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Abstract

Achieving enhanced seismic resilience in modern high-rise buildings requires advanced
structural systems capable of controlling damage from both first-mode and higher-mode
responses. This study develops a preliminary design procedure for a novel dual-mechanism
system that allows the uncoupling of overturning and lateral responses at the base of high-
rise buildings. The system combines both rocking and shear mechanisms to mitigate higher-
mode effects. By developing the design procedure, the study aims to facilitate the broader

adoption of the system to improve the seismic resilience of high-rise buildings.

To support the development of this procedure, a simplified numerical model was created to
represent the seismic behaviour of the uncoupled dual-mechanism system. After
establishing the ranges of key design parameters governing the system's strength and
component dimensions, a series of parametric studies were conducted using nonlinear
response history analyses for two seismic locations: Los Angeles in the United States and
Vancouver in Canada. Seismic performance spectra were generated based on these analyses
to guide the development of a preliminary design procedure for practical engineering
applications.

The parametric study established that for buildings up to approximately 300 m in height, a
practical range of geometric and strength parameters exists to successfully limit maximum
inter-story drift ratios to 1.5%, while controlling base displacements to a feasible 800 mm.
Beyond this height, it was found that the required dimensions of the rocking mechanism
components become impractically large for constructability and cost-effectiveness,

defining the system's effective application limit.
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1. Introduction

1.1. High-Rise Development and Higher-Mode Effects

As more people are moving into urban areas, the demand for housing and commercial
spaces continues to increase in big cities [1]. However, affordable land is not always
available in urban areas to meet the growing demand. High-rise buildings offer a solution
by providing vertical housing that uses less ground space per resident. They play an
important role in addressing urbanization challenges and are expected to be a key part of

future city planning and development [2].

A significant portion of this global high-rise development is concentrated in regions of high
seismicity, such as the Pacific Ring of Fire [3]. This intersection of dense urban
environments with significant seismic hazard creates a critical engineering challenge:
ensuring the safety, and increasingly the resilience of high-rise structures under earthquake
loading. Conventional seismic design has focused primarily on preventing collapse, but the
potential for extensive damage and long-term loss of function in these vital structures has

highlighted the need for more advanced design philosophies [4].

Designing high-rise buildings presents distinct challenges not typically found in low-rise
construction. A primary concern is the significant contribution of higher-vibration modes
to the overall seismic response [4]. While the fundamental (first) mode often governs the
response of shorter buildings, higher modes in high-rise structures can be strongly excited
by earthquake ground motions. This phenomenon leads to a dynamic amplification of shear

forces and overturning moments [5].

Conventional design procedures, which are often based on a first-mode-dominated lateral
force distribution, may fail to capture these amplified demands. Consequently, structural

elements, particularly in upper stories, can experience shear forces that exceed their

1



capacity, leading to brittle failures that undermine the intended ductile behaviour of the
structure [6], [7]. This discrepancy between design assumptions and actual seismic

demands represents a critical vulnerability [8], [9].

1.2. The Need for Resilient Seismic Design

In modern seismic design, the primary focus is on life safety and collapse prevention during
major earthquakes. While these remain essential goals, the building codes that follow this
approach implicitly permit significant structural and non-structural damage. The economic
losses and extended loss of function resulting from such damages, as witnessed in recent
earthquakes, have highlighted the need for a more advanced design philosophy: seismic
resilience. Resilience is defined as the ability of a structure to maintain functionality during

an earthquake and enable rapid recovery after the event [10].

Achieving seismic resilience in high-rise buildings necessitates systems that can effectively
control the damage induced by both first-mode and higher-mode responses. This has led to
the development of high-performance systems, which can be broadly categorized into: (1)

rocking systems, (2) base isolation systems, and (3) combination of these two concepts.

A rocking system is a type of lateral-load-resisting system that is intentionally designed to
step up at its base. The motion is driven by the seismic overturning moment and resisted by
a restoring moment from the structure’s self-weight. A rocking system rests on its base
instead of being attached to it. Thus, tensile forces at the foundation are prevented. As a
result, instead of developing plastic deformations near the base, a gap opens at the interface

between the structure and its foundation [11].

Base isolation is considered one of the reliable strategies for safeguarding buildings against
earthquakes. In base-isolated structures, flexible isolators and energy-dissipating devices

are installed at the base, decreasing the effective stiffness of the structure and thereby



increasing its fundamental period, which helps reducing the seismic demand on the

superstructure [12].

While existing high-performance systems offer significant benefits, each of them comes
with limitations. Rocking mechanisms effectively control overturning moments at the
expense of providing limited control over higher-mode shear demands [13]. In contrast,
base isolation systems can mitigate the higher-mode effects, but it may be subjected to
tension due to significant overturning moments or may be overstressed in compression
beyond their safe limits [14]. These limitations highlight the need for a novel solution that
can independently and effectively control both overturning and shear responses in high-rise

buildings.

1.3. Uncoupled Dual-Mechanism System

Tong [15] proposed a solution that allows the uncoupling of the overturning and lateral
responses at the base of high-rise buildings using a novel dual-mechanism system. This
system is located at the base of superstructure, with a rocking mechanism at the centre and
a shear mechanism at the periphery. It is referred to as the MechRV3D system, where
"Mech" denotes the mechanism, "R" stands for rocking, "V" represents shear, and "3D"

refers to the three-dimensional action.

As illustrated in Figure 1-1, the configuration of the MechRV3D system consists of a
rocking mechanism (rocker and rolling mega-columns), and a shear mechanism (buckling-
restrained braced frames (BRBFs) and a skirt diaphragm). The reinforced concrete (RC)

core walls of the superstructure are monolithically integrated with the top of the rocker [15].
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Figure 1-1: Configuration of the MechRV3D system [15]

In the previous study, the configuration of the new system was idealized and investigated
numerically through nonlinear static and response history analyses. A physical embodiment
of this concept was developed and then validated through numerical verification of a 42-

story RC core-wall building [15].

By using MechRV3D system, the superstructure can benefit from the reduction of higher-
mode effects through its uncoupled shear mechanism, which acts as a ductile fuse to cap
the total base shear transmitted into the superstructure while the rocking mechanism acts as
a flexural fuse to cap the first-mode overturning moment at the base. The superstructure
can be designed to remain in the elastic range, potentially reducing construction and repair
costs. This will make the MechRV3D system more effective and reliable for future urban

construction, ultimately enhancing the safety and resilience of high-rise buildings.
1.4. Research Objectives

The initial research by Tong [15] established the theoretical concept of the MechRV3D
system and demonstrated its feasibility using a simplified numerical model where key

components were represented as springs. This simplification, however, did not account for



the geometric properties of the structural components involved in the rocking mechanism
or the associated P-A effects from the mega-columns, leaving a critical gap in

understanding the system's practical behaviour and limitations.

The primary objective of this research is to bridge this gap by developing a more refined
preliminary design procedure for the MechRV3D system. This is achieved by explicitly
incorporating the geometry of the rocking mechanism components as key design variables.

The specific objectives are:

e Development of an enhanced design procedure by providing a systematic, step-by-
step methodology for selecting key system parameters, including the newly
introduced geometric variables. This procedure is specifically designed to address
the limitations of the initial conceptual model by explicitly accounting for system
stability and the P-A effects associated with the mega-columns.

e To Investigate the effects of key geometric properties—such as depth and height—
of the rocking mechanism components through parametric analyses, treating these
dimensions as essential design variables and evaluating the P-A effect induced by

these parts.

1.5. Scope and Limitations

The scope of this research is strictly focused on the seismic design and performance of the
MechRV3D system, which leads to the development of a preliminary design procedure.
Accordingly, important related topics such as wind load effects, the development of
codified design standards, and detailed economic analysis are considered outside the

boundaries of this study.

1.6. Organization



Chapter 1 provides a brief introduction to the research topic, its background, and the
objectives of this study. Chapter 2 presents a literature review that includes the main design
challenge of high-rise buildings, specifically higher-mode effects. It also reviews previous
solutions to address this challenge in terms of resistance systems, summarizes the
previously developed MechRV3D system, and provides a brief overview of the design

criteria of this system in relation to seismic responses in previous research.

In Chapter 3, the procedure for determining the acceptable range of parameters in the
current study to conduct parametric analyses is explained, followed by a discussion of
rebuilding the nonlinear numerical model. A plan and procedure for parametric nonlinear

response history analysis are then presented.

Chapter 4 discusses the results of the analyses and presents the development of the design
procedure. This procedure is based on the seismic performance spectra obtained for two
different selected sites: Los Angeles in the United States, and Vancouver in Canada.
Finally, Chapter 5 draws conclusions, outlines the developed design requirements for the

MechRV3D system, and discusses future studies.



2. Literature Review

2.1. High-Rise Buildings: Definition and Seismic Hazards

A high-rise building is distinguished by its height which is generally taller than the
surrounding structures [16]. While no single definition is universal, the Council on Tall
Buildings and Urban Habitat (CTBUH), typically considers a building with 14 or more

stories or a height exceeding 50 m to be a tall building [17].

The global increase in the construction of such structures is significant; over 2,200
buildings exceeding 200-m in height had been completed by 2023 [3]. As illustrated in
Figure 2-1, a substantial portion of this high-rise development is concentrated in populous
urban centres that are also located in regions of high seismic hazard [4]. This intersection
of high population density, significant economic assets, and seismic risk highlights the
critical need for advanced seismic design procedures that can ensure the resilience of these

high-rise buildings.
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Figure 2-1: Geographical distribution of high-rise buildings, seismic hazard zones and densely
populated cities [4]



2.2. Seismic Design of High-Rise Buildings and Higher-Mode Effects

Modern seismic design codes worldwide primarily focus on ensuring life safety and
preventing structural collapse during major earthquakes [18]. Structures designed to this
philosophy are expected to undergo controlled inelastic deformation in designated
elements to dissipate energy [4]. While effective for life safety, this permitted damage can
lead to significant repair costs and extended loss of building function, which is often

inconsistent with modern resilience objectives [19].

To achieve enhanced performance targets, Performance-Based Seismic Design (PBSD) is
often employed. PBSD provides a framework for verifying that a structure will meet
specific performance objectives (e.g., immediate occupancy, collapse prevention) under

different seismic hazard levels [20].

The design of high-rise structures is particularly challenging due to the significant
contribution of higher vibration modes. High-rise buildings behave as continuous dynamic
systems, but are often idealized as flexible multi-degree-of-freedom (MDOF) systems with
long fundamental periods. While the first-mode period (71) may fall on the descending
branch of the acceleration response spectrum, the higher modes periods—particularly the
second (72) and third (73) modes —which are fractions of the fundamental period, may
align with the spectrum's high-acceleration plateau region, as shown conceptually in Figure

2-2[5].
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Figure 2-2: Potential positioning of second-mode period comparing to first-mode period of a high-
rise building on the pseudo-acceleration response spectrum [21]

This can lead to a dynamic amplification of shear forces and overturning moments that is
not captured by design methods based on a first-mode force distribution. As a result, the
contribution of higher modes to the total response would be significant and cannot be

ignored in high-rise buildings [5].

Higher-mode effects on the amplification of seismic demands in tall or slender structures
have been an ongoing research topic since the 1940s. However, research on higher-mode
effects in the inelastic range began with the seminal numerical work of Blakeley et al.
(1975) [22]. They identified the phenomenon of dynamic shear amplification, where shear
demands in the upper stories significantly exceed those predicted by first-mode-based
methods. This critical finding, further explored in subsequent numerical studies [23], [24]
and [25], was later validated by large-scale shake table experiments [26], [7], which
physically confirmed that amplified shear from higher modes is a crucial design

consideration for tall, ductile structures.

In response to these consistent research findings, seismic design codes began to incorporate
provisions to account for higher-mode effects. In the United States, acknowledgement of
higher-mode effects gained prominence in the late 1990s when the Structural Engineers

Association of California (SEAOC) published a commentary recommending the use of



shear amplification factors from the New Zealand codes [27]. This influential
recommendation paved the way for the eventual inclusion of such provisions in national
standards like ASCE 7 [18]. U.S. codes and PBSD procedures recommend using Nonlinear
Time History Analysis (NLTHA) for the design of high-rise buildings, which inherently
accounts for dynamic shear amplification due to higher-mode effects. The current National
Building Code of Canada, NBCC 2020 [28] also includes shear amplification factors in the
equivalent lateral force procedure to account for the increase in design shear force along

the height of a structure due to higher-mode effects [4].

Although modern building codes have incorporated simplified provisions, such as dynamic
shear amplification factors, to better estimate strength demands from higher modes [28],
these methods are primarily calibrated to ensure life safety and prevent brittle failure [29].
Simply meeting these prescriptive strength requirements does not guarantee that a building
will achieve modern resilience goals, such as limiting repair costs, minimizing downtime,
or ensuring rapid re-occupancy [30], [10]. Consequently, the focus in state-of-the-art
research and practice has expanded beyond prescriptive compliance. The design of resilient
high-rise buildings now emphasizes comprehensive performance-based analyses that
explicitly model and control damage to meet specific post-earthquake recovery
objectives [31]. This shift in design philosophy from mere life safety to enhanced resilience

has in turn driven the development of new structural technologies.

2.3. High-Performance Systems for High-Rise Buildings

Achieving low-damage performance by simply increasing a conventional structure's
strength is an inefficient strategy for mitigating higher-mode effects in high-rise buildings.
This approach requires a significant increase in material use and stiffness along the entire
height of the structure to address a shear-related issue that is primarily concentrated in the
upper stories. Furthermore, increasing the stiffness of the structure may unintentionally
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amplify its response to high-frequency seismic content, thereby aggravating the very issue

it seeks to mitigate.

This highlights a fundamental limitation of conventional strength-based design, which has
led to the development of advanced low-damage systems. Unlike traditional methods that
resist increasing internal forces, these systems are designed to limit the seismic demands
transmitted to the superstructure. By fundamentally reducing the energy input or capping
the forces that excite the higher modes, these systems can prevent dynamic shear

amplification much more efficiently and economically than a simple strength increase.

To overcome the inherent performance limitations of conventional structural systems in
high-rise buildings, researchers have developed advanced high-seismic performance
systems designed to explicitly control seismic damage. These systems are specifically
developed to improve control of structural response and associated damage during strong
ground motions. Low-damage response targets beyond life safety can be obtained by using
these systems that help to provide more resilient high-rise buildings. Three main categories

of these systems are discussed in this section.
2.3.1.Rocking Systems

Figure 2-3 illustrates the fundamental principle of a rocking mechanism. When subjected
to a lateral load, a freestanding block may uplift at one corner and pivot around the opposite
corner, which acts as a temporary point of rotation. This motion is resisted by a restoring
moment generated by the gravity load acting through the block's centre of mass. This
inherent self-centring capacity, combined with energy dissipation that can be provided by
supplemental devices or through controlled impact, allows a properly designed rocking

mechanism to limit structural damage while maintaining stability [32]. A key characteristic
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of rocking systems is their negative post-uplift stiffness, which effectively isolates the

structure from seismic resonance and helps eliminate permanent displacements [15].

Seismic Load Seismic Load
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Figure 2-3: Rocking action of a rigid block under seismic load

The rocking behaviour of rigid blocks under seismic ground motion has been a subject of
interest since the early 20" century, with renewed research attention in recent decades.

Previous studies have found that the rocking behaviour is highly sensitive to parameters

such as the size R =Vb? + h? (b and / are shown in Figure 2-3) and slenderness ratio (o =
atan (b/h)) of the rocking block [33], [34]. As the rotation of a rocking block increases, the
horizontal distance between the block's centre of mass and the pivot corner (the lever arm
for the restoring gravity force) decreases. This reduction in the lever arm directly causes
the restoring moment decreases, a key characteristic that defines the negative post-uplift

stiffness of the system.

When the rotation angle, which measures the block's tilt from its at-rest position, exceeds
the slenderness ratio (a), the structure becomes unstable. The structure needs to be slender
enough to allow rocking motion (the aspect ratio (b/h) less than the coefficient of static
friction (w) at its base) [35]. However, it also needs to be wide enough to maintain stability
(the slenderness ratio a greater than the peak rotation angle induced by the ground motion)

[33].

12



To assess the feasibility of applying rocking mechanism to high-rise buildings, Nielsen et
al. [36] demonstrated that employing a rocking core wall system in a building as tall as
200 m could effectively limit the base overturning moment to a predefined capacity. This
resulted in a moment demands up to 30% lower than that of a comparable fixed-base
structure, without causing significant effects in other response quantities, such as peak

inter-story drift.

While this reduction in moment demand demonstrates the system's effectiveness in
controlling the first-mode-dominated overturning response, it is well-established that a base
rocking mechanism provides limited mitigation of higher-mode effects. These effects
primarily manifest as dynamic shear amplification in the upper stories of a high-rise
building, a phenomenon that is largely uninfluenced by the rotational release at the

base [37].
2.3.2.Base Isolation Systems

An alternative high-performance strategy is base isolation, which aims to decouple the
superstructure from the ground motion. As illustrated in Figure 2-4, this is achieved by
introducing a flexible interface, or isolation layer at the base of the structure [14]. This
added flexibility elongates the fundamental period of the system, shifting it away from the
peak region of the typical earthquake acceleration spectrum and thereby reducing the

inertial forces transmitted to the superstructure [38].
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Figure 2-4: Conceptual illustration of the effect of base isolation under lateral load Left:
conventional fixed-base structure, right: base-isolated structure showing deformation concentrated
at the isolation level [39]

While highly effective for low- to medium-rise structures, the application of conventional
base isolation to high-rise buildings presents significant challenges [40]. First, as the
inherent flexibility of a high-rise building is already high, the period elongation provided
by the isolation system is less pronounced, reducing its overall effectiveness. Second, and
more critically, the large overturning moments generated in slender high-rise structures can
induce net tensile forces or compressive overstress in the isolators. Tensile uplift can
compromise the stability of elastomeric bearings, while compressive loads from the
massive weight of the superstructure can exceed the isolators' capacity, especially when

combined with large lateral deformations [41], [42].

