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Chapter 1

INTRODUCTION

1.1 OVERVIEW

Structural concrete walls provide strong, stiff, primary lateral-load resisting elements that can
reduce lateral drifts during earthquakes. Current seismic design standards are focused on the
preservation of life safety during large earthquakes through the implementation of ductile design
concepts and capacity design principles. Little consideration is given to post-earthquake
repairable damage levels. A ductile design philosophy usually requires a Reinforced Concrete
(RC) wall to respond to large lateral forces imposed during an earthquake through the formation
of a flexural plastic hinge at the base of the wall. A well designed plastic hinge provides sufficient
ductility and energy dissipation while maintaining the strength and integrity of the wall. Ductility
and energy dissipation arises from the inelastic action of the cracking and crushing of the
concrete and yielding of longitudinal reinforcing steel. This inelastic behaviour results in
significant structural damage to the plastic hinge region of the wall that would require extensive
repair or demolition following a large earthquake. Recent earthquakes have highlighted the
impact of damage caused to ductile RC structures, which can result in large economic costs due
to business down time, repairs, demolition and rebuilding [1, 2]. The expectations of today’s

society are placing further demand on seismic engineers to design structures that have a superior
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Chapter 1 Introduction

level of performance following a moderate to severe earthquake. This increased level of
performance requires engineers to design structures that not only remain standing following an
earthquake and preserve life safety principles, but also limit the costs associated with repairs and

economic losses associated with business downtime.

In an effort to control the damage in a structure to a certain performance level and isolate
irreparable damage to easily replaceable components, engineers and researchers have developed
low-damage seismic resisting systems, where inelastic behaviour is concentrated at easily
replaceable energy dissipating elements. Low-damage seismic resisting systems can be designed
using unbonded Post-Tensioned (PT) precast concrete elements. The concept of connecting
precast concrete elements together with unbonded PT was introduced during the PREcast
Seismic Structural Systems (PRESSS) research programme conducted in the 1990’s [3]. In
contrast to traditional RC construction, distributed flexural cracking is not observed in unbonded
PT elements and the inelastic demand is accommodated through the opening and closing of an
existing joint at the wall base or beam-column interface, introducing a rocking mechanism. The
PT elements are unbonded to reduce the strain demand at high drifts, and in addition to providing
lateral strength to the wall, column, or beam, the unbonded PT tendons are designed to remain
elastic during a design-level earthquake to provide a restoring force to minimise residual drifts.
The required deformations are concentrated at existing joints and damage is limited to the
extreme ends of the interface where high compression forces are expected to occur during
rocking. Minor spalling and inelastic concrete strains may occur at these isolated locations, but
the majority of the structure remains undamaged. The PRESSS programme developed several
PT frame connections and began analytically investigating the behaviour of unbonded PT
concrete walls [4].

1.2 ROCKING WALLS

The simplest form of unbonded PT wall system is depicted in Figure 1.1 and referred to herein
as a Single Rocking Wall (SRW). The SRW consists of a single precast concrete panel that is
connected to the foundation using unbonded post-tensioning. The unbonded PT is designed to
extend as uplift occurs at the wall base during rocking. Due to the concentration of inelastic

action at the wall base, no flexural cracking or yielding of reinforcement occurs in the SRW
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resulting in low energy dissipation capacity during cyclic loading. Following introduction of the
PT element concept in the PRESSS programme, several researchers have investigated SRW
systems [5-7].

/,—Wall panel

\

/-JUnbonded PT

.

Foundation

Figure 1.1 — Single rocking wall concept

To improve the energy dissipation ability and seismic performance of the unbonded PT concrete
walls, additional energy dissipating elements are often used. During the PRESSS programme the
jointed wall system was developed and tested. The jointed wall system consists of two or more
unbonded PT precast concrete panels connected by energy dissipating connectors. When
subjected to a lateral force the wall panels in the jointed wall system accommodate the inelastic
demand through the existing joint at the wall-foundation interface. As the joint opens, uplift
occurs causing a relative vertical displacement along the vertical joint between the precast
panels, forcing the energy dissipating connectors to undergo large inelastic deformations. The
yielding action of the connectors significantly increases the hysteretic energy dissipation of the
wall system in comparison to an SRW. The jointed wall system was included in a five storey
prototype building that was tested by Priestley et al. [3] and was the first unbonded PT wall

system tested.

Following the introduction of the SRW and jointed wall system, researchers have investigated
several configurations of unbonded PT concrete wall systems with energy dissipating elements.
A hybrid system was developed that consists of a single precast concrete wall with a combination

of unbonded PT and mild steel reinforcement at the wall-to-foundation interface. A number of
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researchers have experimentally investigated the hybrid system using mild steel dissipaters [8-

12] or viscous dampers [13].

1.2.1 PreWEC system

A new unbonded PT wall system with additional energy dissipating elements has been developed
that consists of a Precast Wall with End Columns (PreWEC) [14]. The PreWEC system is shown
in Figure 1.2 and consists of a single PT precast concrete panel joined horizontally to two PT
end columns using special energy dissipating connectors called O-connectors, that were
originally developed by Henry et al. [15]. Similarly to the jointed wall system, energy dissipating
connectors are attached along the vertical joints between the wall and end columns and undergo
a relative vertical displacement as both the wall and end columns rock causing flexural yielding
of the O-connector. The PreWEC system has a significant advantage over similar jointed type
systems due to the column-wall-column arrangement. The arrangement maximises the lever arm
between the PT tendons and compression block allowing the PreWEC system to be designed to
have comparable moment resistance to monolithic RC walls of the same geometric dimensions
[14]. The PreWEC system also has the advantages of a low damage system, with the damage
isolated to the replaceable O-connector dissipaters and only minor damage was observed in the
wall toes during the large scale testing performed. It is due to these advantages that the PreWEC

system is the focus of the study presented in this thesis.

Wall panel— |

Unbanded PTX

O-connector\\

Colurﬂn\

Foundation
| || ||

Figure 1.2 — PreWEC system
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1.3 CURRENT CODE PROVISIONS

The findings and results from the PRESSS programme and subsequent research on unbonded PT
precast concrete elements has led to the technology being included in a number of design
provisions. The American Concrete Institute (ACI) set up Innovation Task Group 5 (ITG-5) to
develop design provisions for PRESSS type structures in regions of high seismicity. Two
documents were produced; 1TG-5.1 [16] and ITG-5.2 [17]. ITG-5.1 defines the minimum
experimental evidence that can be deemed to satisfy the use of unbonded PT precast concrete
walls for building applications. 1TG-5.2 defines procedures that may be used to design both
jointed and hybrid unbonded PT precast concrete shear walls that have been experimentally
validated in accordance ITG-5.1. In 2006 design provisions for the use of unbonded PT precast
concrete elements were introduced into the New Zealand concrete design standard as an
appendix (NZS 3101-06) [18]. Following this, the New Zealand Concrete Society published the
PRESSS Design Handbook [19] that detailed more specific guidelines and design examples.

PT systems are inherently suited to displacement based design methods due to the direct
correlation of damage to displacement. Also, previous research has shown that more economical
designs of unbonded PT walls can be achieved when using a displacement based design method
such as Direct Displacement Based Design (DDBD) [20] over traditional Force Based Design
(FBD). This is because the unbonded PT walls are not penalised for the high initial stiffness in
DDBD but rather use a secant or effective stiffness to design drift. For these reasons Priestley et

al. [20] proposed that DDBD is used for seismic lateral force design of unbonded PT systems.

1.4 RESEARCH MOTIVATION

Unbonded PT precast concrete wall systems have been subject to numerous pseudo-static lateral
load tests [7-10, 13, 14, 21, 22] and extensive numerical modelling to simulate the response of
the systems to earthquake excitation [23-28]. However, only a limited number of experiments
have been conducted to investigate the dynamic response of unbonded PT wall systems. Wight
et al. [29, 30] performed shake table testing on unbonded PT masonry wall systems, the first to
perform shake table testing on any type of unbonded PT wall system. Marriott et al. [31]
performed shake table testing on hybrid walls with various combinations of viscous dampers and

mild steel yielding fuses at the base of the unbonded PT wall. Shake table testing has also been
-5-
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conducted on large scale complete building assemblies as reported by Belleri et al. [32] at
University of California San Diego (UCSD) and at the E-Defense laboratory in Japan [33, 34].
Both of these large scale tests incorporated hybrid walls similar to those investigated by Marriott
et al. [31]. To the author’s knowledge no dynamic testing has been published on unbonded PT
precast concrete wall systems that incorporate two or more rocking unbonded PT elements that
utilise relative displacement along a vertical joint to mobilise energy dissipaters. This includes
jointed, coupled, and PreWEC wall systems.

As a result of this lack of dynamic testing, there is currently a knowledge gap concerning the
dynamic characteristics of the vertically jointed unbonded PT systems such as PreWEC. Also,
there has been no systematic testing of even a pseudo-static cyclic nature on vertically jointed
wall systems investigating different amounts of energy dissipating devices. Furthermore, it is
common for a series of experimental tests to include only one loading type, usually concentrating
on either pseudo-static cyclic testing or shake table testing alone. Pseudo-static cyclic testing
provides the lateral load hysteretic response that is a common method of determining equivalent
viscous damping, while shake table testing provides the structures dynamic response to a set
input motion. In order to gain excellent understanding of all aspects of a wall systems seismic
response, it is valuable to perform a systematic series of testing incorporating different loading

types on the same structural system, in this case unbonded PT systems.

Due to the limited dynamic testing on any type of unbonded PT concrete system in literature,
there are unknowns concerning the amount of energy dissipation present in these systems and
there is subsequently little guidance on appropriate numerical modelling techniques for the
damping present in the system. Consequently, the implementation of vertically jointed wall
systems into real structures is hampered by the lack of guidelines and procedures to account for
the magnitude of Equivalent Viscous Damping (EVD) appropriate when applying DDBD
principles to vertically jointed wall systems. As a result of the limited dynamic test data there
has been no verification of DDBD procedures for vertically jointed concrete walls using shake
table results.
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1.5 OBJECTIVES

The main aim of this study was to develop a deeper understanding of the seismic performance
of unbonded PT precast concrete walls. This was achieved by systematically investigating the
static and dynamic experimental response of unbonded PT precast concrete walls and improving
the robustness of design and modelling techniques. Three phases of study were conducted to

address this aim, with the following objectives:
e Phase 1: Static and dynamic experimental testing:

o Experimentally verify the seismic performance of SRW and PreWEC systems
subjected to pseudo-static cyclic and dynamic loads including real earthquake

ground motions at different intensity levels.

o Investigate and quantify the dynamic characteristics of SRW and PreWEC
systems incorporating different quantities of additional energy dissipating

element with particular emphasis on EVD and residual drift.

o Generate cyclic and dynamic test data for SRW and PreWEC systems to enable

calibration and validation of numerical models and the DDBD method.
e Phase 2: Numerical modelling:

o Investigate and assess simple numerical modelling techniques appropriate for
SRW and PreWEC systems that can be easily incorporated into building models
for design engineers when conducting Nonlinear Time History Analysis
(NLTHA).

e Phase 3: Displacement based design:
o Verify the DDBD process for unbonded PT precast concrete wall systems.

o Assess current recommendations for EVD for PreWEC and SRW systems in the

current DDBD framework.



Chapter 1 Introduction

1.6 SCOPE

To address the experimental testing objectives, four testing phases were conducted to attain a
refined understanding of the experimental response of SRW and PreWEC systems. The four

testing phases were:
e O-connector dissipater component testing
e Pseudo-static cyclic testing of SRW and PreWEC systems
e Snap back testing of SRW and PreWEC systems
e Shake table testing of SRW and PreWEC systems

The wall system testing focused on a scaled substructure to enable full understanding of isolated
wall systems that could be tested on the University of Auckland shake table facility. It is
important to understand the behaviour of all components before considering the response of an
entire building. In order to understand all aspects of the wall systems response, the wall system
test programme consisted of the three different loading types described above. The loading types
were of varying complexity and are all considered to simulate seismic action to some degree.
The wall testing initiated with pseudo-static cyclic loading which is the simplest and most
commonly used loading type, then progressed to snap back testing, and culminated with shake
table testing. Following the extensive experimental programme, the data was used to address
issues relating to the numerical modelling and DDBD of SRW and PreWEC unbonded PT wall

systems.

The experimental programme reported in this thesis was designed to complement a series of
concurrent shake table tests that were undertaken by Nazari et al. [35] from lowa State University
that also incorporated SRW and PreWEC systems. The focus of the research undertaken by
Nazari et al. was large scale shake table tests, this differs significantly from the research
presented in this thesis which focuses on a systematic investigation into SRW and PreWEC
systems with different loading types.

It should be noted that higher mode effects were outside the scope of the thesis and the results

of the thesis are limited to buildings where higher mode effects are not significant.

-8-
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1.7 THESIS OUTLINE

Firstly, athorough literature review is presented, followed by a discussion of the modified design
and testing of the O-connector energy dissipater. The model and prototype wall system design is
then presented before the three phases of scaled wall tests are presented. An evaluation of
damping schemes for use in a Single Degree Of Freedom (SDOF) numerical model for both
PreWEC and SRW systems is then presented. Lastly, a thorough assessment of DDBD for SRW

and PreWEC systems is presented using the data from the selection of test chapters.
Overall, the thesis is organised into the following chapters:

Literature review: Chapter 2 provides a review of previous research related to the
development of unbonded PT wall systems. Alternative wall systems developed elsewhere are
discussed and a summary of experimental and analytical studies is presented along with a

thorough description of the DDBD process for unbonded PT wall systems.

O-connector testing and design:  Reported in Chapter 3 are the experimental results from a
series of nine cyclic tests on various forms of modified O-connector dissipaters. The main focus
of the component testing was to develop and assess a modified version of the O-connector tested
by Henry et al. [15] for use in the PreWEC system experiments by overcoming previous design
flaws. Additionally, this chapter provides further validation of the O-connector for
implementation and proposes simple equations to calculate the yield, plastic and ultimate

strength and provides insight into the displacement capacity of the O-connector.

Prototype and model design: Chapter 4 provides the details of the prototype building
and the subsequent DDBD of the building. The determination of the prototype wall is described
in detail followed by the determination of the model wall designs.

Cyclic testing: Chapter 5 provides the experimental results from the pseudo-static cyclic
testing performed on four model wall designs. The main parameters investigated included area-
based EVD, residual drifts, local wall parameters, and global response. The main focus of this
chapter was to systematically investigate the cyclic response of SRW and PreWEC systems with

varying amounts of energy dissipation provided by O-connectors and to further validate the
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current wall panel design recommendations and to verify an existing simplified analysis and

design method for PT wall systems.

Snap back testing:  Chapter 6 reports on the experimental results from snap back testing of
four model wall designs. The main focus of the testing was to investigate and quantify the
dynamic characteristics of identical walls to those described in Chapter 5 that were tested under
cyclic loading. Of specific interest were the damping and dynamic residual drift parameters that
can only be determined experimentally and are vital to fully understanding the seismic behaviour
of unbonded PT walls. Additionally, static pushover data obtained during the loading phase of
each snap back test was compared to dynamic data obtained from the free vibration decay shap

back phase of each test, to examine the difference in local wall parameter response.

Shake table testing: Chapter 7 describes the test procedure, observations and results from
shake table tests on three model wall systems. The main objectives of this chapter were to
experimentally verify the seismic performance of SRW and PreWEC systems when subjected to
real earthquake ground motions at different intensity levels, and to provide ground motion test
data for SRW and PreWEC systems to enable calibration and validation of numerical models
and the DDBD method.

Evaluation of damping schemes: Chapter 8 describes the development and assessment of
damping schemes for use in the SDOF numerical modelling of SRW and PreWEC systems, and
provides validation of the recommended damping scheme using the shake table test data
presented in Chapter 7.

Direct displacement based design evaluation: Chapter 9 provides a review of current DDBD
methods for the determination of EVD ratios for PreWEC systems. The different methods of
determining EVD are evaluated against the shake table test data, and appropriate methods for

determination of EVD ratios for PreWEC systems are recommended.

Conclusions: Chapter 10 summarises the main conclusions arrived at in the preceding chapters

of the thesis and provides recommendations for future research.
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Chapter 2

LITERATURE REVIEW

2.1 OVERVIEW

Within this chapter an extensive literature review is presented related to Post-Tensioned (PT)
precast concrete wall systems. A description of rocking behaviour is summarised followed by
background relating to the use of concrete walls in seismic design. The founding research on
self-centering precast concrete wall systems is discussed and a summary of the different systems
that have been developed is provided. This is followed by a detailed review of the experimental
testing and modelling on the dynamic behaviour of unbonded PT concrete wall systems. Lastly,
the current codification and design procedures for unbonded PT precast concrete wall systems

are discussed in detail.

2.2 ROCKING BEHAVIOUR

The rocking mechanism has been of interest to the earthquake engineering community for some
time. It can be shown that by allowing rocking motion to take place in a structure during a seismic
event, the resulting accelerations, and hence forces can be reduced, due to the change in stiffness

of the structure once rocking is initiated. It has been suggested that a rocking mechanism may
-15 -



Chapter 2 Literature review

have been deliberately used for seismic applications for Greek and Roman monuments [36]. The
interest of modern earthquake engineers in the rocking mechanism stems from Housner [37] who
reported that during the 1960 Chilean earthquake a number of tall, slender structures survived
while more stable appearing structures were severely damaged. Housner’s observations drew
attention to the potential for a rocking mechanism to provide a form of seismic isolation to a
structure. Two early New Zealand examples where the rocking mechanism was purposely used
to provide seismic isolation to a structure were the South Rangitikei River Rail Bridge and a

chimney at Christchurch Airport [38].

In Housner’s [37] 1963 paper a Simple Rocking Model (SRM) was developed by analysing the
dynamics of a rigid block resting on a rigid base excited into a rocking motion. Housner’s SRM
makes two important assumptions, firstly, there is conservation of angular momentum about the
point of impact, and secondly, impacts are considered to be point impacts with no bouncing or
sliding. Housner initially developed an equation of motion as presented in Equation (2-1) for a
rigid rocking block with the parameters defined in Figure 2.1. Equation (2-1) was then

approximated as Equation (2-2) for tall slender blocks having an angle aj less than 20 °.

Figure 2.1 — Housner rocking block model [37]

Iy — WRysin(ay — 68) = 0 for >0 (2-1)
1,6 — WRy,6 = —WRyay (2-2)

Housner then provided a solution for the equation of motion shown in Equation (2-3) using the
initial conditions of 8 = 6, and § = 0 at t = 0 that represent the block released from an initial

rotation.
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0 = ay — (ayg — 0,) coshpt
(2-3)
Where p? = WRy/I,
Equation (2-3) describes the rotation of the block about the corner as it returns to the vertical
position after being released from an initial rotation. Housner formulated a closed form
expression (Equation (2-4)) for the quarter period of a rocking cycle using the solution to the

equation of motion (Equation (2-3)) and the conditions of 8 = 6, and 8 = 0 when t = T /4.

