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“It can scarcely be denied that the supreme goal of all theory is to make the irreducible
basic elements as simple and as few as possible without having to surrender the
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adequate representation of a single datum of experience.

Albert Einstein






ABSTRACT

This thesis presents a novel frictional damping device for application with Post-Tensioned (PT)
frames. A conceptual system named a Frictional Sliding on a Sprung Slope (FSSS) system is
proposed first. Its mechanical schematisation is presented, and the theoretical hysteretic behaviour
is discussed. The FSSS system has a triangular-shaped hysteretic curve with an amplitude-
increasing resistance and a zero-activation threshold. Then, an innovative physical realisation of
the conceptual FSSS system is presented and named a Sliding Keys on Inclined Deflecting-
cantilevers (SKID) device. The device uses the end stiffness of cantilever bars as the “sprung-
slope” for generating an amplitude-dependent normal force. The reliability of using cantilever
bars is discussed. (Chapter 3)

To demonstrate the SKID device, two 1/4 scale-reduced prototypes are designed and
manufactured. They have negative unloading stiffness (SKID A) and positive unloading stiffness
(SKID B), respectively. By conducting quasi-static cyclic tests, it is found that they exhibited
stable and repeatable triangular-shaped hysteretic curves, verifying a satisfactory consistency
between the theoretical behaviour and the test results. In addition, SKID configurations having
different manufacturing parameters (i.e., friction materials, cantilever bar stiffness and slope
angle) are built and tested by both cyclic and fatigue tests to investigate the behaviour sensitivity.
(Chapter 4)

Chapter 5 presents the application of the SKID device in PT frames (the PT-SKID frames). The
theoretical hysteretic performance of the PT-SKID frame is discussed by deriving its analytical
formulations. The PT-SKID frame has a dual-triangular-flag-shaped hysteretic curve, featuring a
full self-centring capability. Then, three PT frames with and without the SKID device are analysed
numerically using OpenSees as a numerical proof-of-concept. Incremental dynamic analyses
(IDA) are carried out to explore the contribution of the SKID device. The results show that the
device significantly reduces the seismic response of the PT frame and no residual deformations
are observed after the earthquake excitations. Additionally, more than 700 one-story one-bay PT
frames with different SKID devices (PT-SKID frames) are numerically tested to investigate the
dynamic characteristics of the structural system affecting the seismic response.

Chapter 6 investigates the linear equivalence of the PT-SKID frames for estimating peak seismic
displacement response. The linear equivalent system is constructed by its secant stiffness and the
equivalent damping ratio estimated by Jacobsen’s method. Such linearisation is the basis of Direct
Displacement-Based Design (DDBD). Then, the accuracy of the linearisation to assess the peak
seismic displacement response is evaluated by numerically testing 5,880 mid- to long-period PT-
SKID frames. The results show that the linear equivalence frequently underestimated the peak
displacement response, leading to an unconservative design in the DDBD. To eliminate the
influence of this error, a correction factor is suggested for the design spectrum used in the DDBD
of the PT-SKID frames.

Chapter 7 proposes a novel Post-Tensioned Precast Warehouse structure with the Sliding Keys
on Inclined Deflecting-cantilevers Device (the PTPW-SKID Structure) following the concept of
the PT-SKID frame for industrial buildings. The structure comprises a PT outer frame and a SKID
inner frame. The PT outer frame supports the roof and cladding systems; and the SKID inner
frame supports the SKID devices and crane system. The design and seismic performance of the
PTPW-SKID structure are presented by a case frame located in L'Aquila, Italy. The Direct
Displacement-Based Design (DDBD) method is utilised for the seismic design. A 3D numerical
model is built in OpenSees. Both quasi-static and seismic dynamic analyses are carried out to
investigate its hysteretic behaviour and the seismic response.
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Chapter 1  Introduction

1.1 Motivation

On February 06, 2023, southern Turkey and Northern Syria were struck by a My, 7.8 earthquake,
followed by a series of aftershocks with the highest magnitude of My, 7.7. As of June 01, over
50000 death were confirmed, and at least 2.3 million people left homeless, according to the United
Nations (2023). Earthquake events like this have caused collapse of structures and consequently
massive casualties and economic losses both in developing and developed countries. To improve
the seismic resistance of structures, modern design codes have widely adopted ductile design logic.
By introducing a reduction factor (a.k.a., the behaviour factor), the equivalent horizontal force
considered in design is reduced, and plastic hinges are allowed to form at assigned positions to
dissipate energy. This design method successfully balances the construction costs and life safety.

However, the structures following this design logic inevitably incur damage in structural
components, even in earthquakes with low intensities. Most of them have been demolished after
earthquakes because of the technical or economical issues of repair. According to McCormick et
al. (2008), a residual drift ratio greater than 0.5% makes demolishing and rebuilding more
economical than repairing damaged structures. In Christchurch earthquake of 2011, about 50%
of buildings in central business district were identified to be unusable and 1000 buildings were
demolished, resulting in an estimated cost of 40 billion dollars for reconstruction (Chancellor et
al., 2014). The unavailability of such buildings led to stagnation of economic activities and further
economic losses. A case is the Emilia earthquake of 2012, which caused direct losses of 1 billion
Euros and additional 5 billion losses due to the interruption of production activities (Magliulo et
al., 2014).

Improving seismic resilience of structures and making them operational in the aftermath of
earthquakes have been identified as important targets in modern earthquake engineering. A
pioneer work is the Precast Seismic Structural Systems (PRESSS) program carried out in 1990s
(Priestley 1991). A self-centring precast moment-resisting concrete frame system was proposed
and tested. The beams and columns were fastened to each other using prestressed cables, as were
the columns to the foundations. Such connections were allowed to open (i.e., joint opening
mechanics) when the frame was subjected to horizontal actions. The joint opening introduced a
stiffness softening at large displacement, lengthening the structural period and capping the
maximum loads accrued by the frame. In 2019, Obbdjornsson (2009) and Alexander et al., (2011)

abstracted a one-story one-bay post-tensioned (PT) frame from the PRESSS structures. The quasi-
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static properties and dynamic behaviours of the PT frame was systematically investigated by
theoretical analysis and experimental shake-table tests. The research was then extended to multi-
story buildings. Results indicated that damping devices are required in the PT frames as they do

not provide any hysteretic damping.

The options for the damping devices can be friction based or hysteretic sacrificial-based. These
devices perform a parallelogram-shaped hysteretic curve. Their energy dissipation capability is
decided by the activation threshold, which is the frictional sliding activation force for frictional
damping devices and the yield force of the hysteretic sacrificial devices. A greater activation
threshold yields a better energy dissipation, however, requires a higher pre-tension force from the
PT frame to make the damping device recentre. Additionally, the device with a greater activation
threshold may not be triggered in low-intensity earthquakes, while a device with a low activation
threshold may not dissipate sufficient energy in severe events. Therefore, these devices cannot
satisfy all competing design criteria: (i) providing sufficient energy dissipation in severe
earthquakes, (ii) dissipating energy in low-intensity events, and (iii) having a low activation
threshold for re-centring. Besides, the hysteretic sacrificial devices may retain non-zero residual
stresses and need repair after a strong event, raising health and safety concerns over the repair
works. For frictional damping devices, measuring and ensuring the correct magnitude of the

normal force is problematic.

This research aims to propose a novel device for providing large energy dissipation without an
activation threshold. The device is intended for application within the PT frames to provide
additional hysteretic damping but does not inhibit their self-centring. The mechanical
schematisation is presented by proposing a conceptual Frictional Sliding on a Sprung Slope (FSSS)
system. Then, a practical configuration is proposed and termed a Sliding Keys on Inclined
Deflecting-cantilevers (SKID) device. The reliability and stability of the SKID device are
physically demonstrated by carrying out quasi-static cyclic tests and fatigue tests. In addition, the
study numerically investigates the application of the SKID device within the PT frames. The
contributions of the SKID device to the seismic control of the PT frames are discussed. The
influence of the SKID parameters on the dynamic performance of the PT-SKID frames is analysed.
The reliability of the DDBD design with the linearisation based on Jacobsen’s method is explored.
Finally, a new Post-Tensioned Precast Warehouse structure with the SKID device (the PTPW-
SKID structure) is proposed by following the PT-SKID conception for industrial buildings.

1.2 Objectives and scopes

The research presented in this thesis contributes to the solutions of the following issues:



1. Is it possible to propose a device for providing significant energy dissipation into a post-
tensioned (PT) frame without inhibiting its self-centring? How does the device (the conceptual

FSSS system) work? Can we achieve the proposed conception by a simple configuration?

2. Is the proposed physical configuration (the SKID device) stable? How consistent is the theory
with empirical experience? How do the SKID parameters (friction coefficient, slope angle, and

cantilever stiffness) affect its hysteretic behaviour?

3. What is the contributions of the SKID device to the dynamic control of the PT frames? What
are the dynamic features of the PT-SKID frames? What is the sensitivity of the seismic responses
of the PT-SKID frames to the SKID properties?

4. How is the accuracy of the linearisation based on Jacobsen’s method to estimate peak drift ratio
response of the PT-SKID frames subjected to earthquake ground motions? Does the DDBD
method work well for the seismic design of the PT frames? Could we obtain a more reliable

seismic design results?

5. Is it possible to propose a full self-centring industrial structure by following the PT-SKID
conception? What is the structural arrangement and the load paths of the proposed structural
system? How could we design the proposed system (the PTPW-SKID structure)? How well does

it work in earthquakes?

1.3 Structure of thesis

The research in this thesis is presented in eight chapters as follows:

Chapter 2 presents a literature review regarding self-centring structures. A brief description of the
rocking podium structures is presented, followed by a detailed introduction to the post-tensioned
self-centring (PTSC) structures. Then, the damping device options for the PTSC structures are
presented. The problems raised by existing damping devices on the performance of the PTSC
structures are discussed. Finally, the seismic design methods of the PTSC structures are

introduced.

Chapter 3 presents the conception and theoretical derivations of the FSSS system and the SKID
device. The conception of the FSSS system and its mechanical schematisation are presented first.

Analytical formulations are derived to estimate its hysteretic behaviours. Then, an innovative



physical realisation of the conceptual FSSS system is presented. The device uses the end stiffness
of cantilever bars as the “sprung-slope” and is named a Sliding Keys on Inclined Deflecting-
cantilevers (SKID) device. The reliability of using cantilever bars as a means of generating normal

force is discussed.

Chapter 4 reports the physical demonstration of the SKID device. Two groups of tests are carried
out. The first group consists of two 1/4 scale-reduced specimens having negative unloading
stiffness (SKID A) and positive unloading stiffness (SKID B). Both specimens are subjected to
the same quasi-static cyclic loading protocol. The aim of these tests is to verify the conception of
the SKID device. The test results are compared with the theoretical hysteretic curves, verifying a
satisfactory consistency between them. The second group has six SKID specimens having
different manufacturing parameters (i.e., friction materials, cantilever bar stiffness and slope
angle). They are tested to investigate the sensitivity of behaviour. Both cyclic and fatigue tests
are conducted to assess SKID performance empirically.

Chapter 5 presents the application of the SKID device in the PT frames (the PT-SKID frames).
The hysteretic performance of the PT-SKID frame is discussed by deriving the analytical
formulations for estimating its hysteretic curve. Then, three heuristic PT frames with and without
the SKID device are analysed numerically using OpenSees as a numerical proof-of-concept.
Incremental dynamic analyses (IDA) are carried out for a set of ground motions. Additionally,
more than 700 one-story one-bay PT frames with different SKID devices (PT-SKID frames) are
numerically tested to investigate the dynamic characteristics of the structural system affecting the

seismic response.

Chapter 6 investigates the linear equivalence of the PT-SKID frames based on Jacobsen’s method
for estimating peak seismic displacement response. Such linearisation is at the base of the Direct
Displacement-Based Design (DDBD) of such structural systems. A simplified model capturing
the hysteretic properties of the PT-SKID frames is proposed. Then, a linear equivalent system of
the PT-SKID frame is constructed by its secant stiffness and the equivalent damping ratio
estimated by Jacobsen’s method. The accuracy of the linear equivalence to assess the peak seismic
displacement response is evaluated by numerically testing 5,880 PT-SKID frames covering the
most common range of parameters. The results show that the linear equivalence frequently
underestimates the peak displacement response of the mid- to long-period PT-SKID frames,
leading to an unconservative design in the DDBD. To eliminate the influence of this error, a

correction factor is suggested for the design spectrum in the DDBD of the PT-SKID frames.

Chapter 7 proposes a novel Post-Tensioned Precast Warehouse structure with the Sliding Keys

on Inclined Deflecting-cantilevers Device (the PTPW-SKID Structure) following the concept of
4



the PT-SKID frame for industrial buildings. The structural arrangement is presented and load
paths are discussed first. Then, a case frame located in L'Aquila, Italy is designed to demonstrate
its seismic performance. The Direct Displacement-Based Design (DDBD) method is utilised for
the seismic design. Finally, a 3D numerical model is built in OpenSees. Both quasi-static and
seismic dynamic analyses are carried out. The hysteretic behaviour and the seismic response of

the case structure are investigated and discussed.






Chapter 2 Literature review

2.1 Introduction

Earthquakes, as one type of most severe natural disasters, have caused collapse of structures and
consequently casualties and economic losses both in developing and developed countries. Design
and construction technologies for improving the seismic resistance of structures have been
developed by researchers for centuries. The early logic is increasing the stiffness and strength of
structural components by using larger sections and stronger materials to control deformation and
damage, commonly known as “stiff” design. However, this methodology requires a high demand
for materials and limits the span and height of structures. Additionally, from a modern earthquake
engineering perspective, high stiffness would increase the equivalent lateral forces accrued by

structures.

In modern design codes (CEN 2004; SNZ 2004; ATC 2009; ASCE 2017; AISC 2010), ductile
plastic zones are allowed to be formed at assigned positions in structures to dissipate seismic
energy and lengthen the effective period. It is achieved by using a reduction factor (i.e., the
behaviours factor in EC8) to reduce the considered equivalent lateral forces in design. This design
logic has successfully balanced the trade-off between structural safety and construction costs, but
it inevitably induces damage in structural components even in mild events. The damaged structure
weakens its seismic performance in successive earthquake events (Freddi et al., 2021). Although
this method has been recently improved by damage control and replaceable design technologies
(Di Sarno and Elnasai, 2005, Freddi et al., 2021), the post-earthquake repair is still generally
unadopted because of technical problems or exorbitant costs. Thousands of damaged structures
have to be demolished after earthquakes, which leads to the stagnation of economic activities and
further losses. A typical case is the Northridge earthquake in 1994, where considerable damaged
structures were demolished after the earthquake because of the loss of resilience capability. This
earthquake had a casualty of 57 but the economic losses were approximately 50 billion dollars
(Porter et al., 2006). In 2011, the Christchurch earthquake (with a magnitude of 6.3) rendered
about 50% of buildings in the central business district unusable because of severe damages, and
1000 buildings had to be demolished after the earthquake, which caused a cost of 40 billion dollars
(NZD) (account for approximately 20% GDP of New Zealand) for reconstruction (Chancellor et

al., 2014). In 2012, the Emilia earthquake caused direct losses of 1 billion Euros and an additional



5 billion induced by the stagnation of production activity (Magliulo, et al., 2014). Over 5000 jobs
were at risk because of the cease of production (Bricco, 2012). One of the main reasons behind
this is the residual deformation. According to McCormick et al. (2008a), a residual drift ratio of
around 0.5% can be perceivable by occupants, while a ratio of around 1.0% can result in
headaches and disrupt daily life for residents. Additionally, residual drifts after a mainshock may
increase the seismic response during strong aftershocks (Erochko et al., 2011; Ruiz-Garcia and
Aguilar, 2015) and impede escape from structures due to significant damage to non-structural
elements (McCormick et al., 2008b). FEMA P58 suggests that a probability of demolition, given
a residual drift ratio follows a lognormal distribution (ATC and NEHRP, 2012). Based on the
field investigation of 12 steel moment resisting frame buildings after the Hyogoken-nanbu
earthquake, Iwata et al. (2005) concluded that a residual inter-story drift ratio greater than 0.5%
makes repairing structures unviable because of technical problems or high costs. McCormick et
al. (2008a) suggested a 0.5% residual drift ratio as the threshold corresponding to building
functionality, construction tolerance, and safety. Numerical results from Erochko et al. (2011)
indicate that 6-storey structures with residual drift ratios greater than 0.5% no longer behave the
way they were designed. The demarcation point for acceptable residual drift likely falls between
0.5% and 1.0 %. This reinforced the 0.5% limit suggested by McCormick et al. (2008a).
According to Ramirez and Miranda (2012), economic losses in intermediate earthquakes are often
dominated by losses due to residual drifts, especially for high-rise buildings designed with modern
ductile methods. Obviously, larger residual drift ratios lead to higher repair costs (Dimopoulos et
al., 2016). Thus, improving the resilience of structures to enable them operational after

earthquakes has been widely seen as a significant goal.

The base isolation system effectively enhances structural resilience by limiting superstructure
damage under design-level seismic intensities. By decoupling the motion of the superstructure
from the ground shaking, the base isolation mitigates the forces and deformation accrued by the
superstructure. Recent years have witnessed the development and broad utilisation of various base
isolation systems, broadly categorised as elastomeric isolators (e.g., high-damping rubber
isolators, lead rubber isolators) and sliding isolators (e.g., flat sliding isolators, friction-pendulum
systems) (Di Sarno and Elnashai, 2005; Calviet at al., 2016; 2017). However, traditional base
isolation systems entail high operating costs and maintenance requirements. To address this, a
low-cost, easy-to-implement seismic base isolation system named PVC ‘sand-wich’ (PVC-s) was
proposed recently (Tsiavos et al., 2020; 2021a; 2021b, Sextos, et al., 2022). As shown in Figure
2-1, the PVC-s system consists of two layers of polyvinyl chloride (PVC) positioned underneath
the foundation, with said grains encapsulated between them. By allowing the PVC-s to slide, the
seismic demand of the superstructure can be reduced by 30% to 70% in the design-level intensities
(Sextos, et al., 2022). Generally, the base isolation systems work well under earthquakes with

design-level intensities, where the superstructure is expected to be in the elastic stage and
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possesses sufficient rigidity. However, the isolated structures may develop brittle failures under

unexpected events, lacking robustness (Freddi et al., 2021).
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Figure 2-1 PVC 'sand-wich' (PVC's) isolation system (Tsiavos et al., 2021a).

Another viable option for enhancing structural resilience is self-centring structures. The self-
centring structures are capable of automatically and promptly recovering back to their initial states
by allowing certain members or subassemblies to lift or rock around a pivot point (Bachmann et
al., 2017; Vassilion et al., 2017). These structures can be categorised into two groups: rocking
podium structures and post-tensioned self-centring (PTSC) structures. Rocking podium structures
permit superstructure to uplift freely by releasing whole vertical restrains, with their recentring
capability ensured by gravity. PTSC structures allow gap-opening at beam-column or column-
foundation connections. Post-tensioned cables are utilised to fasten structural components and
provide recovery forces, with energy dissipation devices are normally required for additional

damping.

The following sections focus on the historical development of self-centring structures. First, a
brief description of rocking podium structures is presented, followed by a detailed introduction to
PTSC structures. The PTSC structures covered in this literature review include self-centring
moment-resisting frames, frames with PTSC braced, and PTSC rocking walls. Then, the damping
devices used in PTSC structures are discussed, followed by an introduction to the designh methods

of these structures.



2.2 Rocking podium structures

As early as the mid-nineteenth century, researchers had realised the benefits of introducing
rocking features into structures, although perhaps unconscious. One example is the amount of
petroleum cracking towers that survived the Arvin-Tehachapi earthquake because they rocked on
foundation pads under the earthquake events because of the lack of vertical restraints (Housner et
al., 1956). In 1960, a study carried out by Muto et al. (1960) indicated that the overturning of
slender structures requires ground motions possessing very long periods and large amplitudes,
which are unlikely to occur in real earthquakes. This investigation demonstrated the theoretical

feasibility of rocking podium structures.

PRE-STRESSED CONCRETE
BRIDGE DECK

20011

+—— HOLLOW REINFORCED
CONCRETE CYLINDERS

SEE FIG5 FOR DETAIL

CONCRETE BASE SUPPORTS

Figure 2-2 A typical A-frame pier for railway viaducts (Beck et al., 1973).

A pioneer work of rocking podium structures is the stepping pier for a railway viaduct in New
Zealand proposed by Beck et al. (1973). As shown in Figure 2-2, the pier had an A-shaped
configuration in elevation, with the top of the pier fixed rigidly to the deck and the feet connected
with foundations using losing steel guide pins, allowing for uplifting. As the radiation damping
(a form of energy dissipation that occurs in uplifting and dropping actions) provided by rocking

mechanics is very limited (the equivalent viscous damping ratio is around 2%-6%) (Ajrab et al.,
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2004), energy dissipation devices were utilised for additional damping to limit maximum lift.
Computed lateral response of the pier under the EI Centro earthquake (1940) showed a substantial
reduction in the equivalent horizontal force induced by the earthquake because of the existence
of stepping action. Thus, the requirements for the sections and connections of the pier were
reduced. Additionally, the pier could promptly recover back to its initial state after the excitation

by the energy stored in the form of gravity.

In 1977, Huckelbridge et al. investigated a nine stories steel frame with rocking columns. A 1/3
scaled model was designed and manufactured. Its dynamic response was investigated by carrying
out shake table tests, and the results indicated that the equivalent lateral loads accrued by the
structure were reduced compared with its counterpart without the uplift feature. Additionally,
storing seismic energy by gravitational potential energy was found more economical than
dissipating it. Similar conclusions were also presented by (Clough, 1977; Meek, 1975; and
Preistley et al., 1978). Based on the theoretical analysis and physical tests results, providing
sufficient uplift limits for wind load and using a “shear key” to prevent walking off the foundation

were suggested (Huchelbridge et al., 1977).

After the 1980s, Russia and the former USSR built over 400 buildings with rocking columns
(Bachmann et al., 2017). Figure 2-3 shows a typical configuration of these systems, where the
columns on the ground floor were permitted to rock freely. Figure 2-4 shows details of the rocking
columns. The top and bottom of the columns were wrapped by steel caps to prevent concrete
crushing induced by high stress in rocking. These rocking podium structures performed well in
earthquakes, and the columns did not deteriorate over the years (Cherepinskiy, 2004; Uzdin et al.,
2009). The design guidelines based on the elastic fixed-base cantilever SDOF model were

proposed for this system (Polyakov 1974).
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(a) (b)
Figure 2-3 Full-scale dynamic tests of a rocking podium structure: (a) the four-story masonry

structure; and (b) rocking of a ‘kinematic bearing’ column (Bachmann et al., 2017).

(a) (b)
Figure 2-4 Rocking columns in bottom ‘kinematic bearing’ story: (a) completed (left) and
unfinished (right) column; and (b) rocking of columns in a free-rocking-motion test (Bachmann
etal., 2017).
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Figure 2-5 Configuration of the kinematics foundations (Cherepinskiy, 2004).

The concept of the rocking podium structures has been extended to wider structural systems
(Sharp and Skinner, 1983; Cherepinskiy, 2004; Uzdin et al., 2009; Kelly, 1993; Savinov et al.,
1995; and Dolgaya, 2002; Gelagoti et al., 2012; Kokkali et al., 2015). An example is kinematics
foundations (KF) which were widely used in multi-store buildings (Cherepinskiy, 2004). The KF
comprised a spherical abutment, a bedplate, a tie beam and a hinge junction, as shown in Figure
2-5. Investigations had shown that the KF was cost-effective and reliable to resist earthquake

events. Then, the rocking shallow foundations were developed with the inspiration of the
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nonlinear response of shallow foundations (where the failure of soil yielding and foundation
uplifting accommodated the ductility demand and improved the safety of the entire structure)
(Gelagoti et al., 2012; Kokkali et al., 2015). The structure with these foundations was found stable
in strong seismic ground motions (Gelagoti et al., 2012). However, under poor soil conditions,
the rocking shallow foundations may experience sinking dominant response instead of uplifting,
which induced permanent rotations. This can be sorted out by using a compacted soil layer

between shallow foundations and poor soil (Kokkali et al., 2015).

2.3 PTSC structures

The rocking podium structures rely on gravity to ensure the self-centring feature, which
successfully balances the dynamic performance and construction costs. However, gravity alone
cannot provide sufficient recovery force for lightweight structures, such as hospitals, multi-storey
parking structures, and office buildings (Chancellor et al., 2014). Thus, post-tensioned cables are
introduced into the system for additional recovery force, resulting in what is called post-tensioned
self-centring (PTSC) structures.

PTSC structures can be conceptualised as comprising two main parts: a self-centring part and a
damping device part. In the self-centring part, core members in certain structural components (e.g.
braces) and/or assemblies (e.g. beam-column connections, column bases) are fastened by the post-
tensioned cables, and the gap-opening is allowed between them, resulting in a nonlinear elastic
backbone curve (the force — deflection curve) with a stiffness softening at large deformation. The
stiffness softening effectively lengthens the period of the structure and limits the maximum
equivalent lateral force that the structure can accrued. Figure 2-6 shows a typical hysteretic curve
of the self-centring part of a post-tensioned moment-resisting steel frame (the PT frame) obtained
from both quasi-static and dynamic numerical analysis (Oddbjornsson, 2009; Kibriya, et al.,
2018). The equations for estimating the hysteretic behaviours of the PT frame and their
verification can be found in (Alexander et al., 2011). The gap-opening feature of the self-centring
part provides a chance for activating damping devices. As the damping provided by the gap-
opening mechanics is insufficient (Kibriya, et al., 2018), damping devices are generally required
in PTSC structures. The damping device could be hysteretic sacrificial devices (Xie et al., 2016;
Nakaki et al., 1999; Qiu et al., 2019; Priestley et al., 1999) or frictional damping devices
(Christopoulos et al., 2008; Tsai et al., 2008; Freddi et al., 2017; Pieroni et al., 2022). The
traditional damping devices have a parallelogram-shaped hysteretic curve (Figure 2-7), requiring
a recovery force to make them recentre. In PTSC structures, this recovery force is provided by

the post-tensioned cables. ldeally, the pretension force should be greater than the activation

13



threshold (which is the yield force of the hysteretic sacrificial devices or the sliding activation

force for the frictional damping devices) of the damping device to ensure self-centring.
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Figure 2-6 A typical hysteretic curve of the PT frame (Kibrya et al., 2018).
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Figure 2-7 A typical hysteretic curve of the hysteretic damping device proposed by Qiu et al.
(2019).

The pioneering work of PTSC systems was the Precast Seismic Structural Systems (PRESSS)
program in the 1990s, where a five-storey precast moment-resisting concrete building was
proposed and tested (Priestley, 1991; Priestley et al., 1999; Cheok, 1997). As shown in Figure 2-
8, The beams and columns of the hybrid frame were fastened by unbonded pre-stressed cables.
Mild steel reinforcements wrapped with solid grouted ducts were inserted into the top and bottom
of the beams. The steel reinforcements could deform yield when they were subjected to tension
or compression loads to dissipate seismic energy. The pre-tension force provided by the cables
could make the frame re-centre by overcoming the resistance force of the reinforcements in the

unloading stage. The dynamic results of a 60% scaled model showed that such a system could
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perform a low residual drift ratio, while damage was limited to minor spalling and crushing in

cover concrete and fibre grout pads (Priestley et al., 1999).
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Figure 2-8 Configuration of the hybrid frame interior connection proposed by Nakaki et al.
(1999).

The concept of the hybrid post-tensioned frames derived from the PRESSS program has been
extended to wider structural systems, members, and assemblies, such as self-centring moment-
resisting connections (Ricles et al., 2001; Christopoulos et al., 2002; Garlock et al., 2005; Chou
et al., 2006; Garlock et al., 2005; Garlock et al., 2008; Tsai et al., 2008; Wolski et al., 2009; Chou
and Chen, 2011; Dimopoulos et al., 2013; Vasdravellis and Karavasilis, 2013; Ralmzadeh and
Alam, 2017), self-centring braces (Christopoulos et al., 2008; Xie et al., 2016; Chou et al., 2016;
Wang et al., 2017; Moradi et al., 2018; Qiu et al., 2018), and self-centring rocking walls (Holden
etal., 2003; Kurama et al., 2004; Marriott et al., 2008; Dowden et al., 2019; Dowden et al., 2012;
Wau et al., 2019).

2.3.1 PTSC moment-resisting structures

The lateral resistance of the PTSC moment-resisting structures relies on the beam-column and

column-foundation connections. The members in these connections are fastened by post-
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tensioned cables, resulting in a high initial rotation stiffness. The Post-tensioned cables also
provide recovery force for self-centring. Gap-opening is allowed in these connections, and
members rotate around the flanges at the interface. Damping devices are installed and activated
by the gap-opening. These connections avoid the brittle failure of traditional weld connections
which were widely observed in the 1994 Northridge earthquake (Yussef et al., 1995). Additionally,
the self-centring feature of these connections makes the structure promptly occupiable after

earthquakes.

Both hysteretic sacrificial devices and frictional damping devices can be used for additional
damping in the PTSC connections. Figure 2-9 shows a typical configuration of a PTSC connection
where hysteretic sacrificial devices are used (Ricles et al., 2001). As shown, the top and bottom
flanges of the beam are bolted with the inner flange of the column by angles. These angles could
deform yielding with the rotation of the beam around the top or bottom pivot point (driven by the
gap opening at the top or the bottom between the beam and the column flange). The schematics
of the connection were physically demonstrated, and a six-story steel moment-resisting frame
with this type of connection was numerically investigated. Then, nine large-scale and six full-
scale interior connection subassemblies were physically tested by following cyclic protocols with
a maximum drift ratio of 4% (Ricles et al., 2002; Garlock et al. 2005). The results showed that
the connection could perform the compatible initial stiffness with a traditional welded connection.
The connection could self-recentre promptly after excitations and concentrated damage in the
angles (Ricles et al., 2001).

Shim Plate

ke Tl Post-
B tensioned
Strands

Sl ‘/

Angle

Flange

Washer Plate E;::{g rang

Figure 2-9 Configuration of the PTSC connection proposed by Ricles et al. (2001).

Figure 2-10 shows a PTSC connection with energy-dissipating bars (Christopoulos et al., 2002).

Four buckling restrained bars were symmetrically welded inside of the beam flange and wrapped

16



by confining cylinders. The bars provide additional hysteretic damping through axial deformation
under tension and compression, making it easier to estimate the strength and equivalent damping
of this connection. The core member of hysteretic sacrificial devices could also be web hourglass
pins (Vasdravellis and Karavasilis, 2013), reduced flange plates (Chou et al., 2006), or bolted T-
stubs (Mirzaie Aliabadi et al., 2013).
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Figure 2-10 The PTSC connection proposed by Christopoulos et al. (2002).