To address these challenges, researchers have explored hybrid approaches that combine
base isolation with other mechanisms. Calugaru [43] proposed a dual-mechanism seismic
protection system for a 20-story RC core-wall building that combines base isolation with
rocking core walls. However, in this system the two mechanisms were arranged in series,
meaning the isolators had to resist significant axial tension and shear forces before the
rocking mechanism could be activated. This in-series configuration makes it difficult to
fully decouple the demands and prevent compressive overloading, highlighting a persistent

challenge for such systems.
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To evaluate the response reduction effect of the base isolation system on high-rise
buildings, Ogura et al. [44] conducted a parametric analysis. The results revealed that the
response reduction due to use of base isolation, tended to decrease as the natural period of
the superstructure increased. However, even for natural periods between 3 and 4 seconds,
the response displacement was reduced by approximately 30-40% compared to a non-

isolated system [45].

It was also found that if the design of the yield shear force and the post-yielding stiffness
of the base isolation system is appropriately selected, high-rise buildings can achieve high
seismic performance using base isolation systems [45]. This suggests that with proper
tuning of the system's yield and post-yielding properties, base isolation can be effective in

reducing seismic response and improving stability even for high-rise buildings.
2.4. Dual-Mechanism Systems

Other research has explored dual-mechanism systems, such as the controlled rocking steel
braced frames (CRSBFs) that combined a base rocking frame with self-centring braces
acting as a first-story shear fuse [19], [46]. In this configuration, the rocking and shear

mechanisms act in series.

While this approach can provide excellent self-centring and limit damage to the main frame,
the in-series arrangement presents a critical stability challenge. It concentrates all inelastic
deformation into the first story, creating a soft-story mechanism. For high-rise buildings,
the large inter-story drift in this single location, combined with the significant gravity load
from the superstructure, leads to a highly amplified P-A effect that can cause system

instability [15].

Consequently, the previously proposed dual systems, such as CRSBFs [10] and the base-

isolated rocking core wall system by Calugaru [38], each have their own limitation. They
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rely on two mechanisms -one for flexural response and another for shear response- but these
mechanisms were configured in a way that prevent them from being engaged
independently. Their in-series configuration can lead to unwanted damage to the
mechanism during a seismic event. This limitation highlights the need for an alternative
dual-mechanism topology—specifically one that avoids the soft-story mechanism and is

therefore suitable for achieving low-damage performance in high-rise applications.
2.5. The MechRV3D System
2.5.1. Configuration and Mechanics

The MechRV3D system allows for the uncoupling of the flexural and lateral responses
through a novel configuration that combines rocking and shear mechanisms [15]. Both
rocking and shear mechanisms are positioned at the base of the superstructure as shown in
Figure 2-5. While the rocking mechanism controls the overturning response, the
parallel shear mechanism is specifically designed to mitigate the adverse effects of higher
modes. A key advantage of this uncoupled arrangement is that the shear mechanism is
isolated from the primary gravity load path, protecting it from the significant axial demands

present in high-rise buildings.

I slab-to-~core joints |

‘ s g N

LB h_,, ! M NSV gravity columns
H[_r k—_.—H- \_ P ep—— j at the perimeter of the tower,
g BN — representing all gravity columns

= ‘ \l\;> : g

"-“L’_{ 2 — _\, floor slab

shear transmitters »T_._.t{__x,r,: - - — | it disphragm
".- Jﬁ___‘}“_z“ I | skirt dia

. | ground leve /_/ pavement

rocker
rolling

retaining wall
mega-columns

foundation - f backfill
substrate H—**T—*— ——r
\\/ L

Figure 2-5: MechRV3D system incorporated at the base of superstructure [15]
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The central near-rigid block, referred to as the rocker, is cast monolithically with the RC
walls assumed as lateral-force-resisting system of superstructure in the initial study. The
rocker rests atop four high-capacity columns (in a three-dimensional setup) and is intended
to undergo rocking motion by lifting above two or three of these columns, corresponding
to line-pivoting (rocking on an edge) and point-pivoting (rocking on a corner) states,
respectively. The rocking action initiates at the top of the large columns when the base
overturning moments, Mb, generated by applied lateral forces, calculated about the rocking
toe overcome the restoring moment generated by the combined gravity loads of the core of

the superstructure and the weight of the rocker about that same point.

The high-capacity columns, referred to as the rolling mega-columns, are positioned
centrally to support the rocker directly beneath the superstructure's core. This centralized
layout leaves the peripheral space between the rocker and the retaining walls available for
the installation of the separate shear mechanism below ground level. Mega-columns with
their special endpoints are employed to achieve a reliable and nearly shear-free rocking
mechanism by avoiding unpredictable changes in the coefficient of friction from
contamination or wear, and sliding uncertainties (potential for stick-slip motion or
unintended sliding if friction is overcome) that can compromise performance under real

conditions [15].

The term "rolling" refers to the smooth rotational behaviour of the mega-columns, which
is enabled by the geometry of their end connections. This geometry creates an instantaneous
centre of rotation at the point of contact, allowing the column to undergo large angular
displacements with negligible moment resistance. This is fundamentally different from a
conventional pinned joint, as it accommodates both rotation and the associated horizontal

translation seamlessly [15].
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The rocking mechanism functions as an integrated system. When lateral forces induce an
overturning moment on the superstructure, the rigid rocker transmits this moment to the
supports below. This causes the entire rocker-and-core assembly to tilt, creating
compression in the leeward mega-columns while allowing uplift to occur at the windward
mega-columns. The rolling connections at the ends of the mega-columns are critical, as
they allow the columns to sway and accommodate the horizontal movement of the rocker
with negligible shear and moment resistance [15]. Therefore, the combination of the tilting
rocker and the accommodating rolling mega-columns constitutes the complete rocking

mechanism of the MechRV3D system.

The shear mechanism is located on the periphery of the rocker, as shown in Figure 2-6. It
includes a skirt diaphragm, or simply skirt, along with shear fuses that can be a series of
buckling restrained braced frames (BRBFs) which connect the skirt to the foundation. The
skirt is composed of the ground floor slab outside the central core area, which is designed
to function as a rigid diaphragm. This high in-plane stiffness is a critical design
requirement, as it ensures uniform engagement of all peripheral shear-resisting elements

when lateral loads are transferred from the rocker [15].
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Figure 2-6: Shear mechanism components [15]
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The BRBFs are arranged in parallel on each side of the rocker, as shown in Figure 2-6. The
base shear of the RC core is transferred to the shear mechanism through a series of
connectors between the rocker and the skirt diaphragm. The skirt diaphragm is not cast

monolithically with the rocker; instead, there is a gap between them [15].

The rocker transfers shear forces to shear fuses through skirt diaphragm and vertical forces
to the mega-columns. This decoupled behaviour is achieved through two types of
specialized connections originating from the rocker. The connection between the rocker
and skirt diaphragm —attached to the shear fuses —referred to as shear transmitters are
designed to transfer shear forces and any torsional moments about the vertical axis.
Conversely, to ensure the rocking mechanism is not restrained, the transmitters are detailed
to provide negligible resistance to out-of-plane movements, specifically vertical

displacement and rotations about the horizontal axes (rocking) [15].

Another key connection in the MechRV3D system is the pipe-pin rolling joint, located at
both ends of the mega-columns allows the rocker to uplift freely at the top of the mega-
columns. Each mega-column is designed to carry the entire gravity load of the
superstructure's core and rocker's self-weight within the elastic range. This is the most
critical loading condition for mega-columns that occurs during point-pivoting, where the

structure temporarily pivots on a single corner [15].

The rolling mega-columns always remain under compression, preventing them from lifting
off the foundation. Since moments are released at both ends due to their end connections'
behaviour, these mega-columns do not carry any lateral forces [15]. In the envisioned
physical embodiment of the system, the mega-columns would be prefabricated and installed
using a dry connection method, where they would be seated into recessed sockets cast into

the foundation and the rocker, as shown in Figure 2-7 [15].
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Figure 2-7: Rolling mega-columns between the rocker and foundation [15]

2.5.2. Numerical Validation

The initial research thoroughly investigated the MechRV3D system integrated into a high-
rise building, focusing on its structural behaviour and performance under seismic loading.
Following the initial conceptual study, a detailed conceptual design for the physical
components of the system was developed. The feasibility of the proposed implementation
was numerically validated through a 42-story RC core wall building as a case study using

pushover and nonlinear response history analyses (NLRHAS).

The case study building was assumed to be in Los Angeles, and design requirement were
adopted from the American Society of Civil Engineers (ASCE/SEI 7, 41) codes, as well as
related guidelines for designing high-rise buildings such as those from the Los Angeles Tall
Buildings Structural Design Council (LATBSDC) and the Performance-based Seismic

Design of Tall Buildings (TBI guideline) [18], [47], and [31].

By evaluating the MechRV3D system integrated into a superstructure in the case-study
model, the research demonstrated that the MechRV3D system improves seismic

performance by establishing a clear strength and deformation hierarchy. All inelastic action
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is intentionally confined to the replaceable mechanisms at the base, which act as ductile
fuses to limit the forces transmitted to the superstructure. This protective action enables the
superstructure, including the primary RC walls, to be capacity-designed to remain

essentially elastic even under the Maximum Considered Earthquake (MCE) [15].
2.5.3. Preliminary Design Procedure in the Initial Study

To generalize the findings from the case-study, nonlinear parametric analyses were
conducted to develop a preliminary design procedure. These analyses employed the
simplified model shown in Figure 2-8, in which the superstructure is represented by an
elastic stick model supported at its base by rotational and translational springs simulating

the rocking and shear mechanisms, respectively [15].

Using this simplified model, parametric nonlinear analyses were performed on a set of
generic RC core-wall buildings with fundamental periods ranging from 1 to 7 sec
corresponding to the building height from 45 m to 375 m. The parametric analyses focused
on two governing seismic responses: maximum inter-story drift ratio (ds), which controls
damage in the superstructure, and maximum base displacement (4») which dictates the

demand on the base mechanism and its stability [15].
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Figure 2-8: Simplified model of the MechRV3D system with a stick-model superstructure [15]
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A group of six design parameters was selected to conduct the parametric analyses. These
included two superstructure parameters, the fundamental period (71) and aspect ratio (H/B);
one rocking mechanism parameter, the moment reduction factor (Rm); and three shear
mechanism parameters, the shear reduction factor (uv), relative lateral stiffness of shear
mechanism (/(Kb1)), and post-yield stiffness ratio (ax). For each parameter, a range of
values was chosen to reflect both realistic high-rise buildings application and a spectrum of
possible design choices. The parameters related to the superstructure focused on its
geometric dimensions. In contrast, the parameters for the MechRV3D mechanisms were
limited to stiffness and strength properties, not by the explicit geometry of the components,

due to their simplification as springs in the model.

The nonlinear parametric analyses revealed the variation of governing seismic response
quantities with the selected design parameters. The analysis results demonstrated
a fundamental trade-off between base displacement (4b) and inter-story drift ratio (Js),
where a stiffer base mechanism reduces base displacement at the expense of increasing
inter-story drift ratio in the superstructure, and vice versa. Based on this correlation, design
charts were developed for these two response quantities (Js and 4b). A design procedure
was recommended using the obtained design charts and range of design parameters to assist

in the preliminary design of the proposed system.

In the parametric studies of the MechRV3D system, the mega-columns were not modelled
with their actual geometrical properties -particularly their height. This approach introduced
two critical limitations for practical design. First, the simplified model provided results in
terms of abstract spring properties (e.g., required stiffness). The primary limitation of this
approach is its inconvenience for designers, who are left without a direct method to
determine the physical component geometries required to achieve those properties. Second,

the model could not capture the significant second-order effects generated by the gravity
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load (P) acting on the laterally displaced mega-columns (4). This P-A effect is critical for

assessing the overall stability of the system and was a key uncertainty left unaddressed.

Therefore, the central objective of this research is to develop an explicit design
framework by directly investigating the influence of key system-level geometric
parameters. While the cross-sectional design of a composite mega-column can follow
conventional methods, the mega-column height directly governs the magnitude of the P-A
effect and overall system stability. By treating mega-column height as a primary design
variable, this study aims to develop a more practical and direct design procedure for the

MechRV3D system.
2.6. Summary

Due to the increasing demand for accommodation in urban areas worldwide, the
construction of high-rise buildings has significantly increased as a solution to address this
need. Many of these buildings are in regions with high seismicity, making it essential to
design them to withstand the challenges posed by significant seismic loads. One of these
challenges is the higher-mode effect, which leads to amplified seismic responses in high-

rise structures.

To assure more resilient buildings, designers developed some high-performance systems to
reduce the impact of seismic excitation. While rocking systems can effectively control
damage associated with the fundamental period, they are not efficient to mitigate higher-
mode effects. Base isolation systems, on the other hand, are effective in reducing higher-
mode effects but they are generally not considered suitable for high-rise building due to

their vulnerability to the significant axial loads these structures impose.

A new high-performance dual-mechanism system called MechRV3D system was proposed

in 2020. This system decouples shear and flexural responses by employing two separate
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mechanisms- rocking and shear - that operate in parallel without interference. In the model
used for numerical parametric analyses, some components of the MechRV3D system were
represented by nonlinear rotational springs instead of detailed line elements. This simplified
model provides a useful starting point for exploring the system’s behaviour and conducting
initial parametric studies. However, it may not fully capture important structural effects
like P-A effects and negative stiffness, which result from the interaction of gravity loads

with lateral displacements due to the system’s geometry.

To support the practical application of the MechRV3D system in high-rise, earthquake-
resistant buildings, there is a need to further develop and refine the design procedure
associated with this system. Introducing mega-columns into the simplified model can help
study how different configurations influence P-A effects and negative stiffness. Updating
the parameter ranges can also make the model more representative of practical design cases.
These modifications may provide additional insights that can refine the design procedure

for improved applicability in practice.
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3. Methodology

3.1. Technical Roadmap

This research aims to develop a preliminary design procedure for the MechRV3D system.

The procedure is based on seismic performance spectra, which are developed by conducting

a comprehensive suite of nonlinear parametric analyses. The methodology involves the

following steps:

Identify governing design parameters, including newly introduced ones (the height
of mega-columns and depth of the rocker) that reflect the actual size and role of the
rocking components. Determine suitable ranges for these parameters based on
structural behaviour and feasibility.

Develop a simplified numerical model using OpenSeesPy [48]. The modelling
approach remains consistent with the initial study of MechRV3D system, but the
current model improves the representation of P—A effects and negative stiffness
resulted from lateral displacement of mega-columns.

Select two high-seismicity locations, Los Angeles (USA) and Vancouver (Canada),
for input ground motions. Choose and scale ground motion records to the MCE
level, following current building codes [18] [49], and high-rise buildings' guidelines
[47][50].

Perform NLRHASs for the full set of parameter combinations and selected ground
motions. Use the results to construct seismic performance spectra that relate design

parameters to structural responses.

Based on the seismic performance spectra obtained from this approach, the design

procedure is developed in the next chapter. This facilitates a generalized design of the

25



system by evaluating structural responses and identifying suitable parameter ranges for

practical application.
3.2. Design Parameters
3.2.1. Fundamental Period (71) of Generic Buildings

The parametric analyses were conducted on a series of generic high-rise buildings in which
RC core walls serve as the lateral-force resisting system. The height of these buildings,
ranges from 45 m to 360 m, or 15 to 120 stories, assuming a typical story height of 3 m.
The fundamental period (71), a key dynamic characteristic of a structure, is a function of

its mass, lateral stiffness and building height.

Code provisions provide empirical 71-H formulas for different lateral force-resisting
systems which allows for the back-calculation of an effective lateral stiffness when the
period and mass are known. 71 is selected as one of the design parameters in the parametric

analyses, serving also as a representative measure of building height.

To establish a realistic relationship between the height and fundamental period for these
generic RC core wall buildings, an appropriate empirical formula was required. While the
overall design framework of this study is consistent with US practice (ASCE), a direct
comparison with measured building data is essential for selecting the most accurate period

estimation method.

A study by Ha et al. [S1] compared the obtained fundamental period from the ambient
vibration measurement to the computed values from the KBC 2009 and ASCE 7-10
empirical formulas. As it can be seen in Figure 3-1, they found that the fundamental periods
resulted from KBC 2009 formula are closer to the experimental measurement values [51].
Therefore, despite the study's North American context, the KBC 2009 formula was selected

for this research on the basis of its superior, experimentally-validated accuracy. It should
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be noted that for the specific case of a reinforced concrete core wall building, the primary

formula for 7 in ASCE 7-10 to ASCE 7-22 has not changed [18].
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Figure 3-1: Comparison of fundamental periods from KBC 2009 and ASCE 7-10 empirical
formulas with measured fundamental periods (7) with ambient vibration method [51]

Equation 3-1 shows the KBC 2009 formula to calculate the fundamental period for RC core

wall building using the height of the structure,

T = 0.073H%7° (3-1)

where 7 is the fundamental period (s), and H is the building height (m).