4 1
T = —cosh™?!
p 0o

(2-4)

During rocking energy is dissipated when the block impacts the base. To incorporate this loss of
energy Housner took advantage of the conservation of angular momentum and formulated an
expression described by Equation (2-5) for the reduction in Kinetic energy that occurs during

impact, also referred to as the apparent coefficient of restitution (7).

1. .2 .

(71092 ) 02, MR,* g
= =G =1
1, 42
(51061 ) & <

(2-5)

7 (1 —cos2ay)

Housner also investigated the overturning potential of a rigid block subjected to constant
acceleration, sinusoidal acceleration, and earthquake motion based on energy principles. The
acceleration pulses in earthquake motion are random and once a block starts rocking in an
earthquake there is an energy build-up in the system. The block is then able to overturn at much
smaller peak accelerations than those predicted by the sinusoidal acceleration pulse. Housner
showed the existence of a scale effect in the stability of two geometrically similar blocks. In
other words, the larger of two blocks with the same aspect ratio, but of varying size, will be more

stable against overturning.

Many studies have validated Housner’s rocking theory through experimental testing. Aslam et
al. [39] confirmed the use of Housner’s SRM by conducting free vibration and forced vibration
testing of concrete blocks using a shake table. A computer program was written to numerically
solve the equation of motion of the block with the loss of energy due to impact represented by a
coefficient of restitution. The coefficient of restitution was calculated by fitting an analytical

solution to the experimental data for the free vibration tests. Aslam et al. demonstrated the
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rocking problems high sensitivity to the chosen coefficient of restitution, and highlighted the
lack of understanding surrounding the energy dissipation mechanism associated with the
impacts. The energy dissipation mechanism associated with the velocity reduction at impact is
known as contact or radiation damping. Aslam et al. also introduced the concept of adding
vertical prestressing to the blocks to increase the stability of the system. The addition of a vertical

prestress force to a rocking system is often referred to as controlled rocking.

2.3 CONCRETE WALLS

Concrete structural walls are often used as the primary lateral force resisting system in a building
as they provide an efficient lateral load resisting system for both wind and seismic loading.
Structural walls can be constructed from either cast-in-place or precast concrete. Precast concrete
has advantages over cast-in-place construction, including high quality control, reduction in site
formwork and site labour plus the bonus of rapid construction and optimised use of materials
[40]. However, the use of precast concrete in seismic regions was initially limited due to lack of

research and the subsequent limits put in design codes [41].

Concrete structural walls have previously been found to perform well during earthquakes;
including precast concrete walls designed to emulate cast-in-place Reinforced Concrete (RC)
walls [42, 43]. Fintel [44] reported that concrete shear wall structures demonstrated the ability
to fulfil the life safety requirements of seismic design and also suffered little damage. Typically
precast concrete walls are constructed to emulate cast-in-place RC walls. Designing precast
concrete walls to emulate cast-in-place RC walls requires in situ concrete joints during
construction that limit the advantages provided by the use of precast concrete [45]. A significant
research effort has been undertaken to overcome the limitations of using precast concrete in

seismic regions, this is discussed in section 2.4.

2.4 UNBONDED PT CONCRETE WALL SYSTEMS

Self-centering concrete systems such as that shown in Figure 2.2 incorporate precast concrete
elements with post-tensioning tendons. The use of precast concrete introduces dry connections
that accommodate inelastic demand through opening and closing of an existing crack,
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introducing a rocking mechanism. The unbonded post-tensioning is designed to remain elastic
during a design-level earthquake, and therefore provides a self-centering restoring force and the
moment resistance for the system. The restoring force provided by the post-tensioning increases
the stability of the rocking system against overturning. The combination of precast elements and
unbonded post-tensioning generates a response that undergoes inelastic deformations with
minimal damage. Unbonded PT precast concrete members have limited energy dissipation
compared to a traditional RC structure due to the minimal damage sustained from a seismic

event.

PT tendon

N

Foundation *

Figure 2.2 — Unbonded PT concrete wall subjected to lateral load [41]

Figure 2.3 shows the idealised behaviour of concrete elements. The combination of precast
concrete wall and post-tensioning produces the idealistic bilinear hysteresis shown in Figure 2.3.
The decreased amount of hysteretic energy dissipation due to decreased damage is evident when
you compare the bilinear hysteresis to a traditional full hysteretic (i.e. purely yielding) system.
The low energy dissipation of the purely unbonded PT system typically leads to higher
displacements during an earthquake and has led researchers to add further damping to the system,
producing an idealised flag-shape hysteresis behaviour shown in Figure 2.3. The development

of these systems is discussed in detail below.
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Figure 2.3 — Idealised hysteretic types for concrete elements (Adapted from [46])

2.4.1 PRESSS program

The PREcast Seismic Structural Systems (PRESSS) research programme was initiated in 1991
in a joint effort by the United States and Japan to develop new technology that overcame the
limitations associated with using precast concrete in seismic regions [47]. The main focus of the
PRESSS research programme was the use of unbonded post-tensioning to connect precast
concrete structural elements. The concept was initially investigated analytically for use in
concrete frames [48] and then extended to precast concrete walls [27]. During the PRESSS
programme four types of connections for PT frame were conceptualised and investigated.
Concurrently, unbonded PT precast concrete walls were being investigated analytically at Lehigh
University [4, 45].

The final phase of the PRESSS programme included the pseudo-dynamic testing of a 60% scale
five-story precast concrete building that is shown in Figure 2.4. The test building used unbonded
PT frames to resist lateral loads in the longitudinal direction while a jointed wall system was
used to resist lateral loads in the transverse direction. The building was tested in both the frame
and wall directions independently by subjecting the building to simulated seismic loads. The
principal method of testing was pseudo-dynamic testing; this involves applying displacements
in small increments to represent a seismic event based on an assumed stiffness matrix, and then
updating the stiffness matrix at set intervals depending on the displacements and forces achieved
in the previous step. The jointed wall system sustained minimal damage even when subjected to
an earthquake 50% above the design level earthquake intensity. Minor crushing developed in
each toe at the base of the wall, but this damage was essentially cosmetic and could easily be
repaired without disrupting the normal operations of the building [3].
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Figure 2.4 — PRESSS 60% scale test building [3].

2.4.2 Single rocking walls

A Single Rocking Wall (SRW) is the simplest form of self-centering concrete system and
consists of an individual PT precast concrete wall with no additional damping. Numerous
analytical and experimental investigations have been undertaken to study the lateral load
behaviour of SRWs [5-7, 13, 21, 49-53]. The majority of the experimental investigations were
either pseudo-static monotonic or cyclic tests. The results of the pseudo-static cyclic testing
performed by Perez et al. [49] showed that the unbonded PT precast concrete wall exhibited a
nearly nonlinear elastic load-deformation response with only limited energy dissipation per cycle
of loading, as seen in Figure 2.5. Henry at al. [53] experimentally and analytically investigated
the calculation of concrete compressive strains generated in PT concrete walls at nominal
flexural strength. The lateral load resistance was found to be maintained well beyond the code-
defined maximum allowable strain of 0.003, and minimal concrete damage was observed at that
limit state. A higher strain limit of 0.005 was suggested to be more suitable for describing the
nominal flexural strength of PT concrete walls. Due to localised behaviour strongly affecting the
strain measurements during experimental testing, it was recommended that an average from

several gauges be used for the most reliable strain measurement.
-21-



Chapter 2 Literature review

Base Shear (kN)

Failure
2A 4
i

Lateral Drift (%)

Figure 2.5 — Force-displacement behaviour of SRW [49]

2.4.3 Jointed wall system

As discussed in section 2.4.1 the jointed wall system was developed and tested during the
PRESSS research program. Jointed wall systems consist of two or more precast concrete walls,
and are designed with PT tendons and special energy dissipating connectors placed along the
vertical joints between the wall panels. The jointed wall system that was included in the PRESSS
test building used U-shaped flexure plates (UFP) as the energy dissipating connectors between
the precast concrete wall panels. The UFPs are designed to yield when subjected to the vertical
displacement that occurs across the joint as the wall panels uplift and rock, increasing the
hysteretic energy dissipation of the jointed wall system while limiting the damage to the wall
itself [54]. UFPs require heat treatment during the manufacturing process to ensure no residual
stresses occur from the bending process. The connectors are designed to be replaced following
a seismic event, resulting in an undamaged structure following connector replacement. The

elevation of the jointed wall system used in the PRESSS programme is presented in Figure 2.6.

2.4.4 Hybrid wall system

The alternative hybrid wall concept extended on the hybrid beam-column connections that were
investigated during the PRESSS program. A hybrid wall consists of a single precast wall panel
(SRW) with a combination of unbonded PT and additional energy dissipation in the form of mild
steel bars that are placed across the interface between the wall and the foundation. As with a
SRW, when a hybrid wall is subjected to a lateral force, rocking is initiated and a gap opens at

the wall base. When wall uplift occurs, the mild steel bars crossing the interface between the
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wall and foundation yield, increasing the hysteretic energy dissipation of the system. Typically
the mild steel bars are debonded over a short length to reduce the strain in the steel to prevent
the bars fracturing prematurely. As well as increasing the energy dissipation of the system, the

mild steel bars contribute to the moment capacity of the system.
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Figure 2.6 — Elevation of jointed wall system from PRESSS test [54]

Rahman and Restrepo [55] performed a series of experimental tests on such hybrid wall systems.
The series of experimental testing consisted of three half-scale precast concrete wall units
subjected to pseudo-static cyclic loading. Standard reinforcing bar with a reduced diameter over
a specific length was placed across the wall-to-foundation interface to provide energy
dissipation. There was a strong bond between the energy dissipater and the surrounding concrete,
which caused high strains and hence damage when uplift occurred. Despite the damage to the
concrete panel, the energy dissipaters proved to be effective in providing energy dissipation to
the system with Equivalent Viscous Damping (EVD) ratios of up to 14%. Figure 2.6 shows a
comparison of the measured lateral force-drift ratio response between a wall with and without
additional energy dissipating bars [9].
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Figure 2.7 — Force-drift ratio response [9]

Testing of hybrid walls was also conducted by Holden et al. [8] where two identical half-scale
precast concrete wall units, were constructed and tested by subjecting the walls to pseudo-static
reverse cyclic loading. One wall was a code-compliant conventionally reinforced specimen
designed to emulate a cast-in-place wall, while the other was a PT precast wall with additional
energy dissipation devices. The devices used by Holden et al. were low yield strength tapered
longitudinal reinforcement that crossed the interface of the wall and foundation. Both walls
performed as expected with the hybrid wall sustaining no visible damage, while the conventional
specimen performed in the expected ductile manner with extensive damage in the form of
flexural cracking in the lower portion of the wall. A number of other researchers have

experimentally investigated the hybrid system using mild steel dissipaters [10-12].

2.4.5 Other sources of energy dissipation in hybrid walls

Researchers have gone on to investigate other sources of additional energy dissipation for
unbonded PT wall systems. Kurama [26] used nonlinear dynamic time history analysis to
investigate the feasibility and effectiveness of supplemental viscous damping for unbonded PT
precast walls. Additionally, Kurama [56] analytically investigated the use of supplemental
friction dampers for rocking wall systems. Both of the aforementioned methods of increasing
energy dissipation of unbonded PT rocking walls were found to reduce drift levels in comparison
to a wall with no additional energy dissipating devices. Marriott et al. [31] continued research in

the area of viscous damping and performed experimental testing to confirm the response of an
-24 -



Chapter 2 Literature review

unbonded PT wall with supplemental viscous damping. Marriott et al. also investigated the use
of tension-compression yielding steel dampers externally mounted on a precast wall. This
approach resulted in no additional damage from mild steel crossing the interface, in contrast to
the traditional hybrid system, as the dissipaters were externally mounted. However, it should be
noted that the externally mounted dissipaters require careful design to avoid buckling due to the

tension compression yielding.

2.4.6 PreWEC system

Although self-centering structural components exhibit superior seismic performance in
comparison to conventional reinforced structures, they must also be economically and
architecturally viable to be considered an alternative. It has been speculated that hybrid and
jointed wall systems have lacked implementation into real structures due to a failure to meet the
aforementioned criteria. In a hybrid wall system the placement of energy dissipation devices is
the main difficulty for the system to be economically and architecturally viable in comparison to
a conventional structure [41]. Mild steel energy dissipaters can be placed across the wall to
foundation interface enabling the wall to be designed to match the moment capacity of a
traditional wall. The disadvantage of this is the difficulty in inspecting and/or replacing the
dissipaters following an earthquake. In a jointed wall system the wall is divided up into two or
more panels to allow energy dissipating connectors to be placed along the vertical joints. There
is a reduced lever arm between the PT tendons and the wall compression toe resulting in a
reduced moment capacity when compared to a monolithic RC wall with similar dimensions [41].
To provide a solution to these problems in the design of a fully resilient building the PreWEC

system was developed consisting of a PREcast Wall with End Columns [57].

The PreWEC system was developed from analytical research that investigated the effects of
different parameters on the lateral load resistance of jointed wall systems. The aim of this
investigation was to study variations of the jointed wall system which led to the discovery of a
system that had a comparable moment resistance to a cast-in-place structural wall with similar
dimensions; the PreWEC system [58]. The PreWEC system consists of a single precast wall
connected to two end columns using specially designed energy dissipating O-connectors [15], as
shown in Figure 2.8. As with previous jointed wall systems the wall and columns are anchored
to the foundation using unbonded PT and are designed to rock and uplift during an earthquake.
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The uplift at the wall base results in a relative vertical displacement along the joint between the
wall and end columns where the O-connectors are attached. As a result of this vertical
displacement, the O-connectors undergo flexural yielding and dissipate seismic energy. Another
advantage of the system is that the columns undergo relatively small uplift and can therefore be
used to support the floor diaphragms and transfer gravity loads. Also, as is the case with other
self-centering wall systems, the post-tensioning is designed to remain elastic and provide the
restoring force for the system eliminating residual displacements.
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Figure 2.8 — PreWEC system concept [59]

The PreWEC system has been validated experimentally with large scale pseudo-static cyclic
testing [14]. A new energy dissipating connector was designed for the PreWEC system test by
Henry et al. [15]. The energy dissipating connectors for unbonded PT precast concrete systems,
also referred to as shear connectors, have two functions; the first is to transfer forces between
the wall and column elements therefore contributing to the system moment capacity. Second, the
energy dissipating connectors undergo large inelastic deformations and thus act as the primary
source of energy dissipation in the system. Henry et al. conducted a series of finite element
analyses on different connector designs and found the most suitable connector for the PreWEC
system was the O-connector. The O-connector is easy to manufacture being laser cut from mild
steel plate and requires no heat treatment process. The PreWEC specimen tested by Sritharan et
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al. [14] incorporated the O-connector and was designed to match or exceed the response of a
cast-in-place RC wall. During the large scale PreWEC test the O-connectors required restraint
to prevent out-of-plane buckling that was observed during component tests [15]. PreWEC test
specimen performed exceptionally well compared to other RC walls. The wall system
experienced only minor damage which was limited to spalling of cover concrete in the toe
regions of the wall panel. The PreWEC system had stable hysteretic loops and good energy
dissipation until failure occurred in the connectors [59].

2.5 SECTION ANALYSIS

The aforementioned unbonded PT concrete systems have one fundamental difference to
traditional RC structural systems that significantly changes the design and analysis procedures.
Due to the unbonded nature of the PT the strain compatibility between the concrete and steel is
violated. Also, plastic curvature is not over a plastic hinge length but at a specific location,
therefore a moment-curvature analysis it not applicable but rather a moment-rotation analysis.
Initially as part of the section analysis procedure for these systems the Monolithic Beam Analogy
(MBA) was proposed by Pampanin et al. [60]. The MBA was validated with the experimental
tests on hybrid beam-column sub assemblages conducted at the National Institute of Standard
and Technology. This procedure considers a global member-compatibility condition and
assumes that the lateral displacement of a PT ductile connection is equal to that of an equivalently
reinforced monolithic connection for the same lateral load. In other words, for the precast rocking
connection the inelastic action is concentrated at the single crack while for the monolithic
connection the inelastic action is distributed along the plastic hinge length with both cases
resulting in the same global displacement. As described by Pampanin et al. [60] one of the main
limitations of MBA is that the neutral axis position cannot be estimated by a closed form equation
meaning a trial and error approach able to satisfy both equilibrium and strain compatibility

conditions must be utilised.

The MBA was later revised by Palermo [61]. The revised MBA recognises that the PT system is
significantly more flexible than the equivalent monolithic element. The principle behind the
revised version of the MBA is that prior to the decompression point (when the strain in the

outermost fibre reaches zero due to uplift) the concrete strain distribution is identical within the
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two sections and therefore the displacement is equal. For lateral loads greater than the
decompression point the additional monolithic displacement is equal to the rigid rotation
displacement of the PT element.

More recently a simplified analysis procedure has been developed by Aaleti and Sritharan [62].
The variation of neutral axis depth with wall base rotation is simplified to a tri-linear
approximation that does not require iteration, greatly reducing the complexity in comparison to
the MBA. The procedure has been validated against monotonic test data and shown to accurately

predict the response of SRWs and jointed wall systems.

2.6 UNBONDED PT SYSTEMS DYNAMIC BEHAVIOUR

Understanding the dynamic behaviour of unbonded PT wall systems is essential to fully
understand their seismic performance. However, only a limited number of experiments have
been conducted to investigate the dynamic response of unbonded PT wall systems. The limited
dynamic testing which has been carried out is presented in this section accompanied by a
summary of previous analytical modelling and the advantages and disadvantages of the various
approaches. In the experimental testing summary unbonded PT masonry walls and PT precast
piers are also reported on as the fundamental rocking response applies to all of these systems.

2.6.1 Wall system testing

Marriott [13] reported on experimental dynamic testing of unbonded PT precast concrete rocking
walls including shake table testing and free vibration testing. In Marriott’s study five
configurations of precast concrete rocking wall were investigated, including a SRW and hybrid
walls with either fluid viscous dampers, tension-compression yielding dampers, or a combination
of the two. Marriott conducted free vibration testing of these walls for release drift amplitudes
of 1.5% and 2.5%. The tests were performed with the walls secured to a shake table which lead
to undesirable energy fluctuations as the table would move in response to the impacts. Based on
analysis of the results of the free vibration tests the contact damping was found to be proportional
to the vertical acceleration during impact and hence the horizontal velocity. For the lightly
damped SRW high vertical accelerations up to 0.35 g were recorded. Since velocity is also

proportional to displacement a contact damping model with damping forces proportional to both
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velocity and displacement was proposed. Marriott also estimated the EVD associated with
contact damping based on the free vibration displacement decay using an energy balance
approach. For a SRW the EVD ratio was evaluated to be 2.4%. To evaluate the contact damping
the magnitude of the damping coefficient was estimated to be proportional to the secant stiffness
at the maximum displacement. The same walls were also subjected to four earthquake ground
motions using the University of Canterbury shake table. Both the walls that incorporated tension-
compression Yyielding dissipaters were the most effective PT wall systems. The peak
displacement response was consistently low and the high level of structural damping ensured
peak accelerations were low. The SRW returned the largest peak displacement and acceleration;
however still satisfied the target drift ratio of 1.5% when subjected to ground motions that were

scaled to the maximum credible event seismic intensity.