Frictional damping devices dissipate energy through the frictional sliding between sliding pads.
High-strength bolts with disc-spring washers are used to compress entire assemblies together and
provide normal forces (Wolski et al., 2009). As shown in Figure 2-11, the frictional damping
devices could be installed on the bottom and/or top flanges of beams (Figure 11 (a) and (b)) (Rojas
et al., 2005; Wolski et al., 2009), or webs of beams (Figure 11 (c)) (Tsai et al., 2008), or both
(Figure 11 (d)) (Pieroni et al., 2022). As the normal force applied by the high-strength bolts is
constant, these connections perform a rectangular-shaped hysteretic curve. Frictional damping

devices are normally repair-free after earthquakes.
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Figure 2-11 PTSC connections with frictional damping devices at: (a) both the top and bottom
flanges (Rojas et al., 2005); (b) only bottom flange (Wolski et al., 2009); (c) the web of beam
(Tsai et al., 2008) and (d) both the flanges and the web of beam (Pieroni et al., 2022).
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The aforementioned connections allow the beam rotates around both the top and bottom pivot
points to generate gap-opening, resulting in the expansion of frame. This expansion would be
restrained by columns and slabs, leading to additional axial forces on the beam (Rahmzadeh and
Alam, 2017). Additionally, this mechanism would affect the self-centring of the connection. Thus,
measures have to be taken to accommodate the frame expansions raised by the PTSC connections,
such as: (i) allocating floor slabs with collector beams (Garlock and Li, 2008; Garlock et al., 2006),
or (ii) having discontinuous decks and unbonded slabs near columns (Rojas et al., 2005). These
measures eliminate the interaction between the frame expansion and slabs (Chou and Chen, 2011).
Alternatively, the frame expansion can be avoided by allowing the beam to rotate only around the
top pivot point, as shown in Figure 2-12 (Dowden and Bruneau, 2011). In this case, the beam
ends were cut out, and post-tensioned cables were eccentrically anchored. Two sets of cables must
be used and anchored independently at two ends of the beam to achieve a self-centring feature.
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Figure 2-12 Configuration of the PTSC connection proposed by Dowdenet al. (2011).

2.3.2 Frames with PTSC braces

Braces can effectively increase the lateral stiffness of structures and achieve better drift response
control. However, traditional steel braces perform stiffness and strength degradation in
earthquake events, resulting in deformation concentration in certain stories. Buckling restrained
braces (BRB) greatly improve the hysteretic behaviour of braces and concentrate damages (Qu et
al., 2018), however, large residual deformation makes repairment of damaged braces
impracticable or uneconomical (McCormick et al., 2008). Thus, PTSC braces have been proposed

by many researchers. PTSC braces can be easily introduced into concentric braced frames by
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replacing traditional braces. Compared with PTSC moment-resisting frames, PTSC braced frames

avoid the challenge of frame expansion. (Chou et al., 2014).

As shown in Figure 2-13, PTSC braces comprise two bracing elements with a tension system and
energy dissipating devices (Christopoulos et al., 2008). The bracing elements with the tension
system perform a high initial stiffness and a stiffness softening feature by allowing gap-opening
between two bracing elements. The gap-opening mechanism also provides a chance for activating
the energy dissipating devices. The energy dissipating devices could be those based on frictional
sliding (Christopoulos et al., 2008), hysteretic sacrificial (Xie et al., 2016), or viscous
damping(Kitayama and Constantinou, 2017).
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Figure 2-13 Conceptual configuration of the PTSC braces (Christopoulos et al., 2008).

Figure 2-14 (a) shows a typical configuration of the PTSC brace proposed by Christopoulos et al.
(2008). The brace had two concentric rectangular steel tubes (an inner tube and an outer tube)
with the same length but different diameters. Two end plates were fastened and firmly against
two ends of the outer tube by post-tensioned cables. Aramid fibre-reinforced polymer (AFRP)
strands were used as the post-tensioned cables. The elastic strain capability of the AFRP was up
to 4%, which was much greater than that of steel cables (around 1%) (Ricles et al., 2001). The
energy dissipating devices of the brace are friction-based, comprising two highly polished Type
304 stainless steel outer pads and a non-asbestos-organic inner friction pad. The inner tube and
the outer tube were extended by end connections. When the brace was subjected to tensile or
compression loads, a gap will be generated between the outer tube and the end plate at one end of
the brace. The frictional damping device was activated by the malposition between two concentric
tubes, and recovery force was generated by the elongation of the post-tensioned cables. In the
unloading stage, the recovery force would overcome the resistant force of the frictional damping

device to make the brace recentre. The ‘yield’ force (i.e., the gap opening force) of this brace was
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decided by the pretension force. The hysteretic performance of the brace was physically

demonstrated by Christopoulos et al. (2008) and shown in Figure 2-14 (b).
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Figure 2-14 The PTSC brace proposed by Christopoulos et al. (2008): (a) the configuration and
(b) the hysteretic curve.

Although AFRP strands have a larger elongation capability than steel cables, they were stretched
at 84% of their ultimate strength when the brace reached a 1.3% elongation (which is
corresponding to a 2% inter-story drift of the prototype structure) (Christopoulos et al., 2008).
Thus, a friction fuse (Christopoulos et al., 2008) or buckling fuse (Lin et al., 2013) is required at
the anchor ends of the strands to prevent their brittle failure. To reduce the elongation requirement
on the post-tensioned cables, dual-core self-centring braces (DC-SCB) were proposed (Chou et
al., 2014; Wang et al., 2017). Figure 2-15 shows the configuration of a DC-SCB proposed by
Chou et al., (2014). The brace consisted of three sets of bracing elements, two sets of tensioning
elements, and fiction devices. The three sets of bracing elements had a concentric layout and were
denoted as the first core, second core and outer box, respectively. One end of the first core and
the other end of the outer box were extended to form two ends of the brace. Adjacent bracing
elements were cross-fastened at two ends with the inner end plate or the outer end plate by post-

tensioned cables. E-glass fibre-reinforced polymer (EFRP) cables were used as the post-tensioned
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cables. The energy dissipating device was frictional-based and activated by the malposition
between the first core and the outer box. The special configuration successfully reduced the
elongation requirement on the cables to half of the displacement between the two ends of the
brace. The hysteretic performance of the DC-CSB was physically demonstrated, and its
application in steel frames was numerically investigated in the following years (Chou et al., 2014;
2016; 2016a). The results indicated that the frame with the DC-SCB performed superior to
traditional BRB frames both in transient inter-story drift ratio response and residual deformation
(Chou et al., 2014).
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Figure 2-15 Configuration of the dual-core self-centring brace (DC-SCB) (Chou et al., 2014).

The dual-core configuration enables the utilisation of steel cables, which are seen as the most
cost-effective and easy-anchored choice for post-tensioned cables. However, the physical test
results showed that the initial stiffness of the DC-SCB was highly sensitive to the member length
accuracy. Even a small member length error of 1/3000 could significantly reduce the initial

stiffness of the brace, as reported by (Chou et al., 2014).
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2.3.3 PTSC rocking walls

Steel plate shear wall (SPSW) has been widely used in steel frames to provide lateral stiffness
and additional damping. It comprises a steel boundary frame and a thin steel infill plate or infill
web strips that dissipate energy by the buckling tension field action. However, residual
deformation is inevitable because of the buckling of the infill plate or web strips and the plastic
hinges in steel boundary frames (Dowden et al., 2012). To reduce residual deformation, self-
centring steel plate shear walls (SC-SPSWSs) was proposed by integrating the rocking mechanism
and post-tensioned moment-resisting connections with traditional SPSWs (Dowden et al., 2012).
The connections used in the SC-SPSWs could be those rocking around the top beam flanges or
the centreline (Clayton et al., 2012; Clayton et al., 2016; Dowden and Bruneau, 2019). The
performance of SC-SPSWs has been systematically investigated by physical tests and numerical
analysis (Dowden et al., 2012; Clayton et al., 2012; Clayton et al., 2016; Dowden and Bruneau,
2019; Clayton et al., 2013). The results indicated that this system could achieve a self-centring
feature with stable energy dissipating capability and high initial stiffness.

Holden et al. (2003) proposed a post-tensioned concrete rocking wall for concrete structures,
which allowed the concrete wall to rock around its bottom corners, generating a gap between the
wall and its foundation. Mild steel bars were placed crossing the gap for additional damping. Post-
tensioned cables passed through the gap to provide recovery force. Guide plates or thick
reinforcement plates were set at the corners to prevent severe cracking. Physical tests of a half-
scaled model indicated that visible damage could be successfully avoided under a cyclic loading
drift of over 2.5%, and the self-centring was achieved (Holden et al. 2003; Retrepo et al., 2007).
More PTSC shear walls can be found in (Marriott et al., 2009; Wu et al., 2019; Lu et al., 2017,
Hassanli et al., 2017; Akbas et al., 2017).

The lateral stiffness and strength of structures can be significantly improved by coupling two or
more walls utilising embedded steel beams, known as “hybrid” coupled wall systems. However,
traditional "hybrid" coupled wall systems often experience residual deformation. To address this
issue, post-tensioned self-centring devices can be used to connect the embedded steel beams with
the walls (Aaleti and Sritharan, 2009; Huang et al., 2019; Sristharan et al., 2015). Kurama and
Shen (2004) proposed a post-tensioned hybrid coupled wall system that allowed for free rocking
at the foundation connections. Post-tensioned cables were horizontally anchored at two outer
sides of the walls without any contact with link beams. Large-scale nonlinear cyclic tests were
carried out, and the results indicated that this system achieved a coupling effect similar to
traditional coupled wall systems and mitigated residual deformation. However, the energy

dissipating capability of the system was limited (Kurama and Shen, 2004).
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Similar concepts can also be applied to PTSC braced frames. Figure 2-16 shows a steel braced
frame developed by Eatherton et al. (2014). The frame is allowed to rock around two column
bases as a stiff vertical spine. A replaceable steel energy dissipating fuse was installed in the frame
and activated by its rocking. The fuse compressed a set of mild steel plates with diamond-shaped
holes, which optimised yielding distribution and achieved high ductility (Eatherton et al., 2014).
Two post-tensioned cables were placed at the midspan of the frame and were anchored at the roof
and the base. The recovery forces for self-centring were provided by the cables and gravity. Quasi-
static cyclic tests and shake table tests indicated that this system could eliminate residual drift and

concentrate damage into the replaceable fuses (Eatherton, 2010; Ma, 2010).
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Figure 2-16 Configuration of the PTSC braced frame proposed by Eatherton et al., (2014).

2.4 Damping devices for PTSC structures

As mentioned, damping devices such as the hysteretic sacrificial devices and frictional damping
devices are required in PTSC structures for additional damping. These devices have a
parallelogram-shaped hysteretic curve with an activation threshold (the yield force of the
hysteretic sacrificial devices as point B in Figure 2-17 (b) and the frictional sliding activation
force for the frictional damping devices). With an increase of this activation threshold, the
possible energy dissipation is increased (the area covered by the hysteretic curve is greater).
However, a larger activation threshold requires larger earthquake magnitudes to trigger hysteretic
damping, thus only protecting for large seismic events. Also, when used in combination with the
PT frames, a large activation threshold (which is often the least required recovery force) will resist
the re-centring of the PT frame after an earthquake (Mg, prep in Figure 2-17 (c), which decides the

self-centring capability, is the sum of Mg, pr in Figure 2-17 (a) and Mg, ep in Figure 2-17 (b). Thus,
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for the same self-centring capability, a greater Mg, ep requires a higher Mg, p1.). On the contrary,
low activation threshold devices, although can work in serviceability level events and contribute
to better self-centring performance, will not be satisfactory in large seismic events. Even if the
cables of the PT frame could provide sufficient post-tensioning forces to enforce frame re-centring,
the hysteretic elements will contain non-zero residual stresses. If these elements need to be
repaired/replaced, the potentially large residual stresses may raise health and safety concerns. For
the frictional damping devices, although they can be designed as a repair-free device in the PTSC

systems, measuring and ensuring the correct magnitude of the normal force is problematic.

a)

Figure 2-17 Application of hysteretic sacrificial device with PTSC frames: Hysteretic curve of
(a) bared post-tensioned frame; (b) hysteretic sacrificial device; and (c) PTSC frame
(Christopoulos et al., 2002).

There exists a type of damping device with a zero-activation threshold. These devices are based
on the spring rings system and generate a triangular-shaped hysteretic curve. The spring rings are
originally used as damping devices in drawbars and draft gears in railway systems (Hill, 1995)
and missile shock isolation systems (Eshleman, 1972). They were introduced into structural
systems in the 1980s for resisting earthquakes as braces (Shepherd and Erasmus, 1988; Issa ad
Alam, 2019; Filiatrault et al, 2000; Wang et al., 2019; Hu et al., 2020), isolators (Hill, 1995), and
beam-column joints (Khoo et al., 2012). The spring rings system is a set of separate inner rings
and outer rings with tapered mating sliding surfaces in columnar form. When compressed, the
inner rings and outer rings slide up against each other along the slopes, and the
expansion/contraction of the rings generates a gradually increased normal force and
consequentially amplitude-dependent friction force. This kinetic principle is the same as the
wedge-lock mechanism used in coupon test wedge grips (De Baere et al., 2008), pneumatic wedge
clampings (Tocut et al., 2021), cable anchors (Thompson, 2004; Motwani et al., 2020), and subsea
pipeline recovery tools (Xing et al., 2019). In these applications, a set of wedge blocks is placed

against sloped restraints (e.g. anchor pieces). The load born by the wedge blocks derives from the
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friction forces generated along wedge-restrained sliding surfaces and increases with the sliding
amplitude of the wedge blocks on the surface of the restraints. The gradual increase of load-
bearing capability of these devices is because of the increased normal force from the minor
compression deformation of the wedge blocks and the sloped restraints. The ring springs system
adopts the amplitude-dependent force feature of the wedge-lock mechanism and dissipates energy
by its frictional wedge sliding behaviour. The ring springs are driven by two endplates connected
only with end rings. Therefore, only compression force can be carried by the spring rings systems.
The continual work of such systems under cyclic loads (such as earthquakes) requires a self-
recentre when the compression force unloads. This is achieved by ensuring a small friction
coefficient and large slope angle for the sliding surfaces so that the potential energy stored in the
rings from the sliding-up stage can start downward sliding automatically. The requirement of the
self-driven sliding-down mechanic (limited by the mechanical principle of the spring rings system)
places a constraint on its energy dissipation capability. A visual indicator of this behaviour is that
the hysteretic curve of spring-ring devices is only located in the first and third quadrants of its
force-deflection plot.

2.5 Seismic design methods for the PTSC structures

In current design codes (ECN, 2004; ASCE, 2017; NZS, 2004), the equivalent seismic lateral
loads accrued by the frame are determined from a design acceleration spectrum with an estimated
initial lateral stiffness. A reduction factor is used to consider ductile energy dissipation. This
design logic (with capacity design principles) generally successfully prevents the collapse of the
structures and saves lives in a relatively economical solution. However, such force-based design
methods do not explicitly associate with damage level for this specific structural system. Although
the peak displacement response (which is directly associated with damage level (Krawinkler,
1996; Priestley et al., 2007; Ghobarah et al., 2019) may be checked at the end of the design
procedure by either nonlinear time history analysis method (Fajfar, 2000) or linear equivalence
methods with the equal displacement (for medium- to long-period structures) or equal energy (for
short-period structures) approximation, the code-defined displacement demand is deemed as a
limit rather than a target. Thus, even if structures are designed based on the uniform seismic
hazard spectrum, the seismic damage will vary from structure to structure. This failure in
consistent damage design is inherent because, for example, (i) ductility capability (which
determines the reduction factor) does not only depend on the structural type; (ii) equal
displacement or equal energy may be invalid in structural equivalence; (iii) the force distribution
among elements obtained from the structure analysis at the elastic conditions may differ from that

in seismic events (Priestley and Grant, 2005; Priestley et al., 2007).
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To achieve a uniform-damage seismic design, the maximum displacement can be defined as a
target rather than a limit (Priestley, 1997; Eatherton et al., 2014; Bachmann and Dazio, 2019). As
one type of displacement-based design method, the Direct Displacement-Based Design (DDBD,
as shown in Figure 2-18) uses the secant stiffness (K. in Figure 2-18 (b)) and the equivalent
viscous damping (¢in Figure 2-18 (c)) at the maximum response to construct the equivalent linear
system (i.e., the substitute structure) (Priestley, 2002; Priestley et al., 2007; Priestley et al., 2007a).
The equivalent linear system is used to estimate the nonlinear system dynamic response. The
seismic response of the equivalent linear system can be easily obtained by spectrum analysis. The
effective period associated with the secant stiffness is obtained from the code-defined
displacement spectrum in this design procedure (Figure 2-18 (d). Then, the equivalent lateral force
is calculated based on the effective period for structural analysis. Being different from the force-
based design, where the structure analysis is carried out based on the elastic properties of elements,
the structure analysis in the DDBD is carried out in the conditions at the target maximum
displacement.
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Figure 2-18 Foundations of DDBD: (a) SDOF simulation; (b) effective stiffness Ke; (c)
equivalent damping vs. ductility; and (d) design displacement spectra (Priestley et al., 2007)

In the DDBD, the linear equivalence directly determines the design effectiveness (i.e., the

closeness of design and effective performance of the system). Generally, the equivalent damping
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ratio estimated by Jacobsen’s method (Jacobsen, 1960) with the effective stiffness at the
maximum displacement is utilised in the equivalence (Shibata and Sozen, 1976). This
displacement-force relationship-based method can be easily incorporated with the capacity design
of structural elements. However, the assumptions of Jacobsen’s method cannot be met in a real
earthquake. Thus, an unknown error is involved in estimating the peak displacement response.
Blandon and Priestley (2005) evaluated the displacement estimation capability of this linear
equivalence for different types of structures with various ductility demands. Six hysteretic models,
including Modified Takeda Model, Bilinear Model, Elastic-perfectly-Plastic Model, Ramberg
Osgood Model, and Ring Spring Model, were studied. The estimation accuracy was appraised by
the ratio between the displacements obtained from the nonlinear system to their linear equivalence.
The results showed that the linear equivalence based on Jacobsen’s method frequently leads to an
unconservative displacement estimation, especially for high-damping systems. Similar results
were also reported by (Miranda and Ruiz-Garcia 2002; Dwairi and Kowalsky 2004; and Dwairi,
et al., 2007).

2.6 Conclusion

Current seismic design methods rely on ductile plastic zones to dissipate earthquake energy,
striking a balance between the structural safety and construction costs. However, damage is
inevitable even after earthquakes with low intensity. These structures are normally demolished
and rebuilt because their repair is unpracticable or uneconomical. The unavailability of these
structures can induce long-term economic stagnation in the aftermath of earthquakes, resulting in
further losses. Thus, self-centring structures have been proposed to improve the seismic resilience

of structures.

Various self-centring structural systems have been proposed, such as rocking structures, PTSC
moment-resisting frames, frames with PTSC braces, and PTSC rocking wall systems. The
configuration of the self-centring structures can be conceptualised as two parts: a self-centring
part and a damping device part. The self-centring part allows for gap opening at certain
assemblages and performs a nonlinear elastic hysteretic behaviour, resulting in a high initial
stiffness and stiffness softening at large deformations. The self-centring part also provides

recovery forces for the self-centring capability.

The damping device part provides additional damping for the self-centring structures. It can be a
hysteretic sacrificial device or a frictional damping device. These damping devices normally have
a parallelogram-shaped hysteretic curve, with a non-zero activation threshold. The energy

dissipation capability of these devices increases with the activation threshold. However, a large
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activation threshold will inhibit the self-centring of the structure. Additionally, the device with a
large activation threshold requires a large activation force to trigger the hysteretic damping, thus,
cannot be activated in the serviceability limit state. On the contrary, the energy dissipation
capability of the device with a low activation threshold may not be sufficient for large earthquake
events. Although ring springs devices have a zero-activation threshold, their energy dissipation
capability is limited because of their schematic mechanics. Thus, the design of traditional

damping devices in self-centring structures must be a multi-objective compromise.

Therefore, a new damping device with both a zero-activation threshold (thus works at any event
and does not inhibit self-centring capability) and satisfactory energy dissipation capability is
required for the application within the self-centring structures. Once such a device is developed,
it will be important to determine its optimal configuration for practical application. Additionally,
the reliability and stability of its hysteretic performance should be demonstrated. The dynamic
properties of the self-centring structures with this new device should be investigated. Furthermore,
a design procedure should be developed for the self-centring structures with the new device.

29



30



Chapter 3 The conception of FSSS
system and its engineering: The
SKID device

The contents of this chapter have been adapted from the following publications:

1. Zhang, Y., De Risi, R., & Alexander, N. A. (2021) A frictional sliding on a sprung slope (FSSS)
device that axiomatically confers energy dissipation with re-centring to post-tensioned (PT)

frames: A conceptual study. Engineering Structures, 244, 112794.

2. Zhang, Y., De Risi, R., & Alexander, N. A. (2022) A novel seismic energy dissipating device,
Sliding Keys on Inclined Deflecting-cantilevers (SKID): Theoretical and experimental evidence.
Engineering Structures, 273, 115056.

3.1 Introduction

In this chapter, a conceptual novel progressive (amplitude-dependent) frictional energy
dissipating device is proposed for post-tensioned (PT) frames. The device has a gradually
increasing resistance and progressive energy dissipation capability, as sliding deformation
increases in amplitude. This is achieved by a frictional sliding on a sprung slope (FSSS) system.
These mechanical features, in combination with the PT frames, result in dual-triangular-flag-
shaped hysteretic curve. This device is designed to axiomatically permit the self-centring features
of PT frames while also providing good energy absorption for structures. It provides a ‘repair-
free state’ for the main structural components after earthquakes since no residual stress remains
(in FSSS and PT cables due to sway displacements) after it re-centres. The FSSS system has
several advantages over traditional energy dissipating devices, namely, (1) energy dissipation
capability in the serviceability performance level benefiting from no activation threshold, (2)
customisable improvement in up-lift (post-yield) stiffness of frames, and (3) no impeding in the
self-centring feature of PT frames. Compared with the spring-rings devices, the FSSS system can

carry force both at the gap-opening and gap-closing stages, which leads to much more damping
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in the second and fourth quadrants, in addition to that in the first and third quadrants. More
hysteretic damping is significant for both controlling peak transient response (Di Cesare et al.,
2020) and resisting progressive collapse (Qian et al., 2020). Besides, according to Hazaveh et al.
(2020), the additional hysteretic damping in the second and fourth quadrants can reduce

displacement response without increasing foundation demand.

The mechanical schematisation and design implementation of the FSSS system are first sketched.
Then, theoretical analysis of the FSSS system was employed to quantitatively evaluate likely
optimal properties of the device by deriving (a) its force-deformation relationship, (b) its energy-
dissipative capabilities, (c) its estimated equivalent viscous damping ratios and (d) the influence
of its core system parameters (such as slope angle, friction coefficient and spring stiffness) on

performance.

This chapter also proposes an engineering development for the FSSS system. The device consists
of three core components: (i) sliding keys, (ii) slope blocks, and (iii) deflecting-cantilever bars,
and is termed a Sliding Keys on Inclined Deflecting-cantilevers (SKID) device. The configuration
and the theoretical properties regarding the force-carrying capability and energy dissipation are
presented in the chapter. In particular, the reliability of the cantilever bars is detailed.

The key research questions (aims) of this chapter are as follows:

1. Is it possible to add significant energy dissipation into post-tensioned (PT) frames, without

compromising their self-centring?

2. What are the physically admissible configurations for this novel frictional sliding on a sprung

slope (FSSS) system?

3. Can we propose a more rational configuration for the realisation of the FSSS conception?

3.2 The novel FSSS system: mechanical schematisation and design

implementation

As a heuristic case, a one-storey one bay post-tensioned (PT) frame, experimentally tested by
Oddbjornsson et al. (2012), is proposed. This provides both a simple proof-of-concept test of our
FSSS system and an opportunity to benchmark the numerical models developed in this research
against experimental results. Mechanically, this PT frame is schematised as a nonlinear spring-

mass system (blue objects in Figure 3-1), where the nonlinear spring kpr(x) is the stiffness
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function (at sway displacement x) of the PT frame and M is the corresponding storey mass. Figure
3-1(b) also shows the kinematical schematic of the new FSSS system (red objects). The core
assemblies of the FSSS system are (i) one slider block, (ii) two slope blocks and (iii) two
compression spring blocks. The slider block (driven by the oscillating PT frame mass) is
constrained to move in the same direction as the main sway motion of the PT frame while the
slope block and compression spring blocks are constrained to move normal to the main sway
motion of the PT frame. The arrangements of the device are symmetric such that its movement to
the right and left produce identical behaviour. The sliding surfaces lie on an inclined plane of the
sliding block and two slope blocks. The key feature of this system is that as the slider moves to
the left the compression in the spring blocks increases gradually and this increases the normal
contact force at the sliding interfaces. This is similar to the behaviour of a mechanical wedge grip
used in standard tension tests. Hence, we have a system that progressively increases sliding
resistance as the frame sway displacement increases. At a velocity sign reversal of the PT frame,
the slider block moves back towards its initial position, and the friction force decreases with a
gradual loosening of compression in the spring blocks. This process is repeated when the PT
frame moves to the left. At the end of the exciting oscillations all loads remove from the
compression spring blocks and hence the FSSS system return to their initial state and hence the

PT frame re-centres.

PT frame

(@)

(b)

system

p———
== Spring block
= "e

—

QO 00O

Figure 3-1 Kinematic schematic of the PT + FSSS system: (a) initial state, (b) when the mass
moves right (spring blocks compress and slope blocks move normal to main sway motion of the

PT frame).
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In practice, there are many plausible design implementations of this device; Figure 3-2 shows an
optional practical configuration that could be utilised in the PT frame. The FSSS system consists
of a slider block, two slope blocks, two spring blocks, end roller bearings and a constraint
container. The slider and the slope blocks of the device aggregate multiple inclined friction
surfaces (a total of six in Figure 3-2), and are inserted into the constraint container. Two spring
blocks are set between the slope blocks and the constraint container. Such a sandwich
configuration ensures spring compression when the slider is sliding along the surfaces of the slope
blocks. The friction surfaces between the slider and the slope blocks are expected to dissipate
input energy in earthquake events. Roller bearings are placed between the ends of the slope blocks
and the constraint container to eliminate any unwanted friction force at these edges. This may be
achievable in practice using a low friction Teflon interface. The devices could be installed
between the beam and a separate shear wall, and connected with them by the slider and the
constraint container, respectively, as shown in Figure 3-2. The main in-plane sway motion of the
PT frame drives the FSSS system in the plane, and it must be connected to the wall. We propose
an indent/recess shown in Figure 3-2(a) to ensure this restraint. Any out-of-plane motions between
the FSSS system and the 3D PT frame are not considered at the current research stage, although
it is expected that these can be accommodated using a low-friction Teflon sliding surface
underneath the device for out-of-plane sliding if this is necessary. The rocking of the PT frame
about the pivot points, at the base of the columns, does require some vertical drop in the beam
position as a second-order displacement. This can be accommodated by the vertical motion of the

slider block and the slope blocks.

PT Frame

Slope blocks ;/ Slider

- FSSS device

) :\n

~ ::/ - ”>/\C0nstraint

Shear wall E\:><Bearings Spring blocks
(a) (b) (c)

Figure 3-2 A design implementation of PT frame and FSSS system (a) PT frame and FSSS
system connection (b) FSSS system components assembled (c) FSSS system components

exploded view.

34



3.3 Theoretical hysteretic behaviour of the FSSS system

As shown in Figure 3-1, the horizontal component of the friction force along the inclined sliding
planes are transferred to the PT frame by the slider. It is important to characterise the nature and
magnitude of this resistive sliding force exerted on the PT frame. Therefore, a theoretical

characterisation of the mechanical properties of the device is presented.

3.3.1 Force-displacement relationship of a FSSS system

The free-body diagram of the assemblage of a single slider block and two slope blocks is shown
in Figure 3-3(a), when the slider moves toward the right-hand side as shown in Figure 3-1(b). In
the figure, x is the displacement of the slider and is also the main sway degree of freedom (dof)
of the PT frame. The angle of inclination of the sliding surface is given by . Fgssg is the force
causing sliding induced by the seismic oscillations of the PT frame. R are spring reaction forces
(which are due to the compression of the spring blocks); finally, R are the longitudinal
constraining force applied by the external container and couple R’ provide for moment

equilibrium.

(a) (b)

Figure 3-3 Free-body diagrams when the slider moves to the right for (a) the slider block and

the slope blocks together; (b) the slope block alone.

Due to geometrical symmetry, the equilibrium of the free body diagram Figure 3-3(a) results in

Fgsss = 2R B-1

In Figure 3-3(b), the force equilibrium results in the following:

R = n(Fecosf + Nsinf) (3-2)
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Rs = n(—Fgsinf + Ncosf) (3-3)

Where the integer n is due to the design case where there are multiple repeating units, in series,
of up and down slopes. For example, in Figure 3-3(b) and Figure 3-1, the value of n should be
taken as equal to 1. While in the design implementation shown in Figure 3-2, the integer n=3 as
there are three repeating units (up and down slopes) in series. In these equations, the relationship

between the normal force N and the friction force Fr is assumed as:
Fr = sgn(x)uN (3—-4)

where u is friction coefficient, sgn(x) is a signum function. The relationship between the spring

force and the longitudinal displacement of the slider block is:
k
Rs = Etan(ﬂ)x (3-5)

where k /2 is the stiffness of one spring block. By substituting Eq. (3-4) for N and Eq. (3-5) for
R into Eq. (3-3) and solving for the sliding force Fy we obtain

_(__an@®sm@p \ k
™

7=\ cos(B) — sin(B) sgn(x) u VB < Berit (3-6)

where the critical slope angle S..i: is that value which causes the solution (3-6) to become singular,

when x > 0 and is defined as follows:

Berit = arctan (%) B3-7)

This critical angle of slope is the maximum feasible value at which we can obtain a positive
resistance while the FSSS system is loading and so should be considered a design limit, i.e. the

angle employed should be 8 < Byt

By substituting Eq. (3-6) and Eqg. (3-2) into Eq. (3-1), the expression of Frggs could be expressed

as:

_ {(,usgn(x)'c) + tan §))tanp } k 3-9)

Frsss(x, %) = Kesss, Frsss = 1 — ptanfBsgn(xx)
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where kgggs is the stiffness of the FSSS system. Note that the number of multiple repeating units
n plays no part in the final result. We replace x with xx so that the formulation above is
generalised for both positive and negative x. This expression describes a piecewise linear

(triangular-shaped) force-displacement relationship.
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Figure 3-4 An example of FSSS stiffness vs. slope angle for loading (blue) and unloading (red)
when the friction coefficient is 4=0.8; (b) generalised relationship between critical slope S, fo

and the friction coefficient .