Table 3-1 shows the approximate fundamental periods calculated for the generic buildings
using Equation 3-1. The results confirm that the fundamental periods for the range of
building heights considered (15 to 120 stories) fall in the approximate range of 1 to 6
seconds, with each period corresponding to a specific building archetype. For the
parametric study, a set of discrete, idealized target periods (71 = {1, 2, 3,4, 5, and 6} s) was
then selected to define these generic building archetypes. This approach creates a clear,
evenly-spaced parameter matrix, which significantly facilitates the development and

interpretation of the seismic performance spectra.
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Table 3-1: Fundamental periods of generic RC buildings using KBC 2009 formula

Building Height (m) Number of stories T : (sec) Selected 7 1(sec)
45 15 1.27 1
90 30 2.13 2
150 50 3.13 3
210 70 4.03 4
300 100 5.26 5
360 120 6.03 6

3.2.2. Aspect Ratio (H/B) of Generic Buildings

The plan dimension, B, expressed through the aspect ratio (H/B) of the buildings, is another
design parameter considered in this study. According to previous studies, aspect ratios
larger than 7 lead to a significant increase in base shear, base overturning moment and inter-
story drift ratio. As a result, the design of RC core wall buildings with such high slenderness

becomes inefficient and cost-ineffective [52], [53].

Therefore, it is suggested to check the aspect ratio as one of design parameters. In this
research, the aspect ratio of the buildings is restricted to a range between 3 and 6 to be
theoretically close to the optimal value of the aspect ratio for high-rise building design [54].
For all buildings in this study, the floor plan is like the typical plan shown in Figure 3-2
with the RC core located at the centre of the floor. The plan dimensions (B) are back
calculated based on the assigned height of building (/) and aspect ratio (H/B). The resulting

B values are close to those commonly used in practical design.
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For each floor, a uniformly distributed area load, w=10 kPa is assumed including dead and

live loads according to practical design [50]. Seismic mass, mgq, that is lumped at each

floor level, is computed based on assumed uniformly distributed load (w) and floor area

(B). The parameters for each of the generic buildings in this study, along with the values

derived from the preceding assumptions, are summarized in Table 3-2.

Table 3-2: Properties of the generic buildings

Mass

Numb.er of Height, Asp.ect . Floor Selected of EI Tia fror.n
stories H ratio dimension, Ti(s) floor (MN-m?) analysis
(n) (m) (B  B(m) ' ’ s)
mxq (t)
15 45 3 15 1 229 1.00x10° 1.04
30 90 4 22.5 2 516 9.01x10° 2.08
50 150 5 30 3 917 5.49x107 3.09
70 210 5 42 4 1798 2.33x10% 4.11
100 300 6 50 5 2548 8.79x10° 5.13
120 360 6 60 6 3669 1.82x10° 6.16
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For parametric analyses, the superstructure was represented by a simplified stick model
with a uniform flexural rigidity (EI) over its height. This uniform value is not a realistic
representation of a tapered structure, but an equivalent stiffness calibrated to ensure the
model accurately achieves its target fundamental period (71). This simplification is a
standard and computationally efficient method in structural dynamics for capturing the
global response needed to evaluate the base mechanism [5]. To find the value of £/ (N.m?),
Equation 3-2 is used,

4m*H*m

B =G

(3-2)

where 71 is the fundamental period (s). H and m are the total height (m) and total mass (n
x meq (kg)), respectively. f1H (unitless) is assumed equal to 1.8751 form the initial study

for fixed-based conditions that was used in the same theoretical equation to obtain £/ [15].

The fundamental periods (71) used to define the generic building archetypes are based on
the effective linear-elastic stiffness of the superstructure in its undamaged state. The
target 71 values were derived from the KBC 2009 empirical formula, which is calibrated
against periods measured from real, in-service buildings under low-amplitude ambient
vibrations. This measured period implicitly accounts for the effects of existing micro-
cracking and non-structural components [51]. This approach is consistent with the primary
design objective of the MechRV3D system, which is to protect the superstructure and
ensure it remains essentially elastic, thereby preventing the significant stiffness degradation

associated with yielding and large-scale cracking.

With given meq and EI, eigenvalue analyses were conducted for each of the generic
buildings using the simplified model of superstructure fixed at the base. The modelling
assumptions were consistent with those that will be discussed in Subsection 3.5.1.

Accordingly, the value of T1a (the actual fundamental period) was determined for each
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building and is presented in the last column on the right of Table 3-2. As it can be seen, the

values of T1aare close to selected values for T1.

The choice to back-calculate £7 using a formula based on Euler-Bernoulli (pure flexure)
beam theory (Equation 3-2), which neglects shear deformations, is a deliberate and justified
simplification appropriate for this study. A more complex Timoshenko beam model would
require defining separate flexural and shear rigidities [5], adding unnecessary complexity
and assumptions for a parametric study focused on the base mechanism. Moreover, for
beams with a length-to-depth ratio up to 5, Euler—Bernoulli beam theory provides a
reasonable estimation for the first two natural frequencies [55]. In the present study, the
Euler—Bernoulli assumption was used to estimate the fundamental period, and the
corresponding slenderness ratio of the modeled buildings was limited to 6. Although this
slightly exceeds the recommended limit, it is still considered reasonable for estimating the
first mode. Therefore, the standard and widely accepted approach of using a
single equivalent stiffness parameter was adopted, where the EI is calibrated to ensure the

simplified model matches the target global dynamic response (71).
3.2.3. Moment Reduction Factor (Rw)

The MechRV3D system is designed for a sequential activation of its two primary
mechanisms to optimize seismic performance. For the scope of this study, the research
focuses on high-seismicity regions where the seismic design requirements, rather than
wind-induced forces, are the primary drivers for the configuration and proportioning of the

structural system.

Within this framework, the design philosophy dictates that the superstructure must remain
elastic during frequent events. To achieve this, the activation threshold of the rocking

mechanism (Mrock) s calibrated to be equal to the base overturning moment demand at the
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Service Level Earthquake (MbsLe). This provides a predictable flexural fuse that engages
only when seismic demands exceed the serviceability level, thereby protecting the

mechanism from inelastic damage during frequent earthquakes.

A direct determination of MbsLe often requires a site-specific SLE response spectrum,
which is not always readily available from standard seismic hazard tools [56], [57]. To
create a more direct preliminary design path, this study, following the approach in Tong
[15] establishes a Moment Reduction Factor (Rm). This unitless factor conceptually relates
the moment at the Maximum Considered Earthquake (MbmcE), which is readily available

from hazard analysis, to the target activation moment (Mrock) (Equation 3-3):

_ My mce

Ry (3-3)

M b,SLE

This Rm factor therefore represents the ratio of the MCE demand to the SLE demand. This
approach is supported by guidelines like the CTBUH's "Performance-based Seismic Design
for Tall Buildings" [20], which indicates that this ratio typically falls within a range of 4 to
8. This range is consistent with the specific sites considered in this study: the ratio for Los

Angeles is approximately 8 [58], while for Vancouver, it is calculated around 4.

It is critical to note that this methodology applies the reduction factor Rm directly to the full
MCE-level demand. This is philosophically consistent with the Canadian design approach
(NBCC) [28], but differs from the standard prescriptive approach in the United States
(ASCE 7), where force reduction factors are typically applied to the Design Basis
Earthquake (DBE) demand, defined as 2/3 of the MCE [18]. The direct-to-MCE approach
is deliberately adopted for this performance-based procedure because it provides a clearer
and more direct relationship between the ultimate seismic hazard and the defined capacity

of the protective mechanism.
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Based on this framework, for the parametric analyses in this study, the range of moment
reduction factor (Rwm) is selected as follow:

Ru=1{4 6, 8}
3.2.4.Rocker Depth (D) and Mega-Column Spacing (dc2c)

In the previous section, the required rocking moment (N.m), Mrock, Was established as the
design demand. The next step is to size and configure the physical system to provide
sufficient resistance to the expected loads. The moment resistance of rocking mechanism
is generated by the self-weight of the structure (weight of the rocker (N), Wickr, and the
gravity loads tributary to the core wall of the building (N), W core) acting at the lever arm
defined by the distance (m) between the pivot point and the centre of gravity of the
superstructure when rocking occurs. The pivot point in this system is top of one of the
mega-columns. Regarding the symmetry of the model, the lever arm would be the half of
the centre-to-centre distance between two mega-columns which is represented by dcac (refer

to Figure 3-16).

Additionally, as discussed in the initial study, Mrock would be approximately constant
during earthquakes, because 95% of central core loads (W core) originated from the dead
load (weight) that is constant [15]. Considering the moment resistance equal to Mrock,
Equation 3-4 can be used. Weore (assumed as 50% of total gravity load) and Wirekr are referred

to as structural weight (Wsc).

d — 2 (Mrock) _ 21Wrock
cze VVcore + Wrckr WSC (3-4)

The weight of the superstructure is a function of the height of the building, and it can be

obtained from the mass of the floors in Table 3-2. Thus, for each of the generic buildings,
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it has a designated value. Consequently, the weight of the rocker and the mega-columns

spacing (dc2c) are variables in Equation 3-4.

To determine dcac, Mrock is substituted by Mo, sLE in a specified site. To calculate My, sLE, the
time history analyses under 11 scaled ground motion at the MCE level was conducted in a
fixed-base condition for each of the generic buildings listed in Table 3-2. From the analysis
results, an average of maximum response of base overturning moments (Mo, MCE) iS

obtained and My, sLe will be determined from dividing Mb, mce by Rwm.

The remaining variables in Equation 3-4 are the centre- to centre space between mega-
columns (dcac), which is part of the geometric dimension of the rocker at the bottom face,
and Wik, which is a function of the rocker's volume and depends on its dimensions,
including the depth of the rocker (D). To satisfy the required Mrock (Mb, SLE), a set of

geometrically feasible dimensions of dc2c and D must be achieved.

To find a ratio between dc2c and D, the rocker can be considered as a deep beam placed on
mega-columns as its supports. In a deep beam, the ratio of span to the depth should be less
than 4 [59], [60]. In this case, dc2c can be considered as span length of the beam. Thus, the
dcac 1s assumed to be less than four times the rocker depth (D) to satisfy the deep beam's

practical check and ensure the required rigidity of the rocker block.

This beam is imposed to the applied vertical load (Wcore) acting as shear force and lateral
load acting as axial load on it in this context. The rocker is intended to slightly rotate atop
of mega-columns, and it is not fixed to them. Therefore, rocker as a deep beam can be

designed only for shear and axial loads and there is no need to design it for flexure.

The shape of the rocker is assumed to be an inverted truncated square pyramid (refer to
Figure 3-16), where both the top and bottom faces are square. The rocker consists of

concrete with steel elements embedded within it [15], and its unit weight (yc) is assumed to
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be 24,522 N/m?. Equation 3-5 for volume of an inverted truncated square pyramid (m?) is

used:
D
V = g X (Al + AZ + 1/A1A2) (3_5)

where D is the depth of the rocker (m), and A1 and 4> represent the areas of the top and
bottom faces of the rocker (m?), respectively. If the side lengths of the top and bottom
square faces are assumed to be deact+3 m and deac, respectively, then the weight of the rocker

(W rekr) can be calculated using Equation 3-6:

Wiekr = Ve X D X (d§2c + 3chc + 3) (3-6)

The rocker depth (D) is assumed to range from 4 to 12 m (depth values larger than 12 m
may not be practical).

D=1[4,12] m

Using Equations (3-3), (3-4) , (3-6), and the range assumed for D, the corresponding values
of dc2c for each of the generic buildings are calculated based on the specified values of Mrock
(Mb, sLe) and Weore. The obtained values for dc2c are shown in Figure 3-3 as a function of D.

In this case, Rm was assumed to be 8 and Mb, mce was calculated for the Los Angeles site.
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Figure 3-3: The variation of d.,c with rocker depth (D) for Ry = 8
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To observe the variation in more detail, Figures 3-4 and 3-5 display the graph for 15-and
120-story buildings. When the rocker depth is 4 m, the corresponding value for deac is

obtained approximately 9.70 and 22.85 m for 15- and 120-story respectively.
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Figure 3-4: The variation of d., with rocker depth (D) for 15-story building, Rm=8
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Figure 3-5: The variation of d.»c with rocker depth (D) for 120-story building, Rv=8

The graphs for all generic buildings and all values of Rm, are summarized in Appendix A
for both Los Angeles and Vancouver sites. Table 3-3 shows the mega-columns spacing

(dc2c) and the rocker depth (D) for each value of Rwm at the Los Angeles site as they should
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be considered in parametric analyses. All (dc2e/D) values are less than 4, as expected,

consistent with the deep beam assumption.

Table 3-3: deoc and D values of the rocker for different values of Ry for Los Angeles site

Number of Rw=4 Ru=6 Ru=8
I N BN R
15 14.0 4.0 3.5 11.4 4.0 2.8 9.7 4.0 2.4
30 20.0 5.0 4.0 15.5 5.0 3.1 12.2 5.0 2.4
50 24.0 6.5 3.7 19.6 5.0 3.9 15.2 5.0 3.0
70 31.0 8.0 3.9 23.8 6.0 4.0 18.8 55 34
100 38.5 10.0 3.8 29.5 8.0 3.7 23.5 6.0 3.9
120 39.0 11.0 3.5 29.0 7.5 3.9 22.5 6.5 3.5

It should be considered that vertical ground acceleration may cause Mrock to fluctuate by
25% to 30% around the constant component created by gravity loads (N), Wsc [15]. This
estimated range is consistent with established seismic design principles [18]. To account
for this fluctuation, the obtained values(m) for dcoc could be increased accordingly.
However, in the current study, the vertical effect of earthquakes is not considered.

Therefore, this increase is not applied in the values of dc2c in Table 3-3.

Considering the different values (m) of D and dc2c corresponding to each Rwm values in Table
3-3, the rocker weights (Wrkr) also change accordingly. The different values of the rocker
weight (Wrekr) can be expressed as a ratio to the weight of the core stick (Wcore), which
remains constant in each case. Table 3-4 summarizes these ratios corresponding to different

Rwm values at the Los Angeles site for all generic buildings.
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Table 3-4: The ratio of weight of the rocker to the weight of the core stick for different Ry values
at the Los Angeles site

o
1:;’22: Z:’)f My, vice (MN-m) Weore (MN) : Wi /W_ e -
Ru=4  Ru=6  Ry=8
15 1,138 16.8 140 97 73
30 4,832 75.9 75 47 30
50 15,760 225.0 ) 24 15
70 50,756 617.4 28 15 9
100 126,462 1250.0 24 13 7
120 202,791 2160.0 15 7 4

The choice of such a large upper limit value of 12 m for rocker depth was included in the
parametric study not as a practical design recommendation, but to fully explore the
theoretical design space and understand the system's sensitivity. While likely impractical
due to cost and constructability, its inclusion was methodologically necessary to define the
complete relationship between the rocker depth (D) and the required mega-column spacing
(dc2c). The rocker depth indirectly influences the seismic response by controlling this
critical geometric relationship, forcing the designer to make a practical trade-off between a

deeper, heavier rocker and a wider, potentially more intrusive mega-column layout.
3.2.5.Mega-Column Height (/4.)

The height of mega-columns is introduced as a new design parameter, which was not
considered in the previous study [15]. The rocking mechanism is designed such that no
tensile forces are transferred to the mega-columns when the rocker uplifts from their tops.

This prevents the mega-columns from being pulled out of their foundations. Therefore, the
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mega-columns are expected to carry only axial compression under vertical loading. The
maximum compressive force in each mega-column corresponds to Wsc (Weore + Wickr)
assuming all vertical loads are carried by a single mega-column when uplift occurs at the

top of the other columns.

Additionally, the mega-columns are not subjected to horizontal shear forces or bending
moments, which is achieved through a special end connection - pipe-pin rolling joints - at
their ends, as will be discussed in Subsection 3.5.2. When a lateral load is applied, the
mega-columns sway and roll at these joints instead of bending. To control the horizontal
displacement at the top of the mega-columns — which affects their stability and the seismic

behaviour of the whole system — their height must be carefully selected.

Design of mega-columns includes prevent buckling (loss of stability) and axial compressive
resistance under any circumstances. The mega-columns need to have different cross-
sectional areas corresponding to the Wsc of each generic building. They should continue to
serve as the supports for the entire structure while they remain in their elastic range. If they
enter the inelastic range and experience plastic deformation along their height (4c), they
will need to be replaced for future use, which is neither economical nor feasible, especially

since they must continuously carry significant gravity loads.

A steel-reinforced concrete (SRC) section is assumed for designing the mega-columns
(Figure 3-6). Eurocode 4 [61] was selected to design this section which is consistent with
initial study [15], and its provisions are well-suited for unconventional, heavily reinforced
composite sections. The mega-column section in this design is composed of several
components. The main body consists of concrete encased in multiple steel tubes, along with
additional reinforcing elements. Each part of the steel reinforcement in these columns is

designed to perform a specific function, as explained in detail in the initial study [15].
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Figure 3-6: Modelling the cross-sectional area of mega-columns, d.=1500 mm (left), dimensions
of mega-columns [15] (right)

The yielding stresses for the structural steel and longitudinal bars are assumed to be 450
MPa and 500 MPa, respectively. The specified compressive strength of concrete is 60 MPa.
Material strength unitless reduction factors of 0.9, 0.85, and 0.65 are applied for steel,
reinforcement and concreter material of mega-columns respectively [61]. Based on the
Eurocode 4, the number of Circular Hollow Steel sections (CHS), their wall thickness,
diameter, and other geometric properties of the steel components (mm) can be determined

for a SRC section [61].

To calculate the flexural rigidity of the mega-columns (Elefr), a unitless concrete creep
coefficient of 0.5 was assumed to account for the long-term effects of sustained loads on
concrete stiffness. Additionally, a unitless reduction factor of 0.6 was applied to account
for concrete cracking addressing the effects of secondary moments induced by deformation,
imperfections, and lateral displacements [61]. Eletr is also essential for determining the
Euler buckling load, which is used to calculate the factored total resistance considering

buckling (Npip,rd) in MN. The factor used in this calculation (y) was adopted from Eurocode
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3 [62] because its methodology is seamlessly integrated with the composite design rules of

Eurocode 4.