Wight et al. [29, 30] performed shake table testing on unbonded PT masonry walls to investigate
the dynamic response and this was the first experimental dynamic test on any type of PT rocking
wall system. The voids within the concrete masonry walls were partially grouted and the tendons
were unbonded over their entire length. The seismic performance of the system was found to be
desirable due to the nonlinear elastic response and the low damage sustained. The level of
prestress was shown to have a large influence on the peak wall displacement. Traditionally
masonry walls have a vastly different response to concrete walls under earthquake excitation but
when PT a very similar rocking behaviour is exhibited.

2.6.2 Column testing

Similar PT concepts have been applied to precast concrete bridge piers. Cheng [63] conducted
free vibration testing on four rocking bridge piers, three PT and one free of prestressing. The aim
was to validate the theoretical contact damping proposed by previous researchers, including
theoretical models proposed by Mander and Cheng [64], Makris and Konstantinidis [65], and
recommendations from the Federal Emergency Management Agency 356 document [66]. These
theoretical models are discussed further in section 2.7. A number of different parameters were
investigated that included steel and plastic materials used as rocking interfaces, area of anchor
bars, aspect ratio and size effect of columns. Before evaluating the theoretical contact damping,

the experimental EVD of the system was evaluated using the same assumptions made by
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Priestley [67], these assumptions will also be discussed further in section 2.7. The results found

the EVD to range from 1-3% for PT columns and 2-5% for free rocking columns.

Cheng [68] also performed shake table tests on a self-centering bridge substructure varying the
material used for the rocking interface and the input ground motions. Both PT and free rocking
substructures were studied. The theoretical contact damping was evaluated using the same three
different methods discussed in the previous paragraph, including theoretical models proposed by
Mander and Cheng [64], Makris and Konstantinidis [65], and recommendations by FEMA [66].
A fourth method investigated used a modified response spectra to measure experimentally the
contact damping of the system. The bridge structure was analysed using a fast Fourier transform
(FFT) which showed the variable vibrating frequencies. This exhibits a unique advantage in

preventing resonance of structural response to ground shaking.

2.6.3 Entire building testing

Recently, as part of a large collaborative project to establish diaphragm seismic design
methodology (DSDM), shake table testing was conducted on a prototype precast concrete
parking structure at the University of California at San Diego (UCSD) [69]. Although the focus
of the test was diaphragms, the three storey, half scale test structure’s lateral force resisting
system consisted of two hybrid walls. The energy dissipation of these walls was increased using
reinforcing bars placed across the joint between the wall and foundation. To transfer shear forces
from the floors into the walls, vertical, slotted shear connectors were used. This detail excluded
the walls from carrying gravity load but allowed transfer of horizontal inertia forces between the
floor and wall. Preliminary results confirmed that these connectors performed well under small
intensity earthquake loads, but failed when the building was subjected to maximum considered
input motions due to uplift of the wall exceeding the slot capacity. Recently, Belleri et al. [32]
reported on the performance of the hybrid walls from the testing performed at UCSD which
highlighted the excellent performance of the hybrid wall systems. There has also been full scale
testing on a four storey building that utilised PT hybrid walls at the E-Defense laboratory in
Japan [34]. The building was subjected to several high intensity base motions with the hybrid

walls sustaining limited damage and performing well.

-30 -



Chapter 2 Literature review

2.6.4 Modelling approaches

Many approaches have been investigated in an attempt to accurately model unbonded PT rocking
wall systems. The following paragraphs provide an overview on these approaches and summarise

the advantages and disadvantages of each.

2.6.4.1  Fibre models

An approach used to model unbonded PT precast concrete walls consists of an analytical fibre
element model as depicted in Figure 2.9 proposed by Kurama et al. [4]. A fibre model divides
an element into a number of segments along its length, with each segment consisting of a number
of discrete fibre layers. Each fibre represents either concrete or steel and is associated with an
appropriate uniaxial stress-strain relationship. The model developed by Kurama et al. [4] used
the DRAIN-2DX program and represented a six-story unbonded PT precast concrete wall. The
model was used to conduct both nonlinear static pushover analysis and nonlinear dynamic time-
history analysis. The concrete wall panels were modelled using fibre elements and the unbonded
PT steel tendons were modelled using truss members. The wall model was found to account for
axial-flexural interaction, hysteretic behaviour of the PT steel, and concrete including crushing
of concrete and gap opening along the horizontal joints. To account for the displacement
compatibility of the system the tendons were constrained only at the top and bottom of the
concrete panels to represent the anchorages. The damping incorporated in the model for dynamic
analysis was 3% viscous damping. The response calculated by the fibre model closely matched
the response measured during the experimental test; however the model did not capture the
behaviour during unloading with great accuracy. The nonlinear time history analysis showed that
an unbonded PT precast wall experienced larger peak lateral displacements than a comparable
monolithic cast-in-place RC when subjected to earthquake loading, but has significantly less
residual displacement following the earthquake.

A limitation of the fibre model is that the wall panel fibre elements are based on the assumption
that plane sections remain plane which is not true for regions of the wall panel immediately
adjacent to the horizontal joints. Therefore the model does not accurately capture the local
stresses and strains of these regions. However, the main advantage of using fibre elements is that
a reasonably accurate model can be developed using only uniaxial stress-strain models compared

to cyclic test data.
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Figure 2.9 — Fibre analytical wall model [4]

Kurama [26] extended the fibre model to investigate the inclusion of supplemental energy
dissipation to unbonded PT precast concrete walls. The proposed supplemental energy
dissipation system used linear viscous fluid dampers placed diagonally in-plane with the wall.
The wall system was modelled in a similar manner to the fibre model discussed previously, with
truss elements used to represent the viscous dampers. The system without supplemental energy
dissipation was assumed to have 3% equivalent viscous damping and the additional dampers
used stiffness proportional damping. The nonlinear dynamic time-history analyses of walls with
and without supplemental energy dissipation show that the inclusion of damping is, on average,
very effective in reducing the maximum lateral drift at the roof level. Further studies have used
similar fibre models to represent unbonded PT walls with various forms of additional energy
dissipation devices [56, 70, 71].

Erkman and Schultz [5] also used an extension of the fibre model originally described by Kurama
[4] to investigate the seismic response of unbonded PT walls where the prestressing tendons
were allowed to yield. Five different walls with various prestressing tendon configurations were
investigated. It was found that the tendon location had a significant effect on wall stiffness and
maximum lateral displacements, but negligible impact on self-centering behaviour. Self-
centering was achieved for all walls even when significant yielding of the tendons and

subsequent loss of the initial prestressing force occurred.
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2.6.4.2  Lumped plasticity models

Another approach used to model self-centering walls is a lumped plasticity model or
concentrated plasticity model (a simple macro-model). A lumped plasticity model relies on the
assumption that the main inelastic demand occurs at discrete critical sections. This is appropriate
for an unbonded PT wall where the inelastic demand is concentrated at a single crack at the wall-
foundation interface. Due to the opening and closing of a single crack during rocking, an infinite
curvature is developed at the critical section resulting in the moment-rotation relationship being
preferred over traditional moment-curvature when characterising the section behaviour.
Rotational inelastic springs with appropriate nonlinear hysteresis behaviour can be assigned to
represent the inelastic action at the wall-foundation interface, while elastic elements are used to
represent the structural members. The rotational springs which are usually in parallel have been
extensively developed to model the moment rotation response of PT rocking systems [23, 41,
60, 72, 73].
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Figure 2.10 — Lumped plasticity model [41]

A typical example of a lumped plasticity model is shown in Figure 2.10 from Henry [41]. In the
example two springs are used at the wall base with one spring representing the bilinear elastic
response of a rocking wall (Spring A) and the second spring representing the elasto-plastic
hysteresis response of the supplementary energy dissipating elements (Spring B). It is important

to note that the spring elements are situated at the rocking interface and are therefore of zero
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length. The limitation of lumped plasticity models is that proper understanding of the physical
problem is required to attain accurate results, because the assigned properties of each spring are

usually based on a section analysis or experimental results.

2.6.4.3  Multi-spring model

A multi-spring model adopts a series of axial springs to represent the interface between the wall
and the foundation, with additional springs to represent dampers and PT tendons. The springs
across the interface are compression only springs that allow gap opening during rocking. This
method is an approximation of the actual rocking response of each wall by characterising the

critical section.

Pennucci [74] developed a multi-spring model where the PT tendons were represented by pre-
stressed elasto-plastic springs. The hysteretic dampers in the form of mild steel reinforcing bars
were represented by elasto-plastic springs, with degrading stiffness in order to account for the
Bauschinger effect which decreases the unloading and reloading stiffness in the case of repeated
cyclic loads. The damping was modelled using the Wilson-Penzien model that allows different
values of damping to be defined for every mode. The multi-spring model technique was shown

to efficiently reproduce the stiffness degradation of the PT wall system.
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Figure 2.11 — Macro model with contact damping included [31]
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Marriott et al [31] used the macro model shown in Figure 2.11 to represent both a SRW and
hybrid wall. Based on Marriott’s experimental test of SRW and hybrid walls described in section
2.6.1 the contact damping was evaluated to be 2.4%. Also, based on other analysis described in
Marriott [13] the damping model was assumed to be proportional to both velocity and
displacement. However, the actual portion of contact energy dissipation attributed to both
velocity and displacement was not quantified. A 50/50 split was assumed to represent the
response well based on analytical comparisons with free vibration decay. Therefore a damping
model utilising a velocity proportional damper (viscous damper) element and a displacement
proportional damper (friction damper) element was implemented in the model shown in Figure
2.11. From previous research, Marriott concluded that the response of a PT rocking wall can be
insensitive to the amount of energy dissipation included and the model should be as simple as
possible. It is for this reason that the contact energy is accounted for by means of an additional
damper element at the effective height of the system as shown in Figure 2.11. The secant
stiffness, which is defined by the maximum displacement of the system, was used to determine
the damping coefficient and friction damper force. The model did not compare well with the
dynamic snap back tests of the SRW, but proved more accurate for systems with additional
damping. It is important to realise that despite this model not accurately predicting the time
history response of the unbonded PT wall, it is still representing the contact damping more
effectively than previous researchers who neglected it completely.

2.6.4.4  Finite element models

Finite Element Models (FEM) have been used to model PT precast walls with and without
supplementary damping. Kurama [26] used the finite element method to model an unbonded PT
precast concrete wall with supplemental viscous damping in an attempt to validate the fibre
model discussed in section 2.6.4.1. The model was developed using ABAQUS with nonlinear
rectangular plane stress elements to represent the wall panels, and gap/contact elements to model
the gap opening behaviour along the horizontal joints. The fibre model and FEM were found to
produce very similar results. Henry [41] developed a FEM using ABAQUS for both a single
rocking wall and the PreWEC system. A 3D FEM was developed to calculate the full cyclic
response of the PreWEC test specimen which captured the cyclic response with excellent
accuracy. A FEM is the most complex of modelling techniques and therefore computationally

intensive, however it does produce detailed results of both the local and global behaviour of a
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wall system. Ma et al. [75] found that modelling of the dynamic behaviour is not well handled
by ABAQUS.

2.6.4.5  Other techniques

Ma et al. [75] undertook an assessment of the current procedures for predicting the in-plane
behaviour of “controlled rocking walls”, otherwise known as unbonded PT walls. One method
investigated was idealising the wall as a single degree of freedom (SDOF) structure and
implementing a nonlinearly elastic rotational base connection then solving its governing
differential equation using numerical integration techniques. This is similar to the lumped
plasticity model in theory, except instead of using EVD, the damping was incorporated using an
apparent coefficient of restitution approach. Using this approach, the rotation speed of the wall
was reduced by an apparent coefficient of restitution whenever the wall rotated through zero
displacement position. This was the simplest approach investigated by Ma et al. and proved to
be no less accurate than the other more complicated approaches. Ma et al. showed that the
selection of damping mechanism greatly varies the response of the PT rocking wall and selecting
a damping scheme compatible with a mechanism of intermittent, instantaneous dissipation of

energy gave the best result.

Ma [76] investigated two possible techniques for predicting the time-history response of a
controlled rocking wall using shake table and free vibration data from Wight [29] who tested PT
masonry walls. The techniques investigated were 1) a nonlinearly elastic equivalent SDOF
approximation, and 2) solving the modified Housner type free rocking governing differential
equations adopting the principle of equating the prestress as additional gravity load. The first
technique used a Dirac-6 function for the damping force, as described by Prieto et al. [77], that
emulates the energy dissipation of the wall as it passes through the upright position. The Dirac-
& function allows a user to use a continuous equation for damping rather than a piecewise
formulation as required for the coefficient of restitution approach and still uses a coefficient of
restitution in the damping force equation. Several simulations were performed with different
values of coefficient of restitution and this highlighted that there was no single coefficient of
restitution that could simulate the energy dissipation correctly. The second approach called the
Modified Housner Substitute Gravity (MHSG) method considered the PT wall system as a free
standing wall with the influence of post-tensioning simulated by an additional gravity load.

When using a single coefficient of restitution within this approach more accurate results were
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obtained in comparison to the equivalent SDOF approach. However, the MHSG approach was
found to be unable to emulate the distinctive velocity and acceleration behaviours of the free
vibration response of a PT masonry rocking wall. The MHSG approach was then improved by
adopting a Dirac-6 function to represent the assumption that the centre of rotation migrates
smoothly from the centre of the wall to the wall edge with increasing displacement. This greatly
improved the simulated response in comparison to the original MHSG investigated. The MHSG
procedure is still poor at estimating the response of the controlled rocking wall at small
displacements. Additionally, for both these approaches the best results were developed by
implementing a stepwise reduction in wall velocity when the wall crossed zero displacement
position. A stepwise reduction in velocity was implemented by using a different value of the
coefficient of restitution depending on the current velocity and the best results were obtained via

a trial and error method.

2.6.4.6  Conclusions on modelling techniques

All methods can predict the static cyclic response with reasonable accuracy, from simplified
models with calibrated springs to detailed FEM that represent the actual mechanics and material
properties. The fibre model does not accurately capture the local stresses and strains of the
regions located adjacent to the horizontal joints due to violation of the assumption that plane
sections remain plane. The significant advantage of using fibre elements is that a reasonably
accurate model can be developed using only uniaxial stress-strain models. A multi-spring model
is advantageous as it is an approximation of the actual rocking response of each wall allowing
the user to attain local deformation such as uplift of the wall. A multi-spring model is also more
complicated than a lumped plasticity model and requires accurate calibration of springs and
dampers to correctly model the response. The limitation of a lumped plasticity model is that
proper understanding of the physical problem is required to attain sensible results but if this can

be done accurately good results can be produced.

The majority of these modelling techniques have been used based on either no validation at all
or validating against a static moment-rotation or force-displacement response. Ma [75]
demonstrated that a model which can predict the correct static response of a PT rocking wall
does not necessarily predict the correct dynamic response. Also it is apparent if the model is
validated against a real dynamic test a technique which has instantaneous energy dissipation

gives the best result. Despite this, the majority of modelling research assumes an equivalent
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viscous damping for the system. The ways which damping can be incorporated into a model are
limited depending of the model type. In a lumped plasticity model explicit modelling of contact
damping is impossible, equivalent viscous damping is the only option. While for a multi-spring
or FEM model contact damping options are available but equivalent viscous damping is usually

assumed.

2.7 EVALUATION OF DAMPING

This section describes structural damping in general and specifically discusses the evaluation of
contact damping which is the energy dissipation due to impact when rocking. The intent of this

section is to provide background for the current state-of-art of structural damping evaluation.

2.7.1 General

All structural systems consist of a number of different sources of energy dissipation or damping.
The inherent damping mechanisms can consist of air resistance, external friction, internal
friction, and imperfect elasticity (even when stresses do not exceed the elastic limit) [78]. All of
these mechanisms can contribute to the ‘elastic damping’ in the structure, often characterised as
the damping when the structure remains in the elastic range. Other common energy dissipation
sources in RC structures include the energy loss due to repeated movements along internal
cracks, friction etc. Of course, damping forces are complex in nature and difficult to determine
and no real structural system will have perfect viscous damping forces, and hysteretic damping
may also occur due to repeated cyclic loading of structural elements in the inelastic range.
Estimates of EVD associated with hysteresis are often calculated using the force-displacement
behaviour of a structural system measured during pseudo-static cyclic testing. Another type of
damping relevant to unbonded PT walls is contact damping. Contact damping is the energy
dissipation that occurs at impact during rocking motion and can only be determined
experimentally. As discussed in the following section there has been several pieces of research
related to evaluation of contact damping for rocking structures. Despite the often low magnitude
of contact damping, often estimated to be between 2-3%, an examination of any earthquake
response spectrum will show that even small amounts of damping, such as 2-5%, will

significantly reduce the response of the structure.
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Overall, a suitable damping model is required in structural analysis to represent all the energy
dissipation occurring in the structure. The state-of-the-art structural damping does not provide a
method to determine the damping capacity based on material properties and geometrical
characteristics of a structure. Usually it is appropriate to attain a damping model that is capable
of modelling realistic damping forces that provide an accurate estimation of the seismic response
of a structure. Development and validation of these types of damping model can often only be
achieved by conducting dynamic testing. As described in the previous section few researchers
have performed dynamic testing, and as a result there has been limited validation of numerical
models from dynamic test data. There has been no validation of numerical models for a jointed

type wall system.

2.7.2 Contact damping

A number of theoretical equations have been developed to evaluate contact damping.
Investigations into rocking behaviour were initially on structures free to rock on their foundations
[67]. Priestley et al. [67] compared the theory developed by Housner for free rocking of a rigid
block, to a series of experimental shake table tests that were conducted using a number of
different foundation conditions. Priestley [67] used the EVD exponential decay relationship for
a linear system (Equation (2-6)) to derive an equation for EVD of a rocking system. Taking
advantage of the fact that lateral displacement was proportional to angular displacement and that
two impacts occurred per cycle Equation (2-6) was adjusted to Equation (2-7). Using Housner
theory for the predicted angular displacement of the system after n impacts the theoretical
equivalent viscous damping could be calculated for a rocking system. The coefficient of
restitution was incorporated within the angular displacement relationships developed by
Housner. Priestley et al. adopted the best fit approach for the selection of the numerical r value
using the experimental results. Many other researchers have also adopted this approach due to

the inaccuracy associated with violation of the assumption of purely inelastic impacts.
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1 U;

SZeq - 2_7-[jln(ui+j) (2'6)
16

SZeq = n_mln(a) (2'7)

Makris and Konstantinidis [65] approximated the relationship to Equation (2-8) due to the
observation that the relation presented in Equation (2-7) was relatively insensitive to initial

rotation and number of impacts (n;).