Eq. (3-8) is displayed graphically in Figure 3-4(a). Figure 3-4(a) indicates that, while 8 < Byt
the red unloading stiffness (when x < 0 and x > 0, or similarly when x > 0 and x < 0, although
the equations for this case have not been presented for brevity’s sake) can become negative for
smaller values of slope angle 3. This can also be observed directly by considering Eg. (3-8). In
this case, the sign of the stiffness is driven by the sign of the numerator term and this sign changes
from negative to positive when —ucosf + sinf = 0. Hence, the zero in this unloading FSSS

stiffness occurs at the following angle g, defined as follows:

Bo = arctan(u) (3-9)

The relationship between angle S, and B.r: and the friction coefficient u is displayed in Figure

3-4(b). This angle B, can be defined by the following non-dimensional parameter n = 1

u

= ond (3-10)

n
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Additionally, when n > 1 the unloading (red) FSSS stiffness is negative and when n < 1 the
unloading (red) FSSS stiffness is positive. The device with positive unloading stiffness has a self-
centring feature inherently but offers less damping. Conversely, negative stiffness makes the
device have better energy dissipation capability but provides self-centring only when combined
with a PT frame. Finally, in Figure 3-5, we can present the hypothetical form of the triangular
shaped hysteretic loop which is based on Eg. (3-8).
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Figure 3-5 Shape of the hysteretic loop of the FSSS system: when #>1, the unloading stiffness is
negative (red) and when #<1, the unloading stiffness is positive (dashed-red).

From a design perspective, it appears preferable to have a negative FSSS stiffness for unloading
as this increases the area of the hysteretic loop, see Figure 3-4(b). Hence, an admissible design

value for slope would be defined by the bound,

,8 < min{ﬁo' Bcrit}

5 (3-11)

where a factor of safety Sy > 1 would allow for geometrical imperfections (i.e. fabrication and
installation accuracy) in a physical FSSS system and limit excessively large stiffness of the device

that could, in practice, completely negate the possibility of any significant sliding.

3.3.2 Estimating energy dissipation of the FSSS system

The energy dissipation capability of the FSSS system depends on the area within its hysteretic
loop (shown in Figure 3-5). This energy dissipation Erggs in each complete cycle (for movement

from the centre to the right and then to the left and back to the centre) is defined as follows:
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Egsss = (Frsss(x, % > 0) — Frsss(x, ¥ < 0)) x (3-12)
Substituting Eq. (3-8) into Eq. (3-12), and rearranging we obtain the following:

_ Epsss _ 2utanfi(1+(tanf)?)

= kx2 1 — (utanB)?

(3-13)

where IT is the normalised energy dissipated per cycle. Figure 3-6 displays two examples of the
normalised energy dissipation per cycle from Eq. (3-13). As the friction coefficient is increased,
the normalised energy dissipation per cycle also increases. This is particularly apparent for larger
slope angles. However, the design bound Eq. (3-11) limits excessively large slopes and in addition
a designer must ensure that the stiffness force (provided by the FSSS system) from Eq. (3-8) is
not so high that it effectively inhibits any meaningful sliding displacement in the case of a physical

specimen.
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Figure 3-6 Examples of normalised energy dissipation per cycle for the FSSS system. Red lines
(«=0.6) , Blue lines (1=0.8).

The work done E}, (per cycle) by an equivalent linear viscous oscillator is given by

Ey, = 2n{eqkyx? (3-14)
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where k; is the linear stiffness at the amplitude x. If we use the secant stiffness of the PT and FSSS

system as our estimate of k. then,
ki = kpr(x) + kgsss (3-15)

Therefore, equating the energies Eq. (3-14) and Eq. (3-12), making use of Eg. (3-15), we can
solve for the equivalent viscous damping ratio {4 for the combined PT and FSSS system, which

is defined as follows:

~ Kk n
 (kpr(x) + kgsss) 27

Ceq (3-16)

Thus, the estimated equivalent damping ratio .4 for the combined system appears proportional to
sway displacement amplitude x due to the nonlinear elastic stiffness kpp(x) of the PT frame.
Additionally, kpr(x) monotonically reduces with increasing sway displacement x; hence from
Eg. (3-16) it is possible to conclude that the equivalent viscous damping ratio {.q (Of the

combined PT and FSSS system) must monotonically increase with sway amplitude x.

3.4 A specific configuration choice of the FSSS system: SKID device

3.4.1 The configuration of SKID device

A new Sliding Keys on Inclined Deflecting-cantilevers Device (SKID) as a specific configuration
choice of the Frictional Slider on a Sprung Slope (FSSS) conception is presented. By using the
end stiffness of pairs of cantilever bars (columns), a few design problems existing in the
configurations presented in Section 3.2 are avoided. These problems include: (i) the requirement
of a shear wall within the PT frame bay, (ii) the practical difficulty in achieving a flexible layer
and a very stiff box as “support” constraints for springs, and (iii) the requirement of roller sliding

bearings for the orthogonal (the global Y direction in Figure 3-7) motion.

The device increases the lateral stiffness (of a PT frame) and dissipates input energy by the sliding
motion of the sliding keys on the cantilever-supported slope blocks. As shown in Figure 3-7, the
wedge-shaped inclined slope blocks (red objects) are mounted at the end of the deflecting
cantilever bars (yellow column objects in Figure 3-7 (b) and 3-7 (c)). The cantilever bars have
two functions when the device is loaded. Firstly, they provide resisting linearly elastic spring
force (in the global Y-axis) that effectively increases with sliding displacement due to the

geometry of the slope angle. This spring force is generated by the cantilevers bending about its
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weak axis. A large range of cantilever cross-sections and lengths are available, which facilitates
design optimisation of this spring stiffness. Secondly, the cantilevers carry a force component of
the frictional force parallel to the PT frame motion by bending about its strong axis. Thus, a cross-
section with a small inertial moment ratio (weak to strong axis) is highly recommended for the
cantilever bar. The centroid of the sliding surface of the slope blocks should be positioned on the
neutral axis of the cantilever bar to diminish the torsional moment, when the slope inclined normal

forces and friction reaction forces are generated.

The sliding key(s) (cyan object(s)) contains one (for the monodirectional device Figure 3-7 (b))
or two (for the bidirectional devices Figure 3-7(c)) pairs of symmetric sliding surfaces with the
same angle and friction coefficient. A pair of equal and opposite monodirectional SKID devices
are theoretically equivalent to a single bidirectional SKID device. The slope blocks are designed
to just touch the sliding keys with zero normal contact force for the initial zero sway displacement
(global X) of the PT frame. In an assembled SKID device (Figure 3-7 (c)), the slope blocks, sliding
keys, and cantilever bars are laid out symmetrically in terms of geometry and use identical
materials for all slope blocks and cantilever bars. The sliding keys material may differ from the
slope block to enable optimal frictional coefficient design choices. The sliding keys should be
connected with the beams (that carry the story mass), and it is expected to be activated by the PT
frame sway (horizontal) displacement during an earthquake event.

The support columns (shown in Figure 3-7 (a)) effectively provide an elevated rigid support
restraint for the cantilever bars, thus enabling free choice of the length of the cantilever bar to the
designer. This is important as we want to be free to assign the spring stiffness of the slope blocks,
which is the tip stiffness of the cantilever bars, and this is predominantly governed by the length
of the cantilever bar and its cross-section. The yielding of the support columns should be carefully

avoided by design, ensuring it has appropriate stiffness and sufficient strength.

A flexible arrangement of the SKID device in a frame can be achieved depending on the
architectural requirements; as in Figure 3-7, a pair of SKID devices with support columns installed
separately at the two ends of the PT frame provides a large open and usable space below the beam.
When the beam drifts in an earthquake event, the sliding keys move with the beam, slide on the
slopes and enforce bending of the cantilever bars in the out-of-plane direction. As the sliding keys
(the keys rigidly connected to the PT-frame) slide along the slope blocks, the normal force
gradually develops, and hence the frictional force consequently increases. The magnitude of the
normal force along the sliding interface depends on (i) the PT-frame sway displacement and (i)
the bending stiffness of the cantilever bars. It shall be demonstrated that the friction force that
opposes the PT frame sway motion increases linearly during loading. After a velocity sign reversal

(the unloading case) of the PT frame (sliding-down stage for the SKID device), the beam-driven
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sliding keys move back to their initial position with a gradually decreased friction force. At the
end of the exciting oscillation, frictional forces fade away, and the SKID device returns to the
initial state without any residual deformation. This ensures that the PT frame is guaranteed to re-

centre.

Note that any global out-of-plane motions (in the global Y-axis) between the SKID device and 3D
PT frame are not considered at the current research stage, although they are expected to be
accommodated using low-friction Teflon sliding surfaces or linear guide carriages between the
beam and the top of the devices for out-of-plane sliding if this is necessary. In addition, the
second-order vertical displacement drop of the beam induced by the rocking of the PT frame about
the pivot points could be accommodated by permitting the sliding keys to slide vertically against
the slope blocks. To achieve this, there is a need for a small gap between the bottom of the sliding

keys and the top of the cantilever bars (see ‘headroom’ shown in Figure 3-7 (c)).

Sliding keys

Sliding keys
moving
towards right
Support column

Inclined slope block
Deflecting cantilever bar

Headroom

Figure 3-7 Configuration and kinematic of the SKID device: (a) positioning of a pair of SKID
devices with PT-frame bay (b) single direction activation SKID device (c) bidirectional

activation SKID device.

3.4.2 Force-displacement relationship between the sliding keys and slope blocks

Figure 3-8(a) shows the schematics of the SKID device, where the orange springs and the violet
springs are the elastic flexural bending stiffness of the cantilever bars around their weak and
strong axes, respectively. Figure 3-8(b) shows the free-body diagram of the sliding keys and slope
blocks. In the figure, Fskip is the force causing sliding induced by the seismic oscillation of the
beam and applied to the sliding keys, x is the relative displacement between the slope blocks and
the sliding keys in the longitudinal (local x) direction, gis the angle of slope blocks, Fs and R are
the spring forces provided by the deflection of the cantilever bars around their weak and strong
axes, respectively. The force-displacement relationship between the sliding keys and slope blocks
complies the same derivation with that reported in Section 3.3.1, i.e., EQ. (3-8). Note that for the

SKID device, k in Eq. (3-8) is the total bending stiffness of the cantilever bars around weak axes.
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Figure 3-8 Schematics of the SKID device: (a) schematics; (b) free-body diagram of sliding

keys and slope blocks.

3.4.3 Influence of the cantilever bars

The cantilever bars are expected to deform by y. about their weak axis as the sliding keys begin
to slide (the deformation of the orange springs shown in Figure 3-8 (a)). The stiffness of the
cantilever bar is specifically designed to ensure a triangular hysteretic property. In addition, the
cantilever bar must deform by a smaller amount x. by bending about its strong axis (the
deformation of the violet springs in Figure 3-8 (a)).

The relative sliding displacement between slope blocks and sliding keys is defined by x (in Figure
3-8 and Eqg. (3-8)), and hence the total displacement of the sliding keys (connected to the frame)
is

X=x+x (3-17)

Hence, the cantilever bar displacement x. should be viewed, from a design perspective, as

reducing the sliding displacement x compared to that of the frame displacement X.

F, R o~
L
Z
X y
s

Figure 3-9 Deformation of the cantilever bar while the SKID device is active.
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Figure 3-9 shows the deformation of a cantilever bar when the device moves from the initial
condition to some arbitrary sliding relative displacement x. We assume small (linear elastic)

displacements. The cantilever stiffness is assumed as follows

i _GEL . _oEL k 3 - 18)
=5 — =3

X

where kyx and ky are the cantilever flexural stiffnesses in x and y directions, Iy and I, are the second
moment of areas in x and y directions, E is young’s modulus of the material, L is the length of the
cantilever, ¢, and cy are factors regarding the boundary conditions of the cantilever bars. In this
case, both cx and cy can be assumed to be the value of 3. Note that it is slightly different in practice
because the encastré boundary condition of the cantilever bars is difficult to achieve because of
some flexibility in the foundation supports. Thus, the stiffness ratio of the cantilever bar in the x-

axis to the y-axis is

ky

l:_:
kx cx

¢yl

(3-19)

S~

The displacement of the top point on the cantilever bar in the x direction relative to the fixed base

is derived in the following

x (3-20)

By substituting Eq. (3-19) for £, to Eq. (3-20), the x, can be rewritten as

_kskip ,  kskip
ok, Tk

Jx (3-21)

Note that, for the SKID device, k, is the spring stiffness k£/2 in Eq (3-8). Noting that x, is, from a

design perspective, a reduction (loss) in sliding displacement caused by deformation of the

cantilever in the x-direction for a given frame displacement X.

Consider the relationship between frame displacement X, relative sliding displacement x and

cantilever block displacement x., as follows

k
X=x+xc=x(1+ 5:”),1) (3-122)
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We can define the sliding displacement reduction factor, «, as

X
== 3-23
=% ( )

By substituting Eq. (3-8), Eq. (3-21) and Eg. (3-22) to Eqg. (3-23), « can be rewritten as

. -1
. (1+ (usgn(xx)+tanp))tanf l) 3 - 24)

1-utanfsgn(xx)

According to Eq. (3-8), the resisting force of the SKID device is in the proportion of the relative
displacement x and the stiffness kskip. Thus, the displacement reduction is equivalent to a stiffness
reduction. The device strength expressed in Eg. (3-8), in terms of the sliding displacement
between the slope and the sliding keys, can be rewritten in terms of PT frame displacement X as
follows

(usgn(xx)+tang))tanf
1-utanfsgn(xx)

Fskp (X, X)=ksxipoX=Ksxp X, Kskip=akgy n=a { } k (3 —25)

where Kgkip IS the SKID device stiffness that includes the reduction factor o caused by the
bending of the cantilever bar about its major axis. The value of Eq. (3-24) is relative to a signum
function, indicating that the stiffness reduction factor in Eq. (3-25) is different in the sliding-up
and sliding-down phases. Figure 3-10 (a) presents the value of o both in the sliding-up (solid lines)
and sliding-down (dashed lines) phases when different slope angle gand friction coefficient x are
utilised in the SKID device. The ratio of A is set to be 0.1, which is a typical value of the I section.
As shown, the deformation of the cantilever block in the strong axis has a more obvious effect on
the sliding-up phase than the sliding-down phase. This deformation even ‘increases’ the sliding-
down stiffness in the range of large « and small g, as the value of « is greater than 1 in this range.
This is because the SKID device with such parameters has a negative stiffness in the sliding-down
phase, and this negative sliding-down stiffness is enlarged in its absolute value by the recovery
of the elastic deformation of the cantilever bar about its strong axis. The different values of « in
the sliding-up and sliding-down phases indicate that this reduction cannot be compensated by
simply multiplying k with 1/a. Actually, the shape of the hysteretic curve is changed because of
the existence of the a. Figure 3-11 shows the shape of the hysteretic curve of the SKID device
considering this stiffness reduction. As shown in Figure 3-11, besides the reduction in sliding-up
and sliding-down stiffness, the sliding-down begins later with an unloading stiffness induced by
the deformation recovery of the cantilever bar. The beginning point of the sliding-down is

expressed as pXpr, and the elastic deformation factor pis defined as
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_a(xx >0)

" a(xx < 0) (3-26)

where a(xx > 0) and a(xx < 0) are the « in the sliding-up and sliding-down phases,

respectively.
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Figure 3-10 The values of: (a) « in different xzand g; (b) « in different iand £, (c) p in different
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(a) (b)
Figure 3-11 Shape of the hysteretic loop of the SKID device: (a) when #>1, the sliding-down

stiffness is negative; and (b) when »<1, the sliding-down stiffness is positive

Figure 3-10 (a) and (c) present the values of « and p when different & and g are utilised in the
SKID device. For the sliding-up phase, « and p decrease with friction coefficient 4 and slope
angle S, especially when a large fand g are adopted, indicating a greater loss of the displacement
apart from activating sliding. « and p could be tuned by the inertial moment ratio A, as shown in
Figure3-10 (b) and (d), where £=0.6 is exampled. By avoiding large gand using small A, the

value of aand p can be limited to an acceptable range, such as 0.95 as shown in the figure.

3.4.4 Equivalent damping ratio of the SKID device considering the deformation of the
cantilever bars

By evaluating the area of the hysteretic loop, for the SKID device (i.e. areas OAB and OAX
shown in Figure 3-12), the equivalent damping ratio is defined as follows

_ Eskip, percycle  SoaB
1 4nFgp(xk = 0)  2nSoax

(3-27)

C

where ¢ is an equivalent ratio of critical viscous damping for the SKID device. By substituting

Eg. (3-25) and Eq. (3-26) into Eq. (3-27) and rearranging, we obtain the following equation

o L( ) anp)
e op\” (1+utanpf) (tanf+u)

(3 -28)
If the deformation of the cantilever bar is ignored, i.e., p equals 1, Eq. (3-28) is the idealised
equivalent damping ratio of the SKID device, eqideal. Figure 3-12 shows Cegidear OF the SKID
device with different and £. As shown, a greater . but less £ leads to a higher eqigear. Figure 3-
10 (c) and (d) show the influence of the cantilever deformation on the equivalent damping ratio
by deriving eq / eg,ideal- Similar to the stiffness of the SKID device, deq/ eqideal decreases with the
increase of 4 and g, indicating a severe reduction on the equivalent damping ratio eq . This

reduction also can be mitigated by tuning A (or I,/1x) as shown in Figure 3-10 (d).
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Figure 3-12 Equivalent damping ratio of the SKID device against fand z.

3.5 Conclusion

This chapter presents a new conceptual FSSS system for application with geometrically nonlinear
elastic PT frames. The mechanical schematisation and design implementation are described. The
analytical expressions of the hysteretic curve and the equivalent damping ratios were derived to
profile the properties of the FSSS system. Then, a novel practical configuration (the SKID device)
for the conceptual frictional sliding on a sprung slope (FSSS) system is proposed by reposing
frictional sliding keys on cantilever-supported slope blocks. The configuration of the device is
presented, followed by a theoretical derivation of its global behaviour (hysteretic curves and
equivalent damping ratios). Based on the investigation presented in this chapter, the following

conclusions can be drawn:

1. The proposed FSSS conception performs a triangular-shaped hysteretic curve with a zero-
activation threshold, leading to a full self-centring feature for PT frames. It can provide additional

stiffness and frictional damping by the sliding of the slider against the slope blocks.

2. The FSSS system could perform two types of hysteretic curves featured by: (i) positive
unloading stiffness, and (ii) negative unloading stiffness. The negative stiffness is achieved when
the slope angle g is small and may be preferred because it makes the device having a greater

damping ratio.

3. The loading stiffness of the FSSS system increases with slope angle g, friction coefficient g,
and spring stiffness k. But the slope angle £ must be less than St to ensure meaningful sliding

displacement of the slider block.
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4. The proposed SKID device realises the FSSS conception by avoiding using springs, stiff
support constraints, and roller sliding bearing. It is achieved by using cantilever bars that perform
two functions: (i) acting as a spring to generate the normal force on the sliding contact surface

and (ii) carrying a lateral stiff support force to limit the motion of the bottom sliding surface.

5. The theoretical derivation regarding the global behaviours (hysteretic curve and equivalent
damping ratio) and local performance (the reliability of the cantilever bar) of the SKID device
verifies the realisation of the conceptual FSSS system with the innovative configuration. It should
be noticed that the bending of the cantilever bar in the X direction (the frame sway direction) has
some small adverse effects on the stiffness and the equivalent damping ratio of the SKID device.
This small adverse effect is by a sliding displacement reduction factor « and can be mitigated by
using a smaller slope angle g, friction coefficient ¢ and cantilever bar ratio of second moments of

area A.
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Chapter 4 The physical

demonstration of the SKID device

The contents of this chapter have been adapted from the following publications:

1. Zhang, Y., De Risi, R., & Alexander, N. A. (2022). A novel seismic energy dissipating device,
Sliding Keys on Inclined Deflecting-cantilevers (SKID): Theoretical and experimental evidence.
Engineering Structures, 273, 115056. 2022.

2. Zhang, Y., De Risi, R., & Alexander, N. A. (2022). The Sliding Keys on Inclined Deflecting-
cantilevers (SKID) device: Empirical and analytical sensitivity analysis with application in post-

tensioned frames. Earthquake Engineering & Structural Dynamics.

4.1 Introduction

To physically demonstrate the SKID device, two 1/4 reduced scaled prototypes, which
corresponded to negative unloading stiffness (SKID A) and positive unloading stiffness (SKID
B), were designed and manufactured. They were subjected to quasi-static amplitude varying
cyclic load tests at the University of Bristol. The SKID A configurations were used to confirm
and benchmark the theoretical analysis for the system mechanics of this device. A failure mode
was identified from the physical tests of specimens in SKID B configurations. In addition, the
mechanical behaviours of the SKID devices with six groups of different manufacturing
parameters are tested and compared. Five different pads having different friction coefficients are
tested.

The key research questions (aims) of this chapter are as follows:
1. Does the proposed SKID configuration work well in a stable movement?
2. How consistent is the theory with practice for the proposed configuration?

3. What is the sensitivity of the SKID device to different geometric configurations?
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4. What is the sensitivity of the SKID device to the different friction coefficients?

4.2 The demonstration of the SKID device

4.2.1 Description of the prototype specimens

Two experimental specimens (designated SKID-A and SKID-B) were designed and manufactured
to demonstrate both negative unloading slope case 7>1 and positive unloading slope case 7<1.
For the sake of further investigation regarding the device in the prototypical scale-reduced PT
frame (Oddbjornsson, 2009; Alexander et al., 2011), both specimens were designed as 1/4 scale
(the same as the prototypical PT frame) in stroke and loading stiffness. The stroke was designed
to allow for a £40 mm displacement of the sliding keys on the slope blocks, corresponding to an
approximately 4.5% drift ratio of the prototypical PT frame. It is worth noting that a 2% drift ratio
is considered the target drift ratio of the prototypical frame at the Ultimate Limit State (i.e., Design
Basis Earthquakes). The loading stiffness was limited by the permissible force of the floating joint
of the actuator, but achieving a higher stiffness requirement can be easily done by using a larger
section for the cantilever bars or installing multiple SKID devices in parallel within the PT frame.
The dimensions of the specimens were decided by the grid of strong floor (see Figure 4-1 (b)),
bolts spacing and edge distance demands, and required installation space. For example, the foot
width for these specimens was 430 mm, which was determined by the grid of the strong floor in
the laboratory. In practical applications, the foot width will be decided by the section width of the
cantilever bars. The total width of sliding keys (equal to the bottom flange width of the 'l beam")
was 400 mm. This dimension was designed to provide sufficient space for operating the sliding
keys at 25° during experiments and to accommodate the position of the cantilever bars. As
discussed in Section 3.4, a smaller angle is preferred in practice as it has a greater damping ratio
and smaller stiffness reduction. For the devices using a small sliding angle, such as 5°, the total
width of the sliding keys can be limited to 250 mm with the current configuration. If the sliding
keys are manufactured through casting in a factory, their dimensions can be made more
compatible. Please note that the primary purpose of these tests is conception validation. Devices
for practical use need more detailed design and extensive research in configuration, especially in
the connection methods capable of out-of-plane motion release. Figure 4-1 (a) shows SKID-A as
an example. SKID-B had the same configuration as SKID-A and shared all the components apart
from the cantilever bars and slope angles. SKID-A was a bidirectional device with two pairs of
symmetric sliding surfaces. The sliding keys were made from angles and bolted under the I-beam
flange. In the test, only the bottom half of the | beam was produced and replaced by two bolted
angles, as shown in Figure 4-1 (b). The cantilevers were made from steel bars with a section of

25x100 mm. The slope blocks were cut from the cantilever bars directly, as shown in Figure 4-1

52



(c). The feet of every two cantilever bars were bolted with two angles and one hollow section tube
to form a fixed connection to the lab strong floor. A balance stud at the foot connection shown in
Figure 4-1 (c) was designed to balance the expansion force between the two cantilever bars to
release the bending resistance requirement at the fixed floor support. An auxiliary angle was
bolted on the top of each cantilever bar below its slope block to carry the self-weights of the beam
and sliding keys in the installation stage. After the installation, the beam and sliding keys were
lifted, leaving these auxiliary angles by the support system, as mentioned in the next paragraph,
and these angles retired. The friction surfaces in both specimens were steel (slope blocks) against
brake lining (pads on slider angles). All components of the specimens were designed to stay

elastic and based on the capacity design philosophy.

In a real (prototype) PT frame system, the gravity load of the SKID sliding keys is carried by the
PT frame beam and columns. Conversely, in this 1/4 scale test, the SKID system is tested (i.e.
sub-structured) without the PT frame. Thus, a support system replicating the PT frame's gravity
load transfer system was added below the | beam, as shown in Figure 4-1 (d). A linear array of
ball bearings was installed on the top of the support to eliminate the unwanted friction force
between the bottom of sliding keys and gravity load support system. Combining Teflon spray
lubricant and ball bearings reduced the unwanted friction force to 0.05kN during the tests,
representing about 1.4% of the total maximum frictional force of the SKID device.

All the components of both specimens were made of S355 steel. Mill processing was only
required to manufacture the slope angles (as shown in Figure 4-1(c)). In addition, all the parts
were bolted together (by Grade 8.8 high-strength bolts as shown in Figure 4-2) without any weld

(apart from the ribs on the | beam, as shown in Figure 4-1(b)).

® Slider keys * g
BRI &

£ o N Grid of strong ﬂoor i

MG g 5 k R
Half I beam (two angles) Foot connection
s 7 > T P a

Figure 4-1 Finished product of SKID-A: (a) an overview; (b) the half I beam; (c) the cantilever
bars with slope blocks; and (d) the weight support system.
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4.2.2 Test setup, loading protocol, and instrumentations

As mentioned, SKID-A and SKID-B were designed corresponding to 7>1 and 7<1, respectively
(see Table 4-1). According to Eq. (3-10), 7 is controlled by slope angle g and friction coefficient
4. A nominal slope angle Som Of 5° and 25° were used for SKID-A and SKID-B, respectively,
but keeping the same friction material (the same tiom Of 0.4) to make 7skip-a>1 and 7skip-s<1.
The nominal «and p of two specimens are dotted in Figure 3-10 (a) and (c), both are greater than
0.95. To accommodate different slider angles, long round holes were punched on the bottom
flange of the | beam, as shown in Figure 4-2. The stiffness of SKID-B was limited such that the
maximum loading range lay within the maximum loading capacity of the actuator. This was
achieved by doubling the height of cantilever bars for SKID-B (887 mm) relative to SKID-A (480
mm). Figure 4-2 summarises the parameters of the two specimens and the positions of
instrumentations. Six strain gauges were mounted on the cantilever bar, as shown in the figure.
LVDT 1 and 2 were set beside the coworking cantilever bars to record their deformation. LVDT
3 were set to record the actuator displacement (which is equivalent to the PT frame displacement
X'in Eq. 3-25 in the prototype system).
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Figure 4-2 Drawings of specimens and positions of instrumentations.
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Table 4-1 Information of specimens.

Cantilever  Cantilever Keft n
,Bnorm ﬂeff Mnorm B
bar section bar length N/mm
SKID-A 5° 3.9° 0.39  100x25mm 480 mm 982.8 >1

SKID-B 25° 22.3° 0.39 100%25 mm 887 mm 146.3 <1

The tests were carried out at the Heavy & Light Structures Laboratory at the University of Bristol.
An Instron servo-hydraulic actuator was utilised to apply horizontal displacements on the beam
angles (see Figure 4-1(a)). The same cyclic displacement-controlled loading protocol was used
for both specimens. Figure 4-3 shows the loading protocol where the pulling and pushing
excursions (loading displacement X) were assigned with positive and negative signs, respectively.
The loading rate was 0.05Hz, which can be viewed as a quasi-static load. There were nine loading
steps in total, and the peak displacement were gradually increased with an increment of 4 mm.
The maximum loading step had a peak loading displacement of 36 mm, corresponding to a 4%
inter-story drift ratio of the prototypical scale-reduced structure (Oddbjorsson, 2009). Notably, a
loading displacement of 18 mm corresponds to a 2% drift ratio of the prototypical frame, which
is considered the target response at the Ultimate Limit State (ULS) and is marked in Figure 4-3.
Additionally, each loading step included three repeat cycles to investigate the repeatability of the
hysteresis. In the test, the load applied to each specimen was measured by the load cell mounted
on the actuator, and the displacement was recorded by LVDT 3.
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Figure 4-3 Test displacement-control loading protocol.
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4.2.3 Test results

4.2.3.1 Global behaviour and failure mode

The SKID-A specimen exhibited a stable hysteretic behaviour during the test. Figure 4-4 (a) to
(c) visually shows the device kinematics when it was at a negative, neutral, and positive position.
As shown, throughout the entire experimental test, sliding only happened at the surfaces between
the sliding keys and the slope blocks, and visible bending was only observed in the cantilever
bars. All the other components, such as sliding keys, slope blocks, beam, and foot connections,
did not develop any visible deformation or displacement. During the test, the sliding keys moving
to the right made contact with the slope blocks on the right and thus pushed the right-side
cantilever bars apart (Figure 4-4 (c)). During this process of right-side sliding contact, the sliding
keys lost contact with the slope blocks on the left side (Figure 4-4 (e)). On the contrary, when the
sliding keys moved to the left side, the left-side slope bocks were engaged, causing the left-side
cantilever bars to be pushed apart. Abrasion was observed on the brake lining pads after the test
(compare Figure 4-4 (f) and (g)). This abrasion only developed in the one side region of each pad
adjacent to the position where the slope blocks were initially situated. This was because only this
side of each pad touched with the slopes and worked to generate friction.