To maintain an efficient and economical design, a range of diameters {1000, 1500, 2200,
3500, 5000, and 6400} mm was assumed for the mega-columns. The application of such
large-scale columns is exemplified by iconic structures such as the Shanghai Tower [63],
which utilizes composite mega-columns approximately 5 m in diameter at its base. These
values were selected to provide adequate space for the various components of the multiple
steel sections while minimizing the column diameter (dc) as much as possible, considering
the strength demand. Each value in this range can be assigned to one of the generic
buildings. However, the final choice of mega-column diameter for each generic building
should be based on a comparison between the applied gravity load and the load-bearing

capacity of each case.

Subsequently, a series of analyses was conducted to determine design demands of mega-
column, treating the mega-column height (4c) as a variable while keeping the cross-
sectional properties, including the mega-column diameter, dc, constant to assess the
influence of Ac on design demands. This process resulted in a range of feasible mega-

column heights (/c) corresponding to specified diameters for each of the generic buildings.

To ensure sufficient space for the shear mechanism underground at the base of
superstructure (the shear mechanism is assumed to be BRBFs in this study), a minimum /.
of 2.5 m was set as the lower bound of mega-column height, corresponding to the typical
height of a one-story basement. The upper bound was set at 33 m, that is greater than the
allowable slenderness ratio obtained for the mega-columns in the case of a 120-story
superstructure (29 m). However, from a practical perspective, this large upper bound will
not be adopted as the recommended limit for the parametric analysis of the MechRV3D
system.
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Figures 3-7 and 3-8 illustrate the axial compression capacity (factored total resistance
considering buckling, Npip,rd in MN) for each specified diameter at different mega-column
heights. The applied load was considered with 10 percent increase to account for some
possible changes in the construction of the rocker. Using these graphs, designers can
determine the required mega-column height based on the given diameter (dc) and the
expected applied vertical load that should be compared to (N pib,rd). Figure 3-7 presents the
full range of results, while Figure 3-8 focuses on smaller diameters, whose variations with

height are less distinguishable in Figure 3-7.
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Figure 3-7: Results of analyses to design mega-columns (diameters:1000-6400 mm)
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Figure 3-8: Results of analyses to design mega-columns (lower diameters: 1000-2200 mm)

In these graphs, the maximum buckling resistance (Npip,rd) corresponds to the minimum
height (2.5 m) for each specified diameter. As observed, increasing the height (4c) leads to
a reduction in axial compression capacity or buckling resistance. However, this reduction
is not uniform across all diameters; for larger diameters, the decrease in buckling resistance

occurs more rapidly.

Figures 3-9 to 3-14 provide a tool for determining the upper bound (maximum allowable)
of mega-columns height with diameters of 1000 mm, to 6400 mm. The red line in each
figure represents the expected vertical load (Wsc) corresponding to one of the generic
buildings with 10 percent increase (1.1 Wsc). Wsc in these graphs are calculated based on
Weore listed in Table 3-4 and Wickr corresponding to Rm=8 for the Los Angeles site. In each
graph, the minimum required diameter from the assumed list was assigned to each generic
building. The green lines denote the maximum applicable height (4c) that satisfies the

buckling resistance requirements for the corresponding applied Wsc.
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Buckling Resistance Ny, p, gg vs. Column Height h¢
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Figure 3-9: Maximum height of mega-column suggested for 15-story building, column diameter
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Figure 3-10: Maximum height of mega-column suggested for 30-story building, column diameter

=1500 mm
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Buckling Resistance Npj, p, ga vs. Column Height h,
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Figure 3-11: Maximum height of mega-column suggested for 50-story building, column diameter
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Figure 3-12: Maximum height of mega-column suggested for 70-story building, column diameter

=3500 mm
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Buckling Resistance Npj, p, gg vs. Column Height h¢
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Figure 3-13: Maximum height of mega-column suggested for 100-story building, column
diameter =5000 mm
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Figure 3-14: Maximum height of mega-column suggested for 120-story building, column
diameter =6400 mm

The obtained values of mega-column properties required for all generic buildings and

column diameters for Los Angeles site are summarized in Table 3-5. The applied vertical
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load (Wsc) does not account for the additional demand induced by vertical seismic
excitation. However, to accurately determine the vertical earthquake response, the vertical
component of the earthquake should be incorporated into the analyses, which was not

considered in this study.

Table 3-5: Design properties of mega-column for specified height of building

Maximum

Number  Diameter of Maximum allowable (h.) Eler of Maximum
of mega- . Wsc mega-
. axial load for assumed
stories column (MN) column .
() (mm) (MN) recommended (N-mm?) height, h. (m)
story (m)

15 1000 50 29 12 1.1 x 10" 12

30 1500 139 99 16 9.4 x 10" 12

50 2200 273 259 12 4.8 x 10! 12

70 3500 760 673 16 3.2 x 10" 12

100 5000 1534 1342 28 1.4 x 10" 12
120 6400 2711 2252 29 3.8x 10" 12

According to ASCE/SEI 7-22 [18], the vertical earthquake response can be assumed as
0.12SmsWsc. For the Los Angeles site, where Sms = 2.3 [56], it results in a vertical
earthquake response of approximately 0.276 times Wsc. To account for this response, the
graphs in Figure 3-7 (or one of Figures 3-9 to 3-14) can be used. Considering the vertical
load assumed as 1.276 Wsc, a suitable diameter (dc) and its corresponding height of mega-

column (4c) can be selected from one of the listed values.

However, the composite column section exhibits greater resistance in experimental tests
than what is predicted by code provisions, due to the concrete's confinement effect. This
increased resistance is recommended to be considered as a 30% enhancement [64].

Considering this increase, the specified diameter in each case would also be enough to
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accommodate the vertical earthquake response. In general, the graphs remain valid for
different Wsc values and site locations. The only variation is the assignment of a suitable

generic building to each graph, based on engineering judgment.

From the mega-column design procedure, the maximum allowable height for each specified
diameter can be variable and in the maximum value for 120-story building, it can reach to
around 33 m. However, this upper-bound does not seem to be practical or feasible. To meet
the other criteria for the construction, the maximum range is restricted to 12 m. The
minimum of the applicable range is also selected as 2.5 m. Therefore, the range of height

of mega-columns is defined as:

h,={25 6 12} m

Table 3-5 includes the maximum allowable values governed by buckling resistance for the
mega-column heights (%c); any shorter column would offer greater strength and is therefore
acceptable from a structural standpoint. For the parametric study, a conservative upper
bound of 12 m was selected for /. to reflect a practical limit for deep basements applicable

across all building models.

3.2.6.Shear Reduction Factor (#v)

Determining the design shear strength (7y) is a key step in designing the shear mechanism,
as its strength directly influences its capacity and activation sequence of mechanisms in
MechRV3D system. The lower bound of the shear mechanism strength is set slightly above
the base shear demand expected at the onset of rocking action. This approach ensures that
the rocking mechanism is effectively engaged during the seismic events as intended. If the
lateral yielding strength falls below this shear limit, there is a possibility that the shear

mechanism may be activated before the rocking action occurs. Then, system would fail to
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behave as a dual-mechanism system and would instead behave like a simple base-isolated

system, which defeats the entire design purpose [15].

A higher shear mechanism strength more effectively controls horizontal displacement at
the base of the superstructure which may lead to reduce base displacement but an increased
inter-story drift ratio (IDR) in the superstructure. Conversely, a lower shear mechanism
strength reduces the shear transmitted to the superstructure, potentially decreasing the IDR,
enhancing energy dissipation at the base through the shear mechanism, and mitigating the
effects of higher mode responses [15].To achieve a balanced design, Equation 3-7 —
adopted from the initial study —is used to consider different possible values for shear

strength (Vy) [15].

A4rock

Hefe

A4rock
v, = )

—_— 3-7
Hegr (3-7)

+ uy (Vb,lMOV -

Lower-bound of the shear mechanism strength can be determined using Mrock /(0.726H),
where Mrock 1s assumed as Mo sLe and 0.726H represents the effective modal height for the
first mode of a superstructure with total height (H) [5]. Using 0.726H, rather than directly
using the base shear from fixed-base building analysis results, implies that this shear
strength value is primarily associated with the first-mode base shear response.
Consequently, it does not account for the contributions of higher modes to the base shear.
This distinction is evident in Table 3-6, where the values of Vb, sLE (corresponding shear
demand at the base of superstructure under SLE level) and the lower bound of shear strength

differ.
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Table 3-6 : Lower- and upper-bound of shear mechanism strength (V)

Number of My sie(MN-m),  Vosie  Lower-bound, My, sue/Herr E(E’lfl‘l’;'
stories (n) Ryv=8 (MN) (MN) Vorsoy (N,IN)
15 142.3 5.5 44 445
30 604.0 18.9 9.2 65.0
50 1970.0 39.3 18.1 357.5
70 6344.5 116.7 41.6 757.6
100 15807.7 2125 72.6 1367.9
120 25348.9 324.7 97.0 2160.0

Upper-bound strength limits for the shear mechanism are examined through a special case
scenario in which the rocking action is designed to be activated as intended, while the shear
mechanism is intentionally kept elastic under all loading conditions. In this scenario, the
proposed dual-mechanism system effectively becomes a rocking-only system, and under
this condition, the lateral demand referred to as Vo, imov as it was discussed in the initial
study [15]. Vb,imov represents the mean base shear response obtained from nonlinear
response history analyses (NLRHAs) at the MCE level. These lower-bound and upper-
bound shear limits establish the permissible range for selecting the design value of lateral
resistance (Vy) for the shear mechanism in the MechRV3D system. The obtained values for

all the generic building were summarized in Table 3-6.

To achieve a balanced design, an appropriate yield strength (Vy) for the shear mechanism
must be selected from within the established lower and upper bounds. To facilitate this
design choice, in Equation 3-7, a shear reduction factor (uv) was introduced. This factor
helps determine an appropriate value for Vy within the defined lower and upper bounds.

uv = 0 corresponds to the lower-bound strength, while uv = 1 corresponds to the upper-
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bound (rocking-only) case. The discrete values for uv used in this study are defined as

follows:

wy={0, 02, 05 08 1}

3.2.7.Initial Stiffness Factor for the Shear Mechanism (r_Kp1)

To determine the initial stiffness of shear mechanism, K»1, the maximum base shear that
cause shear yielding (Vy) and the corresponding displacement at this point are required.
Assuming the shear fuses behave like a buckling-restrained braced frame (BRBF), its force-
deformation response is illustrated in Figure 3-15. While other damper types may also be
used as shear fuses, the method presented in the following paragraphs remains applicable
to their corresponding behaviour.
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Figure 3-15: A modelled BRBF with deformation (4y) in yielding point and 204y in ultimate
strength [65]

According to the backbone curve in Figure 3-15, the ultimate deformation in the post-
yielding zone can be up to 20 times the deformation in the yielding point (4y). The
maximum value of Arekr (4b) can be assumed the same as ultimate deformation of shear

mechanism (20 4y). Therefore, the yielding deformation at the onset of rocking activation
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can be assumed to be 1/20 of the maximum allowed base displacement (4b, max) in this case.

This assumption leads to Equation 3-8.

A,
Vy = Ky X (—22) (3-8)

The values of Kbv1 for all generic buildings at the Los Angeles site —based on a deformation
of 1/20 Abmax at the activation of the rocking mechanism— are summarized in Table 3-7.
The same procedure is used for the Vancouver site, with Vb sLe determined according to the
seismicity specific to that location. In this approach, Abmax is assumed to be 800 mm
consistent with the assumption by Calugaru [42], who examined a high-rise dual-
mechanism system and explicitly discussed large base shear deformations, with a reported
mean value of 830 mm. The shear yielding (Vy) is assumed to be Vb sLg, which is slightly

greater than the lower-bound of shear mechanism strength.

Table 3-7: Initial stiffness for shear mechanism based on 4y max =800 mm at the base for all
generic buildings at the Los Angeles site

Number of stories (n) Arekr (Mm) Vb, sLe (MN) Ky1 (N/mm)
15 40 4.4 1.087x10°
30 40 9.2 2.310x10°
50 40 18.1 4.522x10°
70 40 41.6 1.040x10°
100 40 72.6 1.814x10°
120 40 97.0 2.425%x10°

Using this method, the initial stiffness is directly related to the intended initial displacement
(4y). Results from the nonlinear response history analyses showed that using tabulated Kb1,
and even twice that value, led to horizontal displacements exceeding the maximum

allowable limit (greater than 800 mm) due to the negative stiffness of the mega-columns.
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Moreover, this displacement can occur in the direction opposite to the applied load,
indicating that the mega-column may sway in the reverse direction when the initial stiffness
of the shear mechanism is less than twice the Kv1 values in Table 3-7. In such case, the
mega-columns become the primary source of lateral stiffness and may experience
premature failure due to buckling or excessive lateral displacement. As will be discussed
in Subsection 3.3, there is a trade-off between the stiffness of the shear fuses and that of
the mega-columns. This study assumes that the shear fuses are designed to serve as the
primary source of lateral stiffness, in order to control lateral demand on the mega-columns

and prevent premature failure.

To maintain this assumption, it was found that the initial stiffness of shear mechanism must
exceed four times the basic initial stiffness (Kbi1). This requirement is expressed by
multiplying Kv1 by factors greater than 4. These unitless multipliers are referred to as the
initial stiffness factor (»_Kb1), and they are assigned discrete values ranging from 4 to 8§, as
follows:

r Ky, ={4 6 8}

The minimum of this range was chosen to be 4 because, in the initial parametric analysis,
buildings taller than 70 stories, showed divergent results due to the instability in the 12m
mega-columns when »_Kb1 values lower than 4 were used. On the other hand, values above
8 were deemed impractical due to the difficulty of sourcing materials and elements with
such high initial stiffness, which would also significantly increase costs. Referring to upper-
bound values listed in Table 3-6 for shear strength, these are approximately 8 times the
lower-bound shear strength for buildings up to 30-story, and more than 18 times the lower-
bound for 50-story buildings and taller. This justifies the need to assume a variable range
of r_Ku1 for the shear mechanism, since shear strength itself is not constant and initial

stiffness must be adjusted to account for the variation in Vy in Equation 3-8. Table 3-8 lists

53



the initial stiffness values of the shear mechanism at the Los Angeles site, incorporating the

applied factor » Kbi:

Table 3-8: Initial stiffness values of shear mechanism for all generic buildings at Los Angeles site

Number Basic initial
of . Ky with Ky with K1 with
. stiffness, Kp1 _ _ _

stories r- Kp1=4 r- Ky1=6 r- Ky»n=8
(n) (N/mm)
15 1.087x10° 4.348%10° 6.522x10° 8.696x10°
30 2.310x10° 9.240x10° 1.386x10° 1.848x10°
50 4.522x10° 1.808x10° 2.713x10° 3.616x10°
70 1.040%x10° 4.160%10° 6.240%10° 8.320x10°
100 1.814x10° 7.256x10° 1.088x107 1.451x107
120 2.425%10° 9.700x10° 1.455%107 1.940%x107

3.2.8. Post-yield Shear Stiffness (ak)

Assuming buckling restrained braced frame (BRBF) as the shear fuses in this study, the
accessible properties for this type of element dictate the value of the parameter o for the
ratio of post-yielding stiffness to pre-yielding stiffness. In the initial study, it was assumed
0.02 for BRBFs [15]. However, considering an element with the properties shown in Figure

3-15, it is assumed to be 0.025 in the current study.

While this property can vary slightly between different BRBF products, it is considered
a secondary parameter with less influence on peak seismic demands compared to yield
strength or initial stiffness. Therefore, to maintain a focused and manageable parametric

study, ak was held constant in this research.

3.3. Initial Stiffness of the Base Mechanisms (Kpase_initia)) and Mega-Column's Negative

Stiffness
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The initial stiffness of the MechRV3D system's base is not determined by the shear
mechanism alone, but is a complex combination of several interacting components. At very
small displacements, before the shear fuse has yielded, the total initial stiffness (Kbase initial)
is the sum of all components (three distinct contributions) acting in parallel and can be

conceptualized as Equation 3-9:
Kbase_initial = Kbl + Kmega—columns - KP—Delta (3'9)

e Shear Mechanism Stiffness (Kbvi1): This is the primary source of positive, restoring
stiffness. It is provided by the shear fuses (e.g., BRBFs) and is controlled in this
study by the initial stiffness factor, » Kb1.

e Mega-Column Primary Stiffness (Kmega-columns): The mega-columns themselves
provide a positive contribution to the lateral stiffness as they resist sway. This
stiffness is highly dependent on the mega-column height (4¢), with taller, more
flexible columns providing significantly less stiffness than shorter ones. In this
initial elastic range, the stiffness of the mega-columns can be a significant fraction
of the total stiffness, especially if a soft shear fuse is used. The mega-columns are
modeled as elastic beam-column elements with pinned ends. Their primary
contribution (for two mega-columns) to the lateral base stiffness is given by Kmega-
columns = O6FEefr / he®, where Elefr 1s the effective flexural rigidity of a single mega-
column. When uplift occurs at the top of one column, 6 in this formula will decrease
to 3.

e Mega-Column P-Delta Stiffness (Kp-pela): The gravity load (Wsc) acting on the
laterally displaced mega-columns induces a secondary P-Delta effect. This effect
manifests as a destabilizing negative stiffness, which is inversely proportional to the

mega-column height (Kp-peita= Wsc/he).
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The overall stability and performance of the base mechanism depend on the balance
between these competing positive and negative stiffness contributions. The loss of primary
stiffness in taller, more flexible mega-columns (Kmega-columns decreases) is the dominant
geometric effect. Furthermore, the P-Delta negative stiffness can become very large for
configurations with short mega-columns or very heavy superstructures. For the system to
be stable, the positive stiffness provided by the shear mechanism (Kb1) must be sufficiently
large to counteract these effects and ensure that the total base stiffness (Kbase _initial) remains
robustly positive. This principle was the fundamental basis for the selection of the initial

stiffness factor (»_Kb1) in the subsequent parametric study.
3.4. Ultimate Strength of Shear Mechanism (V)

The ultimate shear resistance provided by the MechRV3D system at the base of the
superstructure is denoted as Vu. This maximum base shear occurs when the shear
mechanism, it was assumed to be BRBF, develops its ultimate shear strength, Vur. As noted
by Tong [15], the shear mechanism (or BRBF) also provides a simultaneous buttressing
force, Vue, to the rolling mega-column. The total ultimate shear resistance, Vu can be

calculated using Equation 3-10 [15].