£oq = —0.34In(r;) (2-8)

In the same study Makris and Konstantinidis investigated the fundamental differences between
the oscillatory response of a SDOF oscillator (regular pendulum) and the rocking response of a
slender rigid block (inverted pendulum). The study identified the differences in the restoring
mechanisms, stiffness and damping values of the SDOF oscillator and the rocking block. It was
concluded that the two systems are fundamentally different and the response of one should not
be used to draw conclusions on the response of the other. Importantly the paper also addressed
the existing rocking design methodology included in FEMA 356 document [79]. The FEMA 356
rocking design methodology was based on the earlier experimental study by Priestley et al. [67]
and proposed Equation (2-9) as a simplified expression for the evaluation of the equivalent
viscous damping ratio. Makris and Konstantinidis found that the FEMA 356 procedure grossly
overestimated the rotations of rocking structures to the extent that the method is fundamentally
flawed and proposed the more accurate Equation (2-8) for the equivalent viscous damping of a
rocking structure. It is important to note that both Equation (2-8) and Equation (2-7) were
developed for free rocking structures as opposed to a controlled rocking structure, as they were
based on Housner predictions of angular displacement after impact for a simple rocking block.

oq =04(1- /1) (2-9)

Mander and Cheng [64] developed a theoretical relationship for the contact damping of rocking
bridge piers that utilised post-tensioning. An energy approach was adopted to assess the EVD of
the PT rocking piers by assessing the energy absorbed and dissipated in each half cycle. For each
half cycle a single impact occurs, thus the EVD effectively represented the contact damping from

an impact. Quincy et al. [75] used the relationship proposed by Mander and Cheng to produce
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Equation (2-10) which estimates the equivalent viscous damping for a PT only rocking wall

using the coefficient of restitution.

A
e = (1= 1)/ (1= 3] (2-10)

A number of researchers have calculated the contact damping of SRWs from experimental test
results in terms of the EVD. Ma [76] reported on the free vibration test results of PT masonry
walls conducted by Wight et al. [80]. The EVD due to contact damping was evaluated and found
to range from 2.61% to 3.28%. For the same tests the equivalent viscous damping calculated
using Equation 2.8 was found to be 1.96% and 3.06%.

Marriott [31] investigated the contact damping of a SRW. By studying the energy content of a
free vibration test and using the principle of conservation of energy the total EVD of the wall
system was evaluated. By modifying the EVD exponential decay relationship for a linear system

described by Equation (2-6), Equation (2-11) was proposed by Marriott to calculate EVD.

L (e
Seq = 2tw, n(Ek(t)) (2-11)

Where &, is the EVD ratio, t is the time since release, E, is this initial energy in the system,
E (t) is the kinetic energy of the system at time t, and w,, is the circular natural frequency of the

system.

As the wall was a SRW, the EVD evaluated was likely to be a combination of contact damping,
material nonlinearity of the concrete at the rocking interface and intrinsic material damping of
the precast element. From the energy analysis a damping ratio of 2.4% was evaluated and
estimated to be proportional to the secant stiffness at release. By applying an error of £25% to

2.4%, the experimental data fell within the limits.

2.8 CODIFICATION

In 2006 design provisions for the use of unbonded PT precast concrete members were introduced
into the New Zealand concrete design standard (NZS 3101-06) [18]. Appendix B of NZS 3101
is termed ‘Special provisions for the seismic design of ductile jointed precast concrete structural
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systems’ and it details provisions that must be accounted for when detailing jointed precast
concrete components. Jointed systems are defined as structural systems in which the connections
between the precast concrete elements are weaker than the elements themselves. Following the
inclusion of the aforementioned appendix in NZS 3101 the New Zealand Concrete Society
published a design handbook titled the PRESSS Design Handbook [19] that detailed more
specific guidelines and design examples.

Following the development of self-centering concrete walls in the US, the American Concrete
Institute (ACI) set up Innovation Task Group 5 (ITG-5) to develop design provisions for such
structures in regions of high seismicity. Two documents were produced; ITG-5.1 [16] and ITG-
5.2 [17]. ITG-5.1 defines the minimum experimental evidence that can be deemed to satisfy the
use of unbonded PT precast concrete walls for building applications. The test methodology to be
used and the performance targets are also described in ITG-5.1. Two separate experimental tests
are required to satisfactorily meet the performance targets to successfully validate a new wall
system. ITG-5.2 defines procedures that may be used to design both jointed and hybrid unbonded
PT precast concrete shear walls which have been experimentally validated in accordance ITG-
5.1.

2.9 DESIGN PROCEDURES

The traditional structural design approach is to use force-based design (FBD). In this approach
design base shear is obtained from the estimated fundamental period and total mass of the
structure, incorporating the influence of seismic intensity in terms of a design spectral
acceleration. Using FBD the target level lateral displacement of the building is not directly used
to quantify the design base shear [81]. In contrast, direct displacement-based design (DDBD) is
a performance based methodology for seismic design that considers material strain limits at the
start of the design process which are able to be related to damage states and target drifts.

Numerous studies have investigated the appropriateness of FBD for unbonded PT systems in
comparison to DDBD. Rahman and Sritharan [81] conducted extensive nonlinear dynamic
analysis of the wall system used in the PRESSS test building with the aim of investigating the
performance of the wall system when both FBD and DDBD were used. The results showed that

when designed with DDBD, the wall system attained higher inter-storey drifts than the building
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designed used FBD, but the maximum floor accelerations were higher for the FBD wall system.
The use of DDBD results in a significantly lower design base shear, thus the actual strength of
the system is lower; therefore higher ductility demands are expected, resulting in increased

accuracy of the design.

Specifically, force-based design characterises a structure in terms of elastic, pre-yield, properties
(initial stiffness (ki) and elastic equivalent viscous damping (,;)) while DDBD characterises the
structure by a secant stiffness at maximum displacement and a level of EVD, representative of
the combined elastic damping and hysteretic energy absorbed during inelastic response. For
unbonded PT wall systems it is recognised that the strength and hysteretic damping of jointed
PT systems is dependent on lateral drifts [3, 82]. Also, FBD penalises unbonded PT wall systems
due to the high initial stiffness. For these reasons Priestley et al. [20] proposes that DDBD is
used for seismic lateral force design of unbonded PT systems.

2.9.1 DDBD overview

As just described DDBD is the recommended design procedure for unbonded PT wall systems.
DDBD utilises the concept of an Equivalent Linear System (ELS) defined by an equivalent
damping and equivalent stiffness to represent the response of a nonlinear system. This concept
is based on the substitute structure approach pioneered by Gulkan and Sozen [83]. The substitute
structure approach adopted by DDBD involves estimating the maximum response of a nonlinear
MDOF system with a linear viscoelastic SDOF system with appropriately defined damping and
stiffness properties [84]. A schematic is presented in Figure 2.12 where the key steps of DDBD
are highlighted as described by Priestley et al. [20]. The steps are as follows:

1. As shown by Figure 2.12(a) and (b) the first step is to convert the structure of interest
from a multi-degree of freedom system into an equivalent single degree of freedom
system (SDOF) or “substitute structure”. A target drift is selected and a displaced shape
is assumed. The design lateral displacement (A,) is calculated using Equation (2-12) and
the effective mass (m,) and height (h,) of the equivalent SDOF are calculated using
Equation (2-13) and Equation (2-14).
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n n
Agq = Z(miﬁiz)/z m;A; (2-12)
i=1 i=1
Where n is the number of storeys, 4; is the design displacement at storey i and m; is the
mass of level i
n
miAl
m, = (2-13)
Ay
n n
he= ) (miiHp)/ Y (mid) (2-14)
i=1 i=1

2. Once the design displacement at maximum response is determined the corresponding
EVD is estimated from the expected ductility demand as shown in Figure 2.12(c). The

system EVD should be checked and revised following member design.

3. The effective period (T,) at maximum displacement response measured at the effective
height can be read from a set of displacement spectra for different levels of damping as
shown in Figure 2.12(d).

4. The effective stiffness of the equivalent SDOF at maximum displacement is then

calculated using Equation (2-15).

4%m,
K, = 5
T¢

(2-15)

5. The base shear force which is also the design lateral force can then be calculated using
Equation (2-16)

F = Vpase = Kedq (2-16)

6. Lastly, the design base shear is distributed to the entire structure and the member actions
are calculated.

Overall, DDBD requires a number of assumptions, for instance the displacement profile must be
assumed in order to estimate the design displacement. For precast walls with unbonded PT, the
deformation at the maximum lateral displacement is dominated by the base rotation due to

rocking which results in a linear displacement profile. For this reason Priestley et al. [20]
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recommends that for PT precast concrete rocking wall buildings up to 10 storeys high the

displacement at each storey can be calculated using Equation (2-17).

A; = 64H; (2-17)

Where 4; is the design displacement at storey i and H; is the height of level i.
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Figure 2.12 — DDBD key steps [20]

2.9.2 EVDin DDBD

One of the other key elements of the DDBD design procedure is the determination of EVD.
DDBD requires relationships between displacement ductility and EVD as previously shown in
Figure 2.12(c). Priestley et al. [20] defines the total EVD (¢,,) as equal to the sum of the elastic
($er) and hysteretic (&5,,5¢) damping as described by Equation (2-18). The hysteretic damping
($nyst) depends on the hysteresis rule appropriate for the structure being designed. Normally for

concrete structures the elastic damping ratio is taken as 5% critical damping.

feq =&q + fhyst (2-18)
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2.9.2.1  Elastic damping

The elastic damping component of EVD is usually included in time history analysis to account
for damping that is not captured by the hysteretic model. An issue addressed in recent literature
is what stiffness the elastic portion of the EVD ratio should be proportional to during nonlinear
time history analyses, with findings pointing to use of tangent stiffness instead of initial stiffness

to avoid unrealistically large damping values at high natural frequencies.

However, as discussed by Priestley et al. in DDBD the initial elastic damping adopted is related
to the secant stiffness to maximum displacement. Since the response velocities of the “real” and
“substitute” structures are expected to be similar under earthquake loading, the damping force
will be much lower in the “substitute” structure due to the lower stiffness in comparison to the
real structure. Grant et al. [85] has determined a method to adjust the DDBD elastic damping
required to ensure compatibility between the “real” and “substitute” structure. The adjustment
required depends on whether initial stiffness damping or tangent stiffness damping is adopted
for time history analyses, only tangent stiffness damping is discussed here as it is believed to be
the correct procedure. When tangent stiffness damping is adopted for time-history analysis the
elastic damping coefficient used in DDBD must be less than the specified tangent stiffness
coefficient. Grant et al. compared results of elastic substitute structure analyses with inelastic
time history results to determine the correction factor to be applied to the elastic damping
coefficient which alters Equation (2-18) to Equation (2-19) with the introduction of the
adjustment factor (x) where k is defined by Equation (2-20) and A’ is the secant stiffness

correction factor defined in Priestley et al.

Eeq =Ko + fhyst (2'19)

= ut (2-20)

2.9.2.2  Hysteretic damping

How to approximate the hysteretic damping best has been a topic of discussion among
researchers for many years. Jacobsen [86] first proposed using the energy dissipated in one cycle
of harmonic response for the equivalent linear representation of a nonlinear viscous damping
term assuming an arbitrary corresponding stiffness value to determine the damping. Rosenblueth
and Herrera [87] modified the approach of Jacobsen, by equating the energy dissipated in a cycle

of harmonic hysteresis with the same quantity for a linear viscous system at resonance. The linear
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system was assigned an effective stiffness equal to the secant stiffness to the point of maximum
displacement. This resulted in an expression for EVD described by Equation (2-21), where Aj,
is the area within one complete cycle of force-displacement response and F,,, and A,, are the
maximum force and displacement achieved in the loops. This damping is related to the secant
stiffness to maximum response and is thus compatible with the assumption of structural

characterisation by stiffness and damping at peak response.

Ap

Shyst = 2nF A (2-21)

Grant et al. [85] discusses how Rosenblueth and Herrera’s EVD method generally predicts lower
displacements than calculated for the nonlinear system, i.e. the method over damps. In general
they found that a linear system with an effective stiffness significantly greater than secant

achieves more accurate predictions.

The approach used in and recommended by Priestley et al. [20] uses values of EVD that have
been calibrated for different hysteresis rules to give the same peak displacements as the hysteretic
response, using inelastic time history analysis. Grant et al. [85] undertook a detailed study using
a wide range of hysteresis rules based on a small number of spectrum-compatible artificial
accelerograms where the results of the elastic and inelastic analyses were separately averaged
and compared. In each the EVD was varied until the elastic results of the equivalent substitute
structure matched that of the real hysteretic model. The study was carried out without additional
elastic damping and the hysteretic damping was found to be in the form of Equation (2-22),
where a, b, ¢, and d, are coefficients that represent period-dependency and the specific hysteretic
rule.

1
Shyst = a(l — F)(l o (2-22)

D

Dwairi and Kowalsky [88] also conducted a similar study that involved the use of a large number
of real earthquake accelerograms and the EVD was calculated for each record, ductility level,
effective period, and hysteresis rule separately, and then averaged over the records to provide a
relationship for a given rule, ductility, and period. The study was also carried out without
additional elastic damping and the hysteretic damping was found to be in the form of Equation

(2-23), where the coefficient C depends on the hysteresis rule.
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Y et
fhyst - C([,l—T[) (2-23)

2.9.2.3  EVD Design recommendations

Priestley et al. [20] formulated Equation (2-24) by adopting the simpler damping-ductility
equation developed by Dwairi and Kowalsky [88] incorporating the elastic damping, where Rg
is described as the damping factor for different structural systems and p is the system
displacement ductility. This equation is only valid for elastic damping equal to 5% and the

specific hysteretic rules investigated in Priestley et al. [20].

u—1
feq = 0.05+ RE (/.t—T[) (2'24)

When hysteretic rules whose characteristics differ from those investigated in Priestley et al. are
used an appropriate ductility-damping relationship can be developed based on inelastic time
history analysis using a similar method to Grant et al. Although, it is recognised that this will not
be done in design practice as such some reasonable estimates of the relationship can be obtained
by comparing the relationships between the area-based viscous damping given by Equation
(2-21) with the hysteretic component of the calculated viscous damping as plotted in Figure 2.13

taken from Priestley et al.

ITHA /Area-Based EVD Damping Ratio

0 T T T T T T T T LA

0 10 20 30 40 50
Area-Based Equivalent Viscous Damping(%)

Figure 2.13 — Correction factors to be applied to area-based EVD ([20])
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2.9.24  EVD recommendations from NZS3101 and PRESSS Design Handbook

The following describes EVD recommendations from the PRESSS Design Handbook and
Appendix B of NZS3101 for “hybrid connections/systems”. It should be noted that a hybrid
connection/system in Appendix B of NZS3101 refers to a jointed structure in which the self-
centering capability is provided by PT and/or axial compressive load, and the energy dissipation
is provided by yielding non-prestressed reinforcement or other special devices, this incorporates
walls of both a “jointed” and “hybrid” nature. The recommendation for calculation of EVD of a
jointed connection/system in Appendix B of NZS3101 is to use the moment contribution ratio
(4), which is the ratio of the PT and axial load moment contribution to that of the dissipating
devices and interpolate between a lower and upper bound. The lower value is defined as the
unbonded only connection with an EVD value equal to 5% and the upper bound is defined as a
monolithic frame system described by Equation (2-25), where p is the structural ductility factor.
The monolithic frame system EVD equation is for a degrading-stiffness Takeda rule and was
given by Priestley [89]. The weighted approach to calculate total EVD using a sum of the
contributions from the post-tensioned only to the purely dissipative system is a conservative yet

conceptually viable approach originally proposed by Priestley [89].

Eupper = Enyst = 5+30(1- ) (2-25)
upper — Shyst — \/ﬁ

The PRESSS Design Handbook simplifies the interpolation procedure by arranging it into a
single equation as specified by Equation (2-26), where A is the moment contribution ratio, as
defined by Equation (2-27).

feq = fpt + fhyst

M, + M M
pt N s
= Lt ¢
Mtotal pt Mtotal upper
2 1 (2-26)
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Where M, My, and Mg are the flexural strength contributions of the PT tendons, axial load,
and energy dissipating devices, and «,is the overstrength factor for the energy dissipating

devices.

Contact damping can be added to the hysteretic damping provided experimental evidence of the

dynamic rocking behaviour of the connection/system is available.

2.9.3 EVD for jointed type wall systems

This section provides a specific interpretation of the EVD determination methods proposed by
Priestley et al. [20] and those proposed by Appendix B/PRESSS Design Handbook for jointed
type wall systems. The method used to determine the EVD for the design of the original jointed

wall used in the PRESSS programme test building is also identified.

2.9.3.1 PRESSS programme jointed wall

For the DDBD of the jointed wall system used in the PRESSS test building Nakaki et al. [54]
estimated the EVD from the model hysteretic loop behaviour and checked the value at the end
of design. If they differed significantly, the process was repeated with a new value of assumed
EVD. This process directly uses the EVD at set drifts, disregarding any damping-ductility
relationship. However, as discussed by Priestley et al. [20] the EVD evaluated from hysteretic

behaviour needs adjustment to represent the EVD appropriate for inelastic time history analysis.

2.9.3.2  Priestley et al. [20]

Priestley et al. [20] recommends that design of precast PT walls closely follows the methodology
outlined for PT frames in the same text. Yield displacements can be based on the stiffness of the
un-cracked wall sections up the full height, and effective damping levels for walls without
supplemental damping can be assumed to be 5%, related to the effective stiffness. For systems
with a portion of the flexural strength provided by added mild-steel reinforcement or by shear
links, the effective damping can be determined from the bilinear flag-shape hysteresis. The
overall recommendations by Priestley et al. are the same for both hybrid and jointed type wall

systems.

The EVD area formulation for a standard bilinear flag-shape hysteresis is shown in Equation

(2-28) where S is the height of the flag as expressed by Equation (2-29), and r is the post-yield
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stiffness. 8 is a similar parameter to the moment contribution ratio specified in Appendix B of
NZS3101 described by Equation (2-27). The area based EVD calculated using Equation (2-28)
must be multiplied by the correction factor from Figure 2.13 and subsequently added to the
elastic damping component to calculate the total EVD for jointed type wall systems.

A Bu—1)
Sthyst_area - 21F, Ay - ,UTT(]. + r(u _ 1)) (2-28)
b= (229

Mg+ (Mp, + My)

Where M,,;, My, and Mg are the flexural strength contributions of the PT tendons, axial load,

and energy dissipating devices.

2.9.3.3  NZS3101/PRESSS Design Handbook

To determine an EVD using Equation (2-26), a structural ductility must be assumed that is based
on the yield displacement of the system. For any rocking system of either a hybrid or jointed
wall nature, yielding does not occur in a traditional sense leading to uncertainty around the
determination of an appropriate yield displacement. This is reiterated in the PRESSS Design
Handbook for a coupled wall system incorporating UFP devices as the yield displacement of a
UFP is very small leading to large theoretical ductility if the yield of the UFP is taken as first
yield. Instead the design damping is computed independently of the design displacement using
Equation (2-30). Equation (2-30) was developed based on the maximum value of Equation (2-25)
which approaches 35% when ductility is large, the maximum of the PT only system which is 5%
and the weighted moment contribution method as described by Equation (2-26). Additionally,
the factor of 0.67 is used as the hysteretic damping component is assumed equal to 67% of the
theoretical maximum of 35%. How the 0.67 factor was chosen is not stated, however it is likely
to be some reasonable reduction in total possible hysteretic damping which was deemed most

appropriate for the system.

