality of the TEED for energy dissipation. Furthermore, the design does not
prevent the segmental column to recover the deformation although TEED experiences
plastic deformation, therefore the residual displacement of the column with TEED is

small.

Influences of different design details on the seismic performance of segmental
columns

Detailed 3D none-linear FE models are developed for the segmental columns. The
modelling results are validated against the test results and it is found that the model
can capture the response of the segmental column in terms of damage mode and
hysteretic curves. Parametric studies on the seismic performance of the segmental
column under cyclic loading are conducted based on the validated models. It is found
that the bonding condition significantly affects the behaviour of the segmental column.
The bonded tendon causes stress concentration in the tendon and reduces the ductility
of the column. The column with higher axial force has higher strength and energy
dissipation capacity but lower ductility compared to the column with lower axial force.
In addition, the confinement to the bottom segment significantly influences the
strength, energy dissipation capacity and ductility of the column. Moreover, though
the use of internal ED bars can increase the energy dissipation capacity of the
segmental column, it also results in the increase of the residual drift. The use of SMA
can increase the energy dissipation of the segmental column and keep the residual

displacement small due to the advanced mechanical properties of the SMA.
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Biaxial performance of segmental columns

The biaxial cyclic performance of the segmental column is investigated. Six different
biaxial lateral cyclic loading paths are used to investigate the effect of load path on the
performance of the segmental column. It is found that the loading paths have obvious
influences on the biaxial performance of the segmental column. In addition, the
coupling effects of the biaxial loading result in more strength degradation as well as
larger residual drift in the column subjected to biaxial loadings than those under
uniaxial loading. Moreover, different loading path results in different amount of
energy dissipation. The column under the circular shaped loading path dissipates the
largest amount of energy compared with the column under other five loading paths.
Furthermore, it is also found that increasing the axial loading ratio decreases the
ductility of the segmental column subjected to both uniaxial and biaxial cyclic
loadings, and this effect is more pronounced on the column under biaxial cyclic

loadings.

Shake table studies of monolithic and segmental column under bidirectional
excitations

Shake table tests on the monolithic and segmental column are carried out to investigate
the dynamic responses of the two columns. Different from previous shake table tests
on the segmental columns, bidirectional seismic excitations are used as inputs to more
realistically represent the real earthquake excitations in this study. It is found that the
segmental column show less increase in fundamental vibration period than the
monolithic column after repeated seismic excitations, indicating less damages
developed in the segmental column after low to medium level excitations. In addition,
it is interesting to find that the segmental column experiences obvious twisting under
bidirectional earthquake motions while almost no twisting is found in the monolithic
column. It indicates that the friction between the segments is not enough to resist the
torsional moment induced by the damages in the segments and bidirectional
excitations. Furthermore, the developed numerical model is able to capture the
displacement responses as well as the twisting behaviour of the segmental column.
According to the numerical simulation, the proposed multiple shear keys between the

segments are effective to reduce the twisting response of the segmental column.
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7.2 Recommendations for future works

Extensive experimental studies and numerical simulations have been carried out in
this research to investigate the seismic performance of the precast segmental columns.
Further studies that are needed for effective applications of the segmental columns in
constructions to resist earthquake ground motions are identified. The following are

some of the possible further research topics:

1. Small scale experimental tests are conducted to investigate the seismic
performance of the precast segmental columns. Some design details such as the
connections at the joints, which are critical for prefabricated construction, are not
considered due to the small size of the columns. Further study with larger scale

columns can take the connection details into consideration.

2. The influences of different design factors on the seismic performance of the
precast segmental column are investigated through comprehensive numerical
studies, simplified design procedures is needed to allow engineers to design the

segmental column.

3. The biaxial performance of the precast segmental column is investigated in this
study through numerical simulations. More experiments are required to further
understand the performance of the segmental column under biaxial loading since
such kind of test on the segmental column is not available in the literature yet.
Moreover, different design factors such as shape of the cross section which can

affect the biaxial performance of the column need to be considered in future tests.

4. Residual twisting is observed in the segmental column when it is subjected to
bidirectional seismic excitations. Multiple shear keys are proposed to mitigate
such twisting through numerical simulations. Experimental tests are necessary to

examine such design in the future study.

5. The shake table test on the dynamic performance of the segmental column is
conducted by idealizing the superstructures as a mass block on the top of the
column. The interaction between the column and the superstructure need to be
considered in future studies. The testing of a whole bridge system with precast

segmental columns is suggested.
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