W=Vt Ve = Vur=W— Ve (3-10)

The ultimate shear strength, Vur, is used to design the shear mechanism. The buttressing
force, Vuc multiplying by the height of mega-column (4c). counteracts the overturning
moment induced by the total gravity, Wsc, as the mega-columns undergo lateral

displacement (4v). Vu.c can be determined according to Equation 3-11:

— WSC Ab

we =" (3-11)
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where /e and 4b have the same units. This approach is also applicable to the shear force at
the base prior to reaching the ultimate resistance. Assuming the maximum base
displacement (4b,max) of 800 mm, the corresponding buttressing force provided by the
mega-columns is calculated using Equation 3-11. These values, derived based on the

previously stated assumptions, are summarized in Table 3-9.

Table 3-9: Buttressing force, V. provided by mega-columns at 800 mm displacement for the Los
Angeles site

N“mbe‘ilf)f stories ( ﬁ By WseMN)  hm) Wik (Nmm)  Vae(MN)
15 800 292 12 2.43% 10° 1.9
30 800 99.0 12 8.25% 10° 6.6
50 800 2593 12 2.16x 10* 17.3
70 800 6733 12 5.61x 10* 35.9
100 800 1342.4 12 1.12x 10° 716
120 800 2251.9 12 1.87% 10° 120.1

Once the shear fuse yields, its stiffness drops dramatically to its post-yield stiffness (ak x
Kb1). The vast majority of the inelastic deformation and energy dissipation is concentrated
in the shear fuse. The very stiff mega-columns will attract very little additional force as the
displacement increases further. The primary role of the mega-columns is to handle gravity
and provide a pivot. Their contribution to the ultimate lateral strength is secondary to the
shear fuse, which is the dedicated energy-dissipating element. For a preliminary design
procedure, simplifying the ultimate strength equation to Vu in Equation 3-10 (without

considering Kmega-columns) 1S a standard and justifiable approach.
3.5. Summary of Parameters and Rationale for Their Ranges

1- Fundamental Period (71 = {1, 2, 3, 4, 5, 6} s):
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Parameter 71 represents the fundamental period of the building—which depends on its
height—and is used to back-calculate the stiffness of the superstructure, which significantly
affects the seismic response of the system. This parameter is also used to define the period

range within which the ground motions are scaled and applied in the analyses.

This range was chosen to represent the range of high-rise buildings considered in practice
for RC core wall buildings, from a relatively stiff 15-story structure to a very flexible 120-
story structure. The specific integer values were selected to create a clear, evenly-spaced
parameter matrix for the study. The correspondence to real building heights was established
and validated using the KBC 2009 empirical formula to have a strong correlation with

measured data for this building type.

2- Aspect Ratio (H/B):

This parameter reflects one of the architectural limitations of high-rise buildings, as well as
the effect of building width (B) on the mass of the superstructure and its slenderness. The
range was selected based on statistical data provided by CTBUH from previously
constructed high-rise buildings worldwide, which also indicate a practical range for this

parameter.

3- Moment Reduction Factor (Rm = {4, 6, 8}):

This factor represents the ratio of the MCE demand to the SLE demand and eliminates the
need for a direct calculation of the base moment at SLE (as rocking threshold), whose value

is not well-defined in some design codes.

The selected range of 4 to 8 is directly supported by performance-based design guidelines
(e.g., CTBUH). Furthermore, the range is consistent with site-specific hazard analyses for

the two locations studied: the ratio for the high-seismicity Los Angeles site is
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approximately 8, while for the moderate-to-high seismicity Vancouver site, it is

approximately 4.
4- Shear Reduction Factor (uv = {0, 0.2, 0.5, 0.8, 1}):

This factor represents the variation in the yielding shear strength of the shear mechanism,
which governs the sequence of engagement of the base mechanisms and the activation of
both uncoupled mechanisms, thereby affecting the overall system response. This range was

chosen to explore the full spectrum of possible shear mechanism yielding strength.

e uv = 0: Represents the softest, most ductile design of shear mechanism, where the
shear fuse yields immediately after rocking begins (the lower-bound strength), ,
ensuring that the shear mechanism is not engaged before the activation of the
rocking mechanism.

e uv = 1: Represents the strongest, stiffest design of shear mechanism, where the
shear fuse is designed to remain elastic up to the maximum credible shear demand

(the "rocking-only" case).

The intermediate values (0.2, 0.5, 0.8) were selected to provide a reasonable discretization
of the design space between these two extremes, capturing the effect of its variation on the

seismic response without making the analyses excessively numerous, long, or repetitive.
5- Initial Stiffness Factor of the Shear Mechanism (»_Kv1 = {4, 6, 8}):

For high-rise buildings integrated with base shear systems (such as base isolation), selecting
appropriate values for the base mechanism’s shear strength and stiffness can lead to
improved seismic performance of the system. This parameter reflects the role of the base

shear mechanism’s stiffness. This range was determined based on stability considerations.

e Lower Bound (4): Preliminary analyses revealed that for stiffness factors less than

4, the system became unstable for taller buildings due to the negative stiffness from
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the mega-columns' P-Delta effect. A value of 4 was therefore established as the
minimum required to ensure a stable response.

e Upper Bound (8): Values significantly higher than 8 were deemed to represent an
impractically high initial stiffness for the shear mechanism, which would be

difficult and costly to achieve in practice.
6- Post-Yielding Stiffness Ratio for Shear Mechanism (ax = 0.025):

It was necessary to consider this parameter because, as highlighted in the literature review,
the post-yielding stiffness of the base shear mechanism influences the performance of such
systems. However, it was treated as a constant value (0.025) because, for BRBFs, the
practical values of this parameter are relatively close to each other, and the results indicated

that small variations of this parameter do not significantly affect the seismic responses.
7- Mega-Column Height (hc = {2.5, 6, 12} m):

Mega-column height is an important design parameter in the developed model, as it is
critical for the system’s overall stability due to the negative stiffness that these columns
introduce, which directly affects the system’s behavior. This range is bounded by practical

and structural constraints.

e Lower Bound (2.5 m): This was selected as a practical minimum height to provide
sufficient vertical clearance for the installation and function of the shear
mechanism's components (e.g., BRBFs), corresponding to a typical single-story
basement.

e Upper Bound (12 m): This was selected as a practical upper limit representing a
deep, multi-level basement (e.g., 3-4 stories). While buckling calculations showed
that taller columns could be feasible for some configurations, 12m was chosen as a

conservative and consistently applicable upper bound for the parametric study.
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8- Rocker Depth (D =[4, 12] m):

Parameter D plays an important role in determining the size of the rocker in the developed
model. Specifying the rocker dimensions during the design process is crucial, as it ensures
that the required rigidity of the rocker is achieved from the outset. Moreover, the size of
the rocker can directly influence the ability to meet the restoring moment demand during
rocking activation. From two dimensions of the rocker, D represents a more fundamental
practical constraint in real-world applications, as it is dictated by the number of the
basement levels and involves a trade-off with mega-column height in terms of available
underground space. This is a continuous range from which a specific value is derived, but

the bounds themselves are based on practical considerations.

e Lower Bound (4 m): A depth of less than 4 meters was considered insufficient to
ensure the rocker would behave as a deep beam and possess the required rigidity
and strength for taller, heavier buildings.

e Upper Bound (12 m): This corresponds to the practical limit of a deep basement

(he), as the rocker depth cannot exceed the available vertical space.

The range of parameters obtained in this chapter and used to generate the parametric

analysis results is summarized in Table 3-10 for convenient reference.
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Table 3-10: Range of parameters of MechRV3D system to conduct parametric analyses

No. Parameter Range
1 Fundamental period (77) {1,2,3,4,5, 6} Sec
2 Aspect ratio (H/B) {3,4,5,5,6,6} m
3 Moment reduction factor, Ru {4, 6, 8}
4 Shear reduction factor, uv {0,0.2,0.5,0.8, 1}
5 Initial stiffness factor of shear mechanism, » Ky =1{4,6, 8}

Post-yielding stiffness ratio for shear mechanism

6 0.025
(ax)

7 Height of mega-columns (%) {2.5,6,12} m

8 Depth of rocker (D) [4, 12] m

To conduct the parametric analyses, a numerical model is developed for each value of
parameter 7 (1 to 6 s), with parameter H/B specific to each corresponding 7. As discussed
previously in Subsection 3.2.4, parameter D—the depth of the rocker—is not entirely
independent of Rwm; therefore, a specific D is assigned to each Rm. The parameter ax is held
constant at 0.025, as it was found to have negligible influence on the results. The remaining
parameters are treated as variables: three levels for Rwm, three for » Kb, five for uv, and
three for Ac. This results in 135 unique parameter combinations per generic building,

totaling 810 models.
3.6. Numerical Model

For parametric analyses, the system is represented by a two-dimensional model that
includes two of the four mega-columns and the shear mechanism on one side of the rocker
to represent the in-plane behaviour in a simplified way. This two-dimensional model

captures the structural behaviour of the system with sufficient accuracy while remaining
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simple enough to avoid unnecessary complexity. By incorporating more detailed
components compared to the model used for parametric analyses in the initial study (Figure
2-8), this model can more accurately reflects the real-world behaviour of the MechRV3D

system and the potential limitations in practical design.

The model is developed using OpenSeesPy. OpenSees [48] is an open-source software
framework to simulate structural behaviour under various loading conditions, including
seismic loads. In this study, Python is used as a platform for conducting the parametric

analyses, with OpenSees integrated as a library.
3.6.1.Stick Model of the Superstructure

The building's plan is the same as shown in Figure 3-2. To simplify the modelling, only the
central RC core-walls of the buildings is included. This core is represented using an elastic
stick with lumped masses at each floor level, assuming the superstructure remains elastic
when the MechRV3D system is integrated. ElasticBeamColumn elements, assigned a
flexural rigidity (£7) and a gross cross-sectional area equivalent to that of the core, are used
to model the core stick. Seismic inertial masses are lumped at each story level (mgq). Only
horizontal masses are considered, consistent with the two-dimensional modelling approach.
Accordingly, the rotational inertia about horizontal axis and vertical axis are not considered.

All assigned properties were summarized in Table 3-2.

The number of stories () varies corresponding to all generic buildings. The height of each
story is assumed as 3 m. The core stick is fixed at the ground level to the centre of the top
face of the rocker. Additionally, the model incorporates P-A effects to account for second-
order deformations in the analysis by assigning a P-A geometric transformation to all
vertical beam-column elements representing the superstructure core. The developed model

is shown in Figure 3-16.
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Figure 3-16: Two-dimensional model of the MechRV3D system incorporated into the core-stick
superstructure

3.6.2.Rocking Mechanism Components

According to the initial study's description for physical embodiment and case study of the
MechRV3D system [15], the rocker was modelled using interconnected frame elements
with large axial and flexural rigidities to simulate its negligible deformability. The same
approach is adopted here to keep the consistency with the initial research and avoid the
need to validate the rigidity of the rocker through another case study. Similarly, in the
current study, all rocker elements are modelled using ElasticBeamColumn elements in

OpenSeesPy. Large axial and flexural rigidities are assigned to them.

Furthermore, the current research aims to evaluate the negative stiffness induced by the
mega-columns within the overall system. To achieve this, the mega-columns are modelled

as line elements at the bottom face of the rocker with height of /.. The mega-columns are
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modelled using ElasticBeamColumn elements, with their determined gross cross-sectional
area and height calculated previously using Eurocode 4 in Subsection 3.2.5. This approach

ensures that the stiffness of the mega-columns is realistically incorporated into the analysis.

At both ends of each mega-column, a pair of nodes with identical coordinates was defined
to enable rocking at the top and to implement the support boundary condition at the base.
As shown in Figure 3-17, in the top connection, one node is assumed to be attached to the
bottom face of the rocker, while the other is at the top of the mega-column. Each pair of
nodes was constrained to move horizontally together but were allowed to move vertically
relative to each other. This assumption allows the free uplifting of the rocker above the
mega-columns. Due to the rigidity of the rocker, the top nodes in each pair of top

connection, experience identical horizontal displacements.
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Figure 3-17: Modelling of the connection between mega-column and rocker at the top (left), and
the material model used for simulation, selected from the OpenSees library (right)

To model rocking contact surface, the same approach proposed by Vassiliou et al. [34] in
OpenSees was applied here to capture the response of in-plane rocking systems [32]. Each

pair of nodes was linked using a zero-length-section element, consisting of five fibers
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oriented vertically. Five fibers provide a reasonable level of discretization for a two-
dimensional line-section. It allows for a central fiber and two fibers on either side, which
can capture the gradual shift of the compressive force towards the edge as the column rocks.

Each fiber is assigned an area equal to 1/5 of the mega-column's cross-sectional area.

These nonlinear fibers were modelled with no tensile resistance but a high compressive
rigidity. The central fibers used the elastic-no-tension (ENT) uniaxial material in
OpenSeesPy, while the four surrounding fibers employed the ElasticPPGap material to
simulate compression-only behaviour with predefined gaps. These gaps increased in size
from the centre outward (Figure 3-17), enabling sequential, stepwise engagement of the
fibers while the rocker rotates atop a mega-column as its pivot point. This configuration
simulates the curved contact surface at the end of the mega-columns, allowing smooth

rolling rotation as developed in the physical embodiment of the MechRV3D system [15].

With no tensile resistance, the fibers allow the rocker to uplift freely above a mega-column
while rotating atop another as its pivot. At the same time, to simulate high compressive
rigidity in fibers, the Young's Modulus (E) of the fiber material is set to ten times the
effective Young's Modulus (Eefr) of the mega-column. Rigid elastic shear is aggregated into
the fibers to prevent sliding at the rocking surface. No Rayleigh damping is applied to these
nonlinear fibers, as they are expected to undergo abrupt changes in stiffness. Including
abrupt stiffness change introduce artificial energy dissipation, which corrupts the dynamic
response. A rigid elastic shear component is aggregated with the fiber sections to restrain

sliding at the rocking surface.

The pair of nodes at the bottom of the mega-columns, as shown in Figure 3-18, were
constrained to move vertically together, ensuring that the uplift action is confined to the top
connection. The bottom nodes were fixed to the foundation to maintain a stable support
condition. The same material and element assumptions used for the top pair of nodes were

66



also applied to the bottom pair. This modelling approach ensures that the rocking
mechanism behaves as intended during both the uplift and rotation of the rocker atop the
mega-columns, while maintaining the appropriate boundary conditions (no uplift, no

sliding , moment-free) at the base of the mega-column.
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Figure 3-18: Modelling of the connection between mega-column and foundation at the bottom
(left), and the material model used for simulation, selected from the OpenSees library (right)

3.6.3. The Gap Size in the End Connections of Mega-Columns

The predefined compressive gaps (g) in the zero-length-section fibers are a critical
modelling parameter, designed to simulate the smooth kinematics of the physical mega-
columns' end connections. The gap size for the outermost fiber must be large enough to
accommodate the combined geometric effects of both the mega-column's own sway and
the rocker's rotation. The total required gap, g, is therefore calculated as the sum of two

components, as shown in Equation 3-12:

g =4y + 4y, (3-12)
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where Ay1 is the uplift (mm) caused by the mega-column's rotation (fm) ,in radians,
and Ay is the uplift (mm) caused by the rocker's rotation (Grocker) ,in radians, about its pivot
point. The lateral displacement of the mega-column is assumed to be equal to the lateral
base displacement (4v). Thus, mega-column rotation (fm) is a direct function of the base
displacement (4v) and the mega-column height (4¢). For calculating the gap size required
at the onset of rocking, the base displacement is taken as 4, = 40 mm, as established in

Section 3.2.7. The resulting rotation &m is calculated using Equation 3-13:

(3-13)

The maximum rocker rotation is a key performance parameter that must be controlled to
ensure system stability. For this study, a target maximum rotation of 0.015 radians (1.5%) is
selected. This value represents a rational and conservative upper-bound performance target
for rocking systems under MCE-level events, ensuring that second-order effects remain
manageable [13], [31]. Then, according to Figure 3-19, the combined effect of the two
rotations, m (mega-column rotation) and Grocker (rocker rotation), determine the required

gap for the outermost fiber (g), Equation 3-14:

d
9= AYI + Ay2: hc(l — cosOp) + ?CSin Orocker (3-14)

Mega—column
Mega—column

Figure 3-19: The rotation in the rocker, Grocker (left), the rotation in the mega-column, 6y, (right)
when the mega-columns sway in the opposite direction of the applied force
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As illustrated in the geometry of Figure 3-19, 4y2, cannot exceed the rise created by the
curved shape of the mega-column’s end connection, which is directly related to the rocker's
rotation angle (frocker) and the radial distance from the pivot point to the fiber, equal to half
the mega-column diameter taken as dc/2 (mm). This relationship is shown in Equation 3-
14. The gap distance for the second and fourth fibers in Figures 3-17 and 3-18 is assumed
to be approximately half of g. No gap is needed to be assigned to the central fiber. In Figure
3-19, the assumption was that the mega-column sway in the opposite direction of the
applied load. However, as discussed in Subsection3.2.7, using the determined initial
stiffness (multiplied by » Kb1) for the shear mechanism, the mega-columns sway in the
same direction of the applied force. Therefore, the rotation of the mega-column would
occur in the same direction as that of the rocker as shown in Figure 3-20, and the gap

distance would be solely related to 4y2 in Equation 3-14.
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Figure 3-20: Rotation in the rocker (G:ocker) that affect the gap distance when the mega-columns
sway in the same direction of the applied force

L

Based on this assumption, the gap distance for all generic buildings is calculated using
Equations 3-12 to 3-14, with 4, =40 mm at the activation of the rocking mechanism. The

results are presented in Table 3-11.
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Table 3-11: Gap distance values for different height of building with 4, = 40 mm

Height of
Number mega- Diameter Rotation of Rotation Ga
of of mega- mega- of rocker, Ayt Ay, d'sta:ce
1 s
stories ~ column,  column, column, Orocker (mm) (mm) (mm)
) d.(mm)  Om(rad) (rad) &
h¢(m)
15 12 1000 3.3x10° 1.5 102  6x10? 7.5 7.6
30 12 1500 3.3x107 1.5x10%  6x102  11.3 11.3
50 12 2200 3.3x1073 1.5x10%  6x102%  16.5 16.6
70 12 3500 3.3x1073 1.5x10%  6x102 263 26.3
100 12 5000 3.3x10° 1.5x102%  6x10% 375 37.6
120 12 6400 3.3x10° 1.5x102%  6x10% 424 42.4

3.6.4.Shear Mechanism Components

The shear fuse elements in the shear mechanism were represented using a nonlinear zero-

length translational spring. This spring is modelled using a zero-length element between a

pair of nodes that have identical coordinates, located on the right side of the rocker as it

was shown in Figure 3-16. One node is attached to the top corner of the rocker, while the

other is fixed to the basement wall. Figure 3-21 illustrates the components of the shear

mechanism in the current study's model.
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Figure 3-21: Modelling of shear mechanism as a translational spring (bottom), and the material
model used for simulation, selected from the OpenSees library (top)

To capture both compression and tension, a zero-length element with Steel01 was assumed
and, a uniaxial nonlinear material from the OpenSeesPy library, was assigned.
The Steel01 model is a bilinear hysteretic material with kinematic strain hardening. This
formulation was selected because it effectively captures the most critical performance
characteristic of a BRB: a stable, symmetric hysteretic loop that yields in both tension and
compression without degradation [66]. The initial stiffness and yielding strength of this
material were determined for each of the generic buildings, as it was discussed in

Subsections 3.2.6 and 3.2.7.