Figure 4-4 Global behaviour of SKID A: (a) front view when beam moving left, (b) front view

at a neutral position, (c) front view when beam moving right, (d) side view when beam moving

left, (e) side view when beam moving right, (f) the left brake lining pad before test, and (g) the
left brake lining pad after test.
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SKID-B was tested after the SKID-A by replacing the cantilever bars and adjusting the angle of
the sliding keys from 5° to 25°. The specimen displayed the same global behaviour with SKID-
A, but only up to an actuator displacement of around +16mm. For larger actuator displacements,
the bolted connection at the base of the cantilever bars (for SKID B) started to suffer from
rotational frictional slippage (around the bolt), leading to some extra displacement at the top of
the cantilever bars. Figure 4-5 shows the distance between the top ends of the two cantilever bars
before and after the test. The distance was changed from 300mm before £16mm excursion to
around 309mm after the test, which corresponds to a cantilever bar rotation of around 0.01rad.
Note that this rotation cannot be recovered once it happens. This rotational frictional sliding could
be considered the first failure mode of the device. However, this failure mechanism could be
avoided by a better-designed connection (at the base of the cantilever bars) that would prohibit
this rotational sliding failure. The influence of this rotational slippage on the hysteretic response
of SKID-B will be presented in the next section. Besides, the device may present other failure
models in unexpected earthquakes, although they are not captured by the tests presented in this
thesis. For example, a plastic bending deformation of cantilever bars along their weak axis may
develop, resulting in idle running at the beginning of subsequent cycles. The displacement of
sliding keys could exceed the stroke of the device, leading to a steep increase in loading stiffness.
Yielding may also occur in other components, such as sliding keys or connections if they are not
adequately designed. A presented failure mode is contingent on the design logic followed by the
engineers. In other words, engineers can intentionally design or choose a preferable failure mode.
The failure behaviours of the SKID device with different failure modes and their influence on the

seismic performance of the PT-SKID frames need further investigations.
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Figure 4-5 Distance between the top ends of two cantilever bars: (a) before test, and (b) after

test.

4.2.3.2 Hysteretic curves

Figure 4-6 presents the hysteretic curves of both specimens. In the figure, the measured strength

of the specimens, F, is recorded by the load cell mounted on the actuator. The loading
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displacement, X, (which would be the same as the beam displacement X in Eq. (3-25)) is recorded
by LVDT 3.

Experimental results for the SKID A specimen, shown in Figure 4-6 (a), exhibited the same stable
and repeatable triangular-shaped hysteretic curves without any in-cycle strength degradation. This
performance is similar to what was predicted in the theoretical section 3.4.3. While the theoretical
model captures the overall behaviour of the SKID system phenomenologically (as shown in
Figure 3-5), the experimental results do deviate from the theoretical model at the beginning of the
sliding-down stages of all cycles as shown in Figure 4-6. At these beginning points, small peaks
exist in the experimental force-deflection data. This happened when the actuator velocity changes
sign. This is where the friction sliding changes from a slip to a stick state and then again to a slip
state. The introduction of a momentary stick and subsequent static friction phase induces a
momentary higher frictional force. The hysteretic curves of SKID-A are in all four quadrants
while SKID-B results only exist in the first and third quadrants. This verifies both 7>1 and 7<1

versions of the SKID devices as consistent with the theoretical predictions.
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Figure 4-6 Hysteretic curves of: (a) SKID-A, and (b) SKID-B.
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As mentioned in section 4.2.3.1, the cantilever bars of SKID-B gradually slip, rotationally, at the
support connection bolt at the base of the cantilevers with increased beam excursion after X over
+16mm. Figure 4-6 (b) depicts the influence of this rotational slippage (at the base of the
cantilevers) on the hysteretic curves of SKID-B. As shown, the rotational slippage developed both
in the push and pull phases at the first cycle of each loading step (exampled by the curves in Step
9 highlighted by the blue lines in the subplot of Figure 4-6 (b)). This leads to a small stiffness
degradation at the sliding-up end corners in the hysteretic curves. The rotational slippage is
because of the increased rotation moment at the base of the cantilever bars (which is proportional
to the friction force generated on the sliding surfaces) which was greater than the moment capacity
of the support connection. Because of this unrecoverable slippage, the distance between the top
of the two cantilever bars was enlarged, and the position of slopes on the top of them no longer
matched the position of the slider blocks. As a result, there was an idle running executed at the
beginning of the subsequent cycles, where slope blocks on cantilever bars working in two
directions changed shifts. Although the rotational slippage developed in the first cycles, the
sliding-up and sliding-down stiffness did not degrade in the subsequent cycles once the sliding
keys touched the slope blocks, until new rotational slippage developed because of larger
displacement amplitude was introduced.

Figure 4-7 shows the backbone curve (the blue line) of each specimen. The backbone curve
envelopes the strength of each specimen associated with the peak deformation in each cycle. As
shown, the backbone curve of each specimen is linear before specimen failure, but softening after

the rotational slippage of cantilever bars developed.
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Figure 4-7 Comparison between theoretical predictions and physical test results: (a) SKID A,
and (b) SKID B.
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The equivalent damping ratio, {eq, Of each specimen at each loading cycle is calculated based on
Eq. (3-27). The progression of {eq value with the increase of actuator amplitude (i.e. the PT frame
sway displacement X) is shown in Figure 4-8. In this figure, the equivalent damping ratios ¢eq of
both specimens decreased with increased actuator displacement amplitude. The mean values of
the experimentally measured equivalent damping ratios are similar to those predicted from
theoretical Eg. (3-28).

The larger values of damping ratios at small actuator amplitudes (such as 0 to 8mm for SKID A)
were due to the influence of the bearing friction force of the gravity load supporting system (i.e.
the 0.05kN frictional force at the ball bearings) described previously. Note that this gravity load
supporting system was necessary in the sub-structured test set-up employed. This unavoidable
0.05kN frictional force in the physical tests changed the shape of the force deflection loops from
a triangle to that of a trapezium. Hence, large damping ratios eq Were calculated erroneously. In
the prototype system, this gravity load system is replaced by the PT-frame itself and hence these
trapezium-shaped hysteretic curves should not be observed in practice. Therefore, we should
discount the higher damping ratios at lower displacement amplitudes as an experimental test set-
up artefact.

For the SKID B configuration, after the rotational slippage of the cantilever bars developed
(loading displacement is over 16mm), the e value decreased further, indicating a degraded
energy dissipation capability. It is worth noting that once the failure (rotational slippage)
developed in the first cycle of each loading step, eq Values in subsequent cycles were less than
the first cycle even having the same peak displacement as shown in the figure. This was because
the rotational slippage gradually developed in the first cycle led to a larger idle running excursion

in the subsequent cycles.

Comparing the energy dissipative capabilities of SKID A and SKID B configurations, it is clear
that their Zeq values (in the stable moderate amplitudes >8mm) were around 25% and 15%,
respectively. This demonstrates a better energy dissipation capability of the devices with 77>1 than

those with 7<1.
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Figure 4-8 Equivalent damping ratio in each loading cycle.

4.2.3.3 Interpretation of representative strain gauges data and LVDTSs data

As Figure 4-2 shows, Strain Gauges 1 to 6 and LVDTs 1 to 2 were set up to measure the

deformation of the cantilever bars. For demonstration purposes, the data from SKID A are plotted

in Figure 4-9. As shown, all the instrumentations recorded nonzero values only in the negative

loading displacements, indicating the measured cantilever bars only work when the beam was

pushed. The data recorded by two LVDTs almost overlap each other, revealing that the two

measured symmetrical cantilever bars worked together with each carrying exactly half the total

load. Both figures demonstrate a linear elastic behaviour of cantilever bars throughout the test.
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Figure 4-9 Instrumentation data of SKID-A: (a) LVDTSs, and (b) strain gauges.
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4.2.3.4 Comparison between theoretical estimation and physical test behaviour

The effective sliding angle, ferr, and effective tip stiffness of the cantilever bars, ke, can be
obtained from the strain gauge data and LVDT data. The effective sliding angle, G, can be

calculated as follows:

Bess = arctan (%) “4-1

where Y. is the end deflection of the cantilever bars, X is the loading displacement (i.e., the beam
excursion). The effective sliding angle Seractually involves manufacturing errors of slope blocks,

installation errors of sliding keys, and kinematic compatibility adjustment between them.

The tip stiffness of the cantilever bars can be obtained from the LVDT data and the strain data.

The strain ¢; at i position of the cantilever bars can be calculated by

(4-2)

where Fy is the resultant force in the y direction generated from sliding surfaces, d; is the distance

from Fy to the measured i position, and t is the thickness of the cantilever bars.

The effective tip stiffness of the cantilever bars in y direction, ke, can be expressed by

k=2 = X5 (4-3)
Ty v X
By substituting Eq. (4-2) to Eq. (4-3), the following expression can be obtained
X 21,E¢
o (“4-49

Ko = —
eff,i Ve thi

The first term in the right side of Eq. (4-4) can be calculated from the LVDT data shown in Figure

4-9 (a), and the second term can be obtained from the strain data shown in Figure 4-9 (b).

According to Figure 4-9 (a) and (b), et of SKID-A and B are 3.9° and 22.3°, and ke are 982.8
N/mm and 146.3 N/mm, respectively. By substituting these values into Eq. (3-25) and Eq. (3-28),
the theoretical envelopes (sliding-up strength and sliding-down strength), FSKID(X,X), and
equivalent damping ratios of two specimens can be calculated. These estimations are shown in
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Figure 4-7 (the red lines) and Figure 4-8 (the dashed and dotted black lines), respectively. Note
that the friction coefficient 1 between the brake lining and steel is sensitive to the surface
temperature (0.4 (50°C) to 0.5 (150°C) (Bremskerl, 2007)) as stated in the datasheet from the
manufacturer. Here, from physical lab tests (at the University of Bristol), a friction coefficient of
0.39 is adopted for both cases. As shown, the theoretical estimation of both ¢ and Fsyp (X, X)
fit their physical test behaviour (before failure for SKID-B). It verifies a satisfactory consistency
between the theory and practice of the SKID device.

4.3 The SKID device with various manufacturing parameters

4.3.1 The specimens

According to Eq. (3-25), the mechanical properties of the SKID device (i.e. loading stiffness,
equivalent damping ratio) are controlled by three core manufacturing parameters: the friction
coefficient g, the sliding angle g, and the spring stiffness ks. Additional six 1/4-scale SKID
specimens with different manufacturing parameters were designed and built to assess the
empirical performance experimentally. Specifically, the spring stiffness of the device is the
flexural stiffness of the cantilever bars around their weak axis. Four specimens (S1 to S4) have
shorter cantilever bars with the same stiffness of 982.8 N/mm and a sliding angle of 4°. The other
two (T1 and T2) have a smaller stiffness of 146.3N/mm and a larger sliding angle of 23°. The
friction coefficient was also changed using different materials for the friction pads. Specifically,
two different brake linings (A and B) and three metals (bronze, copper, and steel) were utilised
as friction pads. The estimated friction coefficients against steel (the material of slope blocks)
were 0.4 (A), 0.2 (B), 0.5 (bronze), 0.55 (copper), and 0.6 (steel), respectively. The estimated
friction coefficients were estimated by Eq. (3-25), after the loading stiffness kskip, slope angle 5,
cantilever stiffness ks, and reduction factor « (assumed as 1 in these cases) were obtained. Note
that the friction coefficient of materials can change with factors such as surface working
temperature, contact pressure, and sliding velocity, which are challenging to measure during
testing. Consequently, separate tests for determining the friction coefficient can be difficult to
simulate the working conditions of the sliding surfaces. Given that changes in friction coefficient
due to surface working conditions can impact the global behaviour of the SKID device (e.g.,
loading stiffness), as discussed in Section 4.3.3, it is meaningful to investigate further the
tolerance of the friction coefficient for different materials. The core parameters of specimens and
their identifiers are summarised in Table 4-2. It is worth mentioning that all the components of
six specimens were designed remaining elastic in the tests, and the frictional sliding was designed

only happening between the slope blocks and sliding keys.
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Table 4-2 Summary of specimens.

Friction Estimated o ) _

_ _ _ o Sliding Cantilever Cantilever
Specimen surface: Thickness Typical friction ]
R o angle bar length  stiffness
identifier  Steel (mm)  hardness coefficient

] p L (mm) ks (N/mm)
against U
Brake 20 N/mm?
S1 o 3 0.4 4° 480 982.8
lining A at 20°
75-230
S2 Bronze 3 0.5 4° 480 982.8
HV
40-110
S3 Copper 3 0.55 4° 480 982.8
HV
127-162
sS4 Steel 3 0.6 4° 480 982.8
HV
200
Brake
T1 o 3 N/mm? at 0.4 23° 887 146.3
lining A
20°
Brake 3 N/mm?
T2 o 8.4 0.2 23° 887 146.3
lining B at 20°

4.3.2 Test setup and loading protocols

Two quasi-static cyclic loading protocols (frequency of 0.05 Hz) with increasing amplitude and
a fatigue test were conducted on six specimens using an Instron servo-hydraulic test machine.
The amplitude-increasing test protocol (denoted as TP-A, Figure 4-10 (a)) had nine loading steps
ranging from 4mm to 36mm with a single step increment of 4mm. The maximum loading
displacement corresponds to a 4% drift ratio of the prototypical 1/4-scale PT frame abstracted by
Oddbjornsson (2009). Three cycles are done for each displacement step to investigate the
repeatability of the hysteresis. Only the first five loading steps (i.e. 4mm to 20mm) were applied
on specimens T1 and T2 to limit the maximum reaction force. The fatigue test protocol (denoted
as TP-B, Figure 4-10(b)) had 100 sinusoidal loops with a constant peak excursion at 18mm,
corresponding to 2% drift ratio (which is considered the response target at ULS) of the
prototypical PT frame to identify any possible fatigue damage. Besides, fifteen amplitude-
increasing sinusoidal loops with peak excursion at 18mm, 24mm, and 36mm were added before
and after the fatigue test loops to identify any influence of the fatigue damage at 18 mm on the
behaviour at greater excursions. It is worth noting that new friction pads were used for each

individual test to ensure reliable results. In the test, the strength of the specimens was recorded
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by a load cell fixed to the actuator; an LVDT measured the displacement attached at one end of
the | beam, as shown in Figures 4-2.
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Figure 4-10 Test protocols: (a) test protocol A; and (b) test protocol B.

4.3.3 Hysteretic behaviours under TP-A

All the specimens exhibited stable hysteretic behaviours during the tests. With the excursion of
the | beam, the sliding keys slide along the slope blocks and enforced cantilever bars bent. Only
one pair of inclined cantilever bars activated when the beam moved in one direction. All the
components moved back to their initial positions at the end of each loading loop. Audible noise
was observed during all tests; such noise was generated from frictional surfaces, and it was light
for brake lining pads and sharper for metal ones.

Figure 4-11 shows the hysteretic curves of specimens subjected to TP-A. Overall, all specimens
exhibited triangular-shaped hysteretic curves. The curves of specimens S1 to S4 spread across all

four quadrants (negative slope unloading), while T1 and T2 only exhibit behaviour in the first and
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third quadrants (positive slope unloading). The negative slope unloading shapes of the hysteretic
curves correspond to systems that are unable to re-centre on their own without the help of the PT-
frame. While the systems with positive slope unloading shapes can re-centre, on their own without
the help of the PT frame. Although there was a difference in the self-centring feature, both positive
and negative unloading slope forms have zero activation force threshold (i.e. pass through the
origin). The brake lining specimens (S1, T1, T2) show smooth hysteretic curves and overlapping
each other for all loading loops. The devices with metal friction materials (S2, S3, S4) had
hysteretic curves that were more unstable, especially the one with steel against steel friction
surfaces (S4). For comparison, the hysteretic curves of S4 in different loading steps were shown
with various colours in Figure 4-11 (d) and unfolded in time in Figure 4-12. A significant
difference in stiffness and peak strength is observed among different loops in the same loading
step. However, no clear trend of this variation in the loading cycle sequence was observed. In
addition, Figure 4-13 summarises the backbone curves of the hysteretic curves of specimens. The

results clearly show that the SKID loading stiffness increases with the friction coefficient sz
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Figure 4-11 Hysteretic curve of (a) S1; (b) S2; (c) S3; (d) S4; (e) T1; and (f) T2.
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Figure 4-12 Force time history of S4 subjected to TP-A.
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Figure 4-13 Backbone curves of the hysteretic curves of specimens.

Figure 4-14 shows the equivalent damping ratio eq for all specimens and for each loading step.
For each loading step, the < is the average of the values calculated for each of the three loops
using Jacobsen’s method (Jacobsen, 1960). The equivalent damping ratio is large for lower
displacement (up to 8 mm) because more hysteretic damping was created from the friction of the
self-weight support system and the relative movements of the components. Thus, the setup affects
equivalent damping ratios for low displacement; the actual equivalent damping ratios of the
specimens can be read for displacements larger than 8mm, where the trend stabilises. Comparing
S1and T1 (same x and different f) as well as T1 and T2 (same S and different w), it is clear that
large friction coefficients and small sliding angles £ lead to higher equivalent damping ratios. In
addition, the specimens with brake lining pads (S1, T1, and T2) had a more stable equivalent
damping ratio for increasing displacements. In contrast, specimens with metal pads exhibited a

more significant fluctuation of the damping ratio. In addition, Specimen S2, S3, and T2 displayed

67



the same loading stiffness (Figure 4-13) but different damping ratios (Figure 4-14), exemplifying
the SKID possibility of having the same strength properties but different damping behaviours.
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Figure 4-14 Equivalent damping ratios of specimens.

4.3.4 Fatigue behaviour of the SKID devices with different friction pads

In this Section, the fatigue behaviour of different friction materials used in the SKID device are
investigated (protocol TP-B). The three specimens with brake linings exhibited the most stable
hysteretic performance without any strength or stiffness degradation within the 100 cycles. Figure
4-15 shows the strength-displacement and the strength-time responses of S1, as an example. The
hysteretic curves overlap each other, and the responses of the amplitude-increasing loops after the
fatigue loops were the same as those before the fatigue loops, which indicates an excellent fatigue
resistant capability. However, the specimens with metal pads (S2, S3, and S4) had much more
irregularity in force and stiffness, forming a wide band in its strength response, as exampled by
S4 in Figure 4-16. Although the irregularity, no stiffness degradation linked to the loading cycle
sequence was observed. In addition, there were no significant changes in the responses due to the
amplitude-increasing loops after the fatigue cycles (c.f. [0 to 400] cycles with [2100 to 2500]
cycles). Figure 4-17 displays the comparison of the friction pads before and after the fatigue tests.
As shown, different levels of abrasion were generated among six specimens after the same loading
protocol. Among them, the steel pads in S4 displayed the most severe abrasion, as shown in
Figures 4-17 (d) and (e). There was an increase in abrasions with the number of loading cycles.

However, such abrasions did not lead to stiffness/strength degradation during the test.
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Figure 4-15 Behaviour of S1 subjected to TP-B: (a) hysteretic curve; and (b) force time history
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Figure 4-16 Behaviour of S4 subjected to TP-B: (a) hysteretic curve; and (b) force time history.

(d)

(e)

Figure 4-17 Abrasion of the friction pads of: (a) brake lining; (b) bronze; (c) copper; (d) steel;
and (e) details of the steel pad.
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4.3.5 Repairability of the SKID device

The SKID device was designed to be assembled and installed on-site only using bolted
connections. The only expected damage is the abrasion on the friction pads. Any damage in other
components should be avoided as a design target. As concluded in section 2.4, the development
of these abrasions did not make any noticeable impact on the global behaviour of specimens,
indicating that it is unnecessary to replace friction pads after earthquakes. However, a replacement
of friction pads is still possibly required, for example, if the required mechanical properties of the
device change due to a change of use of the structure (e.g., from residential to office spaces where
different stiffness or damping may be required on the SKID device). This process of replacing
friction pads was rehearsed between two consecutive tests, as shown in Figure 4-18, where new
brake lining pads replaced the worn steel pads while all the other components were reused. The
only operation was the removal of the old pads and the replacement of new ones, while all the
other parts of the device were not touched at all; such an operation took one technician about a
half-hour to complete the entire procedure.

Sliding key
without pad

Worn steel pad

New brake
lining pad

Figure 4-18 Replacement of friction pads: (a) the specimen with worn steel pads; (b) removing

the worn pads and installing new pads; and (c) the specimen with new brake lining pads.
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4.4 Conclusion

In this chapter, two 1/4 reduced scaled prototypes were manufactured and tested. Quasi-static
cyclic tests were carried out to observe their hysteretic behaviour and failure mode. Their effective
slope angles and cantilever bars tip stiffness were interpreted from their strain gauge and LVDT
data and were substituted into the theoretical equations (derived in Chapter 3) to verify the
consistency between the theory and practice of the proposed device. Then, six 1/4-scale physical
specimens with different friction coefficients y, slope angle £, and cantilever stiffness Kskio were
built and tested. Five materials were tested as friction pads by carrying out quasi-static amplitude-
increasing cyclic tests and fatigue tests.

Based on the physical tests performed in this chapter, the following conclusions are drawn:

1. The cyclic tests reveal that the proposed SKID device can exhibit stable and repeatable
triangular-shaped hysteretic behaviour and satisfactory energy dissipation capabilities, as
theoretically expected in Chapter 3. In addition, the comparison of equivalent damping ratio, eq,
between SKID-A and B demonstrates that the devices with negative unloading stiffnesses 7>1

have a better energy dissipation capability than those with positive unloading stiffnesses 7<1.

2. Rotational slippage of the cantilever bars can be seen as the first failure mode of the prototype
in the SKID B configuration. This failure was developed gradually with the first loading cycle,
leading to a stiffness degradation in the cycle. Subsequently, in the following cycles, an ‘idle
running’ zone occurs around the point where a swap between the left and right sliding keys contact
occurs. This is around the zero-displacement condition. This failure can be prevented by replacing

the bolt connections with welded joints for the feet of the cantilever bars.

3. The strain gauge and LVDT data demonstrate the linear elastic performance of the cantilever
bars as expected in theory. By substituting the equivalent slope angle, S, and equivalent tip
stiffness, ketr, into Eqg. (3-25) and Eq. (3-28), and comparing with the test-obtained results, a

satisfactory consistency between theory and practice of the SKID device is verified.

4. Different mechanical properties (loading stiffness Kskip and equivalent damping ratio &eq) can
be achieved on the SKID device by adjusting friction coefficient g, slope angle £, and cantilever
bar stiffness ks. Specifically, large values for x4, £and ks lead to a larger Kskip; a large x but low
pF lead to a higher {eq. These are consistent with the theoretical results presented in Chapter 3.
Although different parameters were utilised, all the specimens exhibited stable hysteretic

behaviours with triangular-shaped hysteretic curves in general.
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5. Although the cyclic response of all the specimens was generally stable, the specimen with metal
pads (especially the steel pads) exhibited fluctuations in loading stiffness with severe abrasion.
Meanwhile, the brake lining pads showed the most stable and repeatable hysteretic behaviour.

Therefore, brake lining is recommended as a good material choice for the SKID sliding surfaces.
6. The steel friction pads experienced the most severe abrasion in 100 repeat loading cycles;
however, no stiffness or strength degradation in the global behaviours of the specimen linked to

the loading cycle numbers was observed.

7. The repair of the SKID device (by replacing friction pads) is straightforward and time-efficient.

72



Chapter 5 The Post-Tensioned
frames with the Sliding Keys on
Inclined Deflecting-cantilevers
device (the PT-SKID frames)

The contents of this chapter have been adapted from the following publications:

1. Zhang, Y., De Risi, R., & Alexander, N. A. (2022). A novel seismic energy dissipating device,
Sliding Keys on Inclined Deflecting-cantilevers (SKID): Theoretical and experimental evidence.
Engineering Structures, 273, 115056.

2. Zhang, Y., De Risi, R., & Alexander, N. A. (2022). The Sliding Keys on Inclined Deflecting-
cantilevers (SKID) device: Empirical and analytical sensitivity analysis with application in post-

tensioned frames. Earthquake Engineering & Structural Dynamics.

3. Zhang, Y., De Risi, R., & Alexander, N. A. (2023). The seismic responses of the Post-
Tensioned frame with Sliding Keys on Inclined Deflecting-cantilever device (the PT-SKID
frame). EURODYN 2023. Delft.

5.1 Introduction

Zero activation threshold makes the SKID device suitable for various systems, especially those
expecting considerable energy dissipation but in small vibration scenarios or requiring the self-
centring feature. This chapter presents an application scenario of the SKID device used in a PT
frame. The PT frame prototype exampled in this chapter is a one-storey one bay nonlinear elastic
frame abstracted by Oddbjornsson (2009) from the PRESSS frames. Because of the lack of energy
dissipation devices, the peak drift ratio of the bared PT frame could be significant in a large
earthquake event. For this frame, there are many design options, such as the sacrificial re-bars in
the original paper (Priestley, 1991). However, the inevitable damage leads to difficulty in its repair.
Other solutions such as a metallic shear panel dissipator or traditional friction dampers (which

typically have a parallelogram-shaped hysteretic curve) would result in either re-centring
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inhibition or undesirable energy dissipation. In other words, the traditional damping ‘devices’
with a parallelogram-like hysteretic curve cannot permit both of these competing design criteria:

(i) large energy dissipation and (ii) a low sliding activation force threshold and hence re-centring.

In this chapter, the Post-Tensioned frame with the Sliding Keys on Inclined Deflecting-cantilever
device (the PT-SKID frame) is investigated. The hysteretic curve of the PT-SKID frame is
estimated by equations and discussed. Then, a numerical model (in OpenSees) is developed for a
heuristic case of a single storey PT frame with and without the SKID device. The model is
benchmarked against the experimental results. Quasi-static cyclic tests were used to investigate
the hysteretic behaviour of the frame models. Nonlinear time history analysis is also performed
using incremental dynamic analysis (Vamvatsikos and Cornell, 2002; 2004) to explore the
variability in system response with changes in earthquake time-series and magnitude. The
dynamic benefits of the SKID device on the heuristic PT frame are explored by comparatively
analysing both peak responses and the energy dissipating patterns among different frames. Finally,
more than seven hundred one-story one-bay PT frames with different SKID devices (the PT-SKID
systems) were numerically tested to investigate the influence of the SKID manufacturing
parameters on the seismic responses. The basic dynamic features of the PT-SKID frame were also
identified based on the frequency response functions generated from sin-sweep excitations.

The key research questions (aims) of this chapter are as follows:

1. How well do SKID devices (in conjunction with PT frames) work for a range of earthquakes

and spectral acceleration intensities?
2. What are the dynamic features of the PT-SKID frames?

3. How do SKID manufacturing parameters affect the seismic response of the PT-SKID frames?

5.2 The application of the SKID device: the PT-SKID frames

Oddbjornsson (2009) abstracted a Post-Tensioned frame from the PRESSS frames (Priestley,
1991). The PT frame is a moment-resisting frame that uses pre-stressed cables to fasten the beam
and columns, as well as the columns and foundations. The PT frame performs a nonlinear elastic
hysteretic curve, presenting a high initial stiffness and a stiffness softening at large displacement.
However, the PT frame does not involve any hysteretic damping. Thus, the SKID device is
applied to the PT frame to provide additional damping while maintaining the full self-centring

feature. In the PT frame, the SKID device is positioned below the beam and connected with it by
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the sliding keys, as shown in Figure 3-7. A support column or shear wall may be required to
support the cantilever bars if the SKID device is shorter than the floor height. Note that the SKID
device is assumed to work in the plane of the frame. To accommodate the out-of-plane motions
between the SKID device and the PT frame, low-friction Teflon sliding surfaces may be required

to allow out-of-plane sliding between the beam and the devices.

As presented in (Alexander et al., 2011), the hysteretic curve of the bared PT frame could be
expressed by the equation:

1
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where H is the floor height, € is the drift ratio, b; and Fj; are the contact width and the pre-
tension force of the ith joint, respectively, and the non-dimensional moment /; is defined by
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where ki and k. ; are the contact and cable stiffness, respectively. The PT-SKID frame can be
schematically seen as the combination of the PT frame and the SKID device in-parallel thus, the
base shear-drift ratio relationship of the PT-SKID frame can be expressed as:

Fpr.skip (6)=Fpr(6)+ Fsip (HO) (5-5)

Figure 5-1 shows the hysteretic curve of a 1/4 scaled case frame. The curve is based on Eg. (5-5).
The height and the span of the frame are 900 mm and 2100 mm, respectively. The applied mass
on the beam was 2 tons. The beam and column sections are RHS 100x40x3 mm. The areas of pre-
stressed cables are 52 mm? and 38 mm? for beam-column and column-foundation connections,
respectively. The corresponding pre-tension forces are 65 kN and 40 kN, respectively. The SKID
device is assumed to have a slope angle of 3.9°, a friction coefficient of 0.4, and a cantilever bar
stiffness of 258 N/mm. As shown, the PT-SKID frame has a dual-triangular-flag-shaped
hysteretic curve. The curve is entirely in the first and third quadrants, indicating an inherently full

self-centring capability.
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Figure 5-1 Hysteretic curve of the case PT-SKID frame.

5.3 The benefits of the SKID device on the PT frames

5.3.1 Details of OpenSees numerical model of the prototype PT frame and SKID device

In this section, quasi-static finite element analysis is carried out to evaluate benefits of the SKID
device on the PT frame. The benchmark PT model is a quarter-scale one-storey one bay planar
steel frame tested by Oddbjornsson et al. (2009), which was abstracted from the PRESSS post-
tensioned self-centring prototype structure. The height of the frame was 900 mm, and the bay
width was 2100 mm. The beam and columns were made of hollow steel tubes with a square
section of 100x100x10 mm?3. The beam-column and column-foundation connections were
fastened by pre-stressed cables with areas of 93 mm? and 52 mm?, pre-tension forces of 115kN
and 64 kN, respectively. The applied mass on the beam was 2 tons. The static and dynamic
mechanical properties of the frame were theoretically analysed by Alexander et al. (2011),
physically tested by Oddbjornsson et al. (2009), and numerically investigated by Kibriya et al.
(2018). More details of the frame could be found in the above-mentioned literature. The benefits
of adding the SKID device to the PT frame are compared using three heuristic frames denoted as
Frame A, Frame B and Frame C described in Table 5-1.

Table 5-1 Description of three heuristic frames.

Frame Description Linear SKID SKID SKID
Elastic  cantilever Slope Friction
Period bar Coeff.
Stiffness
Ty k B H
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[s] [kN/mm]  [deg] []

PT frame tested by Oddbjornsson et al. (2009)  0.135 NA NA NA
B PT frame A stiffened by an equivalent stiffness  0.127 0.835 45 0
due to that of the SKID but with no frictional
dissipation
C PT frame with SKID device 0.127 10 5 0.8

Frame A is the PT frame tested by Oddbjornsson et al. (2009) as mentioned above. Frame B is
the PT frame A stiffened by an equivalent stiffness to that of the SKID but with no frictional
dissipation. Frame C is the PT frame with the SKID device. The SKID device in Frame C is
conceptionally designed based on the analysis in Section 3. The Kinetic friction coefficient « is
0.8, which is a typical value corresponding to rubber against rubber interface sliding. The sliding
angle gand cantilever bar stiffness k are 5° and 10 KN/mm, respectively. According to Eq. (3-25),
this SKID device has a loading stiffness of 0.835 kN/mm. The SKID device both (i) increases the
lateral stiffness of the frame (especially the ‘post-pseudo-yield’ stiffness) and (ii) frictionally
dissipates input energy. Note that Frame B is used to explore the effect of (i) the stiffness increases
without the dissipative component. This is achieved in practice by applying the SKID device
properties as described in Table 5-1 which results in a non-hysteretic stiffness increase to the PT
frame of 0.835kN/mm.