1
= % + ——35%- 0. 2-30
Tro%t T 35% 0.67 (2-30)

feq

The PRESSS Design Handbook also recommends an alternative method that incorporates the
refined ductility-EVD relationships developed by Priestley et al. [20]. This involves modification
of Equation (2-24) to include the moment contribution ratio that accounts for the system re-
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entering as presented in Equation (2-31). Where R; would change depending on the type of
additional damping incorporated. As an example R; would be equal to 0.577 for externally
mounted mild steel yielding devices, which was interpreted from Priestley et al. who found R;
equal to 0.577 for the Ramberg-Osgood hysteretic rule intended for steel frames. In the PRESSS
Design Handbook the same logic that resulted in Equation (2-30) with respect to the yield
displacement is suggested to be applied where ductility is bypassed and the EVD can be
calculated using Equation (2-32) with 23.4% being the maximum value of hysteretic EVD
calculated from Equation (2-24) when R; is equal to 0.577.

_ 0054+ _te (no1 2-31

fea = 0. +(/1+1)(u—n) (@3
1

Seq = T 5% + 77 234% 0.67 (2-32)

In summary, the PRESSS Design Handbook recommends two methods to calculate the EVD for
a UFP coupled wall that result in vastly different EVD recommendations. The first method is
based on Appendix B of NZS3101 and uses Equation (2-30) which is based on the expected
hysteresis of a concrete frame using a modified Takeda hysteresis rule. The second method
incorporates Appendix B recommendations with a different purely dissipative system hysteretic
rule as described by Equation (2-32), which is based on the expected hysteresis from mild steel
dissipaters using the Ramberg-Osgood hysteretic rule. It would seem that the second method is
more appropriate as it is actually based on the expected hysteresis from the yielding members
i.e. the UFP dissipaters. It is relevant to note that since the first method uses the recommended
EVD-ductility equation for a concrete frame originally derived in Priestley [89] it would make
more sense for Equation (2-25) to be adjusted to Equation (2-33) by replacing 30 with 23 as
recommended for RC wall structures. The selection of the 0.67 factor is also arbitrary and should

require a robust method of calculation.

$wait = $n t=5+23(1_i> (2-33)
wa ys Ji
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2.10 RESIDUAL DRIFT

Performance based design objectives are becoming increasingly common and as a result the
potential residual drift of a structure is ever more important. The residual drift is a seismic
performance factor that is often overlooked, and one of the key advantages to self-centering
systems. The residual drift of a structure has been shown to be a function of hysteresis definition,
and the intensity of the seismic input by previous researchers [90]. In the past the residual drift
was assessed from hysteretic behaviour as the drift at zero force after unloading. The drift on the
unloading curve at zero force in a hysteretic definition is actually the maximum possible residual
drift.

Recent work has shown that an important phenomenon known as the “shake-down” effect is
responsible for lower than maximum residual drifts resulting at the end of ground shaking [117].
MacRae and Kawashima recognised that the residual drift of a structure was a function of the
hysteresis behaviour and ground motion and subsequently conducted a series of NLTHA to
investigate the behaviour of SDOF systems. MacRae and Kawashima found that even for elasto-
plastic hysteresis definitions significant reduction in residual drift was observed due to the shake-
down effect. The residual drift at the end of ground shaking was normalised by the maximum
possible residual drift to define the ‘residual displacement ratio,” or dr. This is the ratio that
Henry {Henry, 2011 #273} also used as a tool to develop a simple design check that included a
residual drift limit. The check involved 1) Establishing suitable residual drift performance limits,
2) Complete preliminary design of the structure, 3) Estimate of cyclic hysteresis behaviour, 4)
From cyclic behaviour estimate maximum possible residual drift corresponding to the design
target, 5) Estimate upper bound residual drift ratio, 6) Calculate upper limit of the design residual
drift, and 7) Check if the design residual drift ratio is below the residual drift performance limit

for each hazard level, if not revise.

2.11 CONCLUSIONS

An extensive literature review was presented outlining the development, testing, modelling
techniques, and design of unbonded PT precast concrete wall systems. Wall systems that have
been investigated include SRWs, jointed or coupled wall systems and hybrid wall systems.

Although there has been extensive numerical modelling and experimental testing on a number
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of different unbonded PT wall systems, there has however, been only a limited number of
experiments conducted to investigate the dynamic response of unbonded PT wall systems. To
the author’s knowledge no dynamic testing has been published on unbonded PT precast concrete
wall systems that incorporate two or more rocking unbonded PT elements that utilise relative
displacement along a vertical joint to mobilise energy dissipaters. This includes jointed, coupled,

and PreWEC wall systems.

As a result of this lack of dynamic testing there is currently a knowledge gap concerning the
dynamic characteristics of the vertically jointed unbonded PT systems such as the PreWEC
system. Dynamic testing is necessary to investigate critical dynamic parameters such as damping
and residual drifts. Also, there has been no set of systematic testing even of a static nature on
vertically jointed wall systems investigating the wall systems response with varying amounts of

energy dissipating devices.

A significant amount of numerical or analytical research has been carried out on unbonded PT
wall systems that have ranged from complex FEM or fibre models to simple macro element type
models. While complex modelling techniques such as FEM can provide accurate representations
of pseudo-static cyclic response previous researchers have shown FEM models provide
inaccurate results for dynamic behaviour. Simple macro element models are attractive due to the
low computational cost, easy implementation, and the ability of rocking mechanisms to be
modelled as simple systems. As a consequence of the lack of dynamic test data many researchers
have used numerical models to analyse unbonded PT wall systems, but almost always without
dynamic experimental validation. Subsequently, there is a lack of systematic dynamic test
validated recommendations for appropriate damping schemes that can be easily incorporated into
numerical models for jointed or PreWEC wall systems.

As a consequence of the lack of dynamic testing there is little experimental evidence of the
damping present in vertically jointed unbonded PT wall systems. This has resulted in a lack of
robust guidelines and procedures to account for the magnitude of EVD appropriate for use within
the current DDBD framework. Also, as a result of the limited dynamic test data there has been
no verification of DDBD procedures for vertically jointed concrete walls using shake table

results.
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Chapter 3

O-CONNECTOR TESTING AND DESIGN

The motivation for the O-connector study reported here was briefly provided in the literature
review that outlined the previous research on O-connector performance and the need to develop
an O-connector that did not experience out-of-plane buckling. Also, a suitably sized O-connector
was required for the PreWEC wall system tests performed and described later in Chapters 5, 6,
and 7, that required experimental validation to ensure adequate performance. Subsequently, a
unique series of nine cyclic tests were performed on energy dissipating O-connectors where the
effect of the O-connector profile, steel material, and welding process for attaching the O-
connectors was investigated and two different failure mechanisms were identified. Finally design
equations to estimate the ultimate strength of the O-connector are proposed and used to develop

a bilinear force-displacement approximation.

3.1 INTRODUCTION

The following is an in depth introduction into energy dissipating elements for rocking wall
systems, specifically background related to the development of the O-connector. In theory any
structural element with sufficient strength, ductility and energy dissipating capability can be used

as a replaceable energy dissipating device in low-damage structures. For rocking wall systems,
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simple, cheap, and replaceable energy dissipating devices are required to develop cost-effective
low-damage structural solutions. As a result of these requirements, steel plate type energy
dissipating connectors have become common, including slit and butterfly shaped fuses [91], and
the U-shaped Flexural Plate connectors (UFP) [92] and the O-connectors [15] previously
mentioned in Chapter 2. As part of the PRESSS programme a study on the behaviour of different
energy dissipating connectors was undertaken and the UFP was found to be a suitable energy
dissipater for the unbonded PT wall system [93]. More recently, an alternative cost-effective
steel plate O-connector was developed by Henry et al. [15] for use as an energy dissipating device

in unbonded PT wall systems as described in Chapter 2.

The O-connector is an oval-shaped profile dissipater cut from mild steel plate that undergoes a
flexural yielding mechanism similar to the UFP dissipater as demonstrated by the deformed
shapes presented in Figure 3.1. Unlike the UFP which is restrained to roll between two vertical
surfaces, the O-connector is attached to the exterior face of the wall or column and is
unrestrained, resulting in flexural yielding of the straight leg portion of the oval profile. The O-
connector fulfils two purposes when used in unbonded PT wall systems, firstly it is the primary
source of energy dissipation for the system, and secondly it contributes to the systems moment
capacity by transferring shear between adjacent elements. The O-connector has been used
successfully in unbonded PT wall systems, including the large scale PreWEC system test [57].
Despite its many advantages, a tendency for out-of-plane buckling of the O-connectors was
observed during initial tests by Henry et al. [15]. To prevent out-of-plane buckling the O-
connectors were restrained during further component testing and during the large scale test of
the PreWEC system [57]. Overall the O-connectors were able to produce stable hysteretic
behaviour when out-of-plane buckling was restrained, and are inexpensive to fabricate and easy
to install and replace. Despite being initially designed for the PreWEC system, O-connectors
could potentially be used as cost-effective energy dissipating elements in a wide range of low-

damage structural systems.
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Relative
Vertical
Displacement

UFP O-connector PreWEC System

Figure 3.1 — Deformed shapes of the UFP and O-connector and PreWEC system
schematic

The objective of this chapter was to develop and quantify the performance of a modified version
of the O-connector tested by Henry et al [15] for use in the series of PreWEC system experiments
reported in Chapter 5, 6, and 7. The tested O-connector was first modified by decreasing the
length to thickness ratio in an attempt to avoid out-of-plane buckling without requiring additional
restraint and then further modified to mitigate an identified undesirable failure mechanism. The
secondary objectives were to propose simple equations to calculate the yield, plastic and ultimate
strength of the O-connector and provide insight into the displacement capacity of the O-
connector before failure by proposing a bilinear force-displacement approximation. A series of
nine pseudo-static cyclic tests were performed on two variations of the reduced size O-connector,
using four different mild steel materials, two different profile cutting techniques and three
different welding processes.

3.2 STRENGTH AND STIFFNESS EQUATIONS

Both the UFP and O-connector energy dissipaters are designed to yield in flexure and provide
stable hysteretic energy dissipation. The UFP and O-connector consist of a U or oval shape
profile with straight legs connected by a radius bend, and the key dimensions of each are shown
in Figure 3.2. The UFP was initially developed by Kelly et al. [92] who derived Equation (3-1)
to predict the strength of a UFP by relating the coupling shear of the UFP to the plastic moment
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of the rectangular cross-section depending on the effective cyclic stress (a,.), width (b), thickness
(t), and average radius (R). The bending stress distribution for the plastic section capacity was
assumed to be a rectangular stress block as shown in Figure 3.2. As presented in Equation (3-2),
the UFP strength equation can be adapted to O-connectors by taking the thickness (t) and width
(b) of the UFP as the width (w) and thickness (t) of the O-connector. The O-connector thickness

is multiplied by two to account for the top and bottom U-shape sections that make up the O-

connector.
o,bt?
Pypp = ZR (3-1)
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Figure 3.2 — Schematic of O-connector dimensions in relation to a UFP

The plastic strength of an O-connector (Fp) can be calculated by substituting the yield stress (o,,)
for the effective cyclic stress, as shown by Equation (3-3). Also, the strength at first yield of an
O-connector (Fy) can be calculated by recognising that the yield strength is 2/3 times the plastic
strength, due to the assumed triangular stress block which results in Equation (3-4). The strength
at first yield is important for calculating the theoretical initial stiffness of the connector. The
yield displacement and hence initial stiffness of UFPs can be determined analytically using

energy methods, as described by Baird et al. [94]. Due to the similar flexural yielding manner
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and geometry of UFPs to O-connectors, the equations developed by Baird et al. can be directly
applied to O-connectors. The resulting two expressions for the yield displacement and the initial
stiffness for O-connectors are presented in Equation (3-5) and (3-6) respectively, where E is the

steel modulus of elasticity.

B oy 2tw? 3.3
3 o), 2tw? (3-4)
Y 6R
277rFy(2R)3
=— 3'5
y 16Etw3 (3-5)
16Etw®  F,
2Ry B, @9

As described by Kelly et al. [92], the plastic or yield strengths are not relevant when assessing
the expected maximum strength of the connector since after a few loading cycles no defined
yield point exists and strain hardening results in higher steel stresses than yield. An estimate of
the ultimate strength of an O-connector can be derived from the plastic force equation by
multiplying it by an overstrength factor which is equal to the ultimate stress (o) divided by the
yield stress, as shown in Equation (3-7).

E,=F 2% = oy2tw’ oy (3-7)

=F,—
ay 4R ay

3.3 EXPERIMENTAL PROGRAMME

The experimental programme was designed to investigate the behaviour of two types of O-
connector profile when subjected to relative vertical displacements that would be applied to the
O-connectors during a PreWEC wall test. Combined loading in both the vertical and horizontal
directions was not considered as the columns and wall in a PreWEC system would be forced to
displace laterally together by the floor diaphragm and no significant horizontal actions would be
applied to the O-connectors. Two different O-connector profiles were tested, consisting of
regular oval shaped connectors and a new type of O-connector with a widened leg section at the
weld, referred to as wings. The nine different O-connectors tested were constructed using four
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different grades of mild steel, manufactured using two cutting techniques, and subjected to three
different loading protocols. Additionally, the influence of MIG (Metal Inert Gas) and Arc (Metal
arc welding with coated electrode) welding methods was also investigated during the tests. The
different test parameters of the O-connectors are summarised in Table 3.1. Each test was given
a test code that described the key parameters of each test (material - displacement history -

connector profile - cutting process).

Table 3.1 — Test variables

Test Test Material  Test loading Connector Cutting Connector  Welding

No. Code history profile process type Type
1 M1-C1- M1- Expected Regular (R) Laser (L) o1 ARC*
R-L 250S0 cyclic history
(C1)
2 M2-C2- M2- Recorded Regular (R) Laser (L) o1 MIG
R-L 250HA cyclic history
(C2)
3 M2-S- M2- Recorded Regular (R) Laser (L) o1 MIG
R-L 250HA shap back
history (S)
4 M3-C2- M3- Recorded Regular (R) Laser (L) 02 MIG
R-L 300HA cyclic history
(C2)
5 M3-C2- M3- Recorded Wwings (W) Laser (L) ow1 MIG
W-L 300HA cyclic history
(C2)
6 M4-C2- M4- Recorded Regular (R) Water 02 Arc*
R-WA 300S0 cyclic history (WA)
(C2)
7 M4-C2- M4- Recorded Wings (W) Water ow1l Arc*
W-WA 300S0 cyclic history (WA)
(C2)
8 M4-C2- M4- Recorded wings (W) Laser (L) ow1l Arc+
W-L 300S0 cyclic history
(C2)
9 M4-C2- M4- Recorded Regular (R) Laser (L) 02 Arc+
R-L 300S0 cyclic history
(C2)

Arc+ welding used a high penetration ability electrode with a smaller diameter than ARC*

3.3.1 Connector specifications

The O-connectors were cut out of 10 mm thick mild steel plate with the geometry shown in
Figure 3.3. To suit the scale of the PreWEC walls they were designed for, the O-connectors
geometry was approximately a ¥z scale version of the O-connector used by Sritharan et al. [57].
To prevent out of plane buckling the plate thickness was kept the same while decreasing the

profile geometry of the O-connector, and so the effective thickness to length was doubled. Two
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different O-connector profiles were tested, they consisted of regular oval shaped connectors,
namely O1 and O2, and a new type of O-connector referred to as an O-connector with wings,
namely OW1. The O-connector with wings was developed to minimise the effect of welding
while maintaining all the advantages of the O-connector. The critical section of the O-connector
is forced away from the weld zone by increasing the leg width by the addition of the wings, as
shown in Figure 3.3. The only difference between O1 and O2 was the leg length and height of
the curved portion of the O-connector, O2 has 2.5 mm longer legs and 2.5 mm shorter curved
sections. However, this small difference in leg length was not expected to have any significant
influence on the strength of the O-connector as reported in Henry [41]. The influence of
fabrication process was also investigated with the O-connectors cut from mild steel plates using
either laser or water cutting techniques. Both techniques were chosen to limit the residual stresses
induced during the fabrication process. Water cutting introduces the least amount of heat and
hence residual stresses into the connector, although, it is three to four times more expensive than

laser cutting.
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Figure 3.3 — O-connector dimensions
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MTS Actuator

Figure 3.4 — Test setup

3.3.2 Material properties

The O-connectors used for this experimental programme were fabricated using four different
grades of mild steel. In New Zealand there are two material standards that specify grades of steel
plate, AS/NZS 3678 [95] covers grade 250S0 and grade 300S0, and AS/NZS 1594 [96] covers
grade 250HA and grade 300HA. HA steel is produced from the hot strip mill in coil form while
SO steel is produced by plate mill in flat plate form. These different processes result in physical
variations such as grain structure, flatness, and strength. The significant difference in the steel
materials with respect to the O-connector was the minimum guaranteed elongation which is 22%
for grade 250S0 and 17% for grade 250HA [97, 98]. All four of these listed grades of steel were
used during this testing programme and four tensile coupons were machined from samples of
each steel plate to determine the true properties of each batch of steel plate used to manufacture
the different O-connectors. The tensile coupons were tested in accordance with Australian
standard for tension testing of metallic materials [99], and the measured stress-strain behaviour
of each mild steel plate is shown in Figure 3.5. A summary of the typical measured material
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properties for each of the four mild steels (M1 to M4) is presented in Table 3.2. As expected the
two HA steels were found to have higher strengths and lower elongation than the two SO steels.
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Figure 3.5 — Measured stress-strain properties for tensile coupons
Table 3.2 — Summary of measured material properties
Material Yield stress Ultimate Uniform Ultimate Modulus of
(MPa) stress (MPa) strain elongation elasticity
(MPa)
M1 (250S0) 306 443 19.1% 34.9% 205,660
M2 (250HA) 317 453 17.0% 24.3% 205,940
M3 (300HA) 393 522 17.6% 24.9% 201,538
M4 (300S0) 380 503 18.3% 31.2% 200,000
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3.3.3 Test setup

The test setup simulated the relative vertical displacement applied to the O-connectors when
mounted between the wall and end column in the PreWEC system. The test rig shown in Figure
3.4 was designed to carry out the vertical displacement protocols and modelled off the previous
testing carried out by Henry et al. [15]. The test rig was designed to minimise any eccentric
loading on the actuator and was fabricated from a 100 x 100 mm square hollow section and
20 mm thick steel plates. The bottom U-shaped portion of the test rig was restrained to the strong
floor while the centre section was attached to the MTS machine above. The vertical joints
between these two sections were greased to minimise any influence due to friction between the
sections. For each test, two O-connectors were welded centred around the vertical joints on each
side of the test rig so that four connectors were tested simultaneously to provide an average
connector response. The load was measured by the internal load cell on the actuator and the

displacement loading was controlled by an externally mounted LVDT, as indicated in Figure 3.4.