By assigning zero stiffness to the vertical and rotational degrees of freedom, the element
can only transmit a shear force. This modelling technique provides a computationally
efficient way to represent the combined function of both the shear fuse (the BRBFs) and
the shear transmitter. It correctly enforces the intended kinematics—transferring lateral
load while allowing free vertical and rotational movement—without the need to explicitly
model the shear transmitter as a separate physical component. This behaviour is consistent
with the intended function of the shear transmitter in this part of the MechRV3D system,

as described in the initial study [15].
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3.6.5. Leaning Columns

To account for the P-A effect from the gravity system, all columns outside the core are
represented by a single leaning column element. This element is assigned the full tributary
gravity load (P) but modelled with zero lateral stiffness, ensuring its sole function is to
introduce the secondary overturning moment (M = P x A) from the building's sway. In this
study leaning columns are modelled using corotational truss elements in OpenSeesPy, a
type of element that is specifically formulated to handle large geometric displacements and
rotations accurately (refer to Figure 3-16). The cross-sectional area assigned to the leaning
columns was set equal to the sum of the gross cross-sectional areas of all gravity columns
outside the core. The element was assigned a Young's Modulus (£) consistent with the

material used in the physical columns.

The leaning columns were connected to the foundation with a pinned boundary condition,
which is an intrinsic property of the corotational truss elementused in the model.
Corotational truss elements in OpenSeesPy is formulated to carry only axial loads and
cannot transfer moments. Above the ground level, the leaning columns are constrained to
the core stick at each level by truss elements, which simulate the floor rigid diaphragms. At
the ground level, the leaning column were slaved to the top nodes of the rocker as part of
the horizontal rigid diaphragm (skirt diaphragm), capturing the effect of the swaying of

these columns in response to the horizontal movements of the rocker.

A key consideration is the kinematic compatibility between the central rocking core and
the peripheral gravity columns that the leaning column represents. The physical gravity
columns are supported on the skirt diaphragm, not the rocker. The shear transmitters are
designed to transfer horizontal displacement (4b) from the rocker to the skirt but are detailed
to accommodate the rocker's rotation and uplift without transferring these motions.

Consequently, the bases of the gravity columns experience a large horizontal translation
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(4v) but do not tilt or uplift. To ensure this compatibility in a real structure, the first-story
gravity columns and their connections must be designed to be flexible enough to
accommodate this large lateral drift without failing or resisting a significant amount of

lateral force, which would interfere with the primary shear fuses.

The leaning column's model used in this parametric study accurately captures this intended
behavior. By connecting the leaning column to the core with pin-ended truss elements at
each floor, the model correctly simulates a gravity system that sways along with the core
but provides no primary lateral resistance. This validates the use of this simplified modeling
approach for the objectives of this study. While the development of the physical connection
details is a complex design challenge identified for future research, the conceptual basis for

both the real system's compatibility and the model's simplification is sound.
3.6.6. Damping in the Model

Inherent energy dissipation in the superstructure, separate from the hysteretic action of the
primary mechanisms, was modelled using Rayleigh damping. This is a common approach
in nonlinear dynamic analysis where the damping matrix is defined as a linear combination
of the mass and stiffness matrices. A target damping ratio of 2.5% was selected, which is a
standard value recommended in performance-based design guidelines for tall buildings,
such as the PEER TBI [29] and LATBSDC [47], for representing the inherent damping in

a structure at the onset of significant damage.

To define the Rayleigh damping coefficients (a and f), the 2.5% damping ratio was
anchored at two key periods: the first mode period (71) and a higher mode period,
depending on which controlled the 90% mass participation. This two-point fit ensures that

the damping is reasonably controlled across the most significant modes of response,
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preventing overdamping of higher modes which can be a significant issue in tall buildings
[5].

A critical aspect of this implementation was the explicit exclusion of Rayleigh damping
from certain elements. To avoid unintended damping, no Rayleigh damping is applied to
the zero-length elements, as these may encounter abrupt changes in stiffness. This careful
application of damping ensures that the energy dissipation is realistically represented and

that the analysis results are not corrupted by numerical artifacts.
3.6.7.Loading

The gravity loads were applied separately to the leaning columns and the core stick at each
floor level, based on their respective tributary areas. The gravity loads were distributed
equally, with 50% assigned to the core stick and 50% to the leaning column. This 50/50
allocation is a rational assumption for a generic high-rise model and is further supported by
established research models, such as the PEER Tall Buildings Initiative (TBI) benchmark
building [50]. In terms of lateral loads, this research is focused on high-rise buildings in
high-seismicity regions, and therefore assumes that seismic demands, rather than wind

loads, govern the design of the lateral force-resisting system.

In the next step, the model was first evaluated using the pushover analysis method to verify
that each mechanism was properly engaged as intended. Subsequently, modal analysis was
conducted on fixed-base buildings—having the same superstructure as shown in Figure 3-
16 but without the mechanisms—to determine their fundamental periods and to assess the

contribution of each mode to the overall dynamic response.
3.7. Pushover Analysis

Before conducting the comprehensive suite of dynamic analyses, a series of static pushover

analyses was performed. It is critical to note that this simplified, static procedure is not
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intended to capture the complex, dynamic influence of higher-mode effects; that is the
explicit purpose of the NLRHA detailed in Section 3.9. Instead, the pushover analyses serve
a distinct and limited purpose: to verify that the key nonlinear mechanisms of the numerical
model are behaving as intended under simple, well-defined static loading patterns. A first-
mode-dominant loading pattern was used to verify the activation of the rocking mechanism,

while a separate loading pattern was used to verify the yielding of the shear mechanism.

The 15-story generic building was selected as a representative example for the pushover
analysis. This structure was modelled using the general framework shown in Figure 3-16.
The rocker depth (D) was set to 4 m, the lower bound of its practical range, while the mega-
column height (4c) was set to 8 m, a realistic mid-range value from the range in Subsection
3.2.5. The diameter of the mega-columns was set at 750 mm, which is slightly smaller than
the value determined for the 15-story case, yet remains adequate for structural performance.
The centre-to-centre distance between the mega-columns in this model was specified as
4985 mm. The weight of superstructure was considered according to Weore in Table 3-4 with
weight of the rocker as 10% if the Weore. The other properties of core stick were selected

from Table 3-2.

The pushover analysis was conducted in a displacement-controlled manner, with lateral
drift measured at the roof level, Arot. This displacement was assumed to start from the at-
rest position and reach 1.5% of the total height of the superstructure (/) above the ground
as the target lateral displacement. This target drift was selected as it represents a significant
level of lateral deformation, consistent with the life safety performance objective for this
type of structure under a design-level earthquake [29]. The lateral displacement at the roof
level (4roof) was incrementally increased in a series of small, discrete steps until the target

roof drift of 1.5% was achieved.
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A first-mode-dominant loading pattern was used primarily to verify the rocking mechanism
activates at the prescribed overturning moment and that the model accurately captures the
subsequent rigid-body rotation. A separate, shear-dominant loading pattern was then used
to verify the shear mechanism, confirming that it yields at its design strength and provides

the intended ductile, force-limiting behaviour.

To simulate first-mode dominance, the resultant of the lateral forces was applied as a point
load at 2/3H above ground level when the lateral forces forming an inverted triangle over
the building height, as shown in Figure 3-22.
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Figure 3-22: Loading profile for pushover analysis to activate rocking mechanism

3.7.1. Activation of the Rocking Mechanism

A capacity curve obtained from the first-mode pushover analysis is plotted in black line in
Figure 3-23. This graph shows the relation between the applied lateral force (F), shown as

a ratio of it to the seismic weight of the structure (Weq) and the rotation at the roof level,
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Oroof that was considered as a ratio of Arof to H. The other graph in blue colour shows the

variation of the Grocker (rotation at the base of the rocker) with Groof.
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Figure 3-23: Lateral capacity curve and base rocking rotation, using the 15-story building as a
representative example at Los Angeles site

From Figure 3-23, it can be observed that initially, no uplifting occurs at the base of the
rocker (Grocker =0), and as the applied force increases, the roof rotation remains relatively
small. In this stage, the roof rotation, representing the lateral displacement at the roof level,
is primarily contributed by the elastic deformation of the superstructure. When the applied
force (F) reaches a threshold (varies due to gravity load and dcac), the rocking mechanism

is activated.

As the core is pushed further, the roof rotation increases when the rocker’s rotation
increases, such that the slope of the Groof -Brocker curve approaches unity, as seen in the blue
graph. Simultaneously, the applied force no longer increases; instead, it begins to decrease
(black-colour graph), contrary to the typical behaviour of a capacity curve. This behaviour
highlights the contribution of P-A effects due to the rocking action, which induces negative

stiffness, leading to a reduction in the capacity curve.

In the first-mode pushover, the shear mechanism remained within its linear elastic range

and did not yield. Therefore, the relationship between the base shear (Vb), shown as a ratio
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of the base shear to the seismic weight of the structure (Weq), and the horizontal
displacement of the rocker (4v or Askirt) remains linear, indicating that the shear mechanism
stays within its elastic range, as shown by the red-colour graph in Figure 3-24.
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Figure 3-24: Shear Mechanism behaviour during first-mode pushover

The blue-colour graph in Figure 3-24 shows the lateral displacement at the roof level in
terms of the applied lateral force (F)), shown as a ratio of this force to the Weq. As it can be
seen, it is consistent with the variation of fror in Figure 3-23 in terms of the decreasing
trend in black-colour graph. After reaching to a threshold of applied lateral force, the roof
lateral displacements decrease due to the P-A effect caused by the rotation of the rocker

indicating the activation of the rocking mechanism.
3.7.2. Engagement of the Shear Mechanism

To verify if the shear mechanism will be engaged as intended, a second pushover analysis
was conducted. In this analysis, the resultant of the lateral load (F) was applied as point
load at the level of 0.1H. Red-colour graph in Figure 3-25 shows the entire process
including the post-yielding behaviour of the shear mechanism via relation of horizontal

displacement of the rocker (4bv or 4Askirt) and the base shear (V). The gradually increment of
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the red-colour graph in post-yielding conditions is consistent with the post-yielding

behaviour of Steel01 which was assumed as shear fuse material.
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Figure 3-25: Shear mechanism engagement when lateral load is applied at 0.1H

The blue-colour graph in Figure 3-25 shows the variation of the roof lateral displacement
with the increase in the applied lateral force (F/Weq). The slope of the graph transitions
from a rapid increase in the elastic range of the shear mechanism to a gradual increase after
the shear mechanism yielded. The ratio of the applied force (F) to the seismic weight of the
structure (Weq) also corresponds to the assigned yielding-strength of the shear mechanism
in this model, which was approximately 14.9% of Weq according to Figure 3-25. In
conclusion, this loading resulted in engaging the shear mechanism effectively and reaching

to the yielding point.

3.8. Parametric Nonlinear Response History Analyses

To perform the parametric study, NLRHAs was conducted using enough ground motion
records recommended by ASCE 7-22 and NBCC 2020 codes [18], [49], ensuring capture
of the system’s nonlinear dynamic behaviour accurately. The model is analysed for two
different site locations (Los Angeles, California, United States and Vancouver, British

Columbia, Canada). For each site, the appropriate suites of ground motions records that
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reflect the site's seismicity are selected and scaled according to corresponding code

requirements. This process is carried out for each generic building listed in Table 3-2.

3.9. Ground Motion Selection and Scaling
3.9.1.Los Angeles Site

The buildings are assumed to be located in Los Angeles, California, U.S., which is in a high
seismicity zone. The dominant faults in Los Angeles area are reverse and strike-slip faults

[56]. The Los Angeles city is located near several faults, Figure 3-26.
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Figure 3-26: Principal faults at the vicinity of Los Angeles (LA) site [67]

Los Angeles site is located at a latitude of 34.054, and longitude of -118.242. The risk
category of the building and site class have been chosen as II (the risk category applies to
most common buildings) and site class C respectively, according to ASCE/SEI 7-22 [18§].
Based on the seismic hazard models [68], the parameters for selecting ground motion

records are summarized in Table 3-12.
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Table 3-12: Parameters to select ground motion records for analyses

Parameters Values
Magnitude 6-9
Rryp (km) 0-120
R]'b (km) 0-120
Vs30 (m/s) 180-1150
D5.95 (sec) 15-60
Fault Type All Types
Damping Ratio 5%
Component RotD100 (maximum direction)

To scale the ground motions, according to ASCE/SEI 7-22 [18], it is required to determine
the lower bound of the scaling period range as minimum of 790 (the highest-numbered mode
corresponding to 90% cumulative modal mass participation) or 0.2 7a (fundamental period).
To find 790, modal analyses had been conducted for corresponding fixed-base version of
generic buildings. The upper bound is considered as 27, as well. The results of these

analyses have been shown in Table 3-13.
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Table 3-13: Period range [ 18], for scaling ground motions for buildings of different heights

Mode (90% Lower bound:

Numberof 7 T s O in(,.027,  UPperbound-
participation) (s)
15 1 0.018 5 0.2 0.018 2
30 2 0.036 5 0.4 0.036 4
50 3 0.054 5 0.6 0.054 6
70 4 0.118 4 0.8 0.118 8
100 5 0.147 4 1 0.147 10
120 6 0.176 4 1.2 0.176 12

The selected ground motions for each generic building with their scale factors and the
weight assigned to scale the ground motions over their respective period ranges [18], are
listed in Table 3-14. These records were amplitude-scaled to match the target MCE
spectrum for site class C. The scale factors were obtained using PEER NGA-West2 [69].

In this table, near-fault events are specified with an underline.
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Table 3-14: Scale factors for buildings of different heights in Los Angeles site location

Scale factors

RSN 15-story 30-story 50-story 70-story 100-story 120-story
Weights: [0.2-0.6-0.2] Weights: [0.3-0.6-0.1] [0.45-0.45-0.1]
6 3.4517 3.2494 3.5873 3.9211 4.1742 4.3205
14 - - 6.814 - - -
15 5.3564 6.2823 - 7.5945 7.7696 7.806
20 4.8087 3.1482 3.3337 3.8348 4.1845 4.3095
36 - - 5.5684 5.5719 5.4244 5.2702
57 3.5514 6.3282 - - - -
143 1.0655 1.1876 1.0801 1.0131 1.0164 1.0452
169 2.9378 2.8295 2.8781 3.0525 3.0999 3.1398
266 6.2186 4.4504 3.993 4.0577 4.0707 4.1388
292 2.7206 2.2389 2.0472 2.0976 2.1929 2.2881
300 4.9694 3.8901 4.963 6.1992 7.0108 7.2649
313 3.606 4.0014 5.5223 6.7375 7.8103 8.2627
341 - - - 6.4341 7.0385 7.2925
342 5.189 4.6581 6.6142 - - -

Figure 3-27 shows the MCE response spectra for the Los Angeles site as well as scaled
ground motions for the 15-story building used to match the spectrum. Similar plots of MCE
response spectra and scaled ground motions for other generic buildings, using the scale

factors in Table 3-13, are provided in Appendix B.
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Figure 3-27: MCE response spectra and ground motions scaled for 15-story building, 77= 1 sec

3.9.2. Vancouver Site

To extend the findings of this research to a representative Canadian site to assess the
applicability of the results under local seismic condition, the buildings are assumed to be
located in Vancouver, British Columbia, Canada (latitude: 49.261°N, longitude: -
123.114°W). Vancouver is categorized as a high seismic hazard area in Canada. The
seismic category SC4 was assigned for this site location (City Hall of Vancouver) [28]. The
site designation (Xs) was assigned as Site Class D (stiff soil) [70]. Site Class D corresponds

to stiff soil conditions with a Vs30 range of 180 — 360 m/s, representing the maximum hazard

for this category, Figure 3-28.
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Figure 3-28: Map of distribution of different site classes in Vancouver [70]

According to the disaggregation results for Site Class D in Vancouver provided by Kolaj
et al. [71], the dominant source is in-slab earthquake faults for the lower-bound and
interface earthquake faults for the upper-bound of Target Response Spectrum (7rs). Thus,
two different sources (in-slab and interface) contribute to the seismic hazard model [71].
For the lower-bound of Target Response Spectrum (7rs1), defined by the period range
(0.15-2) seconds, the in-slab contribution dominates except for fundamental periods 71 < 3
seconds. In contrast, for the upper-bound spectrum (7rs2), spanning (0.176-12) seconds,

as well as for Trs1 when 71> 3 seconds, the interface contribution becomes dominant.