OpenSees (McKenna, 2011) was employed to develop a two-dimensional planar model with three
degrees of freedom nodes, as shown in Figure 5-2. The beam and columns were modelled by
elastic beam-column elements with their respective material yield point of 275 MPa and elastic
modulus of 210GPa. The pre-stressed cables were modelled by co-rotational truss elements, and
their yield points were 1500 MPa. Rigid links were used to outline interfaces between different
elements and ensure accurate anchor positions of cables. The stiffness and strength of each of the
rocking connections were modelled by 100 (evenly spaced) compression-only springs, that are
modelled by using zero-length elements with an elastic-perfectly plastic gap material. Note that
the stiffness of springs located at the two exterior edges of the interfaces was half of the others.
The influence length (which is used to determine the contact spring stiffnesses in the OpenSees
model) of the members contributing to the rocking zone stiffness was set to approximately one-
third of the storey height for the columns and one-sixth of the bay widths for the beams. The floor
mass was applied to the beam as a uniformly distributed load. A Rayleigh damping ratio of 5%
was specified for all elements. To account for geometric nonlinearities, the co-rotational
geometric transformation was utilised for columns and beams. Results of Frame A have been
benchmarked dynamically with those reported in Kibriya et al. (2018). The SKID device was
modelled as two separate and independent devices (one for the motion to the right, and one for

the motion to the left) with friction surfaces in only one direction, as shown in Figure 5-2. The
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zero length 2D element was chosen to form the inclined sliding surface and simulate the loss of
contact of the surfaces between the slider and the slope blocks. The spring blocks were modelled

by zero-length elements to ensure that no force was generated on the loss of contact.

\

900 mm

| Column

| nicil i‘%%

2
7 N = éﬂ
Py P p N N - 5 <
Vv 3$s ‘ . SKID sliding keys/slope blocks o b4
! SKID cantilever bar (zero length contact 2D element) N

2100 mm 1

N\ . .
/,,,V‘~Samc horizontal displacement

—— I_ -
| A !
: | ‘i“ ~_ - \ N Beam / H :

|Springs ~ Rigidlinks \  Beam outline //Zerolengtht f |
: [ \»\ Tendons — |
| |
| |=——— Column outline A\ |
| |
| |
| |
| |

I N\ T
\ "F.z:

\

AAA

Figure 5-2 Details of the OpenSees model of the PT frame and SKID device.

5.3.2 Experimental benchmarking of OpenSees numerical model.

These numerical tests adopted a quasi-static cyclic constant amplitude (displacement control),
and their peak drift ratio was set as 2%. Figure 5-3 (a) presents hysteretic results of Frame C with
the non-hysteretic backbone curves of Frames A and B. Frame C exhibits a triangular flag-shaped
hysteretic curve (a composite of the triangular shape of the SKID and the nonlinear elastic
backbone of the PT frame). This contrasts with the parallelogram flag-shaped hysteretic curves
of conventional self-centring systems. Frame B is still effectively a nonlinear elastic frame, albeit
with a 14% increase in initial stiffness and a 321% increase in post-pseudo-yield stiffness of the
frame. The term ‘pseudo-yield’ means here the cornering stiffness softening caused by
geometrical nonlinearity rather than material inelasticity. Figure 5-3 (b) presents the force-
deflection share taken by the PT frame components of the combined system. Experimental test
results obtained by Oddbjornsson et al. (2009) are also plotted to benchmark the numerical model.
The numerical (OpenSees) model (for the PT frame part) matches the form of the experimental
results well, although the strength is slightly lower than the test results (around 9% at the drift
ratio of 2%). This may have been induced by frictional forces parallel to the opening joints that
have not been captured in the numerical models. Additionally, the numerical results of the SKID
part perfectly match the mathematical prediction of Eq. (3-24). Therefore, we conclude that the

OpenSees model of the PT frame and SKID device is reasonable and accurate.
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Figure 5-3 Hysteretic curves for cyclic tests of (a) PT Frame and SKID device, (b) PT frame
parts alone with benchmarking against experimentally obtained push-over curves, and (c) SKID

device part alone with benchmarking against theoretical envelope obtained from Eq.(3-24).

A pushover test was carried out on Frame A up to a drift ratio of 7% to identify the capability of
the PT frame. The element for modelling the beam and columns were replaced with force-based
beam-column elements with Steel 02 materials. Their respective material yield point is 275 MPa,
and elastic modulus is 210GPa, as shown in Figure 5-4 (a). The element for the pre-stressed cables
were replaced with co-rotational truss elements with Steel 02 and MinMax materials. The
MinMax materials was used for modelling the broken of the cables at ultimate strain. Their strain-
stress relationship was shown in Figure 5-4 (b). Because the real yield points of the cables were
unknow, two yield strain values of 0.8% (which is normally the 0.1% proof load strain) and 0.9%
(which was the results tested by Du et. al. (2018)) were assumed and shown in Figure 5-4 (b).
Figure 5-4 (c) shows the pushover curves. As shown, the frame shows a stiffness softening at
around 0.5% drift ratio. This stiffness softening was due to geometric nonlinearity. The stiffness

of the frame reduced again after around 3.8% and 5.5% under the two yield strain assumptions,
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respectively. This reduction was induced by the yield of the column cables. Figure 5-5 (d) shows
the column cable force of Frame A. Please note that this OpenSees model of the PT part cannot
capture the yield behaviour of the contact area where yield may happens within 7% drift ratio. No
physical test data about the post-yield behaviours of this contact area is available in the literature.
The physical test conducted at the University of Bristol in a previous study and used herein for
the validation of this numerical model investigated only the elastic regime of the structural system.
Thus, the current information about the bared Frame A cannot support a rational analysis with its
post-yield behaviours. It is important to clarify that this research focuses on the behaviour of the
PT-SKID frame rather than the bared PT frame. The following analysis is for supporting the
design of the PT-SKID frames at a specific seismic level (i.e., the structural components are
expected to remain elastic for self-recentre). Thus, the main point of this research is the behaviour
of PT-SKID frame (especially the PT-SKID mechanism) before failure. Therefore, a model
without including the plastic behaviour (or a model with an elastic assumption) is deemed
sufficient for this research scope. In addition, an average dynamic responses of a model behaving
elastically for some events and plastically for the others cannot represent the behaviour of the PT-
SKID frame at the design earthquake level. The logic is not consistent if such a model is used for
the analysis. However, the PT-SKID frame behaviour beyond the elastic range is important when,
due the uncertainties on seismic actions, stronger earthquakes can occur. The failure mode of the
PT-SKID frames in unexpectedly strong events should be properly considered in design. This is

beyond the scope of this research but should be carried out in the next research stage.
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Figure 5-4 The pushover results of Frame A: (a) the strain-stress relationship of the beam and
column sections; (b) the strain-stress relationship of the cables; (c) the pushover curve of Frame

A; and (d) the column cable force of Frame A.

5.3.3 Equivalent viscous damping ratio estimates

Figure 5-5 (b) presents an estimate of the equivalent viscous damping ratios of Frame C as the
drift increases. The equivalent damping ratio of the SKID part of the frame also has been
presented in Figure 5-5 (b). Here, the estimated equivalent viscous damping ratio (for the PT

frame and SKID damper system), {eq nyst» Was calculated by the area-based approach proposed

by Jacobson (1960):

S1
(eq,hyst = FSZ

(5-6)
where S; and S, correspond to the areas illustrated in Figure 5-5 (a). Note that these damping
ratios are only the hysteretic component. The total equivalent damping ratio, {4, Of the frames
should involve the damping from other sources (i.e., the elastic viscous damping component, {cq,o,
including the flexure/friction of the non-structural elements and soil nonlinearity, etc) and is

expressed as (Blandon and Priestley, 2005):
(eq = (eq,O + {eq,hyst G-7

It is worth mentioning that Jacobson’s method expressed by Eq. (5-7) generally overestimates the
hysteretic component of equivalent viscous damping ratio, induced by its approximations of
harmonic excitation in the resonance condition and full cycles at the maximum amplitude

(Blandon and Priestley, 2005; Dwairi and Kowalsky, 2004). In fact, the seismic energy dissipated
81



by the hysteretic behavior mainly depends on the characteristics of the earthquake excitation
(Gentile and Galasso, 2021). Therefore, a more accurate approach for estimating the hysteretic
equivalent damping ratio is expected in future research. Although these limitations exist,
Jacobson’s approach is useful in identifying the approximate hysteretic damping. Considering
Figure 3-9, it is clear that the triangular-shaped hysteretic curve must give a constant damping
ratio (for the SKID device alone) independent of drift ratio. However, in combination with the
nonlinear elastic PT frame the effective system damping ratio (PT frame and SKID device) is
dependent on drift (as stated in Eq. (3-16)), when calculated from the enclosed area of hysteretic
loops shown in Figure 5-3 (2). These drift amplitude-dependent effective system damping ratios
are displayed in Figure 5-5 (b). Thus, generally, the equivalent viscous damping ratios of Frame
C increase as drift level increases.

2 40 '
k=) SKID Frame B
E Sl ‘é’ 30! —— Frame C | |
CD e e e e e e e e e Em e e e e e e e e e e = e
g
o,
g 20 Whole structures
=
/‘ S0}
82 A E
Zo
0 0.5 1 1.5 2
Drift ratio [%]
(@) (b)

Figure 5-5 (a) Hysteretic areas employed for the calculation of the equivalent viscous damping

ratio; (b) equivalent damping ratios of Frame B and C.

5.4 Ground motion dynamic behaviour of the PT-SKID frames

5.4.1 Numerical analysis setup and ground motions

To comparatively investigate the benefits of the SKID device to the PT frames, three models
described in Table 5-1 were subjected to earthquake ground motions. Seven pairs of ground
motions selected by Lombardi et al. (2019) from the European Strong Motion Database were
utilised in the analysis; they are spectrum-compatible for a high seismicity area in Italy (i.e.
L’Aquila), where such a structural typology can be of interest. Table 5-2 summarises their
characteristics, and Figure 5-6 shows the 5%-damped linearly elastic response spectrum of the

ground motions (Average of original). The average acceleration response of them (the red dashed
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line in Figure 5-6) matches well with the target code spectrum of the Life-Safety Limit-State (10%
probability of exceedance in 50 years) for the sites (blue dashed line in Figure 5-6). An
incremental dynamic analysis (IDA) was used to explore the sensitivity of the frame models to
seismic excitations. The excitation intensity level in IDA was measured by the 5%-damped

spectral acceleration (S,) ranging from 0 to 3.5g with an increment of 0.05g.
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Figure 5-6 5%-damped linearly elastic response spectrum of the records in table 2.

Table 5-2 Characteristics of the considered ground motions (Lombardi et al. (2019)).

) i Original PGA
Earthquake ) Magnitude  Repi Duration  EC8
N Station ID ) ) (9)
Event (Richter scale) Soil Class
(km) (s X y
Montenegro Petrovac-
1 ) 6.9 25 48 B -045 -0.31
(2979) Hotel Oliva
Dursunbey Dursunbey-
2 N 5.3 6 10 B -0.22 -0.29
(1979) Kandili
Campano- o
3 Calitri 6.9 16 86 B -0.16 -0.18
Lucano (1980)
4 Erzincan (1992) Erzincan 6.6 13 21 B -0.39 051
South Iceland
Hella 6.5 15 81 B -0.21 -0.48
(2000)
South Iceland
Kaldarholt 6.4 12 51 B 0.33 0.39
(2000)
South Iceland ]
Solheimar 6.4 11 55 B 042 0.72
(2000)
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5.4.2 Nonlinear dynamic time-history, IDA results.

Figure 5-7 summarises the average peak responses of Frames A, B and C in solid lines when
subjected to the 14 records with the increasing spectral accelerations. According to Figure 5-7 (a),
the SKID device would significantly reduce peak drift ratios of the PT frame, especially when the
peak drift ratio exceeds 0.5% as this is where the system starts to exhibit pseudo-yielding. Results
indicate that both stiffness increase (Frame B) and frictional energy dissipation (Frame C)
contribute to this reduction. Specifically, the response difference between Frame A and B is due
to the stiffness increase introduced by the SKID device (which is not active hysteretic damping).
While the difference between Frame B and C exhibit the energy dissipation from the friction force
in the SKID device. Furthermore, the responses of Frame A and B almost overlap when the S; is
less than 0.8g. This is where the PT frame parts deform with their initial stiffness. The reason is
that the stiffness increase provided by the device only contributes significantly at post-pseudo-
yield drift levels.

It is worth noting that the results are obtained under the hypothesis of elastic beams, columns, and
cables. It is worth noting that the results are obtained under the hypothesis of elastic beams,
columns, and cables. The numerical models based on the elastic elements have been validated
numerically and theoretically. However, no physical test data or theoretical model was accessible
for validating the mode when frame elements or assemblies (especially the contact surfaces)
perform inelastically. To clarify this issue, the responses over a 2% drift ratio (peak displacement
in the physical tests) are drawn by the dashed lines with hollow circle markers in the figures.
Although a simplification, these results are sufficient to identify the benefits of introducing the
new SKID device. As shown in the figure, even under the quite severe earthquake with a S, of
3.5¢, the mean performance of Frame C indicates its most probably still safe. According to Figure
5-7 (b), the average roof total acceleration response of Frame C is always the smallest among the
three frames, but the difference between Frame A and C are not very large. This is due to the
nature of the nonlinear elastic backbone curve of the PT frame, which effectively limits response

accelerations.
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(a) (b)

Figure 5-7 IDA responses for Frames (Table 1, Frame A (red), Frame B (Cyan), Frame C
(blue)) when subjected to ground motion (table 2) with incremental spectral accelerations: (a)
roof drift ratio, (b) roof total acceleration.
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Figure 5-8 Roof drift ratio time history for Record 4 (y-direction) with a Sa of 2.5¢g for: (a)
Frame A, (b) Frame B, (c) Frame C.

5.4.3 A forensic case study of an individual sample from the IDA results

The responses of three frames subjected to Record 4 (y-direction) with a S, of 2.5g was selected
to show how the frame responds to the severe earthquake excitation. This record with the S, of
2.5¢g could be seen as a maximum considered earthquake (MCE) ground motion. Figure 5-8 shows
the response time history of three frames in terms of the roof drift ratio. According to the figure,
the peak drift ratio of the frame is reduced significantly after introducing the SKID device, by
comparing the responses of Frame A and C. It is worth noting that Frame A and B have damaged
and even collapsed when the drift ratio exceeds 3.8%. The results herein are obtained under the

hypothesis of elastic beams, columns and cables. In addition, the residual drift ratio is negligible
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in Frame C, which means the introduction of the SKID device does not compromise the self-

centring feature of PT frame.

Figure 5-9 displays the force-deflection curves for the Frames. The force-deflection behaviour of
the three frames under dynamic loads have a similar form to those under quasi-static cyclic
loading, albeit the amplitude levels are determined by the dynamic performance of the entire

nonlinear PT and SKID system.
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Figure 5-9 Hysteretic behaviour of the frames under Record 4 (y-direction) with a Sa of 2.5¢.

Figure 5-10 shows the cumulative energy dissipated by the frames. The energy dissipated by each

part is calculated from the integral of a nonlinear SDOF’s system equation of motion, expressed

as Eq. (5-8) given in Chopra (2007):
fumil(t)du + fucu (t)du + fufs(u,u)du + fufd(u, wdu = — fumﬁg(t)du (5-8)
0 0 0 0 0

where, in this case, m is the floor mass, u is the relative roof drift response, ¢ is the viscous
damping coefficient, and i, (t) is the ground acceleration, fs(u,u) and f;(u, ) are the base
share force of the PT frame part and the SKID part, respectively. The right-hand side of the
equation is the total energy input into the system. Four terms on the left are the kinetic energy of
the mass, the energy dissipated by viscous damping, the recoverable strain energy in the PT frame
part and the hysteretic energy dissipated by the SKID device, respectively. It is worth mentioning
that the energy dissipated by viscous damping is calculated based on the equilibrium of Eq. (5-8)

after obtaining the other four terms. As shown in Figure 5-10, the total dissipated energy is
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reduced when the post-pseudo-yield stiffness is increased by the stiffness SKID device alone
(Frame B). However, the reduction is far greater in Frame C as the SKID dissipates energy and
reduces overall drift amplitude levels which inevitably results in far less total energy in the

structural system.
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Figure 5-10 Cumulative energy dissipated by the each part of the system for Record 4 (y-
direction) with a Sa of 2.5g (a) Frame A, (b) Frame B, and (c) Frame C.
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5.5 The influence of manufacturing parameters of the SKID device on

the dynamic behaviours of PT frames

Ihe influence of the SKID parameters on the dynamic response of PT frames has not been
investigated yet. The following numerical analysis focuses on: (1) the dynamic characters of the
PT-SKID frames using sine-sweep responses and (2) the influence of SKID manufacturing

parameters on the earthquake responses of PT-SKID frames.
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5.5.1 The prototype PT-SKID frames and their OpenSees numerical models

The same typical PT frame described in Section 5.3.1 is adopted. However, the cross-sections of
the beam and columns have been redesigned into rectangular hollow sections of 100x40x3 mm?
to consider the stiffness and damping contribution of the SKID device. The pre-stressed cables
have also been modified with areas of 52 mm? and 38 mm? for beam-column and column-

foundation connections, respectively, corresponding to pre-tension forces of 65kN and 40 kN.

Section 5.4 identifies two contributions of the SKID device to the response improvement in PT
frames: (1) stiffness strengthening (mainly on post-opening joint stiffness) and (2) additional
damping. These two effects from the SKID device can be reflected by two factors: the loading
stiffness Kskip and equivalent damping ratio (e, respectively. They are controlled by three
independent manufacturing parameters: friction coefficient x, slope angle £, and spring stiffness
ks. Jacobson’s method suggests that the equivalent damping ratio of the SKID device is irrelevant
to the spring stiffness ks. Thus, we replace spring stiffness ks with Kskip (i.e. the loading stiffness)
to reflect stiffness strengthening from the SKID device and keep friction coefficient x and slope

angle g as damping reflection parameters in the following analysis.

OpenSees is used to develop a two-dimensional planar model, as shown in Figure 5-11. The PT
frame part was modelled the same as Figure 5-2. However, the model of the SKID device is
refined in this section. The SKID devices are modelled as a simplified equivalent model (by
replacing every two spring-slope sets with one set) to reduce numerical integrity complexity, as
shown in Figure 5-11. The deflection cantilever bars were represented by the springs with twice
the stiffness. The simple contact 2D element is chosen to model the sliding surfaces and to
simulate the touch/separation of the surfaces. The sliding keys, slope blocks and springs are

modelled by the quad and elastic beam-column elements, respectively.
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Figure 5-11 Details of the OpenSees model of the PT frame and the SKID device.

5.5.2 Benchmark of the OpenSees model of the SKID device

The equivalent model of the SKID device in OpenSees was benchmarked with the physical
specimen S1. The numerical case frame (PT-S1) was assumed to be equipped with the SKID S1
and was subjected to the ground motion 4-y (see Table 5-1). Then the roof drift response of the
frame from the numerical analysis was applied to the SKID physical model S1 as the excitation.
By doing so, the physical model of the SKID S1 had the same loading protocol (i.e. pseudo-
dynamic test) as its numerical counterpart in OpenSees. Note that, limited by the configurations
of the actuator, the roof drift response from the numerical dynamic analysis was converted to a
quasi-static signal by simply amplifying the time series with 10 in the physical test. Figures 5-12
(a) and (b) show the ground motion series and the physical test excitation series, respectively. The
dynamic roof drift ratio response is expressed by the same line as the physical test excitation in
Figure 5-12 (b) (please refer to the top axis). Figure 5-13 shows the force-response time history
and hysteretic curve of the physical model S1 and its numerical counterpart. Empirical and
numerical curves match each other, indicating a reliable and accurate reflection of the OpenSees

model of the physical SKID device.
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Figure 5-12 Time history of: (a) ground motion used in the numerical analysis; and (b) the
dynamic response of the roof drift (beam excursion) in the numerical analysis and the converted
guasi-static excitation used in the physical test.
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Figure 5-13 Response comparison between the physical test and its numerical counterpart: (a)
SKID hysteretic curves; (b) base shear response time history.

5.5.3 Dynamic features of the PT-SKID frames: frequency response functions (FRFs)

First of all, the fundamental nonlinear features of the PT-SKID frames were investigated by
focusing on the frequency response functions (resonance curves). The frames were subjected to
sine-sweep excitations, including a series of amplitude-constant (in PGA) frequency-increasing
and frequency-decreasing time series. Then, the response time histories were converted to the
frequency domain and generated FRFs. The frequency range of sine-sweep excitations was from
1Hz to 5Hz and the time increment was 0.001s. A group of excitations with PGA from 0.01g to

0.20g was utilised to generate FRFs for each frame.
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Three types of frames, denoted as Frame A, B and C, were designed as listed in Table 5-3. Frame
Awas asimple PT frame; the FRF of Frame A was reported in Alexander et al. (2011) and Kibriya
et al. (2018). Frame C was generated by equipping Frame A with the SKID device. The device
introduced additional damping and stiffness enhancement to the frames. Frame B was defined for
separately identifying these two contributions. Frame B was provided with an equivalent stiffness
of 400kN/m without frictional dissipation; a particular SKID device with negligible friction
coefficient could conceptually achieve this characteristic. Besides, to unveil the influence of the
slope angle of the SKID device on the FRFs of the PT-SKID frames, Frame C was split into four
frames with the same Kskip and g, but different g ranging from 5° to 40°, and denoted as Frame
C1 to C4, respectively. Additionally, the SKID devices with a smaller x of 0.2 and a larger Kskio
of 600 KN/m were defined in Frame D and E to reveal the influence of the friction coefficient
u and sliding-up stiffness Kskip. All members in the above-mentioned frames were designed and

assumed as elastic in this paper.

Table 5-3. Description of five types of heuristic frames

SKID SKID
Fram o lateral SKID Slope Friction
Description .
e stiffness Coeff.
Kskip [s] B [deg] ull
A Bared PT frame NA NA NA
PT frame A stiffened by an
B equivalent stiffness but without 400 45 0
frictional dissipation
PT-SKID frames where gis the 5 (C1); 15 (C2); 25 (C3);
C ) 400 40 (C4) 0.2
variable
PT-SKID frames where g is the
D ) 400 15 0.8
variable
PT-SKID frames where Kskip is the
) 600 15 0.2
variable

The frequency response functions of Frame A, B, and C2 under the sine-sweep excitations with
the PGA of 0.05g are plotted in Figures 5-14 (a), (b), and (c), respectively. The responses of all
frames present typical features of nonlinear systems. The FRFs include two amplitude branches:
the upper one (blue line in the figure) obtained from frequency-decreasing excitation and the
lower one (black line) from frequency-increasing excitation, enveloping a coexisting solution
region. By comparing the results of these three frames, it is clear that the SKID device
considerably narrowed the coexisting solution region, thus, reducing the complexity of the

nonlinear response. The backbone curve of the FRFs of each frame is constructed by following
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peak values of their upper branches in different amplitude excitations, as shown in Figure 5-14
(red line). It is evident that the stiffness enhancement (by comparing Frame A and Frame B) and

the additional damping (by comparing Frame B and Frame C2) introduced by the SKID device
significantly reduced the peak drift ratio response of the frames.
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Figure 5-14 Frequency response functions in a wide range of excitation amplitudes (exampled
by the case at the PGA of 0.05g) and their backbone curves of: (a) Frame A; (b) Frame B; and
(c) Frame C2.
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Figure 5-15 Comparison of FRF backbone curves among frames with SKID devices of: (a)
different g; (b) different z; and (c) different Kskip.S

The backbone curves of FRFs belonging to Frame C1 to C4 (i.e. same Kskip and g but different
p) are plotted in Figure 5-15 (a). The figure indicates that the drift ratio response rises with
increasing £. Besides, a reduced trend in response with the increase x can be observed from Figure
5-15 (b). These response trends with x and S were in accordance with the estimated equivalent
damping ratio {eq using Jacobson’s method, as shown in Figure 5-16. In addition, Figure 15 (c)
shows the backbone curves of Frame C2 and Frame E, where the SKID devices possessed the
same wu and g but different Kskip of 400 kN/m and 600kN/m, respectively. The results show that
frequency response amplitude reduces with the increasing Kskip, similar to the response trends

between Frame A and B where the same damping but different stiffness was conducted.
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Figure 5-16 Equivalent damping ratio of the SKID device with various gand .
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5.5.4 The influence of SKID device manufacturing parameters on the earthquake

response of the PT-SKID frames

5.5.4.1 Numerical analysis setup and ground motions

In order to provide heuristic qualitative design suggestions for the SKID device, Kskip, ¢ and S
were chosen as variables to investigate their influence on the seismic response of the PT-SKID
frames. The SKID devices considered in this paper cover a wide range of values of Kskip, £, and
L. Specifically, Kskip ranged from 200 to 2000 kN/m, corresponding to a post-opening joint
stiffness ratio y(the post-opening joint stiffness to initial stiffness of the PT-SKID frame) ranging
from 0.21 to 0.61. zz was set from 0.2 to 1.0, comprising most of the usual friction interface. The
range of S was up to 40°. Table 5-4 summarises the range and increment of each parameter. All
the SKID devices were applied within the same PT frame, i.e., Frame A tested in section 3.2, in
the analysis. Note that as the PT-SKID frame is expected to be a hon-damage system (for a fully
self-centring purpose) for conventional earthquakes. Therefore, all the components of the PT
frames (i.e., beams, columns, and cables) and SKID devices (i.e., cantilevers) of the tested frames
were assumed elastic in the numerical analysis. However, in practice, structural damage (e.g.

plastic hinges) may be expected for some extreme earthquakes.

Table 5-4. The range and increment of parameters

parameters Values

200 (= 0.21), 400 (y= 0.29), 600 (= 0.36), 800 (= 0.42),1000 (3= 0.46),
1500 (y= 0.55), 2000 (= 0.61)

u 0.2,0.4,06,0.8,1.0

Kskip (kN/m)

S From 2° to 40° with an increment of 2°

Seven pairs of ground motions listed in the Table 5-2 are used in the analysis. To highlight the
seismic response under strong earthquakes, all the motions were scaled by 1.5 to make their average spectral
acceleration (red solid line) match the target code spectrum of the Collapse Limit-State (2% probability of
exceedance in 50 years, green dashed line) (see Figure 5-6). A 5-second time series with excitation of 0

was added at the end of each ground motion to observe residual deformation of the frames.

5.5.4.2 Sensitivity analysis results

Figure 5-17 presents the average drift ratio response of the PT-SKID specimens subjected to 7
pairs of ground motions in the form of contour plots. The response levels are expressed with

different colours shown in the scaling bar. The specimens with the same x are summarised into
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the same plot because w is a non-continuously selectable parameter in practice. Only the results
for x equal to 0.2, 0.6, and 1.0 are shown in the paper. The peak drift ratio response shows an
obvious stiffness-dependent trend. With increasing Kskip, the peak drift ratio reduces rapidly.
Similar trends could be observed in Figure 5-18 in terms of the base shear response of the PT part
(Fet). However, large values of Kskip lead to a large base shear response of the SKID part (Fskip),
as shown in Figure 5-19, which means larger sections are required in surrounding components
and connections. Thus, the design of Kskip should be considered a trade-off between the peak drift
response (or the base shear of the PT part) and the base shear of the SKID part. Note that in
Figures 5-18 and 5-19, the base shear is normalised by the total weight of the frame (M).
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Figure 5-17 Peak drift ratios of the PT-SKID frames with different SKID parameters: (a) u«
=0.2; (b) #=10.6; (c) #=1.0.
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Figure 5-18 Peak base shears of the PT part of the PT-SKID frames with different SKID
parameters: (a) ¢ =0.2; (b) «£=0.6; (c) ©=1.0.
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Figure 5-19 Peak base shears of the SKID part of the PT-SKID frames with different SKID
parameters: (a) x =0.2; (b) £ =0.6; (¢) x=1.0.

For the slope angle S, Figures 5-17 to 5-19 show that a small S leads to better seismic performance
both in the drift ratio response and the base shear response (both the PT part and the SKID part).
Additionally, the value of x also makes a difference in the response. To make the comparison
clearer, the response of the specimens with the same Kskip of 600 KN/m but various x and S are
summarised in Figure 5-20. The figure indicates that improving the friction coefficient x could
reduce the earthquake response. Furthermore, a more obvious improvement is observed when the
value of xand gare low. The improvement in response control regarding £ and u coincides with
their equivalent damping ratio calculated by Jacobson’s method (Figure 5-16). Specifically, eq

increases with smaller gand larger ., but the trend becomes less evident around large gand .
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Figure 5-20 Peak drift ratio response of the PT-SKID frames with different x and £.
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The parameter analysis unveils a better dynamic control capability when large Kskipo and g and
small £ are adopted in the SKID device. However, the response is more sensitive to the device
loading stiffhess Kskip. This indicates that SKID should be produced with a discrete number of
slope parameters (5 and w) for the market. A more restricted control target can be achieved by

simply modularly using them in parallel in a PT-SKID frame.

5.5.4.3 The residual deformation of the PT-SKID frames

Conceptually, the self-centring frames can recentre after an earthquake because of their hysteretic
curves in the first and third quadrants of the force-displacement space. Figure 5-21 shows the
hysteretic response of a case PT-SKID frame subjected to Record 1-x. In this case, Kskip was 800
kN/m, @ was 0.6, and £ was 4°. As shown, for any response loop where the peak drift ratio was
less than 1.8%, the hysteretic curve of the frame was entirely located at the first and third
guadrants, indicating an inherent self-centring feature. Here, the drift ratio that guarantees a first
and third quadrants hysteretic curve is termed a self-centring (quasi-static) threshold. In this case,
some loops had a peak response over 1.8%, causing partially second or fourth quadrant hysteretic
responses. In these over self-centring (quasi-static) threshold loops, the frame was conceptually
not self-centring. In these loops, an external reactive force was required to make the frame
recentre because the restoring force of the PT frame itself could not overcome the static friction
force of the SKID device to trigger its sliding-down movement.

40 ‘ ‘ ‘
= = =d4°
PT+SKID(K, | =800kN/m, ;1=0.6, F=4°)

Subjected to Record 1-x 14

Base shear [kN]
o =

)
S

Self-centring (quasi-static) threshold
-40 : ‘ :
-4 -2 0 2 4

Roof drift ratio [%]

Figure 5-21 Hysteretic curves of the case model subjected to Record 1-x.