3.3.4 Loading protocol

In the PreWEC system, the O-connectors are subjected to vertical displacements that are larger
in one direction than the other due to the difference in magnitude of uplift between the column
and wall base. Three different asymmetric cyclic loading protocols were used during the
connector test programme and are each shown in Figure 3.6. The first cyclic displacement
history (C1) was developed to simulate the expected displacement history that the O-connectors
would be subjected to during the PreWEC-A cyclic test reported in Chapter 5. The C1
displacement history consisted of 32 cycles up to 29.3 mm peak positive displacement and -
3.2 mm peak negative displacement with three cycles carried out at each displacement level. The
second cyclic displacement history (C2) consisted of the O-connector vertical displacement
response that was measured during the true cyclic test on the PreWEC-A2 wall documented in
Chapter 5. The C2 displacement history consisted of 35 cycles up to 29.88 mm peak positive
displacement and -9.1 mm peak negative displacement again with three cycles at each
displacement level. The C1 and C2 displacement histories consisted of three cycles at each
displacement amplitude to observe the stability of the O-connector response. The third cyclic
displacement history (S) consisted of the O-connector vertical displacement response that was

measured during two PreWEC snap back tests reported in Chapter 6. A snap back test consisted
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of the wall being pulled to a set lateral displacement and then a quick release mechanism was
activated, releasing the wall and allowing it to rock and vibrate freely until rest. The first half of
the S displacement history was the relative vertical displacement between the column and wall
of the PreWEC specimen for a 1% lateral drift snap back test and the second half was the relative
vertical displacement measured from a 2% lateral drift snap back test. The S displacement history
consisted of 25 cycles with a maximum of 13.7 mm peak positive displacement and -1.7 mm
peak negative displacement. In contrast to the C1 and C2 displacement histories the S

displacement cycles started at the largest displacement cycles and decayed to zero.

32 1 r 32 -
— 25 N I~ 25 N
E 18 A g 18 1
il
O 1 enand VWYY P & et
N i 5 vvvvvvvvvvvv”v”l”“
-10 T T T T T T -10 T T T T T
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Cycle number Cycle number
(@) Cyclic displacement history (C1) (b) Cyclic displacement history (C2)
20 ‘ ; ; ;
15 1
3
£ 10 A
g s
°, LAA Ma
V vV Vv v vV Vv
-5 T T T T
0 5 10 15 20 25

Cycle number

(c) Snap back displacement history (S)

Figure 3.6 — Applied connector displacement histories

3.4 TEST OBSERVATIONS AND RESULTS

When subjected to vertical displacement, each O-connector exhibited the expected deformed
shape during all of the nine cyclic tests. A typical example of the deformed shape of an O-
connector with and without wings is depicted in Figure 3.7, with flexural yielding of the straight

portion of the legs clearly visible.
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(a) M4-C2-R-L (b) M4-C2-W-WA
Figure 3.7 — Typical O-connector deformed shape during tests

The measured force displacement behaviour of a single O-connector for each cyclic test is
presented in Figure 3.8 overlaid with the predicted yield, plastic and ultimate strength of the O-
connectors that were calculated using Equations (3-3), (3-4) and (3-7). It can be seen from the
force displacement responses that the connectors provide stable hysteresis loops with good
energy dissipation capability. Throughout the nine cyclic tests two types of failure were observed
based on the location of fracture. Failure mechanism type one occurred when fracture initiated
in the connector leg directly adjacent to the weld edge, as shown in Figure 3.9(a). Failure
mechanism type two occurred when the O-connector experienced distributed cracks along the
leg, as shown in Figure 3.9(b), followed by fracture at the curved radius to straight leg transition,
as shown in Figure 3.9(c). Fracture of the connector legs for both failure mechanisms started
with a tear which then propagated through the full width of the O-connector. The failure
mechanism observed, measured positive and negative peak forces, displacement corresponding
to the peak positive force, and strength prediction for each test are summarised for each test in
Table 3.3.
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Figure 3.8 — Measured force-displacement response for each test
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(a) Fracture (b) Distributed (c) Fracture (d) Initiation of out-of-plane
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Figure 3.9 — Failure and fracture observations

Table 3.3 — Summary of failure mechanism and measured/predicted strength

Test Failure Predicted Peak Displacement Cycles
mechanism ultimate positive at peak positive at peak
load (FU) load (kN) load (mm) positive
(kN) load
M1-C1-R-L Type two 254 25.16 29.43 32
(0.99FV)
M2-C2-R-L Type one 26.0 23.59 21.21 27
(0.91FV)
M2-S-R-L No Failure 26.0 21.21 13.63 N/A
(0.82FV)
M3-C2-R-L Type one 29.7 25.05 13.65 23
(0.84FV)
M3-C2-W-L Type 29.7 25.76 17.34 26
one/two (0.87FV)
M4-C2-R-WA Type one 28.5 26.04 21.18 28
(0.91FV)
M4-C2-W-WA Type two 28.5 27.5 29.66 34
(0.96FV)
M4-C2-W-L Type two 28.5 27.44 17.35 26
(0.96FVU)
M4-C2-R-L Type two 28.5 28.15 25.71 32
(0.99FV)

3.4.1 Test: M1-C1-R-L

The first test undertaken was M1-C1-R-L which used laser cut, grade 250S0, O1 shaped O-

connectors subjected to the C1 displacement history. The O-connectors failed by failure
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mechanism type two as multiple areas of each O-connector sustained distributed cracks. The
onset of fracture occurred at the radius to leg transition for the initial connector, however,
secondary fractures occurred in the leg directly adjacent to the weld edge (type one failure
mechanism), as depicted in Figure 3.10. As presented in Figure 3.8(a) M1-C1-R-L completed all
32 cycles with no significant strength degradation and achieved a maximum positive strength of
25.16 kN at a corresponding vertical displacement of 29.43 mm. The largest vertical
displacement that the connector was subjected to in the negative direction was 3.2 mm.

3.4.2 Tests: M2-C2-R-L and M2-S-R-L

Tests M2-C2-R-L and M2-S-R-L each of which used laser cut, grade 250HA, O1 shaped O-
connectors subjected to C2 and S displacement histories respectively. As depicted in Figure 3.10
(b), failure mechanism type one was observed for M2-C2-R-L with no distributed cracks and
fracture occurred in the legs directly adjacent to the weld edge. As presented in Figure 3.8(b)
M2-C2-R-L completed 27 cycles with no significant strength degradation and achieved a
maximum positive strength of 23.59 kN at a corresponding vertical displacement of 21.21 mm.
The M2-S-R-L test behaved in a similar manner, but the snap back loading history did not result
in failure of any of the O-connectors, as shown in Figure 3.10 (c). M2-S-R-L was subjected to a
maximum vertical displacement of 13.63 mm with a positive strength of 21.21 kN measured at

this peak displacement.

3.4.3 Tests: M3-C2-W-L and M3-C2-R-L

After observing failure type one in tests M2-C2-R-L and M2-S-R-L the new O-connector with
wings was developed and tested in an attempt to initiate a more ductile type two failure mode.
The O-connector with wings utilised an enlarged section at the weld that was intended to shift
the heat affected zone away from the yielding leg of the connector. The first O-connector with
wings that was tested was M3-C2-W-L which used laser cut, grade 300HA, OW1 shaped, O-
connectors and was subjected to the C2 displacement history. The M3-C2-R-L test was identical
to M3-C2-W-L except that is used the regular O-connector profile to provide a baseline to gauge
the effectiveness of the wings. Test M3-C2-R-L with regular oval shaped O-connectors failed
with a type one mechanism in the exact same manner to the M2-C2-R-L with fracture at the weld
edge, as depicted in Figure 3.10 (d). Test M3-C2-W-L failed in a similar manner to the first test

M1-C1-R-L with fracture occurring at the radius to leg transition and secondary fracture at the
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weld edge, as shown in Figure 3.10 (e). As shown in Figure 3.8(d) and (e) M3-C2-W-L and M3-
C2-R-L completed 26 and 23 cycles, respectively, with no significant strength degradation and
achieved maximum positive strengths of 25.76 kN and 25.05 kN, respectively, which

corresponded to vertical displacements of 17.34 mm and 13.65 mm respectively.

3.4.4 Tests: M4-C2-R-WA, M4-C2-W-WA, M4-C2-R-L and M4-C2-W-L

The final four tests each used a different combination of O-connector profile (O2 or OW1) and
cutting process (laser or water) while keeping the material (grade 300S0 steel) and displacement
history (C2) the same. M4-C2-R-WA failed with a type one mechanism with tearing and fracture
at the weld of multiple connector simultaneously and no distributed cracks were observed, as
shown in Figure 3.10 (). Test M4-C2-R-WA reached a maximum positive strength of 26.04 kN
at a peak vertical displacement of 21.18 mm after completing 28 cycles.

As depicted in Figure 3.10 (g), test M4-C2-W-WA failed with a type two mechanism with failure
initially occurring at the radius to leg transition zone with some distributed cracking and
secondary failure occurring at the weld edge. Test M4-C2-W-WA reached a maximum positive
strength of 27.5 kN at a peak vertical displacement of 29.66 mm after completing 34 as presented
in Figure 3.8(Q).

Test M4-C2-R-L initially underwent a type two failure mechanism with distributed cracking and
failure at the radius to leg transition zone, but only in one connector, as shown in Figure 3.10
(h). During the test a gap started to open between the U-shaped and centre portion of the test rig
which may have caused asymmetric loading on the test rig causing a particular connector to
undergo larger displacements causing premature fracture of the test as a whole. This gap opening
had not been observed in the previous test and it is thought that the lateral stiffness of the test rig
had reduced from the large number of tests performed using it. It was only after complete failure
of one connector that another started to show significant signs of failure. Test M4-C2-R-L
reached a maximum positive strength of 28.15 kN at a peak vertical displacement of 25.61 mm

after completing 32 cycles as presented in Figure 3.8(i).

Test M4-C2-W-L resulted in an ideal ductile failure mechanism (type two) as depicted in Figure
3.10 (i). All O-connectors demonstrated distributed cracking in multiple locations and fracture

occurred at the radius to leg transition zone for all O-connectors. Test M4-C2-W-L had a
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maximum positive strength of 27.44 kKN at a peak vertical displacement of 17.35 mm, and

completed 26 cycles.

(g) M4-C2-W-WA (h) M4-C2-W-L (i) M4-C2-R-L

Figure 3.10 — Observations of fracture mechanism for each test

3.5 DISCUSSION OF RESULTS

The following discussion highlights potential reasons for the different failure mechanisms
observed and provides recommendations for future O-connector design and construction. The
topics discussed include accuracy of strength and stiffness predictions, out-of-plane buckling,
and the influence of cutting process, material properties, welding process and O-connector

profile.
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3.5.1 Strength and stiffness calculation

The yield, plastic, and ultimate strengths calculated with the measured material properties for
each connector test using Equations (3-3), (3-4) and (3-7) are shown alongside the force-
displacement response of each connector in Figure 3.8. For tests M1-C1-R-L, M4-C2-W-WA,
M4-C2-W-L, and M4-C2-R-L the predicted ultimate strength was within 96% of the measured
strength at fracture. All of these tests portrayed the preferred type two failure mechanism with a
ductile response. Thus, when a type two failure mechanism was achieved the O-connector
reached the expected ultimate strength and the corresponding ultimate displacement.
Additionally, two of the tests with accurate ultimate strength prediction were with O-connectors
with wings, validating the use of the strength equations for both profiles of O-connector. On the
contrary, the tests that experienced a type one failure mechanism only reached 80-90% of the
predicted ultimate strength which further confirmed that premature fracture occurred for these

connectors.

A bilinear approximation was developed for the O-connector based on the force-displacement
results of tests M1-C1-R-L, M4-C2-W-WA, and M4-C2-R-L, that displayed the preferred type
two failure mechanism. The bilinear yield strength was defined equal to the plastic strength (Fp)
calculated using Equation (3-3), and the bilinear yield displacement (Any) Was calculated using
the initial stiffness presented in Equation (3-6). The bilinear ultimate strength is equal to the
ultimate strength (Fy) calculated using Equation (3-7), and the corresponding bilinear ultimate
displacement was assumed to be equal to 20Ay. The resulting bilinear approximation is overlaid
on the force-displacement response of the M1-C1-R-L, M4-C2-W-WA, and M4-C2-R-L tests in
Figure 3.11. Overall a good estimate of the O-connector envelop response was achieved using
the bilinear approximation and the initial stiffness was well captured for small displacement
cycles. The assumed bilinear ultimate displacement equal to 20Ay provided an accurate estimate
of the ultimate displacement for the tests presented in Figure 3.11. However, the materials used
in these tests were M1 and M4 which are both high ductility materials able to elongate up to
34.9%, hence the ultimate displacement for tests which use a lower ductility steel would be

reduced.
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Figure 3.11 — Bilinear approximation based on design equations

To further validate use of Equations (3-3), (3-4) and (3-7) for predicting the O-connector strength
and the bilinear approximation for O-connectors with different geometry, the test reported by
Henry et al. [15] was also studied. The stress-strain steel properties and hysteresis response of
the test reported by Henry et al. are presented in Figure 3.12. From the tensile test the yield stress
was 340 MPa and the ultimate stress was 476 MPa. The measured ultimate strength of the O-
connector was within 96% of the predicted ultimate strength, providing further validation the
strength equations presented earlier. The bilinear approximation is overlaid on the hysteresis
response in Figure 3.12(b), and again showed a good estimate of the response considering the

different geometry of the connector.
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3.5.2 Out-of-plane buckling

As stated in the introduction, the O-connectors tested by Henry et al. [15] experienced out-of-
plane buckling. In an effort to reduce the likelihood of buckling, the O-connectors tested herein
were designed with a reduced leg length to thickness ratio. The leg length (381 mm) to plate
thickness (9.35 mm) ratio of the O-connector tested by Henry et al. was 40.7, while the length
to thickness ratios of the O-connectors tested herein were 19.5 and 20.5. Out-of-plane buckling
of the O-connector was not observed during any of the tests that followed a type one failure
mechanism with premature fracture adjacent to the weld. However, slight onset of buckling, as
shown in Figure 3.9(d), was observed for the tests that followed the more ductile type two failure
mechanism with fracture at the radius to leg transition zone. In all cases the out-of-plane
displacement of the O-connectors was minor and occurred during the final cycles of the test as
the O-connectors were fracturing. It appeared that decreasing the leg length to thickness ratio
delayed out-of-plane buckling until the displacement capacity of the connector was reached. It
is also important to note that the increase in thickness increases the strength of the O-connector
but has no significant influence on the displacement capacity, as shown by a parametric finite
element model study reported by Henry [41].

3.5.3 Influence of cutting process

Laser cutting and water cutting techniques were investigated to investigate the influence of the
magnitude of heat induced when cutting, possible residual stresses induced at the cut edge, and
the possible influence of the cut surface roughness on the fracture initiation and crack
propagation. Generally, laser cutting induces greater heat and residual stress in the specimen
which leads to an increased degree of embrittlement [100]. To investigate the influence of the
cutting process test M4-C2-R-L can be compared to test M4-C2-R-WA, where the only
differences between the tests were the cutting method and welding process. Test M4-C2-R-L
used laser cut connectors and lasted for four more cycles than the same connectors water cut
(M4-C2-R-WA). Since laser cutting induces more heat and residual stress the laser cut
connectors should have a reduced displacement capacity compared to the water cut connectors,
however, the opposite trend was observed. Therefore it was concluded that the difference in the
displacement capacity of tests M4-C2-R-L and M4-C2-R-WA was due to the welding process
and that there was no significant influence due to the different cutting techniques used. The
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additional expense of water cutting does not appear to be justified and laser cutting is

recommended to fabricate the O-connectors.

3.5.4 Influence of steel material

A comparison of material three and material four is presented in Figure 3.13(a) by plotting M3-
C2-W-L and M4-C2-W-WA on the same graph. Both tests were subjected to the C2
displacement history and tested the OW1 connector profile. Although M3-C2-W-L used laser
cut connectors and M4-C2-W-WA used water cut connectors the influence from the cutting
process has already been determined to be negligible. The connectors in both tests initially failed
with a type two failure mechanism, although the connectors in test M3-C2-W-L then quickly
progressed to a type one fracture adjacent to the weld due to the low strain capacity of the HA
grade material three. As shown in Figure 3.13(a) there is overlap of the dotted and continuous
lines until failure of M3-C2-W-L. This observation indicates that the strengths of the O-
connectors were similar as they were both grade 300 steels. However, the two tests resulted in
significantly different displacement capacities due to the lower strain capacity of the 300HA
material three in comparison to the 300S0 material four. In general, when the steel had a higher
tensile strain capacity the O-connector was able to sustain distributed cracking before fracture

and achieve a higher displacement capacity.

The 300S0 material four can also be compared to the 250S0 material one by plotting the results
of test M1-C1-R-L and M4-C2-R-L on the same graph, as in Figure 3.13(b). The connectors in
tests M4-C2-R-L had a higher strength and similar displacement capacity when compared to test
M1-C1-R-L. This behaviour was expected since the 300S0 material four is a high strain capacity
grade 300 steel while the 250S0 material one is a high strain capacity grade 250 steel. As the
displacement capacity of the O-connector is correlated to the uniaxial tensile strain capacity, and
the overstrength is dependent on the yield and ultimate stress from a uniaxial tensile test, it is
important to be certain about the parameters of the steel used in the design and construction of

O-connectors.
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Figure 3.13 — Direct comparison of material and connector type

3.5.5 Influence of wings

The influence of the addition of wings to the O-connector was investigated by overlaying the
hysteretic responses of tests M4-C2-W-WA and M4-C2-R-L in Figure 3.13(c). It is clear that the
force-displacement behaviour of the two tests was almost identical with the response difficult to
differentiate. It was therefore concluded that the wing profile had no significant influence on the
strength of the O-connector. However, the wing profile has several other advantages such as
providing a template to clearly identify the weld location and length, and removing the sensitivity
to welding process by shifting the heat effected region away from the yielding leg, as is discussed

below in more detail.