The assumptions to select ground motion records for MCE level in a class D site for each
suite of ground motion (one for in-slab and another for interface earthquake faults) has been
summarized in Tables 3-15 to 3-17. The value of 250 m/s for Vs30 was selected according

to the assumption of seismic hazard model by Kolaj et al. [71].

Table 3-15: Properties of earthquake events for different scenario-specified in Vancouver

Scenario-specified Trs (s) Magnitude Distance (km) Vo (m/s)
In-slab earthquakes [0, 0.2) 5-7 Less than 60 180-360 (250)
Interface earthquake [0.2,12] 6.5-9 60-130 180-360 (250)
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Table 3-16: Properties of earthquake events for In-slab source in Vancouver

In-slab Earthquakes

Fault Type Any Type
Magnitude 5-7
R (km) 0-60
R rp (km) 0-60
Vs.30 (m/s) 180 - 360
Ds-95 (sec) 15-60
Spectral ordinate RotD100
Damping ratio (%) 5

Table 3-17: Properties of earthquake events for Interface source in Vancouver

Interface Earthquakes

Fault Type Any Type
Magnitude 6.5-9
Rip (km) 50-130
R rup (km) 50 -130
Vs30 (m/s) 180 - 360
Ds.95(sec) 15-60
Spectral ordinate RotD100
Damping ratio (%) 5

Figure 3-29 shows the MCE response spectra as well as scaled ground motion for 7rs1 and
in-slab source when 7' < 3 sec for a 15-story building. Similar plots are provided for other
generic buildings, using the ground motions and corresponding scale factors listed in Table
3-18. The scale factors were obtained using PEER NGA-West2 [69]. In this case, two suites

of ground motion records will be used in time history analysis where each suite is scaled
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over scenario-specified period range, Trs. The design seismic demand for structural
responses should be taken as the largest of mean values of each suite when each suite

contains at least 11 ground motions [28].

RSN 6
RSN 20
2.5 \ ~ RSN 266
‘ ~— RSN 461
it —— RSN 737
‘ ~— RSN 1042
~———RSN 1118
RSN 3270
——— RSN 4207
——— RSN 6897
——— RSN 5782
@ \verage
e Target Spectrum

Scale factors: 1.025-3.748

0 2 4 T (Bec) 8 10 12

Figure 3-29: Individually scaled ground motions for 7rs: when 7 < 3 sec, in-slab source, 15-story
building according to NBCC [49], Vancouver site
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Table 3-18: Ground motion and scale factors for all buildings for Trsi, in-slab sources, Vancouver

site

R Scale Time
No. RSN  Earthquake  Year Station My " factor- 15 step
(km)
Story (sec)
Imperial El Centro Array
1 Vallegoz 1940 4o 6.95 6.09  1.8647 0.01
Northern Ferndale City
220 CoLif.03 1954 Hall 6.5 27.02 33601  0.005
3 266 VICONA 4900 Chihuahua 633 1896  3.7480 0.01
Mexico
4 461 Morgan Hill 1984 Halls Valley 6.19 348 2.1727 0.005
S 737  LomaPricta 1989  A8NCWSSWIE o3 o457 26964 0.005
Hospital
6 1042 Northridge-01 1994 N Hollywood-—sco 1) 51 5550 0.01
Coldwater Can
7 1118 Kobe Japan 1995 Tadoka 6.9 31.69 1.5384 0.01
Chi-Chi_ N Hollywood
8 3270 ole 1999 L0 YROOT 63 4529 35544 0.005
9 4207 Niigata Japan 2004 NIGO17 6.63 1281  1.0250 0.01
10 5782 Iwate Japan 2008 MISao_Miyaglh oo 00 3603y 0.01
Kitaura - B
11 egoy Parfield New ., DSLC 7 846 15934  0.005

Zealand

Table 3-19 shows the scale factors used for all generic building in Vancouver site, where

each ground motion suite is scaled to match the Trs2range when interface source dominates.

Similar plots of MCE response spectra and scaled ground motions for other generic

buildings, using the scale factors in Table 3-18 and 3-19, are provided in Appendix B
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Table 3-19: Ground motion and scale factors for all buildings for Trs», interface sources,
Vancouver site

RSN Scale factors
15-story 30-story 50-story 70-story 100- 120 story
story
Weights: [0.1-0.8-0.1]

571 2.0866 2.5511 2.8317 3.0029 3.1065 3.2024
862 4.1801 4.3073 - - - -
888 - - 3.3749 3.4924 3.4924 3.7371
1155 4.5657 4.5049 4.4453 4.2880 4.2010 4.2430
1317 2.7947 2.9555 3.0626 3.1647 3.2156 3.2763
1634 2.7593 6.3282 1.5878 1.6644 1.7251 1.7836
1810 3.7094 1.1876 3.7014 3.5512 3.4419 3.4075
3672 2.4523 2.8295 2.5391 2.6543 2.7125 2.7834
6243 5.7787 - - - - -
5793 - 5.2811 5.6372 5.8875 6.0635 6.2469
1092 4.6255 5.2266 5.5069 5.8304 6.0907 6.3293
1629 4.4495 3.0028 2.6335 2.4574 2.2879 2.1987
756 5.0521 - - - - -
744 - 3.1473 3.2537 3.2537 3.2537 3.2537

3.10. Parametric Analyses

After determining the scale factors, a fixed-base core stick model is developed for each of
the generic building. These six models are used to compute the base overturning moment
(Mbmce) and base shear (Vb), derived from the mean values of the NLRHAs results
conducted at the MCE level ( mean of analyses' results for 11 ground motion records). The
obtained Mbvmce is used to determine the rocking activation moment (Mrock), and the

parameters of the rocking mechanism (dc2c, and D). Vb is used to define the initial stiffness
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of the shear mechanism (Kbv1). The lower bound of the shear mechanism strength (Vy) is

determined using obtained Mrock.

In the next step, another model is developed for each of the generic building, where the
shear mechanism is assumed to remain elastic to compute Vimov, following another series
of NLRHAs conducted on the six new models. The resulting Vimov is used to determine
the maximum shear mechanism strength. Finally, complete models—including all
components illustrated in Figure 3-16—are developed for each generic building (another
set of six models). The effects of various parameters on seismic responses are evaluated
through multiple series of NLRHAs. As a result of 810 parameter combinations subjected
to the ground motions suites, two series of plots are generated, which collectively form

seismic performance spectra.

In this system, it should be noted that not all design parameters are inherently independent.
Certain parameters are mechanically coupled by definition, such as the rocker depth (D)
and the Moment Reduction Factor (Rwm), or the Shear Reduction Factor («v) and the required
initial stiffness of the shear mechanism (Kb1). These interdependencies are not a result of
the chosen modeling strategy, but rather reflect the physical nature of the MechRV3D
system. Therefore, the parametric analyses were conducted by fixing one parameter at a
time and varying others within practical ranges, in order to capture the influence of each
while respecting these inherent couplings. This approach ensures that the results remain

physically consistent and that the observed dependencies can be systematically quantified.
3.11. Design Code Requirements for Seismic Responses

To control damage caused by excessive displacements, peak inter-story drift ratios,
represented as Js, are used to assess the seismic performance of high-rise buildings with the

MechRV3D system incorporated at the base. In rocking systems, IDRs is the sum of the
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drift from the elastic deformation of the superstructure and the drift caused by the rigid-
body rotation of the entire structure at its base. By including the contributions from both
the superstructure's elastic deformation (flexure and shear) and the rigid-body base rotation,
the total inter-story drift ratio (IDR) provides a comprehensive measure of the building's

overall seismic deformation [15].

The primary objective of the MechRV3D system is to achieve a low-damage performance
state in the superstructure, exceeding the typical Life Safety objective of conventional
fixed-base design [15]. To quantify this enhanced performance, the inter-story drift ratios
(IDRs) must be compared against stringent acceptance criteria associated with minimal

damage.

Accordingly, this study adopts the performance limits from established performance-based
seismic design guidelines, such as the PEER TBI Guidelines [31] and ASCE 41-17 [18].
These documents define specific acceptance criteria based on inter-story drift ratio
(IDR) thresholds for achieving an Immediate Occupancy (IO) performance level. For a
concrete core-wall structure, the 10 limit is typically in the range of 0.5% to 1.0%, a value
chosen to prevent significant damage to both non-structural components and the primary
structure itself. This provides a direct, rational, and performance-based benchmark for

evaluating the effectiveness of the MechRV3D system.

Since peak IDR response should be evaluated by performance objectives such as life safety
or immediate occupancy, design codes set allowable drift limits, which vary with building
type, performance level, and seismic intensity [18], [28]. To achieve an Immediate
Occupancy (IO) objective, a designer might target a maximum IDR of 0.5%. The spectra

can be used to find the combination of system parameters that meets this stringent target.
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For a less critical structure, a Low-Damage objective might target a maximum IDR
of 1.0%. Meeting the conventional Life Safety (LS) objective would correspond to an IDR

of approximately 1.5% - 2.0%. [18], [29].

At the same time, it is crucial to control the deformations at the base to levels that are
practical to achieve. In design codes, base displacement is typically considered for base-
isolated structures , and the corresponding limits are adjusted based on various factors such
as building height, the type of isolation system (e.g., elastomeric bearings or sliding

bearings), and the intended performance objective [18], [49].

In the context of MechRV3D system, base displacement (4v) is a particularly important
parameter for the shear mechanism. Excessive deformation at the base can lead to
unrealistic strain demands and potential fracture in the shear mechanism. Additionally,
large base displacements affect the stability of the mega-columns. When there is significant
relative displacement between the top and bottom ends of the mega-columns, their ability

to carry axial gravity loads could be compromised.

The performance spectra developed in this study provide the resulting 4b as well as Js for a
given set of design parameters. This allows a designer to directly assess the trade-offs
between these two responses (4b and Js) and select a system configuration that keeps the
base displacement within an acceptable range for their specific components. For example,
a practical upper-bound limit for 4, might be on the order of 800 mm, a value justified by

the component capacity and stability analyses detailed in Section 4.6.

3.12. Summary of Methodology

To better predict the behaviour of the MechRV3D system, it is necessary to develop an
improved design procedure. The previous procedure was based on a model that did not

account for the size limitations of the rocker and the P-A effect of the mega-columns
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involved in the rocking mechanism. To address the influence of these factors on the

system's structural behaviour, the design parameters were revised in the first step.

After determining the range of parameters, parametric analyses were conducted using
NLRHASs on the developed model described in this Chapter (Figure 3-16). The acceptable
seismic response for maximum inter-story drift ratio is assumed to be 1.5% to meet the
requirement of building codes. The other seismic response, maximum base displacement
(4b,max) 1s assumed 800 mm. The seismic response results obtained from the parametric
analyses generate new sets of plots—referred to as seismic performance spectra—which

are used to develop the design procedure for the MechRV3D system.

In regions where the governing design is controlled by wind, the wind-induced overturning
moment at service level (Mwind) can exceed the seismic moment at the Service Level
Earthquake (Mb;sLe). In such cases, the rocking activation moment (Mrock) should be set
greater than Mwind to prevent undesired rocking under service-level conditions. Since Mrock
is determined from ,MbvmcE using the Moment Reduction Factor (Rm), increasing Mrock
implies that a smaller Rm must be adopted .Moreover, Mrock directly affects the minimum
yield strength of the shear mechanism (Vy) through the term of Mrock/Aett in Vy Equation 3-
7. Therefore, a larger Mrock requires a different Vy, resulting in different stiffness at the base
that changes the trade-off between base displacement and inter-story drift ratio.

The shear mechanism must be checked to ensure it does not engage under service wind
loads and remains elastic, with potential consideration for fatigue effects. Additionally, a
supplemental damping system (like a TMD) may be required to manage occupant comfort

under frequent wind-induced accelerations.
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4. Results and Discussion

4.1. Procedure for Constructing Seismic Performance Spectra

Following the parametric analyses, families of seismic performance spectra were
developed. The introduction of a new design parameter—+#c (the height of the mega-
columns)—Iled to additional sets of results. Yet, this research continues to focus
on maximum base displacement (4v) and peak inter-story drift ratio (Js) as the primary
performance metrics. These two response quantities were selected because they represent
the fundamental design trade-off inherent in this type of uncoupled system. Js is the key
indicator of damage in the superstructure and 4b dictates the deformation demand on the

base mechanism's components.

While peak floor acceleration is a critical metric for assessing damage to non-structural
components and contents, it was not included as a primary response quantity in this
parametric study. It is expected that the system's inherent mechanisms of period elongation
and force-limiting will effectively control floor accelerations, a conclusion that would be

explicitly verified in a detailed, project-specific design.

To effectively visualize the influence of the new geometric parameters, this study presents
the results in two complementary sets of seismic performance spectra. The first set of plots
uses mega-column height (%) as the primary horizontal axis for fixed values of the shear
reduction factor (uv). This format directly illustrates the trade-offs associated with a key
geometric design choice. The second set uses the shear reduction factor (uv) as the
horizontal axis for fixed values of mega-column height (4c). This allows for a clear

investigation of the influence of the shear mechanism's strength on system performance.

Together, these two presentations provide a comprehensive view of the design space,

enabling engineers to make informed decisions about both the system's physical geometry
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and its force-limiting characteristics. In each set, separate plots were provided for each
distinct value of the moment reduction factor (Rm). The vertical axes represented seismic
responses (With each response potentially shown on either side in a combination plot). The
effect of different initial stiffness of the shear mechanism was illustrated using different

curves for each specified parameter related to » Kbvi within each plot.

To avoid generating an excessive number of seismic performance spectra and to provide a
broader acceptable range of v that aligns with designers' requirements, the first set of plots
was sketched for only three specific values of uv as constant parameter. These values are

selected as the lower bound (uv = 0), the upper bound (uv = 1), and the midpoint (v = 0.5).

4.1.1. Performance-Based Design Framework and the Role of Performance Targets

The seismic performance spectra developed in this study are intended to be used within
a Performance-Based Design (PBD) framework. In this approach, the design process does
not start with prescriptive rules, but with the selection of explicit performance targets that
define acceptable levels of damage and deformation. These targets are typically expressed
as limits on key engineering demand parameters. For this study, two primary performance

targets are considered:

e A limit on the maximum inter-story drift ratio (ds,im): This is a serviceability and
damage-control limit state for the superstructure. A designer might select a stringent
target (e.g., dsjim= 0.7%) for an Immediate Occupancy objective, or a more
common target (e.g., Js,im= 1.5%) for a Life Safety objective.

e A limit on the maximum base displacement (4bv,1im): This is a practical and stability-
based limit state for the base mechanism. A designer would select a target
(e.g., 4blim = 800 mm) based on the physical deformation capacity of the shear fuse

components and the stability of the mega-columns.
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The performance spectra presented in the following sections serve as the primary design
tool. They allow an engineer to enter with their chosen performance targets (Js,lim and Ab.lim)
and identify a feasible set of design parameters (4, 1v, _Kbi, etc.) that will ensure the final
structure meets these objectives. This process is illustrated in detail in the design example

in Section 4.5.
4.2. Seismic Performance Spectra for Shear Reduction Factor (#v) as Constant

This set of plots shows the variation of seismic responses, the maximum of base
displacement (4v) and the maximum of inter-story drift ratio (ds), against the height of
mega-columns (/4¢). In these spectra, the results are organized according to discrete values
selected for the » K»1, Rm and fundamental period (7), based on the ranges established in
Chapter 3. The parametric study was then conducted in three separate sets, where the shear
reduction factor (uv) was held constant within each set at one of three specific values of its

range: the lower-bound, the upper-bound and the mid-point.

To plot the spectra, the peak seismic responses under each ground motion record was
obtained and the mean value of all peak values for each suite of ground motion records was
taken as the final design response, a procedure in accordance with ASCE 7 and NBCC
design codes [18], [49]. The plots in this chapter are spectra for the Los Angeles and

Vancouver sites.

Nevertheless, considering the required diameter of the mega-column for a 120-story
building as 6400 mm, a height smaller than 6 m would result in a very short and stocky
column, which is not practical. Furthermore, from the nonlinear analysis, it was found that
the analysis would diverge for mega-columns' heights smaller than 4 m due to the lack of
stability against lateral displacement demand. For a given lateral base displacement (4), a

shorter column must undergo a significantly larger rotation angle that could exceed its
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defined safe range to keep its load-carrying capacity. As a result, such a short column would
lose its stability. The mechanics of this stability limit are discussed in more detail in

Subsection 4.6.
4.2.1.Seismic Performance Spectra for uv = 0, Los Angeles

Each plot in this Subsection to Subsection 4.2.6 presents the maximum base displacement
(4v) on the left vertical axis and the maximum inter-story drift ratio (Js) on the right vertical
axis, plotted against the varying height of the mega-columns on the horizontal axis. Solid
lines represent the variation of Ab, while dashed lines correspond to Js. The different colours
of the graphs indicate different values of » Kb1, with blue, orange, and green representing

values of 4, 6, and 8, respectively.