Free vibration response of the case PT-SKID frame is explored to help understand this self-
centring mechanics. The free vibration was firstly activated by a small triangular pulse with a
period of 0.12s and a peak at 3.0g (Excitation 1 in Figure 5-22(a)), and the corresponding response
time history is shown in Figure 5-22(b). The initial drift ratio activated by the pulse was around

1% (which was less than its self-centring (quasi-static) threshold). The frame was damped to its
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neutral position with a O drift ratio at 2.4s. Then, the acceleration of the pulse was scaled to 6.0g
(Excitation 2) to make the initial drift ratio response exceed its self-centring (quasi-static)
threshold (up to 2.2% in Figure 5-22(b)). The frame got stuck at the peak drift ratio after the
excitation (0.1s to 5s in the figure) because the requirement of reactivating the sliding-down
movement of the SKID device is greater than the maximum recovery force that the PT frame itself
can provide. Finally, to demonstrate a successful reactive excitation to the frame, in Excitation 3,
a reversal pulse with a peak at 2.0 g (1/3 scaled to the initial pulse)) was added after the initial
excitation at 2s. This additional pulse successfully provided an inertial force for pushing the frame

back into its self-centring (quasi-static) threshold, thus, the frame finally recentred at 5s.
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Figure 5-22 Free vibration of the case PT-SKID frame: (a) excitations; (b) drift ratio response.

Figure 5-23 shows the self-centring (quasi-static) thresholds of the PT-SKID frames tested in
Section 5.5.4.2 in the form of a contour plot. Only the thresholds less than 5% are scaled in
different colours, as a greater threshold exceeds the general drift ratio limit of preventing collapse.

As shown in the figure, the threshold value (the self-centring-guaranteed peak drift ratio) is
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reduced with an increasing Kskio and x, or a decreasing f. The cases where the peak drift ratio
exceeds the self-centring (quasi-static) threshold in the tests are also dotted in Figure 5-23. In the
figure, the red dots are the frames where the exceedance times over five in fourteen, and the white
ones are those only exceeding the threshold once. It is clear that the frames with large Kskip and
L orsmall Swere easier to exceed the self-centring (quasi-static) threshold in earthquakes. In this
research, 9800 cases in total (700 frames subjected to 14 ground motions) were conducted, and
there were 869 cases where the transient peak drift ratio was over the self-centring (quasi-static)
threshold. However, an ignorable residual drift ratio response of less than 0.1% was found in all
cases (i.e., no case did not recentre). This is because the over-threshold peak response always
happens before the end of the earthquake, and the following excitation of the earthquake itself
actually could provide an activation force to make the frame recentre. These cases indicate that
even if the peak drift ratio of PT-SKID frames exceeds their self-centring (quasi-static) thresholds,
they still frequently recentre under the help of earthquakes themselves. Thus, the self-centring
(quasi-static) threshold does not place a limitation on self-centring design. However, it needs
further research on whether the earthquakes can always provide this sufficient reactivation
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Figure 5-23 Values of self-centring threshold (in terms of drift ratio) of the PT frames with
different SKID devices, and the cases where peak drift ratio exceeded the self-centring threshold
in the tests: (a) #=0.2; (b) 1 =0.6; (c) £ =1.0.

5.6 Conclusion

This chapter presents an application of the SKID device in the PT frames. The PT-SKID frame
performs a dual-triangular-flag-shaped hysteretic curve, indicating a full self-centring feature.
The equations estimating the hysteretic curve of the PT-SKID frame are presented first. Then,
three heuristic frames with and without the SKID device were designed and numerically tested as
a proof-of-concept to investigate the benefits of the SKID device to the PT frame for resisting
earthquake excitations. Both cyclic quasi-static analyses (which were benchmarked against
experimental test results) and incremental dynamic analysis (IDA) using historically recorded
ground motions were carried out. Finally, over seven hundred numerical models of PT-SKID
frames were built and tested numerically in OpenSees to demonstrate the application of the SKID
device in PT frames. The experimental results obtained in Chapter 4 are used to refine the finite
element modelling of the SKID device in OpenSees. The dynamic characters of the PT-SKID
frames and the influence of the SKID device on the seismic behaviours of PT-SKID frames were
carefully analysed using sine-sweep excitations and earthquake ground motions, respectively.
According to the theoretical and numerical works performed in this chapter, the following

conclusions are drawn:

1. Analytical results indicate that the PT-SKID frame has a dual-triangular-flag-shaped hysteretic
loop. According to the IDA analysis, the SKID device is demonstrated to act well at significantly
reducing levels of drift in the system (PT frame and SKID device) considered. Hence, these
devices are likely to produce a large reduction in structure/non-structural damage. Response base
shear/acceleration levels are also reduced; however, this effect is more strongly influenced by the
push-over characteristic of the PT frame. Analysis of estimated equivalent viscous damping ratios
indicate that this system damping ratio (for PT frame and SKID device) is amplitude dependent,

increasing with drift amplitude.

2. The FRFs obtained from the sin-sweep excitations indicate that the PT-SKID frames remain
the typical dynamic characters of nonlinear systems, featuring two branches at higher and lower
response levels with coexisting solutions. However, the improvement in post-opening joint
stiffness and dissipation capability from the SKID devices considerably reduced the amplitude of
responses and the range of the coexisting solutions. Specifically, the response amplitude was
reduced with a greater Kskip and g but smaller g.
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3. The seismic responses of the same PT frame equipped with different SKID devices indicate
that large Kskio and g with a small £ led to a small response amplitude. The trend regarding £ and
u can be explained by their influence on the equivalent damping ratio calculated by Jacobson’s
method. However, blindly adjusting « or g was less effective in tuning seismic response with
respect Kskip. This suggests designing and producing modular SKID products with specific slope
parameters (w2 and p) for the market. If needed, a higher Kskip can be achieved by simply having

more devices in parallel ina PT frame.

4. Although the transient response of over one in eleven cases surpassed their self-centring (quasi-
static) threshold, all the cases recentred after earthquakes. This result indicates an excellent self-
centring feature of the PT-SKID frames, and the self-centring (quasi-static) threshold does not
place a limitation on self-centring design. The recentring for frames with small recentring
threshold relies on a sufficient reactivation peak in the following excitations. The amplitude
requirement of this ‘following sufficient peak’ and its existence in earthquakes need further

investigation.

103



104



Chapter 6 The Direct
Displacement-Based Design of the
PT-SKID frame: the accuracy of the

linear equivalence

6.1 Introduction

This chapter focuses on the linear equivalence of the PT-SKID system for the DDBD. The linear
equivalence is employed for estimating the maximum displacement of the nonlinear system in
earthquake events and is the fundamental principle of the DDBD. In this chapter, the linear
equivalence of the PT-SKID frame is conducted using the effective stiffness and the equivalent
damping ratio estimated by Jacobsen’s method at the maximum response. First, a simplified
model with five variables capturing hysteretic characters of the PT-SKID frame is proposed for
more efficient analysis. The model is validated by the nonlinear analysis of a one-story one-bay
case frame. Then, the accuracy of the linear equivalence in estimating the peak displacement
response is evaluated. It is achieved by comparing the peak response displacement obtained from
the nonlinear dynamic analysis on the PT-SKID hysteretic model with that estimated by the
spectrum analysis on the equivalent linear system. A total of 5,880 PT-SKID hysteretic models
covering the most common ranges of parameters are calibrated. Three types of earthquake records,
i.e., far-field, near-field pulse-like, and near-field no-pulse, are used in the calibration. Finally,

design suggestions are provided for the DDBD of the PT-SKID frames.

6.2. Simplified hysteretic model of the PT-SKID frames

6.2.1 The simplified hysteretic model

As discussed in Chapter 5, the total stiffness force of the PT-SKID frame, Fer-s«ip, is attributed
to the sum of the restoring force, Fer, and the damping force, Fskip, which are provided by the PT

frame part and the SKID device part, respectively, and is expressed as follows

For-skip=Fpr+Fskip (6-1)
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Figure 6-1 Definition of the simplified hysteretic model in (a) the PT frame part, (b) the SKID
device part, and (c) the PT-SKID frame.

For the sake of simplification, the hysteretic behaviour of the PT frame part is represented by a
bilinear model featured by its initial stiffness ket and stiffness ratio r, as shown in Figure 6-1 (a).

Thus, the force-deflection function for the PT frame part is defined as follows

Xnorm : |xnorm <1
FPT,norm: Txnorrn+( 1 'r) : xnorm>1 (6'2)
rxnorm'(l'r) : xnoml<'1

where Xnorm i the normalised displacement which is defined by the ratio between the displacement

(x) and the gap opening displacement (‘pseudo-yield’ displacement, Xo) as follows

Xnorm™ x_O (6'3)

and Fer, norm iS the shear force of the PT frame part (Fer) normalised by the gap opening force (Fer,

gap opening) as follows
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FPT FPT

FPT norm = (6'4)
’ FPT, gap opening kPTXO
The force-deflection function of the SKID device is defined as follows
xl‘lOI‘l’l’l xl‘lOI‘l‘l‘l>05 xIlOI‘l’Il>0
zX X <0, x >()
F :a norm ‘1‘101'1‘1‘1 s “Ynorm (6'5)
SKID,HOHTI anI‘m . anI‘m<07 xnorm<0
le‘lOI‘l’l’l xl‘lOI‘l‘l‘l>05 xIlOI‘l’Il<0
where
_ Fsxip _ Fskip
FSKID,norm - F - A (6'6)
PT, gap opening PTX0
and
kskip
a= (6-7)
kpt

and z is the stiffness ratio between the unloading and the loading stiffness of the SKID device.
The hysteretic curve captured by Eq. (6-5) is shown in Figure 6-1 (b).

To aid numerical stability, the Heaviside formulation is introduced into Eq. (6-2) and Eq. (6-5) to

transform the piecewise functions to smooth approximation. Thus, Eq. (6-2) is re-expressed as

follows
FPT,norm:xnorm H( 1- |xnorm |) +(rxnorm+( 1 -F)) H(xnorm' 1) +(rxnorm'(1 -}’)) H(' 1 'xnorm) (6'8)

where

1 1
H(xnorm)z E + E tal’lh()‘xnorm) (6'9)

A controls the corner sharpness of the curve of H(x,,). The accuracy of this estimation (Eg. 6-

9) increases with A.

Similarly, Eq. (6-5) is re-expressed in terms of the Heaviside function as follows
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FSKID,norm:a{H(xnormxnonn) - ZH('xnormxnorm) }xnorm (6' 1 0)

Thus, the non-dimensional total stiffness force-deflection relationship of the PT-SKID frames is
defined as follows

Xnorm H(1=|Xporm D) +(rxn0rm+( 1 —r)) H(pom-1) ...
+(rxn0nn' (l -I")) H (' 1 'xnorm) + a{H(xnormxnorm) - ZH('xnormxnorm)}xnorm

} (6-11)

FPT-SKID,norm (xnorm, xnorm): {

The hysteretic curve of the PT-SKID frame represented by Eq. (6-11) is shown in Figure 6-1 (c).

6.2.2 Validation of the simplified hysteretic model

The simplified hysteretic model is benchmarked by a one-story one-bay PT-SKID case frame.
The PT frame is the same one used in Section 5.5. It is assumed to be located in L’Aquila, Italy
and designed based on EC 8 (ECN 2004). The SKID device has a slope angle of 4° and a friction
coefficient of 0.4 (steel against brake lining (Bremskerl 2021)). The section of the cantilever bars
of the SKID device is 100x20 mm?, and the length is 225 mm.

The numerical model shown in Figure 5-10 was used in analysis. The simplified hysteretic model
of the PT-SKID frame was calibrated in Matlab. The parameters of the simplified model
characterising the hysteretic properties of the case frame are summarised in Table 6-1. The
OpenSees model and the simplified hysteretic model were subjected to the same ground motion
time history. The information on the ground motions are summarised in Table 6-2. The seismic
response of the simplified hysteretic model is obtained by solving the equation of the motion of

the single degree of freedom oscillator expressed as follows
m5€'+C).C+FPT_SKID (x, x)=-mxg (6' 12)

Which, for the structural system at hand, can be re-expressed as follows

2

. . w . J.C.g
xnonn+2éowxnonn+EFPT-SKID,norm(xnorm, Xnorm + I &, Z):'x_ (6-13)
0
where
c kpr(1+a
&= C w?= ker(1te) (6-14)
2mw m
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Table 6-1 Parameters of the simplified hysteretic model of the case frame.

Ker (KN/m) r Xo (mm) a z

1893.862 0.055 3.2 0.15 0.665

Table 6-2 Information of the ground motion.

Earthquake Event ~ Station ID  Magnitude (Richter scale) EC8 Soil Class PGA (g)
Erzincan (1992) Erzincan 6.6 B 0.51

4

3 + — OpenSees model
2

1

Simplified model j/T

FPT-SKID, norm [ ]

FPT, norm [ ]

FSKID, norm [ ]

SKID part

8 6 4 -2 0 2 4 6 8

Figure 6-2 Hysteretic response of the case PT-SKID frame obtained from its OpenSees model

and its simplified model.

Figure 6-2 presents the seismic hysteretic responses obtained from two models. The response
obtained from the simplified hysteretic model matches well with that obtained from the OpenSees
model in both stiffness and displacement. It indicates a good approximation of the simplified

hysteretic model. It is worth noting that all the structural elements of the PT-SKID frame are
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expected to stay elastic in design-level earthquakes to achieve self-centring. The proposed
hysteretic model is intended to represent the hysteretic behaviour of this system before any failure
occurs. Using this non-damage model for DDBD is reasonable, as DDBD primarily focuses on
the system's behaviour at the design-level earthquakes. In earthquakes exceeding the design
intensities, failures are expected to develop in certain elements of the PT-SKID frame; thus, a
hysteretic model capable of capturing these failure behaviours is required. However, this exceeds

the scope of this research.

6.3. Displacement estimation accuracy of the linear equivalence using

Jacobsen’s method

6.3.1 Evaluation procedure for the accuracy of the equivalent linear system

In the Direct Displacement-Based Design, the dynamic response of a nonlinear system is
estimated by an equivalent linear system (the substitute structure) featured by effective mass (me),
effective stiffness (ke), and estimated equivalent damping (<eq). In this paper, the effective mass
is defined by the total seismic mass, and the equivalent stiffness is the secant stiffness at the peak
displacement of the nonlinear system (Blandon and Priestley, 2005; Shibata et al., 1976). The
hysteretic component of the equivalent damping ratio is estimated by Jacobsen’s method

(Jacobsen, 1960).

Jacobsen’s estimation is based on the assumptions of (1) nonlinear and equivalent linear systems
subjected to harmonic excitations and (2) peak response occurring exactly at the resonance steady
state. However, these assumptions cannot be met for real earthquake ground motions (Blandon
and Priestley, 2005). Thus, an unknown error is involved in displacement estimation. In this
section, the error is identified by the ratio between the nonlinear displacement response of the PT-
SKID hysteretic model and the estimated displacement of its linear counterpart. Because the PT-
SKID frame aims to achieve self-centring after earthquakes, which requires no damage to all the
structural components, the frames tested in the paper are assumed to have (1) no damage in
structural components; and (2) non-structural components not interfering with the structural

response. Figure 6-3 shows the accuracy evaluation procedure adopted in this research.
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Step 1. Calculating parameters of the simplified
hysteretic model for the PT-SKID frame

Step 3. Calculating ., using Jacobsen’s
method

Step 4. Carrying out linear spectrum analysis
to get the unsmoothed displacement
spectrum to selected ground motions

Step 2. Running numerical analysis on the
simplified hysteretic model to ground motions
and obtaining D

Step 5. Reading Dy from the
nonlinear unsmoothed displacement spectrum

Step 6. Calculating 77 =D, iica/D

spectrum

Figure 6-3 Procedure for the evaluation of Jacobsen’s method accuracy.

Step 1: Computation of the parameters of the simplified hysteretic model proposed in Section 6.2
for the PT-SKID frame. A total of 5,880 PT-SKID models were tested in this study; more details
about them will be discussed in Section 6.3.2.

Step 2: Calculation of the peak displacement response of the nonlinear hysteretic model, Drontinear,
for each of the selected ground motions from nonlinear numerical analysis. In this study, the
ground motions suggested by FEMA P695 are used. More details on the ground motions will be
presented in Section 6.3.3. The nonlinear response is obtained by solving the equation of motion
expressed by Eg. (6-13) in Matlab.

Step 3: Estimation of the equivalent damping ratio of the PT-SKID frame. The equivalent
damping ratio involves the hysteretic component (Ceq, nyst), and the elastic viscous damping
component (eq 0). The hysteretic component is estimated by the area-based approach proposed
by Jacobsen (Jecobsen 1960):

S1
é:eq, hyst, PT-SKID 4 S2 (15)

where S1 and S2 correspond to the areas illustrated in Figure 6-4. In this study, the elastic viscous

damping component is specified as zero for both the nonlinear system and its linear equivalence
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to eliminate the possible error introduced from this source, as suggested in Blandon and Priestley
(2005).

Step 4: Computation of the unsmoothed displacement spectrum of the equivalent linear system
to selected ground motions. The displacement response spectrum is obtained by carrying out

linear spectrum analysis at considered equivalent damping for each of the selected ground motions.

Step 5: Assessment of the estimated peak displacement (Dspectrum) from the displacement spectrum.
The effective period required in this step is calculated by :

_ (4mPm, 0
Te=\—% (16)
e

Step 6: Assessment of the displacement ratio between the nonlinear and the spectrum response,

n =Dnonlinear/Dspectrum-

Figure 6-4 Hysteretic areas employed for the calculation of the equivalent damping ratio.

6.3.2 Considered PT-SKID frames

As presented in Section 6.2.1, the hysteretic properties of the PT-SKID frame are characterised
by five variables in the simplified hysteretic model: (1) the initial lateral stiffness of the PT frame
(ke1), (2) the gap-opening displacement (o), (3) the stiffness ratio of the PT frame (r), (4) the ratio
between the SKID stiffness and the PT frame initial stiffness (), and (5) the stiffness ratio
between the unloading and the loading stiffness of the SKID device (z). To be consistent with the
DDBD procedure, these five variables are converted into an alternative set: effective period, T,
ductility level, y, PT stiffness ratio, r, effective stiffness ratio, x, and equivalent damping ratio of
PT-SKID frame, Ceq, nyst, pr-skip. Here, the effective period, Te, is defined by Eq. (6-16), and ke is

defined as follows:
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_ L-rtprtpa

ke=————kpr (6-17)
)z
The ductility level 4, is defined as
X al
= peak (6-18)
X0

where Xxpeak IS the peak displacement. The effective stiffness ratio (x), is defined as the ratio

between the SKID stiffness and the effective stiffness of the PT part, and is calculated as follows:

a (6-19)

The equivalent damping ratio of PT-SKID frame, Zeq, nyst, pr-skio, defined by Eqg. (15) can be

expressed by the equivalent damping ratio of the SKID device, g, hyst, skip, as follows:

1
Ceq, hyst, PTSKID:1 TSeq, hyst.SKID (6-20)
+

where §eq hyst,skip is calculated by Jacobsen’s method. The derivation of Eq. (6-20) is presented

as follows.

The hysteretic behaviour of the PT-SKID frame is the combination of its PT frame part and the
SKID device part. The base shear - drift ratio relationship of a single DOF PT-SKID frame can

be expressed as:
Fpr_skip(0,0)=Fpr(0)+Fskip(60.,0) (6-21)

where @is the roof drift ratio and assumed to be equal to the joint rotations at the beam-column
and the column-foundation joints, as the discrepancies induced by the geometric second-order
effect are ignorable for simplicity. According to Eqg. (6-15), the hysteretic component of

equivalent damping ratio of the PT-SKID frame is:

e _ F PT-SKID(9,9>0)'F PT-SKID(059<O)
4 byst, FI-SKID 4nFpr.skip(60,0>0)

(6-22)
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By substituting Eq. (6-21) into Eq. (6-22), the following expression is obtained:

_ Fsgip(0,6>0)-Fsp(6,6<0)

= - 6-23
As the definition of x can be expressed as
Fexin(6,6>0
_Fskn( ) (6-24)
Fpr(0)
By substituting Eq. (6-24) into Eq. (6-23), the following expression is obtained
: _ L F skin(0,0>0)-Fsgip(6,6<0) _ 1 (6-25)
eq., hyst., PT-SKID n l 47TFSKID(9:9>O) n l eq., hyst., SKID

where Ceq. nyst.skip IS the hysteretic component of equivalent damping ratio of the SKID device.

In this study, 5880 hysteretic models covering the most common ranges of parameters are tested.
Specifically, « ranges from 2.0 to 6.0 with an increment of 1.0; x ranges from 0.4 to 1.0 with an
increment of 0.1; r ranges from 0.05 to 0.30 with an increment of 0.05. The models are classified
into (i) mid- to long-period frames, consisting of 3780 models, with a Te between 0.6s and 4.0s
with an increment of 0.2s, and (ii) short-period frames, consisting of 2100 models, with T
between 0.1s to 0.6s with an increment of 0.05s. The equivalent damping ratio of the SKID device
is fixed at 26.5%, which is obtained by the physical tests presented in Chapter 4. As indicated by
Eqg. (6-20), the hysteretic component of the equivalent damping ratio is only affected by xwhen
Leq, hyst, skip 1S fixed. The equivalent damping ratio of the cases considered in this study ranges
between 7.57% and 13.25%. Note that the PT-SKID hysteretic model defined by any set of these
variables is irrelevant to any specific ket and me. It represents a group of PT-SKID frames with

different configurations.

6.3.3 The earthquake records

Both the far-field records and near-field records defined in FEMA P695 are considered in this
research. The far-field records set includes 22 pairs of strong ground motions. The near-field
records are categorised into the pulse-like set and the no-pulse set, with 14 pairs each. All the
records are ‘normalised’ by their respective peak ground velocities to eliminate overall record-to-

record variability due to inherent differences in event magnitude, distance to source, source type
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and site conditions (Applied Technology Council, 2009). The ‘normalisation’ reduces the
dispersion in PGV without significantly affecting the average values of PGA of the record sets.
More details can be found in the Applied Technology Council (2009). Figure 6-5 presents their

average acceleration spectra and unsmoothed average displacement spectra.

1.5 ‘
— Far-field set
— Near-field pulse-like set
Near-ficld no-pulse set
1 L
&
<
78]
0.5
O L
0 1 2 3 4
Period [s]
()
0.8
Far-tield set
— Near-field pulse-like set
0.6 Near-ficld no-pulse set
B
S 0.4
78]
0.2 [ /_/_/_/_
0 L

Period [s]
(b)
Figure 6-5 Average response spectra of each set of ground motions: (a) acceleration spectra; and

(b) displacement response spectra.

6.3.4 The evaluation results of the mid- to long-period frames

First, the displacement ratio, », of the mid- to long-period frames to each far-field ground motion
is calculated by carrying out the procedure shown in Figure 6-3. As mentioned in Section 6.3.3,
the hysteresis of the PT-SKID frame is controlled by five variables. To rank the contributions of
variables to the variance of 7, a variance-based global sensitivity analysis was carried out. The
Matlab toolbox SAFE (Sensitivity Analysis For Everyone ) (Pianosi et al., 2015) based on Sobol

method (Solbol, 2001) was utilized. A uniform distribution in the range of each variable was
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applied. The first-order effects (i.e., the main effects) of four variables (Te, 4, r, x) are shown in
Table 6-3 (note that the {eq, nyst, skip 1S fixed in this study). A greater first-order effect indicates a
great contribute to the variance of output (i.e., the variance of 7 in this study). According to the
table, the effective stiffness ratio, x, and the effective period, Te, are identified as the most
sensitive parameters because they have much higher first-order effects than the others. A
visualized evidence is presented in Figure 6-6 (a), (b), and (c) in the form of contour plots, which
shows 7 for the variable spaces of Te and «, Te and x4, and Te and r, with fixed values for the other
two in each figure, respectively. It is obvious that 7 changes with Te and «, but is much less

disturbed by # and r in the considered ranges.

Table 6-3 The first-order effects of variables.

Te r u K
Mid- to large-period frames Far-field 0.13 0.03 0.01 0.26
Mid- to large-period frames Near-field no-pulse 0.10 004 0.01 0.28
Mid- to large-period frames Near-field pulse-like 0.12 011 0.01 031
Short-period frames Far-field 0.16 015 0.01 0.46
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Figure 6-6. » value at the variable space of: (a) Te and « (=4, r=0.2), (b) Te and x (x =0.6,
1=4),and (c) Teand r (x=0.6, r=0.2).

The results of global sensitivity analysis provide evidence for reducing the number of influential

variables to n from four to two. The average displacement ratio, 7ave, for the domain Te - x are

calculated and shown in Figure 6-7 (a). As shown, 7.ve is greater than 1 for almost all the possible

cases with an upper boundary of 1.15. Also, it can be observed that the error increases with «.

The variation trend of 7. is less clear with Te. The figure indicates that the linear equivalence

based on Jacobsen’s estimation always underestimates the seismic displacement response, leading

to an unconservative design in the DDBD. Figure 6-7 (b) shows the C.O.V. of 7.. among the

cases engaged in the average calculation. The C.O.V. is less than 3% for the most of cases.
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Figure 6-7 nave Of the cases with different . or r: () 77ave Value at the space of Te and «;, and (b)

the C.0.V. among the cases involved in the average calculation.
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Similar results were observed in the cases subjected to near-field no-pulse records. As shown in
Table 6-3, the effective period, Te, and the effective stiffhess ratio, x, mainly contribute to the
variation of 7ave, as the same results under the far-field records. Figure 6-8 shows 7.ve of the cases
with the same Te and x under the near-field no-pulse records. The trends of the variation of 7ae
on Te and x are the same as those under the far-field records. In addition, 7ave at the same Te and

x is not affected by the ground motion category of far-field or near-field no-pulse in general.
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Figure 6-8 nav at the variables space of T. and « for the near-field no-pulse ground motions

According to the first-order index shown in Table 6-3, under the near-field pulse-like records, the
PT stiffness ratio, r, also contributes to the variation of the displacement ratio, 7. Only the effect
of the ductility level, &, can be ignored. Thus, the average displacement ratio, 7av, is calculated
among the ductility level, 4, only. Figure 6-9 shows 7. at different Te, x, and r under the near-
field pulse-like records. As shown, although 7w is greater than 1 at most cases, it can be less than
1 when x, r, and Te are small. Compared with 7. under far-field or near-field no-pulse records,
nave Under near-field pulse-like records shows a larger scatter to the variable Te, x, and r. Given
that the upper boundary of 7. is around 1.25, the effectiveness of the equivalence is deemed
acceptable. In general, 7ave is greater with xand r. The trends of the variation of #7ave on T is not

clear.
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Figure 6-9 naw at the variables space of T. and « for the near-field pulse-like ground motions:
(a) r=0.05; (b) r=0.10; (c) r=0.15; (d) r=0.20; (e) r=0.25; (f) r=0.30.
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6.3.5 The evaluation results of short-period frames

The displacement estimation accuracy of the equivalence for the short-period PT-SKID frames is
discussed in this section. Only far-field ground motions are considered. The first-order index of
the variables to the variation of 7 is shown in Table 6-3. The effective period, Te, is the most
sensitive variable, followed by the PT stiffness ratio, r, and the effective stiffness ratio x. The
contribution of the ductility level x can be ignored. Thus, the average displacement ratio, #ave,
among the ductility level are calculated and plotted in the space of Te and «xin Figures 6-10 (a) to
(d) (only r equal to 0.05, 0.15, 0.20 or 0.30 are used).

As shown in Figures 6-10 (a) to (C), 77ave increases with larger xand r but smaller Te. For large «
and r, 77ave IS greater than 1, but when xand r are small, the ratio can become smaller than 1. It is
worth noting that 7.ve can be high (greater than 1.5) when the frame has a small T. with a large
xand r, indicating a significant error in the estimation. Thus, the effectiveness of the equivalence

used in this paper for the short-period PT-SKID frames is questioned and requires further research.

;]TIVC [ ]

ﬁavc { ]

Figure 6-10 7.ve at the variables space of T and « for: () r = 0.05; (b) r = 0.15; (c) r = 0.20; and
(d) r=0.30.
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6.4. Suggestions for the Direct Displacement-Based Design (DDBD) of

the mid- to long-period PT-SKID frames

6.4.1 Correction in the estimated displacement

The accuracy of the peak displacement estimation of the linear equivalence determines the
effectiveness of the DDBD. As shown in Figures 6-7, 6-8 and 6-9, the equivalent linear system
based on Jacobsen’s method frequently leads to a smaller displacement response estimation
(Dspectrum) for the mid- to long-period PT-SKID frames, which will lead to an unconservative
design. The difference between Dnontinear and Dspectrum indicates a failure in constructing an effective
equivalent system (which should make Dnoniinear the same as Dspectrum). Thus, @ correction in eg, hyst
or Te is required for a more effective equivalence. Alternatively, a correction factor in the
estimated displacement (Dspectrum) Can be made and it is the ratio of Dnonlinear t0 Dspectrum at the
corresponding group of parameters. As concluded in Section 6.3.4, for the sites where far-field or
near-field no-pulse ground motions are considered, the accuracy of the linearisation is mainly
affected by the effective stiffness ratio, «, and effective period, Te. Thus, these two parameters
should be involved into the calculation of the correction factor. However, Te is decided to be not
involved as a variable in the correction factor because: (1) a correction factor involving Te will
lead to an iteration design in DDBD; (2) the actual effective stiffness of a structure is easy to be
different with the design stiffness; (3) the influence of T. is irregular. To consider the variation of
n in Te, a value of » with a 95% confidence at each x is calculated. Figure 6-11 shows the
estimated probability density functions (PDF) and the cumulative distribution functions (CDF)
(Cao, 2010) of 7 at each x under far-field ground motions as an example. Then, a polynomial
correction factor function, Ce(x), is proposed by fitting the correction factor against the 7 values
corresponding to a 95% confidence level at each « for far-field or near-field no-pulse ground
motions (please see Eq. (6-26 (a) and (b)), respectively. The least squares method is used for the
fitting. C. calculated by Eq. (6-26 (a) and (b)) at different x are shown in Figure 6-12 (a) and (b)
with » having a 95% confidence level. According to the figure, C. increases with x and ranges
from 1.08 and 1.16. For the sites where near-field pulse-like ground motions are considered, the
PT stiffness ratio, r, is involved into the determination of correction factor (Ce). The correction
factor function C. (x;, r) has a cubic polynomial form (see Eq. (6-26 (c)). Figure 6-12 (c) shows
C. calculated by Eqg. (6-26 (c)) and the 7 values corresponding to a 95% confidence level at each
xand r (the circles in the figure). As shown, the agreement is satisfactory. It is worth noting that
the correction method presented in this section is proposed for applying to the mid- to long-period
PT-SKID frames. For the frames with a short period, further investigation is required for a more

effective linear equivalence.
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C,=0.938+0.615x-0.648x>+0.250x (6-262)
C,=1.004+0.165x+0.087x%-0.094+> (6-26b)
C.=1.447-1.059%-3.047r+1.037x>+5.559kr+6.175r%-0.315x>-1.932,?r-5.65T1cr*-3.6037° (6-26¢)

Alternatively, for the sites where far-field or near-field no-pulse records considered, as the
variation of 7 on variables are at a narrow range, a uniform correction factor in Dspecrum that can
be applied to all the cases can be used. It is estimated based on 7 over all the cases regardless of
Te, &, 1, 1, or the ground motion feature considered at the site. The average and the standard
variation of 7 sampled by this research are 1.08 and 0.05, respectively. The value with a 95%
confidence is equal to 1.13, which can be deemed the uniform correction factor to make Dspectrum

equal t0 Dronlinear-

6.4.2 The elastic design spectrum with the correction factor for the DDBD of the mid-
to long-period PT-SKID frames

In the DDBD, the equivalent lateral force is determined by the product of the target peak
displacement and the effective stiffness at the design earthquake intensity. The target
displacement is the start point of the design and is determined by the expected damage level. The
effective stiffness is calculated according to the effective period, which is obtained from the
elastic displacement design spectrum. The displacement design spectrum can be those defined in
codes and should be adjusted according to the equivalent damping ratio of the system as follows
(Priestley et al., 2007):

A, 9=Ce 13 Su(r, 58 (6-27)

where C is the reduction factor for the equivalent damping ratio greater than 5%, and it is defined

as

C !
Ce= (—) (6-28)

) +5eq., PT-SKID

where eq, pr-skip 1S the equivalent damping ratio including the hysteretic component (e, hyst, pr-
sip) and the elastic viscous damping component (eq o, pT-skip). FOr the site where far-field events
considered, C1, Cy, and yin Eq. (6-28) is 0.10, 0.05, and 0.5, respectively (EC8 , 2004). For the

site where near-filed events considered, a y of 0.25 was suggested by (Priestley, 2003).
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For the PT-SKID system, the effective stiffness and the equivalent damping ratio involved in the
DDBD can be those defined by Eq.(6-17) and Eq.(6-20), respectively. The logic behind this
design procedure is designing a nonlinear frame according to its linear equivalent system with the
same displacement response. Because the linear equivalence based on Jacobsen’s method
frequently overestimates the displacement response of the PT-SKID system (see Section 3.4), a
correction should be applied. For the PT-SKID frames with a mid- to long-period, a constant
correction factor, Ce, is introduced to the displacement design spectrum to consider the error

induced by the linear equivalence. Thus, Eq. (6-27) is corrected as follows:

T2
A, 5=CeCe @Sa(n 58 (6-29)
where Ce can be found from Figure 6-12 or calculated from Eq. (6-26).