3.5.6 Influence of welding process

Initially the welding process was thought to be insignificant due to the use of mild low carbon
steel [100]. However, due to different technicians and equipment two different welding
techniques were used during the series of connector tests. The type of welding process used for
each test was presented in Table 3.1. During the welding process a heat affected zone is formed
in the area of the base metal that is not melted during the welding operation, but whose physical
properties are altered by the heat induced [100]. Within the heat affected zone the metal will tend
to have residual stresses, be weaker and more brittle. A combination of MIG and two ARC

welding processes were used during the connector tests. Welding referred to as ARC+ used a
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higher penetration, all angle, smaller diameter electrode in comparison to the ARC* welding.
The three different welding processes would have induced different quantities of heat in the O-
connectors. For instance, ARC welding utilises different electrodes for different applications and
these will require different currents and therefore induce different levels of heat. The O-
connectors without wings that were MIG or ARC* welded all failed with premature fracture in
the leg adjacent to the weld (failure mechanism 1). In contrast, the O-connectors without wings
that were ARC+ welded, all displayed the more desirable ductile failure mode with fracture at
the radius to leg transition (failure mechanism type two). Although variables other than the
welding process were also changed, it has already been determined that they had negligible
influence on the O-connector failure mechanism. It follows that the heat induced from welding
in the heat affected zone must have had a significant effect on the failure mode of the O-
connector. When a regular profile O-connector is used, care needs to be taken such that welding
process is appropriate to ensure that a ductile type two failure mechanism is achieved. It is
recommended that ARC welding with a high penetration, all angle electrode is used when
installing O-connectors. Since the O-connectors tested were of a relatively small scale it is
expected that the heat affected zone would be more influential than for larger O-connectors.
However, regardless of the O-connector scale or size as an alternative solution to minimise the
effect of the weld type, the O-connector with wings can be used as the heat affected zone is
shifted away from the critical yielding section of the connector, removing the sensitivity to

welding.

3.6 CONCLUSIONS

A unique experimental investigation into the cyclic response of energy dissipating O-connectors
for use in unbonded PT concrete rocking wall systems has been presented. Nine cyclic tests were
performed on two different O-connector profiles with four different materials and two cutting
processes. The tests confirmed the suitability of the O-connector as a cost effective energy
dissipating connector that is easy to install and demonstrates stable hysteresis behaviour. The
large parameter set enabled the O-connector failure mechanisms to be identified and the cause
of each mechanism to be understood. As discussed below a number of conclusions have been

drawn based on the test observations and measured response.
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Failure in the connector leg adjacent to the weld demonstrates the importance of the welding
process and the corresponding heat affected zone on the O-connector. MIG welding was found
to cause failure adjacent to the weld while ARC welding with the appropriate electrode (small
diameter, high penetration ability, low current) had a smaller heat affected zone and shifted the

failure to the preferred ductile failure mechanism at the radius to leg transition.

The O-connector with wings is a novel design and provides an alternative method that is
recommended to ensure that the preferred ductile failure mechanism is achieved at the radius to
leg transition, by locating the heat affected zone in an area with a larger cross-section than the
leg. A further advantage is that the wing provides a template for the location and length of weld

and since the O-connector is laser cut the slight increase in complexity adds little cost.

The strain capacity of the steel is directly related to the displacement capacity of the O-connector.
Therefore it is important to ensure that the steel specified in design has a high specified ductility.
It is recommended that independent tensile coupons are tested for O-connectors used in practise

when particularly high displacement capacities are required.

Out-of-plane buckling of the O-connector was avoided with an improved O-connector design
that consisted of a reduction in the length to thickness ratio. A length to thickness ratio less than
20 is recommended to delay onset of buckling of unrestrained O-connectors until after fracture

has initiated.

Negligible difference was observed between laser and water cut O-connectors and so it is

recommended that laser cutting is used for economic considerations.

Simple analytical equations were validated to predict the yield, plastic and ultimate strength of
the O-connector. For connectors that failed at the radius to leg transition the calculated ultimate
strength was within 96% of the measured ultimate strength. A bilinear approximation was also

proposed that showed good estimation of the O-connector response for design purposes.

It is also recommended that given that variability of mild steel available and the fabrication
process, the design of O-connectors for structural systems should always be validated with full-

scale tests prior to implementation.
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Chapter 4

PROTOTYPE AND MODEL DESIGN

4.1 INTRODUCTION

This chapter describes the design and construction of the test walls studied within this thesis.
The layout and seismic hazard of the prototype structure is first described, followed by an outline
of the Direct Displacement Based Design (DDBD) process adopted. The prototype building and
wall design was based on existing design guidance and incorporated recommendations from
Appendix B of the New Zealand Concrete Structures Standard [18] and the PRESSS Design
Handbook [19]. Similitude scaling of the prototype is described in detail followed by a
description of the detailed model wall design and construction. Finally a summary of the wall

system testing reported in the following chapters is given.

4.2 PROTOTYPE BUILDING

The prototype building was designed such that scale models of SRW and PreWEC systems from

the building could be tested using the University of Auckland shake table. The prototype

structure was based on a four storey building and designed according to New Zealand

earthquakes loadings standard, NZS 1170.5:2004 [101], and Appendix B of the New Zealand
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Concrete Standard, NZS 3101:2006 [18], that outlines special provisions for the seismic design
of ductile jointed precast concrete structural systems. The prototype building is shown in plan
and elevation in Figure 4.1 with overall dimensions of 16x24 m. The lateral resistance was
provided by two unbonded Post-Tensioned (PT) precast concrete walls or Single Rocking Walls
(SRWs) in the north-south direction and a Reinforced Concrete (RC) moment resisting frame in
the east-west direction. The walls, frames, and internal columns were designed to carry the
appropriate tributary area of gravity load using either a rigid or semi rigid floor connection. A
rigid connection would be a result of a cast-in-place floor while a semi rigid floor connection
would come from precast flooring spanning perpendicular to the unbonded PT walls. The
building was divided into bays of 16 m by 8 m with an effective floor weight from permanent
(G) and imposed (Q) actions of 7.8 kPa and an effective roof weight from permanent (G) and
imposed (Q) actions of 6.7 kPa. The exact arrangement of the prototype was chosen such that

the seismic mass associated with each wall could be simulated in the laboratory.

Roof G+Q
= 6.7kPa
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(a) Floor plan (b) Floor elevation

Figure 4.1 — Prototype structure in elevation and plan

4.3 SEISMIC HAZARD

The prototype building was intended to be located in Wellington, New Zealand, and classed with
an Importance Level 2, as per NZS 1170.0 [101]. The effect of a near fault rupture was
represented by assuming a distance to nearest fault (D) equal to zero to adjust the seismic demand
by altering the near fault factor, N(T,D). The building was assumed to be founded on Site Soil
Class C (shallow soil) according to NZS1170.5 [101], with a Z hazard factor of 0.4 and a return

period factor (R) of 1.0 corresponded to the design level earthquake. The design level seismic
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hazard corresponding to this importance level is representative of ground motions having a 500
year return period. The structural performance factor (Sp) was 0.7 as defined in the appropriate
concrete materials standard [18] for structures with ductility greater than three. Despite questions
over how Sp should be applied, as discussed by Pampanin et al. [19] who states that Sy is a base
shear reduction factor and should be directly applied to the base shear calculation, the design of
the walls discussed here retain Sp as the acceleration spectrum factor to be compatible with the
current New Zealand loadings code [101].

4.4 DISPLACEMENT BASED DESIGN

Direct Displacement Based Design (DDBD) methodology was used to design the prototype
building incorporating two SRW systems in the north-south direction to resist seismic loads.
DDBD utilises the secant stiffness to maximum displacement based on the substitute structure
approach and an equivalent elastic representation of the hysteretic damping at maximum
response. The DDBD methodology is outlined in detail by Priestley et al. [20] and reiterated in
the steps conducted below for the prototype SRW design. Guidance was also taken from the
PRESSS Design Handbook [19] and Appendix B of the New Zealand Concrete Structures
Standard (NZS3101:2006 ) [18] where appropriate to ensure relevance to New Zealand design

standards.

Step 1 — A target drift (6,) is selected based on material strain damage criteria or directly by
code defined drift limits. The material strain damage criteria could include limits on concrete
compression strain or PT steel tension strain for unbonded PT walls. For the SRW design the
target drift was selected to be 1.20%. For an unbonded PT wall the displaced shape is assumed
to be a linear profile up the building height, as described by Equation (2-17).

Ai = HdHi (4-1)

Where 4; is the design displacement at storey i and H; is the height of level i.

A summary of the DDBD parameters is provided in Table 4.1, which is a convenient method of
calculating the required quantities for the DDBD process as laid out in the PRESSS Design
Handbook [19]. The table is developed using the inter-storey height of 4.5 m, the design drift of
1.2%, the mass of each storey (in;) and. the other building parameters defined in section 4.2.
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Using the design drift the design lateral displacement (A,) of an equivalent Single Degree Of
Freedom system (SDOF) is calculated using Equation (2-12) and the assumed displaced shape
of the structure.

Table 4.1 — Summary of DDBD parameters

Floor m,; (tonne) H; (mm) A; (mm) m;A; miAf m;AH;
4 264 18000 216 5.71E+04 1.23E+07 1.03E+09
3 306 13500 162 4 95E+04 8.03E+06 6.69E+08
2 306 9000 108 3.30E+04 3.57E+06 2.97E+08
1 306 4500 54 1.65E+04 8.92E+05 7.43E+07
Total 1182 1.56E+05 2.48E+07 2.07E+09
n n
Ay = Z(mi"iz)/z m;A; = 158.9 mm (4-2)
i=1 i=1

Where n is the number of storeys.

Step 2 - The effective mass, m,, and the effective height, h,, of the equivalent SDOF system is

calculated, as shown in Equation (4-3) and Equation (4-4).

n
m;4;

Vip

i=1

m, = = 982.7 tonnes (4-3)

n n (4_4)
h, = z(miAiHi)/z(miAi) — 13240.5 mm
i=1 i=1

Step 3 - The system yield displacement (A,;) [19], ductility (1) and system damping (&,,) is
estimated based on the system type. The yield displacement is required to obtain the ductility
and the corresponding Equivalent Viscous Damping (EVD) from existing relationships
described in Priestley et al. [20], or in Appendix B of the New Zealand Concrete Standard [18].
However, for an unbonded PT only system, such as the SRW, the EVD is assumed to be 5%
according to Appendix B of the New Zealand Concrete Standard [18]. Therefore determination
of the ductility was not required for the SRW. The EVD used for the prototype design is stated
in Equation (4-5).

feq = fpt =5% (4'5)
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Step 4 - The displacement design spectra is used to calculate the effective period of the structure,
T,, based on the design displacement and damping calculated. This series of testing was designed
according to the target spectrum for numerical time history analysis in NZS 1170.5 [101] defined
by Equation (4-6). The structural performance factor Sp was assumed to be equal to 0.7 as
previously stated, and the ordinate of the elastic site hazard spectrum, C(T;), was determined by
Equation (4-7).

148
SAtarget = ( -; p) Cc(T) (4'6)
C(T) = C,(T)ZRN(T,D) (4-7)

C,(T) is the spectral shape factor determined from Clause 3.1.2 of the New Zealand
loadings standard for site subsoil class C. For this design the spectral shape factor for
modal analysis and numerical integration time history analysis was used. Z is the hazard
factor equal to 0.4 for Wellington and R is the return period factor equal to 1.0 for the
1/500 annual probability of exceedance, N(T,D) is the near-fault factor and is equal to

Nmax(T) due to the distance to a major fault listed as 0-8 for Wellington.

An approximate relationship between peak acceleration and displacement response based on
steady-state sinusoidal response is presented by Priestley et al. [20] and was used to derive the
elastic displacement spectra from the target spectral acceleration as described by Equation (4-8).
An effective period of T, equal to 1.44 s was found as shown in Figure 4.2 for EVD of 5%.

TZ

Sam = WSA(T)Q (4-8)
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s,(9)

Figure 4.2 — Design displacement response spectra (5% damping)

The design displacement spectrum was derived from the design acceleration spectrum specified
in NZS1170.5 [101] using the appropriate factors defined previously and Equation (4-8). If the
EVD varies from 5% the elastic design spectrum is altered by a spectral reduction factor or
damping modifier (n) which is supported by Priestley et al. [20] and described by Equation (4-9).
Where agr is equal to 0.5 for sites located away from a major fault and the ground motions do
not comprise of near-fault, forward directivity. By reducing the design displacement spectra, the
ductile response of the structural system is taken into account. This method is advantageous over
inelastic displacement spectra as a single design spectrum can be used for all structural systems
but damping-ductility relationships must be developed for the specific system. This adjustment
was not required for the current design due to damping being assumed as 5% for the SRW,

irrespective of the design displacement or displacement ductility.

A S 1Y) _
" (2 + feq> = AT, 5%) (4-9)

Step 5 - The effective (secant) stiffness (K,) of the equivalent SDOF structure at maximum
displacement was calculated using the Equation (2-15).
_4n?m,

Ke = Te?

= 18,709.7 kN /m (4-10)

Step 6 - The design base shear (V,4s.) Of the structure was calculated using Equation (2-16).
Vipase = Kolg = 2,972.7 kN (4-11)
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Step 7 - The design base shear was distributed to the structure and the actions on each wall were
calculated, recalling that two walls support the lateral load in the north-south direction.
Requirements for accidental eccentricity i.e. torsion, were ignored as only the 2D design and

analysis of the building were of interest.

Vi = 1,486.3 kN (4-12)
Mwall = 19,6800 kNm (4'13)

Step 8 - Based on the tributary area shown in Figure 4.1, the axial load per wall due to gravity
was calculated, as shown in Equation (4-14) and Equation (4-15). Where W is the total building
weight and 1/12 is the ratio of tributary area of gravity load for each wall to the total gravity
load. The gravity load on each wall is approximately 1/5"" of the seismic mass assumed to be

carried by each wall.

1 1
Nyau = EZ W = 11,5916 = 9659 kN = 98.5 tonnes (4-14)

1 1 -
Nyau = EZ W = < equivalent seismic mass per wall (4-15)

45 PROTOTYPE WALL DESIGN

The prototype SRW system was designed according to the moment, shear, and axial load actions
determined from the DDBD at 1.2% drift. For the prototype wall design the prototype building
loads were not factored and a strength reduction factor was not applied to the moment capacity
of the prototype wall, such that the moment capacity and shear capacity of the prototype wall
were equal to the required design moment and base shear force. This allowed for a direct
comparison of the wall response with design estimates. Through a trial and error approach the
dimensions of the prototype SRW system were selected considering appropriate initial PT

stresses, and dimension constraints from the shake table capacity.

According to NZS 3101 Appendix B, the unbonded PT tendons must be designed to remain
elastic during a design earthquake. However, due to the nature of the test programme planned
there was a need to be able to repeat the loadings without tendon yielding to drifts greater than

the design level drift of 1.2%. As a result the tendon arrangement and initial prestress were
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designed to ensure that the tendon force would not exceed the yield strength of the strand until
lateral drifts over 3% were reached. Concurrently, the targeted initial prestress force, number of
tendons, and size of tendons were also designed to maximise the wall moment capacity while
keeping the axial force ratio (AFR) below 10% to ensure no significant crushing occurred in the
wall compression toe [41]. The AFR is defined as the ratio of post-tensioning tendon force plus
the wall self-weight and additional weight divided by the axial crushing capacity of the concrete
section (f'¢Ag). The concrete strength was designed to be 40 MPa. Knowing the likely scale of
the model wall, the tendon arrangement was chosen to consist of three multi-strand tendon
bundles to be spaced evenly along the prototype wall length at 1 m centre to centre. The multi-
strand bundles consisted of 25 15.2 mm strand. The unbonded length of the tendons was designed

to be equal to 18 m.

Accounting for these PT requirements the prototype SRW dimensions were determined such that
the strength of the wall was equal to the design actions at 1.2% drift using the simplified
analytical force-displacement prediction procedure for unbonded PT walls proposed and
validated by Aaleti and Sritharan [62]. The key prototype wall dimensions were a wall length of
4 m, a wall thickness of 0.625 m, a wall height of 18 m, an effective mass of 491 tonnes, and an
effective mass height of 13.24 m, as presented in Table 4.2. Considering all the PT requirements
and the dimensions of the prototype wall the targeted initial prestress (fpi) in the prototype wall
PT for each strand was 696 MPa (0.45fy). The force displacement backbone for the prototype
wall is presented in Figure 4.3 with the design displacement and corresponding base shear force
identified. The design actions such as design shear, moment and drift are also summarised in
Table 4.2.

The exact panel reinforcement detail of the prototype wall was not significant as only minimum
horizontal and vertical reinforcement was required as no flexural yielding was expected within
the SRW panel itself. However, the confinement detail in the toe regions did require special
attention to ensure confined concrete crushing did not occur until well beyond tendon yielding.
The detailed design of the confined regions is described for the SRW panel model design in

section 4.7.1.
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Figure 4.3 — SRW Prototype wall design

Table 4.2 - Prototype and model dimensions

Parameter Prototype Model

Wall length (mm) 4000 800

Wall thickness (mm) 625 125

Wall height (mm) 18000 3600

Effective mass (tonne) 491 3.93

Height of effective mass (mm) 13240 2648

no. of PT strands 75 3

Unbonded length (mm) 18000 3600
Concrete strength, f'c, (MPa) 40 40
Confined concrete strength, f'cc, (MPa) 54 54
Initial stress, fpi, (MPa) 696 696

a 0.908 0.908

B 0.910 0.910

Design Moment 19680 157.4

Design Shear 1486 59.4

Design Drift 1.20% 1.20%

Moment Capacity @ Design Drift (kNm) 19608 156.8

4.6 MODEL SCALING

A length scale factor of 1/5th was required for the prototype SRW system to be tested at model
scale in the laboratory on the shake table. The prototype SRW wall was scaled according to
similitude scaling laws that maintain constant stress and density between the model and

prototype, as explained by Harris and Sabnis [102]. It is common for a lateral load resisting wall
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to be expected to carry a large portion of lateral inertia load during an earthquake while carrying
only a portion of that as gravity load. The prototype seismic and gravity mass were 491 tonnes
and 98.5 tonnes, respectively. It is clear that the seismic mass was five times larger than the
gravity mass carried by the wall since the gravity mass was based on the tributary area while the
seismic mass was half the total mass of the prototype building. For the shake table testing it was
not possible to install a system that would carry additional gravity load to simulate the difference
between the gravity and seismic mass. Instead guidance was taken from Stavridis et al. [6] who
used a gravitational acceleration scale factor of one and hence the appropriately scaled gravity
mass and then scaled the seismic acceleration and seismic mass such that the force scale factor
was preserved in the vertical and horizontal direction. The result of this scaling method is that
the mass carried by the specimen accurately represents the gravity mass carried by the prototype,

which induces the same static axial stresses in the specimen.

The scaling law and resulting scale factors for the basic quantities are summarised in Table 4.3.
The scale factor for the seismic mass to the gravity mass was five for the prototype (referred to
as 4,, in Table 4.3) but one for the specimen. Therefore the scale factor for the seismic mass was
1/125 as shown in Table 4.3. The scale factors for the stress and gravitational acceleration are 1
and the length scale is 1/5, because of this the scale factors for the force and gravity mass had to
be 1/25 to satisfy similitude law. Hence, the input ground acceleration time histories for the shake
table testing had to be scaled in time and amplitude to result in consistently scaled seismic forces.
The resulting key model dimensions and parameters are summarised alongside the prototype
values in Table 4.2.

Table 4.3 - Scale factors

Quantity Scaling Law Scale Factor
Length S 1/5
Stress So 1

Gravitational Acceleration 59 1
Strain Se =S, 1
Force S =SS, 1/25
Gravitational Mass I =S (S;f)_l 1/25
Seismic acceleration S5 =Sp(S5)t 5
Seismic mass S5 =St 1/125
Time Sy = (5,)05(835)705 1/5
Frequency Sp=(S)™" 5
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4.7 DETAILED MODEL WALL DESIGN AND
CONSTRUCTION

4.7.1 SRW models

The dimensions of the SRW model scaled from the prototype were presented in Table 4.2. The
key dimensions of the SRW model were a wall length of 800 mm, a wall width of 125 mm, an
effective height of 2648 mm, and an effective mass of 3.93 tonnes. This SRW model is referred
to as SRW-A for the rest of this thesis. A second SRW was also investigated, to study the
behaviour of two different SRW systems with different geometry and initial PT force, referred
to as SRW-B.

The corresponding cross-sections of each of the SRW model designs are provided in Figure 4.6.
SRW-A and SRW-B consisted of a precast concrete wall panel cast with ducts along the length
for placement of the unbonded PT tendons. The wall panel used for SRW-A had a length,
thickness and height of 800 mm, 125 mm and 2860 mm, respectively, while the wall panel used
for SRW-B had a length, thickness and height of 27000 mm, 120 mm and 3000 mm, respectively.
The PT tendons used for SRW-A were 15.2 mm prestressing strand, and the PT tendons used for
SRW-B were 15 mm diameter high strength bars. The elevation detail of SRW-A and SRW-B
is depicted in Figure 4.4. The targeted initial prestress (fni) in the wall PT was 239 MPa (0.24fy)
for SRW-B and 696 MPa (0.45fy) for SRW-A. Test wall SRW-A used three tendons and SRW-
B used only two tendons. As described in the prototype wall design section the targeted initial
prestress force was selected to maximise the wall moment capacity while keeping the axial force
ratio (AFR) below 10% to ensure no significant crushing occurred in the wall compression toe.
The wall PT tendons used in SRW-A had a typical unbonded length of 3600 mm, while the
typical unbonded tendon length for SRW-B was 3900 mm.

The panels were reinforced with minimum horizontal reinforcement at 100 mm centres,
minimum vertical reinforcement with the layout shown in Figure 4.6 and Figure 4.7, and with
specially designed confinement reinforcement at the wall base spaced at 40 mm centres over a
height of 200 mm up the wall, as shown in Figure 4.5(a) and (b). The confinement reinforcement
was designed for the wall toe using the confined concrete model described by Mander et al. [103]
with the maximum expected compressive strain in the wall toe calculated using the simplified

analysis method proposed by Aaleti and Sritharan [62]. Detailed confinement calculations are
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provided in Appendix B for the two wall panels of SRW-A and SRW-B. A steel angle base frame
constructed from 25x25x5 mm equal angle was cast into each precast wall end for additional
confinement and protection of the panel edge, as shown in Figure 4.5(c). Detailed construction

drawings of the two SRW panels are provided in Appendix A.

207 mm
406 mm —o

200 mm 200 mm 200 mm

PT tendon——"""|

|

Precast—
wall

panel

3000 mm
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800 mm 1000 mm

SRW-A SRwW-B

Figure 4.4 — Elevation of SRW model walls

() SRwW-B (b) SRW-A and PreWEC-A/B (c) Armouring
angle frame

Figure 4.5 — Base of wall reinforcement and construction details
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125 mm

4.7.2

Three PreWEC system models were investigated which are referred to as PreWEC-A, PreWEC-
B and PreWEC-C. The PreWEC system designs were based on the SRW-A model with the
addition of end columns and varying amounts of additional energy dissipating devices that
provided higher energy dissipation capacity and strength. To isolate the influence of the number
of O-connectors, all parameters between SRW-A, PreWEC-A and PreWEC-B systems were kept

constant except for the number. of O-connectors. FThe parameters of PreWEC-C were chosen to
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Figure 4.6 — Cross-sections of model walls
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Figure 4.7 — Wall panel reinforcement detail
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attain a moment capacity comparable to PreWEC-A with a different combination of dissipation
devices and initial PT force. As a result of the addition of O-connectors and columns the PreWEC
models are theoretically over-designed for the given prototype scenario.

The PT tendons used for PreWEC-A, B, and C were 15.2 mm prestressing strand, the same as
that used for SRW-A. The targeted initial prestress (fpi) in the wall PT was 696 MPa (0.45fy) for
PreWEC-A, B, and C. PreWEC-A, and B, each used three tendons and PreWEC-FV-C used only
two tendons (#1 and #3 for PreWEC-C as labelled in Figure 4.6). PreWEC-A, B, and C consisted
of identical precast concrete wall panels to SRW-A with the addition of two PT end columns
constructed from concrete filled square steel hollow sections (SHS) with a width, length and
thickness of 125x125x5 mm and a height of 2350 mm. The corresponding cross-sections of each
of the PreWEC model designs are provided in Figure 4.6.

200 mm 200 mm 200 mm 200 mm 200 mm 200 mm 200 mm 200 mm 200 mm
I T —1—
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|

| ——No PT tendon

et 1T i
column ,{ E

O-connector —

715 mm
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] : 10 ol lan
PT tendon——&T [ | £ g I
g g 8
& & &

715 mm

==n
T
)
715mm

Precast
wall
panel

954 mm

715mm
715 mm

800 mm 800 mm 800 mm
20 mm 125 mm 20 mm 125 mm 20 mm 125 mm

PreWEC-A PreWEC-B PreWEC-C

Figure 4.8 — Elevation of PreWEC model walls

The design initial PT force of the columns was 220 kN per column using a 26.5 mm diameter
stress-bar with an unbonded length of 3000 mm for all PreWEC tests. The targeted initial PT
force in the columns was selected to ensure that the columns did not lift off the foundation using
the design procedure published by Aaleti and Sritharan [104]. The O-connectors were placed
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across the wall-to-column joint, welded between the SHS and steel plates embedded into the
precast concrete wall panel. As presented in Figure 4.8, PreWEC-A, B, and C were designed to
have four, six and six O-connectors per joint, respectively, creating three systems with different
quantities of hysteretic energy dissipation and varying flexural capacities. The measured initial
prestress, concrete compressive strength and other measured properties are provided in the
relevant chapters. The elevation detail of the three PreWEC systems are depicted in Figure 4.8
and detailed construction drawings of the three PreWEC panels are provided in Appendix A.

4.7.3 Summary
The wall system testing presented in this thesis used the SRW and PreWEC system designs

described in the previous parts of this chapter. To address the static and dynamic experimental
testing objectives, three wall testing phases were conducted to attain a refined understanding of
the experimental response of SRW and PreWEC systems using loading types of varying
complexity that are considered to simulate seismic action. The wall testing begins with pseudo-
static cyclic testing which is the simplest and most commonly used loading type and is reported
in Chapter 5. The wall testing then progresses to snap back tests as reported in Chapter 6. Snap
back testing is able to provide both a monotonic pushover force-displacement response and also
the dynamic displacement and acceleration decay of the wall systems. The wall tests culminated
with shake table testing which allows measurement of the dynamic response of the wall systems

to ground motions.

A summary of the design parameters and types of test performed in this thesis on each design of
SRW and PreWEC systems investigated is presented in Table 4.4. The design AFR was 7.5%
for SRW-A, PreWEC-A, and B, 2.0% for SRW-B, and 5.0% for PreWEC-C. Pseudo-static cyclic
testing was performed on SRW-A, and B, PreWEC-A, and B. Snap back testing was performed
on SRW-A, PreWEC-A, B, and C. Lastly, shake table testing was performed on SRW-A,
PreWEC-A, and PreWEC-B. A new wall panel was used for each new loading type and test.
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Table 4.4 — Test wall summary

O-connectors AFR (fc/f'c)

Wall Label Tendon Type per joint (%) Test type
SRW-A Strand - 7.5 Cyclic, FV, ST
SRW-B Bar - 2.0 Cyclic

PreWEC-A Strand 4 7.5 Cyclic, FV, ST

PreWEC-B Strand 6 7.5 Cyclic, FV, ST

PreWEC-C Strand 6 5.0 FV

4.7.4 Reinforcement material properties

As stated earlier, both 15 mm diameter high strength bars and 15.2 mm diameter strands were
used for the wall PT tendons. Three tensile tests per PT tendon were conducted and the measured
stress-strain behaviours of the two types of tendon are given in Figure 4.9(a). All steel tensile
testing was conducted in accordance with the metallic materials tensile testing standard [99].
The 15 mm stress bar had an average measured yield stress of 997 MPa, ultimate stress of
1156 MPa, modulus of elasticity of 201 GPa, and cross-sectional area of 177 mm?. The 15.2 mm
strand had an average measured yield stress of 1540 MPa, modulus of elasticity of 199.5 GPa,
cross-sectional area of 143 mm? and a measured ultimate stress of 1735 MPa. The ultimate
strength was lower than the 1825 MPa stated on the mill test certificate due to premature fracture
of strand at the anchorage at strains of approximately 1%, which has been found to be a common
problem with existing monostrand anchors [105], and new anchorage systems have been
developed to overcome this issue [106]. In this case the strand failure strain was not considered
critical as the initial prestress was selected to prevent the strand reaching yield during testing.
The concrete filled steel tube had an average concrete compressive strength of 38.2 MPa
determined on the day of testing of the pseudo-static cyclic test PreWEC-A wall, this value is
therefore a minimum for all subsequent tests as the same undamaged columns were reused for
all tests. The wall vertical and horizontal reinforcement consisted of HD10 (10 mm diameter
grade 500 MPa deformed bar) and R6 (6 mm diameter grade 300 MPa round bar) bars
respectively. The measured stress-strain response for the reinforcing steel samples are presented
in Figure 4.9(b), including HD10#1 the vertical reinforcement for SRW-B, HD10#2 the vertical
reinforcement for SRW-A, PreWEC-A, B, and C and R6, the horizontal reinforcement for all
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test walls. The stress-strain response of the HD10 bars showed no significant yield plateau due
to the small diameter bars being manufactured from straightened coil stock.
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Figure 4.9 — Measured steel material properties for all tests

4.7.5 O-Connector properties

Each wall and corresponding two end columns in each PreWEC system were connected
horizontally by 10 mm thick mild steel O-connectors. The O-connectors used in the testing of
all PreWEC systems are referred to as O-connector geometry type “O1” as described in Chapter
3. The expected structural responses and construction details of relevant O-connector to the wall
systems tested are reiterated here for clarity. The O-connectors were laser cut out of 10 mm thick
mild steel plate with the geometry shown in Figure 4.10(a). The stress-strain behaviour of the
mild steel plate established from uniaxial tension tests is shown in Figure 4.10(b). A component
test was performed on the O-connector using the setup shown in Figure 4.11(a). The test setup
consisted of four O-connectors which provided an average connector response. The displacement
protocol applied to the O-connectors was identical to the relative vertical displacement of the
column to wall measured during the PreWEC-A2 cyclic test reported in Chapter 5. The measured
force-displacement response of a single O-connector for the applied relative vertical
displacement is shown in Figure 4.11(b). A stable force-displacement response was observed
until fracture of the O-connectors initiated during the second cycle to 22 mm vertical
displacement, which corresponded to 3% lateral wall drift during the PreWEC-A test.
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Figure 4.10 — O-connector dimensions and steel properties
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Figure 4.11 — O-connector test setup and measured response

4.8 CHAPTER SUMMARY

This chapter presented the DDBD steps conducted for the prototype wall design used to develop
the design the prototype wall. The similitude scaling procedures used to define the model SRW
were then described. The design of all test walls reported in this thesis was then discussed. The
test walls consisted of two SRW designs referred to as SRW-A and SRW-B, and three PreWEC
system designs referred to as PreWEC-A, B, and C. The different designs and parameters for
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each wall were described in detail in this chapter. The measured reinforcement material
properties are presented to reduce repetition throughout the following test chapters. Lastly, the
measured O-connector properties and geometry incorporated in the wall designs was presented.
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Chapter 5

CYCLIC TESTING

To better understand the seismic behaviour of unbonded Post-Tensioned (PT) concrete wall
systems a cyclic testing experimental study was conducted and subsequently reported in this
chapter. A total of four wall systems were considered, including two single unbonded PT only
walls, referred to as Single Rocking Walls (SRW), and two PreWEC systems as described in
Chapter 4. The objective of these four wall tests was to systematically investigate the cyclic
response of walls with varying amounts of supplemental damping in the form of energy
dissipating O-connectors while keeping the initial post-tensioning, wall dimensions and
confinement details constant. The wall tests also provided an opportunity to further validate the
wall panel design, including the choice of Axial Force Ratio (AFR) and confinement details, and
to compare the experimental results of the walls against an existing simplified analysis method

used for the design of PT wall systems.

5.1 EXPERIMENTAL PROGRAMME

The experimental programme consisted of pseudo-static cyclic testing of four walls, two SRWs
(SRW-A, and SRW-B) and two PreWEC systems (PreWEC-A, and PreWEC-B). The variation

of parameters between the test walls was outlined in Chapter 4. SRW-A and SRW-B were varied
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to investigate the behaviour of two different SRW systems with different geometry and initial
post-tensioning force. PreWEC-A and PreWEC-B specimens were designed based on the
addition of end columns and energy dissipating O-connectors to SRW-A. To isolate the influence
of the number of O-connectors, all other parameters between SRW-A, PreWEC-A and PreWEC-
B systems were kept constant. Two cyclic tests were performed on PreWEC-A which are referred
to as PreWEC-A1 and PreWEC-A2 as explained in further detail in section 5.2.

5.1.1 Wall specifications

The design parameters of the four walls tested are provided in Table 5.1. The measured AFR of
each test wall, SRW-A, SRW-B, PreWEC-ALl, PreWEC-A2, and PreWEC-B were 9.53%,
2.49%, 7.84%, 7.96%, and 8.4% respectively. Where the AFR is defined as the ratio of post-
tensioning tendon force plus the wall self-weight and additional weight divided by the axial
crushing capacity of the concrete section. Appendix B of the New Zealand Concrete Structures
Standard (NZS 3101:2006) [18] outlines special provisions for the design of ductile jointed
precast concrete structural systems as described in Chapter 4. The moment contribution ratio (1)
was described in Chapter 4 for its use in determining the EVD of unbonded PT systems with
additional energy dissipating devices, however A is also used as an index that is intended to
ensure self-centring. NZS 3101 states that the moment contribution from the restoring forces (PT
and axial load) to the energy dissipating elements must be greater than or equal to the
overstrength factor for the energy dissipating devices. However, previous research has found that
this procedure is inadequate to ensure that self-centring is achieved when realistic PT concrete
systems are subjected to earthquake loads [28, 107]. Despite these limitations, A is still a useful
property that represents the relative amount of energy dissipation in PT systems. As presented
in Chapter 4, and reiterated in Table 5.1, PreWEC-A and PreWEC-B had four and six O-
connectors per joint, respectively. For design lateral drifts between 1-2%, the A ratio for
PreWEC-A and PreWEC-B remained approximately constant at 3.25 and 2.30, respectively,
which are greater than the minimum value of 1.15 prescribed in Appendix B of NZS 3101:2006

to ensure re-centering.
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Table 5.1 — Wall specifications

AFR (fo/f")

I_WSHI Tendon fpi (MPa) fetest  [gitest (%) O -Con.
abe type Target  Achieved (MPa)  (MPa) Target  Achieved per joint
SRW-A Strand 696 686 35.0 36.3 7.5 9.53
SRW-B Bar 239 233 32.0 60.0* 2.0 2.49 -
PreWEC Strand 696 694/705 42.7 60.2 7.5 7.84/7.96 4
-A (1/2)
PreWEC Strand 696 710 40.7 48.4 7.5 8.4 6
-B

*grout strength measured one week prior to wall test

5.1.2 Material properties

In accordance with New Zealand Standards [108] test cylinders and cubes were used to
determine the compressive strength of each wall and the grout pad. The measured concrete
(Fétest) @nd grout (fg cese) strengths on the day of testing for each wall are provided in Table 5.1.
As stated in Chapter 4, 15.2 mm strand was used for the wall PT tendons in SRW-A, PreWEC-
A, and B, and 15 mm high strength bar was used for SRW-B. Three tensile tests were conducted
on each type of PT tendon to determine the material properties. The properties of the PT tendons
and vertical and horizontal reinforcement have already been reported in Chapter 4 and are

consequently not reiterated here.

5.1.3 O-Connector properties

Each wall and corresponding two end columns in each PreWEC system were connected
horizontally by 10 mm thick mild steel O-connectors. Expected structural responses and
construction details are specified in Chapter 4 and are referred to as connector type “O1” in
Chapter 3.

5.1.4 Test setup

A schematic and photo of the typical test setup and instrumentation of a PreWEC test is presented
in Figure 5.1. The wall panels were erected onto a foundation block that was post-tensioned to
the strong floor. A 40 mm deep by 160 mm wide shallow pocket which ran the length of the wall
system was provided in the top of the foundation. The wall was initially supported on small
30 mm high shims and high strength grout was flowed under the wall to fill the pocket and

provide an even bearing surface.at the wall-to-foundation interface. The wall was embedded
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approximately 10 mm into the grout pocket to increase the sliding shear resistance. To limit the
concrete compressive strains and spalling of cover concrete in the toe region, SRW-A, PreWEC-
A and PreWEC-B had a foam strip across the width of the cover region (15 mm) glued at each
wall end, as depicted in Figure 5.2(a). It is important to note that use of the foam effectively

shortens the length of the wall by 30 mm to 770 mm.

A concrete block was attached and grouted on top of the wall and steel beams were placed
adjacent to the block to prevent out-of-plane deformations of the wall. To perform the pseudo-
static cyclic testing, a hydraulic actuator was attached through the loading block at a height of
3.11 m for SRW-B and 3 m for SRW-A, PreWEC-A, and PreWEC-B from the wall base. The
PT tendons of the walls and columns were anchored between the foundation and top block and
remained unbonded over the entire height. The typical unbonded length of wall tendons for
SRW-A, PreWEC-A and PreWEC-B was 3600 mm and 3900 mm for SRW-B. The typical strand
anchorage is shown in Figure 5.2(b). A specially designed and manufactured threaded barrel
with round nut was used to finely adjust the initial tendon stress and de-stress without having to
release the wedges from the barrel. For SRW-A, PreWEC-A and PreWEC-B the top concrete
block weighed 31.35 kN and for SRW-B the top concrete block weighed 20.11 kN. The top
block provided additional mass for dynamic tests that were performed using the same test setup,
that are discussed in Chapter 6 and Chapter 7. Due to the slightly different setup between SRW-
B and the other test walls SRW-B had a centre of mass, including wall mass, of 2841 mm from
the base of the wall while SRW-A, PreWEC-A and PreWEC-B had a centre of mass of 2657 mm
from the base of the wall. Further details of the test relevant to the dynamic tests are described

in the relevant chapters. Specific detail of the two test setups is provided in Appendix A.
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Figure 5.1 — Test setup and instrumentation schematic for PreWEC te