Alternatively, for the sites where far-field or near-field no-pulse records considered, an uniform
correction factor Ce of 1.13 can be used for all the cases.

6.4.3 The DDBD procedure using inelastic displacement spectrum

According to Eq. (6-20), the equivalent damping ratio of the PT-SKID frame is only determined
by the effective stiffness ratio, x, when the equivalent damping ratio of the SKID device is fixed.
Thus, Eq. (6-27) can be expressed as follows by substituted with Eq. (6-18), Eq. (6-20), and Eq.
(6-27)

Acr p=C < r S, (6-30)
(T, R e 0.265 m a(T, 58 -
Gt ) 1 +§0, PT-SKID

where the equivalent damping ratio of the SKID device is assumed as 26.5%. The response
spectrum defined by Eq. (6-30) is an inelastic displacement spectrum controlled by the effective
stiffness ratio . Thus, the DDBD can be carried out for the PT-SKID frames by using the inelastic
displacement spectrum defined by Eq. (6-30) and skipping the calculation of the equivalent

damping ratio.
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6.4.4 Summary of the DDBD procedure for the PT-SKID frame

This section briefly summarises the DDBD procedure, including the correction method proposed
in previous sections, for the seismic design of the PT-SKID frame. The design procedure is shown
in Figure 6-13. The first step is determining the design target, which is primarily the maximum
displacement at the design-level earthquakes (Priestley et al., 2007). Then, the effective stiffness
ratio « (for all the cases) and stiffness ratio of the PT frame r (only for the site where near-field
pulse-like ground motions are considered) need to be initiated; thus, the equivalent damping ratio
of the frame and correction factor for the displacement spectra can be calculated. Note that the
equivalent damping ratio should contain the elastic damping part and hysteretic part calculated
by Eqg. (6-20). The correction factor C. should be calculated by Eq. (6-26) based on the specific
earthquake characteristics under consideration. For the site where far-field or near-field no-pulse
earthquakes are considered, a uniform correction factor of 1.13 can be used. This correction factor
should be used to obtain the displacement response spectra according to Eq. (6-26) (for the area
employing EuroCodes). The effective period of the PT-SKID frame can be read from the spectra
at the target displacement, and subsequently, the effective stiffness of the frame can be calculated.
After obtaining the effective stiffness, the target lateral strength of the frame at the design target
displacement can be determined. The strength can be separated into the strength of the PT frame
and that of the SKID device according to their effective stiffness ratio « defined earlier. Then, the
components of the PT frame and those of the SKID device can be designed based on capacity
design logic. After the capacity design, a double-check in xand r is required. If they do not meet

the tolerance with the initiated values, an iteration is necessary.
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Determining the design target A

Initiating & (for all the cases)
and r (only for near-field pulse-like motions)

|

Calculating equivalent damping ratio
according to Eq. (6-20)

Calculating correction factor Ce according to
Eq. (6-26)

Plotting the displacement response spectra

Revising xand

Reading the effective period T at the design
target displacement from the spectra

Calculating the effective stiffness, K, of the
frame

|

Designing structure based on capacity design
logic

Checking x and r

Detailed design

Figure 6-13 DDBD procedure for the PT-SKID frame

6.5 Conclusions

This chapter investigates the linear equivalence of the PT-SKID frames discussed in Chapter 5
for estimating their seismic response when designed according to DDBD. The equivalent system
is constructed by the effective stiffness and the equivalent damping ratio estimated based on
Jacobsen’s method at the maximum displacement. First, a simplified model capturing the
hysteretic properties of the PT-SKID frames was proposed. The model was calibrated using a
one-story one-bay case frame from the literature. Then, the displacement estimation accuracy of
the linear equivalence was evaluated considering a total of 5,880 models. The models used in the
research covered the most common ranges of parameters of the PT-SKID frames. The accuracy
was identified by the ratio between the seismic displacement response obtained from the

simplified hysteretic model and that from its linear equivalence. Both far-field and near-field
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record sets defined by FEMA P695 are utilised as seismic excitations. Based on the investigations

performed in this research, the following conclusions are drawn:

1. The hysteretic property of the PT-SKID frame presented in Chapter 5 is characterised by five
variables in the simplified hysteretic model: (i) initial lateral stiffness of the PT frame, ke, (ii)
gap-opening displacement Xo, (iii) stiffness ratio of the PT frame, r, (iv) the ratio of the SKID
stiffness to the PT frame initial stiffhess, «, and (v) the stiffness ratio of the unloading stiffness
to the loading stiffness of the SKID device, z. The first three parameters feature the property of
the PT part. The last two parameters are the property of the SKID part and its combination factor
with the PT part, respectively. The seismic hysteretic response obtained from the simplified
hysteretic model matches well with that from the OpenSees model, indicating a good
approximation of the simplified hysteretic model.

2. To be consistent with the DDBD, the parameters defined in the simplified hysteretic model (ker,
Xo, @, I', and z) can be converted into an alternative set: effective period, Te, ductility level, z, PT
stiffness ratio, r, effective stiffness ratio, x, and equivalent damping ratio of PT-SKID frame, &,
hyst, PT-skiD. BY carrying out the procedure shown in Figure 6-3, 7 =Droniinear/ Dspectrum fOr €ach model
and for each group of ground motions are obtained. According to the sensitivity analysis, the
effective period, Te, and the effective stiffness ratio, «, are the most sensitive parameters to 7 of
the mid to long-period PT-SKID frames when they are subjected to far-field or near-field no-
pulse ground motions. For the near-field pulse-like ground motions, the PT stiffness ratio, r, also

contributes. For the short-period frames, 7 is sensitive to Te, «, and r.

3. For the PT-SKID frames with a mid to long period, 7. under far-field ground motions is
greater than 1 for almost all the cases with a boundary of 1.15. This indicates that the linear
equivalence based on Jacobsen’s estimation always underestimates their seismic displacement
response, which will lead to an unconservative design in the DDBD. With a more significant «, a

greater error is introduced. The variation of 7ave is less clear with Te.

4. nave under the near-field no-pulse ground motions shows the similar results with that in the far-
field events. However, under the near-field pulse-like ground motions, 7ave iS more scatter to the
variables, and may be slightly less than 1 when Te, «, and r are small. In general, 7.ve is greater

with xand r.

5. For short-period frames, 77.ve can be high (greater than 1.5) when the frame has a quite small T

with a large x and r, indicating a great error in estimation. Thus, the effectiveness of the
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equivalence for the short-period PT-SKID frames is questioned. Further investigation is required

for a more effective linear equivalence for these frames.

6. For the mid- to long-period PT-SKID frames, a correction factor (C) in the estimated
displacement from the linearisation is proposed for a safer design using DDBD. The correction
factor has a 95% confidence. For the sites were far-field or near-field no-pulse ground motions
are considered, it is determined by the effective stiffness ratio « of the frame. For the sites where
the near-field pulse-like ground motions are considered, the PT stiffness ratio, r, is also affected.
The correction factor can be found from the figure or calculated from the fitted functions and
simply involved into the definition of the displacement design spectrum in the DDBD to consider
the error raised by the linear equivalence. Alternatively, for the sites where far-field or near-field
no-pulse records are considered, an uniformed correction factor of 1.13 can be used for all the

cases without considering «; r, or earthquake characters, resulting in an easier process.
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Chapter 7 The PTPW-SKID

structure: a case study

7.1 Introduction

This chapter proposes a one-story industrial structure following the PT-SKID concept, named as
Post-Tensioned Precast Warehouse structure with the Sliding Keys on Inclined Deflecting-
cantilever Device (the PTPW-SKID Structure). The precast reinforcement concrete one-story
industrial structures were chosen as the object because: (1) their design is controlled by the
seismic actions; (2) they are cost-effective and widely used in high seismic risk areas such as Italy
and Slovenia (Ercolino et al., 2018); and (3) it has the potential to inform retrofit technology for
the existing concrete one-story industrial structures in the future. The structure configuration is
proposed, and the load path is analysed first. The structure comprises a PT outer frame and a
SKID inner frame. The PT outer frame supports the roof and cladding systems and carries the
loads applied to them. The SKID inner frame is composed of support columns, support beams,
and SKID devices. The support columns are also the columns of the crane gantry frame and carry
both the vertical and horizontal forces generated from the crane system. The horizontal forces are
resisted by the PT outer frame and the SKID inner frame together. The PT outer frame provides
parts of the lateral stiffness and stiffness softening feature, and the SKID inner frame contributes
to the remaining lateral stiffness and provides additional hysteretic damping. The theoretic
behaviours of the PTPW-SKID structure are investigated by focusing on the hysteretic curve of
the SKID inner frame, where the SKID device is supported by high support columns. Then, a one-
story industrial structure with the typical typologies in Italy is chosen as a case to demonstrate the
design of the PTPW-SKID structure. The DDBD method is used for its seismic design. Finally, a
3D numerical model was built in OpenSees. Both quasi-static and seismic dynamic analyses were
carried out to investigate the hysteretic behaviours and the seismic responses of the designed case

structure. This chapter aims to explore the following questions:
1. Is it possible to propose a full self-centring industrial structure?
2. What is the structural arrangement of the PTPW-SKID structures?

3. How could we design the PTPW-SKID structure, and how well does it work in earthquakes?
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7.2 The Post-Tensioned Precast Warehouse structures equipped with
Sliding Keys on Inclined Deflecting-cantilevers Devices (PTPW-SKID

structures)

7.2.1 The PTPW-SKID structure

A Post-Tensioned Precast Warehouse structure with the Sliding Keys on Inclined Deflecting-
cantilever device (PTPW-SKID structure) is proposed. As shown in Figure 7-1, the structure
consists of a Post-Tensioned (PT) outer frame (Figure 7-1 (c)) and a SKID inner frame (Figure 7-
1 (d)). The PT outer frame comprises monolithic columns, prestressed primary beams with
variable cross-sections, rectangular secondary beams, prestressed tee roof panels and vertical
cladding panels (not shown in the figure). The columns are fastened to the foundations by
prestressed cables and work as nonlinear elastic tied columns under horizontal actions. The
columns have forks at their tops to support primary beams and restrain their torsional and lateral
rotations. The horizontal shear forces from the primary beams are transferred to the columns by
two vertical dowels protruding from the columns. This beam-column connection can be
considered a pinned connection, as it provides limited rotational restraint when subjected to
horizontal loads. tee panels are used as roof panels and connected with the primary beams with
dowel connections (Magliulo et al., 2018). A 5 cm thick cast-in-situ concrete slab is cast on the
top of roof panels and connected with tee panels using metallic systems. This roof can be assumed
as a rigid diaphragm, according to Eurocode 8 (CEN, 2004). It is worth noting that the cast-in-
situ concrete slab is necessary to achieve the design target of non-damage recentring behaviour at
Design-Basis Earthquakes (e.g., with a return period of 475 years) because the primary beams
cannot withstand large out-of-plane horizontal deformations imposed by non-damage panels
without the diaphragm effect. The secondary beams are located overhead of the SKID device (in
the longitudinal plane) and connected with the sliding keys to transfer the horizontal force carried
by the SKID device. The tee panels with cast-in-situ concrete, primary and secondary beams form
an integral roof system. The PT outer frame undertakes three roles: (1) supporting roof and wall
cladding systems, (2) carrying the vertical loads applied to them, and (3) carrying part of the
horizontal force by its lateral stiffness. The lateral stiffness of the PT outer frame is only provided
by the non-linear elastic tied columns. The SKID device is necessary to provide additional
hysteretic damping since the hysteretic damping of the PT outer frame is negligible. Figure 7-1
(d) shows that the SKID devices and their support columns and beams form the SKID inner frame.
The support columns are a set of cantilever columns located in the plane of each transversal frame
and connected with the support beams in the longitudinal direction. The SKID devices working
in the transversal plane (denoted as the SKID in X in the figure) are installed between the support

columns and the primary beams. As the SKID device works in only one direction, the other group
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of SKID devices, which work in the longitudinal plane (denoted as the SKID in Y in the figure),
is positioned between the support beams and secondary beams. The SKID inner frame carries the
rest of the horizontal forces (wind loads and earthquake actions) and provides additional hysteretic
damping. In addition, the SKID inner frame is designed to support the crane system. As shown in
Figure 7-1 (b), the rail beams of a heavy crane are simply supported by the support columns. The
support columns carry all the vertical loads regarding the crane system. Besides, almost all of the
horizontal forces generated by the crane system (e.g., the serviceability horizontal actions at SLS
and equivalent seismic actions at SLS and ULS) are expected to be carried by the support columns,
while ignorable horizontal forces will be transferred to the primary beams (thus carried by the PT
outer fame) via SKID devices. The force transferred to the PT outer frame is ignorable because
the lateral stiffness provided by the SKID device is much smaller than that of the support columns,

which will be demonstrated in the subsequent sections.

Crane bridge

Rail beam Crab

(@) (b)

Primary
beam

Support

Support beam
SKID in Y

Post-tensioned
column

(©) (d)

Figure 7-1 Post-Tensioned Precast Warehouse structure with the Sliding Keys on Inclined

SKID in X

Deflecting-cantilever device (PTPW-SKID): (a) the whole structure; (b) the heavy crane
system; (c) the PT outer frame; and (d) the SKID inner frame.

7.2.2 Global behaviour of the SKID inner frame: The influence of flexibility of support

columns

Schematically, the lateral behaviour of the PTPW-SKID structure is the combination of the PT
outer frame and the SKID inner frame in parallel. This section focuses on the hysteretic behaviour
of the SKID inner frame. A planner SKID inner frame in the transversal plane is demonstrated.

131



The results are also valid for the SKID inner frame in the longitudinal plane. Considering the rigid
roof diaphragm, the lateral stiffness of the SKID inner frame, Kskip inner frame, IS the total stiffness

of groups of the SKID-support column as shown in Figure 7-1 (d):

KSKID inner frame ()(’ X) = nKSKID—support column ()(; X) (7 - 1)

where Kskip-support column 1S the stiffness of one group of the SKID-support column, and n is the

number of groups. Figure 7-2 shows a group of SKID-support column in the transversal plane.

———— Beam of the
PT outer frame

s Crane bridge

Rail beam

A group of
SKID-support column !

Connected
with ground

Figure 7-2 A group of SKID-support column in the transversal plane.

The stiffness of the SKID device alone is:

L (ysgn(XX')Han,B))tanﬁ} B
Kk (X’ X)_ { l-ﬂtan[fsgn()d() k 7-2
and its equivalent damping ratio is
1 (lgtanf)(anpu)
Ceq., SKID_% <1 - (1+,utanﬂ)(tanﬂ+ﬂ)> (7 - 3)

where g is friction coefficient, and fis the slope angle. Note that the stiffness of the SKID device
is relevant to the displacement, X, and velocity direction, X, of the sliding keys. Because the SKID
device is connected with the support column in line, the stiffness of a group of SKID-support

column can be expressed as:

. 1
KSKID-support column ()(’ X) = 1 1 (7-4)

Ksiip (X, X) * Ksc

where Ksc is the flexural stiffnesses of the support column:
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3EI

Kyc=——
Hyc

(7-=5)

where E and Isc is the mean Young's modulus and the second moment of area of the support

column section, respectively, and Hsc is the hight of the support column. By defining:

. Kexp(X, X
a(X, X):M (7—6)
Ksc
and substituting Eq. (7-6) into (7-4), the following equation is derived:
. 1 .
Kskip-support column (X X):MKSKID (X, %) 7-7)
By substituting Eq. (7-7) into Eq. (7-1), Kskip inner frame (X, X) is expressed as:
. n .
KSKID inner frame ()(: X) = (1_’_—0[)KSKID ()(s X) (7-8)
and the lateral resistance of the SKID inner frame is:
FSKID inner frame ()(5 X) = KSKID inner frame ()(s X)X (7 - 9)

Eq. (7-8) and (7-9) express the situation where the sliding keys are sliding up and sliding down
against the slope blocks. However, the unloading stage of the SKID inner frame is more complex
because the sliding keys will get stuck at the peak displacement for a short period after the
displacement of the beam is reversed, until the applied force is sufficient to reactive the SKID
device. During this period of the SKID being stuck, the stiffness of the inner frame only depends
on the support columns. Thus, the difference between the frame peak displacement, Xpea, and the
frame displacement where the SKID device is reactivated, Xreactivate, IS €qual to the difference of
the support column deformation between these two status, Asupport column, (the definition of Xyea and

Xreactivate CaN be seen in Figure 7-3):

Xpeak'/Yreactivate:Asupport column (7 - 10)

where Asypport column 1S Calculated by:
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Asupport column = £ SKID (/Ypeaka Xi)eak)/ KSC -F’ SKID (/Yreactivates /Yreactivate)/ KSC (7 - 11)
where FSKID ()(peaka /Ypeak) and F SKID (/Yreactivate: /Yreactivate) is:

Fsiap(Xoeaks Xoeak )= Kskrn (Xpeak> Xpeak) Xskip (7 —12a)
£ SKID (/Yreactivate: /Yrea(;tivate): KSKID (/Yreactivate: X;eac'tivate) XSKID (7 - 12b)

where Xskip is the displacement of the sliding keys relevant to the SKID base. As the SKID device
get stuck at this moment, Fsxip (Xpeak> Xoeak) aNd Fsap (Xieactivates Xreactivare) Nave the following

relationship:

F SKID (/Yreactivate: /Yrea(;tivate) — KSKID (XX < 0)
Fan (Xpeaks Xpeak) Ksiap (XX > 0)

(7 —13)

By defining a deformation factor, p, as:

/Yreactive
p = Cieactive (7 —14)
/Ypeak

and substituting Eq. (7-7), Eq. (7-10), Eq. (7-11) and Eq. (7-13) into Eq. (7-14), the following
expression is obtained:

_Qa- 2)a(XX>0)
1+a(XX>0)

(7 —-15)

where z is
Ksgip (XX<0

- K (XX'=0) (7 - 16)
Kskip (XX >0)
The hysteretic curves of the SKID inner frame based on Eqg. (7-8) and Eq. (7-15) are shown in
Figure 7-3 (the blue lines). When « is infinitely small, the influence of the elastic deformation of
the support columns can be ignored, as the red lines in Figure 7-3. This happens when a large
section or a small height is used for the support columns. However, it is usually not the case in
one-story industrial structures. It is worth to be mentioned that in Figure 7-3, the non-dimensional
parameter # is introduced to identify the sign of the unloading stiffness of the system and defined

as:
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Figure 7-3 Hysteretic curve of the SKID inner frame.

In addition, the equivalent damping ratio of the SKID inner frame is derived based on Jacobsen's

method (Jacobsen, 1960). It is defined as follows:

SoAB
é/SKID inner frame o SOAX (7 - 18)
peak

where areas OAB and OAX.a are shown in Figure 7-3. Because the hysteretic damping of the

SKID inner frame only derives from the SKID device, (s p inner frame CaN D€ €Xpressed as:

Eskip
CSKID inner frame § =19
KID inner frame ) FSKID-support column (XX > 0)X

where Eskip is

Kskip (XX >0)-K, (XX <0)

Eskip=n 2 Xskip

2 (7 — 20)

FSKID—support column is
FSKID-support column (/Y: X): KSKID-support column (/Ya /QX (7 - 21)

As the SKID device is connected with the support columns in line:
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FSKID-support column(Xj(> O) = FSKID (XX> 0) (22)

By substituting Eq. (7-7), Eq. (7-12), Eq. (7-20), Eq. (7-21) and Eq. (7-22) into Eq. (7-19) and

rearranging, Csxip inner frame CaN D€ €Xpressed as:

1
é,SKID inner frame %p(l-z) (7 —23)

7.3 The prototype structure and its seismic design

7.3.1 The prototype structure

A precast concrete one-story industrial structure featuring one of the most common typologies in
Italy was abstracted by Ercolino et al. (2018) and Magliulo et al. (2018) and is selected for the
case study. The one-story structure is designed with the PTPW-SKID structural system proposed
in Section 7.2.1. Figure 7-4 shows the plan view and side elevation views of the structure. In the
figure, the components of the PT outer frame are shown in bold black lines, the components of
the SKID inner frame are in orange and yellow lines, and the rail beams that are parts of the crane
system are shown in blue lines. The roof and wall panels and other components of the crane
system are not shown in the figure. The SKID devices working in the transversal planes (the XZ
plane in the figure) are carried by the support columns, and those working in the longitudinal
plane (the YZ plane) are on the support beams. All the transversal frames (as shown in Figure 7-
4 (b)) are equipped with two sets of SKID devices, while only the end bays of the longitudinal
frames have SKID devices that work in the longitudinal direction (please see Figure 7-4 (d)). The
structure has one bay with a span of 20 meters in the transversal direction and four bays with a
span of 8 meters in the longitudinal direction. The height of the eave is 6 meters, and the clear
height below the crane is 4.5 meters. The roof sloping is 10° and formed by the pediment-shaped
primary beams. The structure is assumed to be located in L'Aquila, Italy, on Soil type C (CEN
2004).
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Figure 7-4 The case one-story industrial structure: (a) the plan view;(b) the transversal frame
(A-A); (c) the longitudinal PT outer frame (B-B); and (d) the longitudinal SKID inner frame (C-
C).
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7.3.2 Loads considered in the design of the case structure and the load paths

The structure comprises the PT outer frame and the SKID inner frame with two corresponding
load paths. The PT outer frame is designed to carry the vertical loads applied on the roof and wall
cladding systems (their self-weights, the services, imposed roof loads, and snow loads) based on
Eurocodes (CEN 2005). The concrete roof panels with a tee section as shown in Figure 7-5 are
used and simply supported by the primary beams with a span of 8 meters. A 5 cm cast-in-situ
concrete slab is placed on the panels, forming a rigid diaphragm. The self-weight of the roof
panels is calculated as 2.26 kN/m?, and a typical self-weight of 4 kN/m? is considered for the wall
cladding system (Magliulo et al., 2018). The structure is assumed an industrial use with a service
load of 3KN/m? and an imposed load of 0.5 kN/m?2 applied on the roof. According to the Italian
National Annex of Eurocode 1, the structure is located in Climate Zone Il1, and the snow load is
calculated as 1.31 kN/m?. The critical parameters used to calculate the snow load is summarised
in Table 7-1, where a; is the site altitude above sea level, 4 is the snow load shape coefficient,
Ce and C; are the exposure coefficient and thermal coefficient, respectively, gs and gs are the

characteristic value of snow on the ground and the snow load on the roof, respectively.
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reinforcement \/

T panels

(b)
Figure 7-5 The roof system: (a) section (b) details.

Table 7-1 Snow loads on the structure.

Climate zone as (m) sk (KN/m?) L Ce (of gs (KN/m?)
Il 716 1.64 0.8 1.0 1.0 131

The horizontal loads (e.g., acceleration force, break force, skewing force) and vertical loads (e.g.,

self-weight of the crane system and service load on hook) generated by the crane system are
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expected to be transferred to the ground by the support columns of the SKID inner frame. A
heavy-duty crane with a service capability of 20 t is utilised in the case structure. The span of the
crane bridge is 17 m, and the mass of the bridge with the crab is assumed as 20 t. The steel runway
beams with a section of HEA 400 are used to meet the deflection requirement. As shown in
Figures 7-1 (a) and 7-2, the horizontal forces generated by the crane in serviceability or
earthquake events are applied on the top of the support columns. Although parts of the horizontal
forces are transferred to the PT outer frame by the SKID device, because the stiffness of the SKID
device is much lower than that of the cantilevered support columns, it can be considered negligible.
The following section will demonstrate that less than 5% of the horizontal force generated by the

crane system is transferred to the PT outer frame via the SKID device.

The wind actions and seismic actions are designed to be carried by the PT outer frame and SKID
inner frame together. The equivalent wind loads are calculated based on Eurocode 1 and Italian
National Annex. The location of the structure is identified at Wind Zone 3 with a terrain roughness
of B and exposure class of 1V. The fundamental value of the basic wind velocity, Vp,, is 31.32
m/s, and the peak velocity pressure, gp, is 1.00 kN/m?. As the structure is located at a high seismic
zone, both the horizontal and vertical seismic actions are considered in the design. The design
spectra defined by the Italian National Annex of Eurocode 8 are utilised. The critical parameters
defining the seismic hazards of the site at the Ultimate Limit State (ULS, with a return period, Tk,
of 475 years) and the Serviceability Limit State (SLS, with a return period, Tg, of 30 years) are
summarised in Table 7-2. The target design spectrum at ULS for the site is shown in Figure 7-12
(the blue dashed line).

Table 7-2 Parameters defining the seismic hazards of the site.

ag FO Tc*
ULS (Tr=475 yrs.) 2.610 2.36 0.35
SLS (Tr=30yrs.) 0.789 2.40 0.27

7.3.3 The seismic design of the case structure

The structure is deigned according to EuroCode 2 (CEN 2004a) and 8 (CEN 2004) considering
different load combinations. The design of the lateral capability of the case structure is dominated
by the seismic actions combined with the permanent loads. This paper only reports the horizontal
seismic design of the structure. The seismic actions and gravity loads generated by the crane
system are ignored in the seismic design because: (1) they are transferred to the ground by the
support columns, the part carried by the PT outer frame visa SKID is ignorable; (2) the mass of

the crane system is small compared with the roof system; and (3) the seismic response of the
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crane system does not induce any additional hysteretic oscillation on the global PTPW-SKID
structure. It is worth to be noted that the section design of the support columns considered the
force generated by the crane system, and the support columns were designed maintaining elastic
at ULS. The total seismic mass of the structure is 504.126 t and is assumed to be concentrated on
the roof. The seismic design is carried out by designing the planar transversal frame and the
longitudinal frame, respectively. Direct Displacement-Based Design (DDBD) (Priestley et al.
2007) is used to make the frame performing the target responses in earthquake events. The drift
ratio of 2% at ULS in two directions is set as the design target. Figure 7-6 briefly shows the design
procedure. The equivalent damping ratio of the frame (<prpw-skip) involves the hysteretic
component (<nyst.), and the elastic viscous damping component (o). The elastic viscous damping
is assumed as 5% and the hysteretic component is estimated by the area-based approach proposed
by Jacobsen (Jecobsen 1960) and calculated by:

fhyst.: 1 §SKID inner frame (7-24)
s
where « is defined as:
K= Keff., SKID inner frame /Keff., PT outer frame (7'25)

and &g b inner frame 1S Calculated by Eq. (7-23). In Eq. (7-25), Kett., p1 outer frame 8N Keft, KD inner frame

are the effective stiffness of the PT outer frame and the SKID inner frame at the target

displacement, respectively. The derivation of the Eq. (7-24) is as follows.

The hysteretic behaviour of the planar PTPW-SKID frame is the combination of its PT outer
frame and the SKID inner frame. The base shear - drift ratio relationship of a PTPW-SKID planar

frame can be expressed as:

FPTPW-SKID(XX):FPT outer frame(AX)+FSKID inner frame (X,)() (7'26)

According to the definition of Jacobsen's method, the hysteretic component of the equivalent
damping ratio of the PTPW-SKID frame is:

o - Fprpw-skip(XX>0)-Fprpw.siin(XX<0) (7-27)
hyst. 4nFprpw-skip(XX>0)

By substituting Eq. (7-26) into Eq. (7-27), the following expression is obtained:
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_FSKID inner frame (X:X>O)'FSKID inner frame (X7X<O)

“ea. hyst, PTPW-SKID™ (47Fpr outer frame Q)T FSKID inner frame (X,X>0)) (7:28)
As the definition of x can be expressed as
K:FSKID inner frame (X,X>0) (7-29)
Fpr outer frame(X)
By substituting Eq. (7-29) into Eq. (7-28), the following expression is obtained:
1 FSkip inner frame (X:X>0)-FSkip inner frame (X,X<0) 1 (7-30)

fh = - = i
st. SKID inner frame
Y 1+ l 4777FSKID inner frame (X9X>O) 1+ l

K

where Zskip inner frame 1S the hysteretic component of equivalent damping ratio of the SKID inner

frame.

The displacement response spectra at the effective damping ratio, erew-skip, is generated by the
method defined in EuroCode 8. The effective stiffness of the entire frame, Keft prpw-skip, IS

calculated by:

2
4 me
2
Te

Keft, PTPW-sKID = (7-31)

where me is the total seismic mass in the case structure.
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Figure 7-6 DDBD procedure used for the case structure.

After obtaining the effective stiffness, Kes, the target lateral strength of the PTPW-SKID frame at
the design target displacement can be calculated. The strength can be separated into the strength
of the PT outer frame and that of the SKID inner frame according to their effective stiffness ratio
x defined earlier. Then, the components of the PT outer frame and those of the SKID inner frame
can be designed based on capacity design logic according to EuroCode 2. For the design case, the
internal forces of each component were determined using the OpenSees numerical model
presented in the next section. All the structural components were designed maintain elastic at
ULS, as the structure is expected to self-recentre after design earthquakes (Tr=475 years). The
final x, Chyst, and Tesr. OF the planar transversal frame and the longitudinal frame of the case frame
at ULS are summarized in Table 7-3. It is worth noting that the frame is design to possess the
target strength at the target displacement at ULS, its strength at SLS is not directly considered at
the DDBD design procedure. The performance of the frame at SLS is checked after the
components determined. In the case study, a drift ratio limit of 0.5% at SLS is checked following

the design logic of DDBD. Specifically, the effective stiffness and equivalent damping ratio of
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the designed PTPW-SKID frame at 0.5% drift ratio was found by using the OpenSees numerical
model. Then the drift ratio at SLS was estimated from the displacement response spectra at the
corresponding equivalent damping ratio. Table 7-3 shows «, {hyst, and Tesr,, Of the frame at SLS.
The estimated drift ratios, Aes., ss, Of the transversal frame and the longitudinal frame were 0.45%
and 0.46%, respectively, which is less than the limit of 0.5%, indicates the design result is
accepted.

Table 7-3 Target performance of the planar frame.

ULS SLS

K é/hyst. Tetr. K élhyst. Tetr. Aest, sLS
Transversal frame 0.91 11.4% 1.373s 0.243 4.68 % 0.88s 0.45 %
Longitudinal frame  1.00 105% 1344s 0272 449% 088s 0.46%

Figure 7-7 shows the designed section of the precast PT columns, the profile of the principle
beams, the section of the secondary beams, the support beams, and the support columns. The
concrete with the Grade C35/45 and the reinforcement with characteristic yield strength of 500
MPa are used for all components. The reinforcement rate of the PT columns is 2.17%, and the
applied post-tension force is 533 kN. A 7 strands of 15.7 mm diameter cable with the strength
grade 1860 MPa is used to apply the pre-tension force. The contact between the PT columns and
their foundations is enveloped by armour steel with grade of S355. Note that the columns are
designed keeping elastic at the 2% drift ratio in one direction and simultaneously 0.6% drift ratio
in the other. The principle beams have a variable section along span. The pre-tension force of
2200 kN is applied by a 12 strands of 15.7 mm diameter cable to control their deflection. The
mid-section of the principle beams is shown in Figure 7-7 (d). The details of their profile are not
designed in this study. The secondary beams and the support beams have the same section (Figure
7-7 (b)) and are designed to be easier to sit the SKID device (which has a width of 400 mm), thus
the section is slightly greater than that required by strength. The section of the support columns
(Figure 7-7 (c)) is designed considering the deformation requirement at the SLS of the crane
system and has a reinforcement ratio of 1.02%. The SKID device used in the case study has a
sliding slope angle, g, of 4° and a friction coefficient, z, of 0.4, which are the same as the specimen
demonstrated in Chapter 5. The cantilever bars of the SKID device are designed according to Eq.
(7-2) to achieve the target stiffness obtained from the DDBD design procedure. The SKID device
used in the transversal frames and in the longitudinal frames have a loading stiffness of 1068
kN/m and 1574 kN/m, respectively. A rectangular hollow section is selected for the cantilever
bars, and the length of them are 1806 mm and 1696 mm for the SKID device in the transversal

frames and the longitudinal frames, respectively. The connections among structural components
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are not designed in this study but they are assumed having the sufficient strength to perform the

corresponding connecting behaviour (pined or fixed) at ULS.
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Figure 7-7 The section of: (a) the PT columns; (b) the secondary beams and support beams; (c)

the support columns; and (d) the principle beams.

As mentioned, the horizontal force generated by the crane system is expected to be transferred to
the ground by the cantilever columns. Figure 7-8 shows the schematic of a set of SKID-support
column with its boundaries. In the figure, Ksc, Kskip, and Kpr outer frame are the stiffness of the
support columns, the loading stiffness of the SKID device, and the lateral stiffness of the PT outer
frame. It is worth to be noted that the horizontal force in the longitudinal direction is carried by

all the support columns of the structure, and the lateral stiffness of the PT outer frame is that of
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the whole structure because the rigid diaphragm is considered. The force generated by the crane
system, Ferane, IS applied at the top of the support column. The structural analysis results show that
96.6% and 99.9% of the Fcane are transferred to the fixed end (the ground) in the transversal

direction and the longitudinal direction, respectively.

K

}N\/{ PT outer frame
/ < F crane
Kskio \

KSC

777

Figure 7-8 Schematics of a set of SKID-support column system with its boundaries.

7.4 Quasi-static and seismic performance of the PTPW-SKID case

frame

7.4.1 The numerical model of the PTPW-SKID frame

A full-scale three-dimensional numerical model was built in OpenSees to investigate the static
hysteretic behaviours and the seismic performance of the PTPW-SKID case structure, as shown
in Figure 7-9 (McKenna, 2011). The rigid roof diaphragm system was simplified by a beam grid
with fixed connections, as shown in Figure 7-9 (a). The crane system was not modelled because
its influence on the global seismic behaviour of the PTPW-SKID frame is ignorable as stated in
Section 3.3. As diaphragm effect of the roof system was considered, the positions of the SKID
devices working in the Y direction were moved to align with the plane of the PT columns, as
shown in Figure 7-9 (a). The roof panels and wall claddings were not modelled. The seismic mass
of the structure was 504.126 t and assigned along the primary beams as uniformly distributed
loads, which follows the real load path of the structure. The primary beams were pinned with the
PT columns in the model. The beams and columns are modelled by elastic beam-column element
with their elastic modulus and second moment of the area estimated by the section analysis. The
linear and P-Delta geometric transformations are adopted for beams and columns. The
corotational truss element modelled the cables with a yield point of 1860 MPa. The column-
foundation interface was modelled by 100x100 evenly spaced compression-only springs,
combined into a zero-length element with a fibre section and elastic-perfectly plastic gap material
for each fibre, as shown in Figure 7-9 (a). The contact stiffness was set to one-third of the section
height, according to Spieth et al. (2004). The yield point of each fibre was 355 MPa as the contact

faces of the columns and foundations were covered by armour steel. Figure 7-9 (b) shows the
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model's front view (the X-Z plane) where the SKID devices and support columns are detailed.
The SKID devices were modelled by an equivalent method, in which every four groups of spring-
slope blocks working in the same direction (two groups in each SKID and two SKID in each
frame) were replaced by one group. Thus, the spring stiffness Ks was four times than designed tip
stiffness of the cantilever bars of the SKID device, while the slope angle gand friction coefficient
1 were the same as the design. This simplification was valid because the loading stiffness of the
SKID device was proportional to the stiffness of the cantilever bars. The support columns were
modelled by springs with their tip stiffness and simplified to be located between the beam and
sliding blocks rather than between the slope blocks and the ground. This simplification was valid
because the SKID device and the support column were connected in line between the beam and
the ground; thus, their connection sequence did not affect the global behaviour in schematics.
These simplifications were made to reduce numerical integrity complexity. It is worth to be noted
that the simplified model was not centrosymmetric, which will raise torsion in the horizontal plane
under seismic actions. Thus, the horizontal rotational degree of freedom of beams was restrained
to avoid torsion of the structure to consider the centrosymmetric of the original structure. The
sliding keys and slope blocks of the SKID device were modelled by the standard brick element,
and the sliding surfaces were modelled by the simple contact 3D element with 3D contact material.

A Rayleigh damping ratio of 5% was specified for all elements.

Beams with fixed
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Figure 7-9 OpenSees model of the structure: (a) the 3D view; (b) the front view of the

transversal frame in the X-Z plane; and (c) the side view of the longitudinal frame in Y-Z plane.

7.4.2 Quasi-static cyclic tests and the benchmark of the numerical model

Quasi-static cyclic tests with a peak amplitude of 2% drift ratio were carried out to present the
hysteretic performance of the PTPW-SKID structure. In accordance with the actual seismic load
path, the horizontal uniformly distributed loads were applied on the primary beams in the X
direction, and horizontal point loads were applied on the top of columns in the Y direction.
Displacement control was utilised in the numerical analysis. Figure 7-10 (a) shows the hysteretic
curves of the structure drifting only in the transversal plane (the X-direction, with the loads in the
Y-Z plane set to 0) or in the longitudinal plane (the Y-direction, with the loads in the X-Z plane
set to 0). As shown, both hysteretic curves have a dual-triangular-flag shape. Figure 7-10 (b)
shows the hysteretic curves of the middle transversal frame. As shown, the hysteretic curve of
this subframe has the same shape as that of the whole structure, and its strength is one-fifth of the
entire structure. The hysteretic curve of the frame is the composite of the nonlinear elastic
backbone of the PT outer frame and the triangular-shaped hysteresis of the SKID inner frame, as

shown in Figure 7-10 (b). In addition, the hysteretic curves of the SKID inner frame estimated by
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Eq. (7-9) and Eq.(7-15) of the middle transversal frame are plotted in Figure 7-10 (b) to
benchmark the numerical model. The curves obtained from the OpenSees model match well with

that estimated by the equations.
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Figure 7-10 Hysteretic curves of: (a) the structure when it drifts only in the X-direction or Y-
direction; (b) the PT outer frame and SKID inner frame of the middle transversal frame when

the structure drift only in the X-direction.

Figure 7-10 shows the hysteretic curves when the structure drifts in only one direction, where the
PT column has a planar deformation. However, under seismic actions, the structure drifts in both
directions, resulting in a 3D rocking motion of the PT columns. Figure 7-11 shows the hysteretic
curves of the PT outer frame in the X direction when the structure was subjected to a cyclic load
with a peak drift ratio of 2% in the X direction and a constant drift ratio (of 0%, 0.5%, 1.0%, 1.5%
and 2%) in the Y direction. As shown, the initial stiffness of the structure in the X direction
decreases with the drift ratio increase in the other direction, whereas the 'post-yield' stiffness and
peak strength increase. Note that the hysteretic curve of the SKID inner frames does not affect by

the 3D motion of the structure and is not presented in the figure.
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Figure 7-11 Hysteretic curves of the PT outer frame subjected to the cyclic load in the X

direction when a constant drift ratio in the other.

7.4.2 Seismic performance of the PTPW-SKID case structure

Seven pairs of ground motions were selected from the European Strong-Motion Database to
match the target acceleration code spectrum for the site (L'Aquila, Italy) at Ultimate Limit State
(with a return period of 475 years) with an upper tolerance of 30% and a lower tolerance of 10%
between 0.15s to 2s. All the ground motions were recorded at the sites of soil type C, and their
distance to the source was between 0 to 60 km. The magnitudes of the events were between 4.5
to 8 M. The field conditions were unspecified in the selection. The information on the selected
ground motions is summarised in Table 7-4. Figure 7-12 shows the 5%-damped linearly elastic
response spectrum of the ground motions. The average acceleration response matches well with

the target spectrum for the site.
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Figure 7-12 5%-damped linearly elastic spectrum of the ground motions.
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Table 7-4 Information of the ground motions.

] Magnitude Fault PGA (g)
Station ] ] Repi
GM  Earthquake Event (Richter Mechanism
ID (km) X Y
scale)

Friuli ST33 6 thrust 9 1.0686 0.9324
(aftershock), 1976

2 lonian, 1973 ST8 5.8 thrust 15 5.1459 2.4983

3 Alkion, 1981 ST121 6.6 normal 20  2.2566 3.0363

4 Adana ,1998 ST549 6.3 strike slip 30 2.1575 2.6442

Ishakli ST856 5.8 normal 35 0.394 0.5069
(aftershock), 2002

6 Dinar, 1995 ST271 6.4 normal 8 2.6739 3.1306

7 Izmit, 1999 ST576 7.6 strike slip 39 0.8976 1.2659

The seismic performance of the structure subjected to the selected ground motions was
investigated. The model was simultaneously activated in its X and Y direction by two horizontal
components of each pair of ground motions. The peak drift ratio of the structure in each direction
is shown in Figure 7-13 (a). The results on the left side of the figure represent the scenarios where
the structure was subjected to seismic excitations in both the X and Y directions by the ground
motion components with the same directional markers. Those on the right side are the scenarios
where the activation direction of two components interchanged. The average peak drift ratios are
also shown in the figure. As shown, the average peak drift ratio of the structure is 1.98% and 2.02%
in the X and Y direction, respectively, which are around the design target drift ratio of 2.00%. In
addition, the residual drift ratios of all the cases are negligible, which indicates the self-centring
feature of the PTPW-SKID structure. The peak drift ratio and the residual drift ratio responses of
the structure indicate that the PTPW-SKID structure met its design targets.

Then the structure was activated in two directions to compare the responses of planar and 3D
motion. The peak drift ratio responses of the structure in each direction subjected to each
component of ground motions are shown in Figure 7-13 (b). The average peak drift ratio in the X
direction and the Y direction is 1.97% and 2.02%, respectively, which is close to the average
response of the 3D motion, indicating the reliability of the seismic design based on planar frames.
In addition, the peak drift ratio response in the two directions is almost the same for all ground
motions. However, the structure has a different profile and hysteretic behaviours (see Figure 7-
10 (a)) in two directions. This verifies the robustness of the DDBD design in achieving the design
target. It is worth noting that all the elements were assumed elastic in the analysis, which aligns

with the employed design logic at ULS. Figure 13(a) and (b) show that under Ground Motion 2,
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3, and 5, the peak drift ratio may exceed 3.5%, potentially causing yielding in certain elements.
However, this research focuses on the average peak drift ratio to evaluate the achievement of the
design target at ULS. Thus, it is reasonable to use the hysteretic behaviour of the frame at ULS
(i.e., a numerical model with elastic elements) in this research. The behaviour of the frame at

significant events is beyond the scope of this research.
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Figure 7-13 Individual and average peak drift ratio response of the structure subjected to the
selected ground motions: (a) 3D motion; and (b) planar motion.

Figures 7-14 (a) and (b) show the hysteretic curves of the structure subjected to the Ground
Motion 6 in the X and Y direction, respectively. The structure presents expected stable dual-
triangular-flag-shaped hysteretic curves under earthquake excitations. The hysteretic curves of
the PTPW-SKID structure are the combination of the PT outer frame and the SKID inner frame,
as shown in Figures 7-14 (c) and (d). As shown, the hysteretic curves of the PT outer frame in
different cycles are nonoverlapping and have various stiffness and gap-opening behaviours
(stiffness softening). This is because the drifts that developed in the other direction were different

for each cycle, as demonstrated in Figure 7-11.
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Figure 7-14 Hysteretic curve of: (a) the PTPW-SKID in the X direction, (b) the PTPW-SKID in
the Y direction, (c) the PT outer frame and SKID inner frame in the X direction, and (d) the PT
outer frame and SKID inner frame in the Y direction subjected to Ground Motion 6.

Finally, the peak drift ratio response of the structure at the SLS is double-checked. The selected
ground motions were scaled to make their average match the design acceleration spectrum at SLS
defined by the parameters listed in Table 7-2. The peak drift ratio of the structure in each direction
under each ground motion is shown in Figure 7-15. The average peak drift ratio among cases is
0.31% and 0.32% in the X and Y direction, respectively, which meets the drift ratio limit of 0.5%
at the SLS.
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Figure 7-15 Individual and average peak drift ratio response of the structure subjected to the

selected ground motions scaled to the SLS seismic hazard.

7.5 Conclusions

This chapter proposes a novel Post-Tensioned Precast Warehouse Structure with the Sliding Keys
on Inclined Deflecting-cantilevers Device (the PTPW-SKID Structure) by following the concept
of the PT-SKID frame (presented in Chapter 5 and 6). It is developed as a full self-centring
structural system for industrial buildings. The structural arrangement and the load paths are
discussed first. The theoretic properties of the PTPW-SKID structure are analysed by focusing on
the hysteretic curve of its SKID inner frame. Then, a case-study structure was designed. The
DDBD method is utilised in its seismic design. To investigate the quasi-static performance and
seismic responses of the PTPW-SKID structure, a 3D numerical model was built in OpenSees.

This research yields the following conclusions:

1. The PTPW-SKID structure consists of a Post-Tensioned (PT) outer frame and a SKID inner
frame. The PT outer frame supports the roof and wall cladding panels and carries the force applied
to them. The SKID inner frame carries the SKID devices and the crane system. The lateral
stiffness of the PTPW-SKID frame is provided by both the PT outer frame and the SKID inner
frame, while the hysteretic damping is only from the SKID inner frame.

2. High support columns are utilised to support the SKID devices to meet the clear height
requirements below the crane system and the roof. The elastic deformation of the support columns
reduces the lateral stiffness and the equivalent damping ratio of the SKID inner frame compared

with the SKID device alone.
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3. Most of the horizontal force generated by the crane system can be designed to be transferred to
the ground by the support columns. The case study demonstrated that the support columns could

carry over 96% of the crane horizontal force.

4. The quasi-static analysis indicates that the PTPW-SKID structure performs a dual-triangular-
flag-shaped hysteretic curve in both directions. Its hysteretic behaviour combines the nonlinear
elastic backbone of the PT outer frame and the triangular-shaped hysteresis of the SKID inner
frame. Itis similar as the PT-SKID frames discussed in Chapter 5 and 6, although distortions exist
because of the elastic deformation of the support columns. The dual-triangular-flag-shaped

hysteretic curve indicates a full self-centring property in earthquake events.

5. The hysteretic curve of the PTPW-SKID structure in one direction is affected by the drift in the
other. Specifically, the initial stiffness of the structure in one direction decreases with the drift
ratio in the other, whereas the 'post-yield' stiffness and peak strength have the opposite trends.

6. The seismic response of the PTPW-SKID structure subjected to seven pairs of spectrum-
compatible ground motions indicates that the DDBD design method yields satisfactory results in
achieving the drift ratio design target. The structure performs a stable hysteretic behaviour under
the seismic excitations and an ignorable residual drift ratio after the excitations.

7. The average peak drift ratio response of the structure subjected to one-direction excitations
(planar deformation motion) is almost the same as that under two-direction excitations (3D
deformation motion), indicating the reliability of the seismic design based on planar frames. In
addition, the peak drift ratio responses in two directions are almost the same as each other in all
ground motions. However, the structure has a different profile and hysteretic behaviours in two

directions. It verifies the robustness of the DDBD design in achieving the design target.
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Chapter 8 Conclusions and future

research

8.1 Summary

This thesis presents a frictional damping device for application with PT frames. The conceptual
FSSS system is proposed first. Its mechanical schematisation and theoretical hysteretic
behaviours are discussed. The analytical formulations are derived to estimate its hysteretic curve
and equivalent damping ratio. The FSSS system has a triangular-shaped hysteretic curve,
providing additional damping and lateral stiffness for the PT frames. The device has a zero-
activation threshold without inhibiting the self-centring feature of the PT frame. Then, a novel
practical configuration (the SKID device) for the conceptual FSSS system is proposed. The SKID
device achieves the triangular-shaped hysteretic curve by reposing sliding keys on cantilever-

supported slope blocks. The reliability of the novel configuration is discussed.

In Chapter 4, the SKID device is physically demonstrated by two 1/4 reduced scaled prototypes.
Their hysteretic behaviour and failure mode are investigated by carrying out quasi-static cyclic
tests. The test results verified its consistency with the theory. Then, six 1/4-scale physical
specimens with different friction coefficients 4, slope angle £, and cantilever stiffness ks are built
and tested. Five materials are tested as friction pads by carrying out quasi-static amplitude-

increasing cyclic tests and fatigue tests.

Chapter 5 presents an application of the SKID device in the PT frames. The equations estimating
the hysteretic curve of the PT-SKID frame are presented first. The PT-SKID frame performs a
dual-triangular-flag-shaped hysteretic curve, indicating a full self-centring feature. Then, three
heuristic frames with and without the SKID device are designed and numerically tested as a proof-
of-concept. The benefits of the SKID device to the PT frame for resisting earthquake excitations
are identified by carrying out the incremental dynamic analysis (IDA). Finally, over seven
hundred numerical models of the PT-SKID frames were tested numerically in OpenSees to
investigate the dynamic characters of the PT-SKID frames and the influence of the SKID device

on the seismic responses of the PT-SKID frames.
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Chapter 6 investigates the linearisation of the PT-SKID frames for estimating their seismic
response. The equivalent system is constructed by the effective stiffness and equivalent damping
ratio estimated by Jacobsen’s method. First, a simplified model capturing the hysteretic properties
of the PT-SKID frames is proposed. Then, the displacement estimation accuracy of the linear
equivalence is evaluated by numerically testing 5,880 PT-SKID frames. The frames tested in the
research cover the most common ranges of parameters of the PT-SKID frames. Both far-field and
near-field record sets defined by FEMA P695 are utilised as seismic excitations. The results
indicate that the linearisation frequently underestimated the peak drift ratio response, leading to
an unconservative design when it is used in DDBD. Thus, a correction factor is suggested for the
DDBD of the PT-SKID frames.

Chapter 7 presents a novel Post-Tensioned Precast Warehouse Structure with the Sliding Keys on
Inclined Deflecting-cantilevers Device (the PTPW-SKID Structure). The new structural system
follows the concept of the PT-SKID frame. It is developed as a full self-centring structural system
for industrial buildings. The structural arrangement and the load paths are discussed first. The
theoretic properties of the PTPW-SKID structure are analysed by focusing on the hysteretic curve
of its SKID inner frame. Then, a warehouse structure located in L’ Aquila is chosen as a case to
demonstrate the design of the PTPW-SKID structure. The DDBD method is utilised in its seismic
design. A 3D numerical model is built in OpenSees to investigate the quasi-static performance

and seismic responses of the case structure.

8.2 Conclusions

The research presented in this thesis yields the following conclusions:

1. The proposed FSSS conception performs a triangular-shaped hysteretic curve featuring a zero-
activation threshold. It can provide additional stiffness and frictional damping for the application

within PT frames without inhibiting their self-centring.

2. The proposed SKID device realises the FSSS conception in a simple configuration. The SKID
device uses cantilever bars that perform two functions: (i) acting as a spring to generate the normal
force on the sliding contact surface and (ii) carrying a lateral stiff support force. Although the
flexibility of the cantilever bar has some small adverse effects on the stiffness and the equivalent
damping ratio of the SKID device, these effects can be mitigated by selecting proper SKID
parameters (a smaller slope angle g, friction coefficient « and cantilever bar ratio of second

moments of area A).
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3. The cyclic tests conducted on the physical prototypes of the SKID device demonstrate that the
proposed device can exhibit stable and repeatable triangular-shaped hysteretic behaviour and
satisfactory energy dissipation capabilities. In addition, the SKID devices with negative unloading
stiffnesses have a better energy dissipation capability than those with positive unloading

stiffnesses.

4. Different mechanical properties (loading stiffness Kskip and equivalent damping ratio &) can
be achieved on the SKID device by adjusting friction coefficient g, slope angle £, and cantilever
bar stiffness ks. Specifically, large values for x4, £ and ks lead to a larger Kskip; a large u but low
plead to a higher . The friction pads on the sliding keys can be steel, cooper, bronze or break
lining. The brake lining pads showed the most stable and repeatable hysteretic behaviour, while
the metal pads (especially the steel pads) exhibited fluctuations in loading stiffness with severe
abrasion. Although the metal pads experienced severe abrasion, all the specimens performed
stable hysteretic behaviours in general. No stiffness or strength degradation in the global

behaviours of the specimen linked to the loading cycle numbers was observed.

5. The PT-SKID frame has a dual-triangular-flag-shaped hysteretic loop. Its equivalent damping
ratio is amplitude dependent, increasing with drift. The IDA analysis indicates that the SKID
device can significantly reduce the peak drift ratio response of the PT frame without inhibiting its
self-centring.

6. The Frequency Response Functions (FRFs) obtained from the sin-sweep excitations indicate
that the PT-SKID frames remain the typical dynamic characters of nonlinear systems, featuring
two branches at higher and lower response levels with coexisting solutions. However, the SKID
devices considerably reduced the amplitude of responses and the range of the coexisting solutions.

Specifically, the response amplitude was reduced with a greater Kskio and x but smaller £.

7. The sensitivity analysis of the PT-SKID frames indicates that large Kskip and g with a small g
lead to a small response amplitude. The trend regarding S and u can be explained by their

influence on the equivalent damping ratio calculated by Jacobson’s method.

8. Although the transient response of over one in eleven cases surpassed their self-centring (quasi-
static) threshold, all the cases recentred after earthquakes. This result indicates an excellent self-
centring feature of the PT-SKID frames, and the self-centring (quasi-static) threshold does not
place a limitation on self-centring design. However, the recentring for the frames with small

recentring threshold relies on a sufficient reactivation peak in the following excitations. The
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amplitude requirement of this ‘following sufficient peak’ and its existence in earthquakes need

further investigation.

9. For the mid- to long- period PT-SKID frames, the linear equivalence based on Jacobsen’s
estimation always underestimates their seismic displacement response (with 7. greater than 1).
This indicates that the linearisation will lead to an unconservative design in the DDBD. Thus, a
correction factor (Ce) having a 95% confidence is suggested for the design spectrum used in the
DDBD of the PT-SKID frames.

10. For the mid- to long- period PT-SKID frames, although 7. may be slightly less than 1 under
near-field ground motions when T, and « are small, the ground motion characters (far field or

near field) do not have an obvious influence on 7ave in general.

11. The PTPW-SKID structure consists of a Post-Tensioned (PT) outer frame and a SKID inner
frame. The PTPW-SKID structure performs a dual-triangular-flag-shaped hysteretic curve in both
directions. Its hysteretic behaviour combines the nonlinear elastic backbone of the PT outer frame
and the triangular-shaped hysteresis of the SKID inner frame. However, as a high support columns
have to be used in the SKID inner frame, the effect of their elastic deformation cannot be neglected.
Theoretical analysis indicates that the elastic deformation of the support columns reduces the
lateral stiffness and the equivalent damping ratio of the SKID inner frame compared with the
SKID device alone.

12. The results of the quasi-static analysis show that the hysteretic curve of the PTPW-SKID
structure in one direction is affected by the drift in the other. Specifically, the initial stiffness of
the structure in one direction decreases with the drift ratio in the other, whereas the 'post-yield'

stiffness and peak strength have the opposite trends.

13. The seismic response of the PTPW-SKID structure subjected to seven pairs of spectrum-
compatible ground motions indicates that the DDBD design method yields satisfactory results in
achieving the drift ratio design target. The structure performs a stable hysteretic behaviour under

the seismic excitations and an ignorable residual drift ratio after the excitations.

14. The average peak drift ratio response of the structure subjected to one-direction excitations
(planar deformation motion) is almost the same as that under two-direction excitations (3D
deformation motion), indicating the reliability of the seismic design based on planar frames. In

addition, the peak drift ratio responses in two directions are almost the same as each other in all
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ground motions, although different profiles are used in two directions. It verifies the robustness

of the DDBD design in achieving the design target.

8.3 Contributions of the research

This thesis presents a novel Sliding Keys on Inclined Deflecting-cantilevers (SKID) device and

its application in Post-Tensioned (PT) frames. The research makes the following contributions:

1. The research proposed a new schematic named a Frictional Sliding on a Spung Slope (FSSS)
system. This schematic could achieve a triangular-shaped hysteretic curve in all four quadrants,
giving the system have excellent energy dissipating capability without an activation threshold.

2. A novel Sliding Keys on Inclined Deflecting-cantilevers (SKID) device is proposed based on
the FSSS conception. Its configuration reliability and hysteretic behaviour are investigated by
theoretical analysis and physical demonstration. This research establishes the foundation for a
practical SKID device and its further study.

3. The application of the SKID device in one-storey, one-bay PT frames is investigated. The
dynamic properties and seismic behaviour of the PT-SKID frames are numerically analysed. The
contributions of the SKID device to the seismic performance of the PT frames are identified.
Design guidance for the DDBD method of the PT-SKID frames is provided based on the
sensitivity analysis and linearisation accuracy analysis. This research delivers the basic dynamic

performance of the PT-SKID frames and its seismic design logic.

4. Following the PT-SKID conception, a self-centring precast warehouse structure is proposed.
Its hysteretic behaviour, especially the influence of high support columns, is theoretically
investigated. This hysteretic character can be applied to other PT-SKID frames with high support
columns below the SKID device. A case study is conducted based on the research outcomes
presented in previous sections. This research can potentially inform retrofit technologies for

existing precast one-storey industrial structures.

8.4 Limitations and future research

Further work is required to ensure SKID’s reliability in practical applications. This section lists

possible limitations of the current work and suggestions for future research.
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1. The configuration of the SKID device was proposed and physically demonstrated in this
research. However, the configuration of the final products of the SKID device should be further
detailed, such as its connections with the beam and support columns, the connection of the slope

blocks to the cantilever bars, and the shape of sliding keys.

2. The physical tests carried out in this research were quasi-static cyclic tests. Dynamic tests are
required to physically demonstrate stability of the SKID device in earthquakes. Shake-table tests
for the PT-SKID frames are suggested.

3. Although the PT-SKID frames are expected to maintain elasticity during earthquakes, the
failure modes of their structural components should be further investigated considering the
unpredictability of earthquakes. A feasible failure behaviour can help mitigate the risks of
structural collapse in an unexpected event. For the PT-SKID frames, ‘designing’ a proper failure
mode is possible. For example, a failure sequence of components can be assigned by following
capacity design logic.

4. This research proposed a novel PTPW-SKID structure system for industrial buildings and
demonstrated its seismic design and performance by conducting a case study. However, further
research is required, such as the reliability of connections among structural components, the 3D
rocking behaviour of the PT outer frames, the possibility of the primary beams torsion, and the
diaphragm effect of the cast-in-situ roof system. Additionally, application scenarios of the PTPW-

SKID structure systems should be suggested based on life cycle costs analysis.

5. In this research, the application of the SKID device is within one-storey frames. Further efforts
are needed to study the effectiveness of the SKID device in multi-storey buildings. This may
include the reasonable load path for the building, the stiffness ratio between the SKID device and

the PT frame, and the optimised distribution of the SKID stiffness along the building height.
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