The results in this Subsection («v = 0), consistently show that increasing the mega-column
height (hc) increases base displacement (4b) while decreasing inter-story drift (ds), Figure
4-1. From these graphs, when (71 < 3 s), seismic responses are highly sensitive to 4. below
6 m. The decrease in inter-story drift ratio with increasing mega-column height indicates
greater stiffness at the base, which implies a reduction in the negative stiffness (K p-peita) of

the mega-columns in Equation 3-9 as /. increases.

The bilinear trend observed in the graphs results from defining /¢ at only three discrete
points (2.5, 6, and 12). Incorporating additional intermediate values within the range [2.5,
12] would likely yield a smoother and more representative trend. Nonetheless, the current

results remain reliable and adequate for drawing meaningful conclusions.
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4.2.2.Seismic Performance Spectra for uv = 0.5, Los Angeles

For the case of uv = 0.5, Figure 4-2, the same general trends are observed: an increase in
mega-column height (4¢) leads to an increase in base displacement (4v) and a decrease in
inter-story drift ratio (Js). However, a key difference from the uv = 0 case is the reversed
trend in Js for taller buildings (100- and 120-story), especially for » Kv1 =4 and hc < 6 m.
This indicates that a stronger shear mechanism (uv = 0.5), when combined with reduced
initial stiffness (smaller » Kb1) and greater negative stiffness (smaller Ac), leads to the
dominance of the negative stiffness effect, which adds force in the direction of displacement

and thereby amplifies the inter-story drift ratio.

In the uv = 0.5 case, the seismic response exhibits a greater sensitivity to the initial stiffness factor
(r_Ku1). Consistently, a higher initial stiffness (a larger » Kp:i) results in a reduction in both the

maximum base displacement (4bv) and the inter-story drift ratio (Js).
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4.2.3.Seismic Performance Spectra for uv= 1, Los Angeles

For the uv = 1 case, Figure 4-3, the response of the base displacement (4b) remains largely
consistent with the previous cases across all building periods. However, in this case, the reversed
trend of the inter-story drift ratio (J;) begins at 77 > 3 s and is observable not only for » Ky,1= 4, but
also for greater initial stiffness of the shear mechanism. This indicates that the effect of increased
negative stiffness (smaller /) becomes more pronounced when a stronger shear mechanism is

employed (higher uv).
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4.2.4.Seismic Performance Spectra for uv =0, Vancouver

The seismic performance spectra for the Vancouver site, Figure 4-4, exhibit the same qualitative
trends as those for Los Angeles when uv = 0. However, the magnitudes of the seismic responses
(4b and 0s) are consistently lower, primarily due to the less intense MCE target spectrum associated
with Vancouver. In these graphs, for 71=2 and 3 s, a reversed trend of Ab is observed when 4. > 6

m, where the base displacement decreases as /4. increases. This indicates an increase in base
stiffness, which may be related to the reduced negative stiffness and the relatively higher initial

stiffness (_Kp1) in these particular cases.
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4.2.5.Seismic Performance Spectra for uv = 0.5, Vancouver

For the Vancouver site, the seismic performance spectra for v = 0.5, Figure 4-5, exhibit the same
qualitative trends as those for Los Angeles with lower magnitudes of the seismic responses
(4b and 0s), as it was discussed in the uv = 0 case. The reversed trend of 4y (decreasing as /e
increases) is now observed for 71 = 1 and 2 s. It appears that the increase in uv has also

influenced the results.
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4.2.6.Seismic Performance Spectra for uv =1, Vancouver

In the uv = 1 case, Figure 4-6, the reversed trend of Js observed for Los Angeles (increasing when
he <6 m) ) now occurs mostly at the lower initial stiffness factors, » Ky =4 and 6. Except this, in
general the spectra are similar to Los Angeles one with less magnitude in seismic response as

discussed before.
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4.3. Seismic Performance Spectra for Parameter s. as Constant

This set of plots include the variation of seismic responses (4v) and (Js) against the change
of shear reduction factor (uv) for specified values of » Kb1, fundamental period (71) and Rm
when the height of mega-column is held constant. The height of mega-column is a discrete
parameter according to established values in Chapter 3 which includes three different
values of 2.5, 6 and 12 m. The general trends for 4 and Js are opposite to the previously
observed trends when varied with /., indicating that the influence of the negative stiffness

of mega-columns on the base stiffness acts in opposition to uv.
4.3.1.Seismic Performance Spectra for #:=2.5 m (2~=4 m for 120-story), Los Angeles

In this subsection through Subsection 4.3.6, each plot follows the same format as the
previous series: the vertical axes show 4b on the left and Js on the right. However, the
horizontal axis now represents varying values of the moment reduction factor (uv). The
solid and dashed lines, as well as the colour coding for different » Kv1 values (blue for 4,
orange for 6, and green for 8), remain consistent with the previous plots. The variation
observed in each graph reveals how the governing seismic responses (b, Js ) are affected
by changes in the shear reduction factor (uv) for each designated value of /¢, 7, Rm and

r Kb.

In Figure 4-7, a general trend is observed when Js increases and Av decrease as uv increases.
However, the seismic response appears to be more sensitive to variations in uv, particularly
when uv < 0.5. Additionally, increase in the initial stiffness factor (»_Kb1) generally leads

to a reduction in seismic responses.

For T1 = 6 s (120-story building), when 4. = 2.5 m, the analysis becomes divergent and the
system exhibits instability. It was found that a minimum /¢ value of 4 m is required to

maintain system stability for the 120-story building.
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An important and counter-intuitive trend is observed for the 120-story building. In the very
low-strength range (0 < uv < 0.2), an increase in the shear mechanism strength leads to
a decrease in the inter-story drift ratio (ds), contrary to the general trade-off. Additionally,
in this case, when the shear fuses become stronger («v> 0.2), especially at lower values of
r_Kbv1, negative Ab values are observed, suggesting numerically divergent behaviour in the

results.
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4.3.2.Seismic Performance Spectra for 4. = 6 m, Los Angeles

In this set of results, Figure 4-8, seismic responses exhibit a trend similar to those observed
for hc= 2.5 m, with a general decrease in base displacement (4b) and a general increase in
peak inter-story drift ratio (Js) as the shear fuse becomes stronger (i.e., as uv increases).
Similar deviations from the general trend are also observed for the 120-story building (71
= 6 s). Compared to the corresponding results for 4c = 2.5 m at any 71, using a taller mega-

column (4. = 6 m) leads to larger base displacements.
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4.3.3.Seismic Performance Spectra for A:=12 m, Los Angeles

In the case of hc= 12 m, Figure 4-9, the results exhibit the similar general trend to those
observed for lower values of 4. Once again, using taller mega-columns leads to greater
base displacement (4v) values compared to corresponding results at any 71. For the 120-
story building (71 = 6 s), it was found that 12 m mega-columns exhibit instability, and even
with higher mega-columns, deviations from the general trend (negative 4y and an initial

decrease in Js) are still observed in this case.
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4.3.4.Seismic Performance Spectra for hc=2.5 m (hc=4 m for 120-story), Vancouver

For the Vancouver site, seismic responses show similar trends to those observed at the Los
Angeles site when 4c = 2.5 m—namely, a general decrease in base displacement (4v) and
an increase in peak inter-story drift ratio (Js) as uv increases, Figure 4-10. However,
significant local deviations are observed in the base displacement results in some cases.
Specifically, at uv = 0.2, the base displacement (4v) experiences a sharp, abrupt decrease,
followed by an unexpected increase as uv approaches 0.5 for 71 = 3 and 4 s. Beyond this
range, the curve resumes its expected gradual downward trend.

The unexpected decrease in base displacement indicates the dominance of the negative
stiffness of the mega-columns, resulting from the specific combination of assigned shear
strength and initial stiffness.

For the 120-story building (71 = 6 s), the minimum required height for the mega-column
remains 4 m, and negative 4v values indicate system instability—consistent with the

findings from the Los Angeles site.
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4.3.5.Seismic Performance Spectra for 4. = 6 m, Vancouver

For Ac = 6 m at the Vancouver sites, Figure 4-11, the results exhibit the expected trend
observed in the corresponding Los Angeles cases: as uv increases, Ab decreases and Js
increases. Unlike the results for #c = 2.5 m, local deviations are not observed here. Using taller
mega-columns results in larger Ab. For 120-story building (71 = 6 s), negative 4y values are still

observed.
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4.3.6.Seismic Performance Spectra for #:=12 m (h=15 m for 120-story), Vancouver

The general trend of the results in this case, Figure 4-12, are consistent with the expected
trend observed at the corresponding Los Angeles results. Once again, higher mega-columns

are required for 120-story building and negative 4y values are still observed.
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4.4. Summary of Results from Seismic Performance Spectra

The seismic performance spectra consistently reveal a fundamental design trade-off
inherent in the MechRV3D system. An important observation from the spectra is that the
seismic responses (4b and ds) show relatively little sensitivity to the Moment Reduction
Factor (Rm). This is a direct consequence of the dependency between parameters in the
design procedure used for this study. A change in Rm directly influences the calculated
shear strength (Vy) and, consequently, the initial stiffness of the shear mechanism (Kb1).
This inherent coupling between the moment capacity and the shear stiffness largely
compensates for the change in Rwm, leading to final seismic demands that remain within a

relatively narrow range.

A higher initial stiffness factor (» Kbi) generally reduces both response parameters. When
the mega-column height (/) is varied, an increase in height leads to a desirable reduction
in inter-story drift (Js) but at the cost of increased base displacement (4b). This trend is
highly sensitive to 4c below 6 meters for shorter-period buildings (71 < 3 s), but becomes

approximately linear for taller, longer-period structures.

Similarly, when the shear mechanism strength (controlled by wv) is varied, a stronger fuse
(greater uv) effectively reduces 4b but increases ds. The system is most sensitive to this
parameter in the low-strength range (0 < v < 0.2), as indicated by the steep initial slopes
of the performance curves. For the Vancouver site, the distinct "dip-and-rise" behaviour in
the intermediate shear strength range suggests a complex interaction between the system's

shear fuse properties and the negative stiffness of mega-columns.

The analyses of the 120-story building (71 = 6 s) revealed several critical stability limits
that define the system's feasible application range at this extreme height. For c = 2.5 m,

the analysis became divergent. It was found that a minimum height of 4c = 4 m is required
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to prevent this instability for 120-story building. The instability observed in the shorter
mega-columns is caused by the P-A effect. The gravity load (Wsc) acting on a displaced
mega-column creates a destabilizing action that can be represented by a negative stiffness.
This negative stiffness is inversely proportional to the column height (4c) [72]. A shorter
mega-column generates a larger destabilizing effect. For the 120-story building with its
immense gravity load, this effect becomes so large for short columns that it overwhelms

the shear mechanism's stiffness, causing the observed instability.

Stability issues were also observed for taller mega-columns in 120-story building under
specific conditions. Even with 15 m height of mega-columns, the system continued to
exhibit complex behaviours, including the counter-intuitive initial decrease in ds and
divergent increasement of Ab at high uv values. Given the observed trend of increasing of
Av with constant /¢ as uv increases (uv > 0.5), one possible solution is to employ stronger
shear fuses in taller buildings to counteract the negative stiffness associated with the mega-
columns. However, providing this high strength may be impractical, suggesting that the
120-story building is operating near the practical performance limits of the MechRV3D

system.

4.5. Preliminary Design Procedure Using Seismic Performance Spectra

Based on the performance spectra, procedure for preliminary design of MechRV3D system

incorporated high-rise buildings is developed as shown in Figure 4-13:
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1.

Selection of superstructure height: Based on the client's requirements, a value for
the height of the superstructure is chosen from the specified range of design
parameters, {45, 90, 150, 210, 300, 360} m in this research. These values
correspond to superstructure number of stories of {15, 30, 50, 70, 100, 120} and
fundamental periods 71= {1, 2, 3, 4, 5, 6} as represented in the design spectra (
Other values between 45 and 360 m may also be considered. While the procedure
remains unchanged, the corresponding design spectra must be consistently
prepared).

Selection of floor dimensions of the superstructure: As discussed in Chapter 4 for
the parametric analysis, each specified height corresponds to an aspect ratio from
the range {3, 4, 5, 5, 6, 6}, respectively. For example, for a 15-story building with
a height of 45 m, the aspect ratio (H/B) is 3, meaning the floor dimension will be
15 m. However, there is no strict limitation requiring the aspect ratio to be 3 for a
15-story building; the suggested values in each case are reasonable references for
analysis. It is possible to use any value greater than 3, but the primary consideration
is to maintain practicality and avoid overly slender or excessively broad buildings.
Selection of moment reduction factor (Rwm): This selection is guided by the
geotechnical report available for the construction site, from which the uniform
hazard spectra are derived. Additionally, the strength level targeted in the structural
design influences the choice of Rm. If no geotechnical data is available or the
desired Rm value falls between established values, one of the ranges [4, 6] or [6, 8]
for Rm can be considered. For such scenario, the design spectra corresponding to

both the lower and upper bounds of the selected Rm range should be used.
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4. Selection of the rocker dimensions: After determining the moment reduction factor
(Rm), the appropriate values for the rocker depth (D) and the centre-to-centre
distance between mega-columns (dc2c) are selected using the corresponding
provided graphs for the relation between dc2c and D for each specified Rm
(Appendix A). These graphs are provided for various generic building height and
their corresponding base overturning moment at MCE level (Mo, mcg) for sites in
Los Angeles and Vancouver.

The selection of the rocker's dimensions may vary for each project, depending on
the available space in the basement. Additionally, for sites other than Los Angeles
and Vancouver, if the Mb, mce obtained from the corresponding fixed-base building
significantly differs from the assumption made in this study, a new set of rocker
design graphs should be developed by the designer, following the methodology
described in Chapter 3.

5. Selection of the maximum allowable height for mega-columns (/4c): This value is
determined by several criteria, including the height of the superstructure, available
space underground, and the space between mega-columns (which may restrict the
selection of their diameter). Client specifications may also impose restrictions. In
Chapter 3, a range of specified diameters for the mega-columns was defined. The
required height of the mega-columns will be governed by the buckling-resistance
criterion, which considers these diameter values and the weight of the
superstructure, along with the weight of the rocker (Wsc).

In Chapter 3, several graphs were provided to determine the required height of
mega-columns for each specified diameter and corresponding Wsc for different

building heights. It is always recommended to choose the most efficient option in
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terms of material usage and available space. The selected value in this step, will
determine the upper bound of the possible range for the height of the mega-columns.

6. Establish the acceptable range for seismic responses, base displacement (4b) and

inter-story drift ratio (Js): To align with the system's low-damage design objective,
the target inter-story drift ratio for this study is adopted from stringent
performance-based criteria rather than the life-safety limits of conventional
building codes. For base displacement, however, there is no advised range in the
design code. Larger values of base displacement increase the likelihood of needing
damping devices to control their effect on the structure and mechanism. Therefore,
despite the lack of guidance in the design code for base displacement, the designer
should carefully restrict it to prevent any unwanted damage.
It should be mentioned that A max, which is used to determine K1, is a different
parameter from 4v and is kept fixed at 800 mm as a practical limit for the maximum
base displacement. In this context, 4b is a desired value selected by the designer to
meet the specific requirements of each particular project.

7. To use the first set of seismic performance spectra (Section 4.2): A target range
for the shear reduction factor (uv) should be selected in this step. Two primary
design strategies are considered: 1- low shear strength (0 < uv < 0.5) which
prioritizes maximizing the energy dissipation from the shear mechanism and
accepts larger base displacements, 2- high shear strength (0.5 < uv < 1.0)
which prioritizes stiffness to control and limit the maximum base displacement.
The choice between these two strategies depends on the project's specific
performance objectives and constraints.

The designer now must refer to the two sets of graphs in Section 4.2 that correspond

to the lower and upper bounds of the selected range for uv. These set of graphs
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representing the relationship between the height of mega-columns and the initial
stiffness factor of the shear mechanism while uv is considered as constant in one
of the boundary points (0, 0.5, 1). The validity of the target seismic response (ds
and 4b) is identified in the shaded area in the plot, which lies between the base
displacement graphs and their corresponding inter-story drift ratio graphs. For each
specified initial stiffness of the shear mechanism (r Kbvi), the minimum (or
maximum, depending on the selected uv range) acceptable value for Ac is
determined—this is the point at which the hatched area begins to appear. This value
defines the lower bound of the acceptable height range for the mega-columns.

In this step, the designer can also determine the initial stiffness factor of the shear
mechanism (7 Kb1) that best corresponds to the preferred height of the mega-
columns. The results obtained from the plots for either the lower or upper bound of
the uv should be compatible, or at least overlap, for at least one value of » Kb1. If
no overlap occurs, the uv range should be revised, and the other range should be
considered.

As an example, consider selecting MechRV3D system's design values for a 70-story
building located in Los Angeles with a moment reduction factor Rm = 8. In the first
step, the shear reduction factor uv is assumed to range between 0 and 0.5.
Accordingly, plots for uv = 0 and uv = 0.5 are used. The design criteria assumed as
maximum inter-story drift ratio of 1.1% and a maximum base displacement of 200
mm (which can be larger in practical design).

Figure 4-14 shows the hatched area where both the seismic response, inter-story
drift ratio (Js), shown as dashed lines, and base displacement (4b), shown as solid
lines, fall within the acceptable range for xv = 0. In this plot, the base displacement

criterion of 200 mm is the governing factor. As shown, for mega-column heights
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between 2.5 m and approximately 7.8 m, all values of » Kbvi can be used for defining

the initial stiffness of the shear mechanism.
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Figure 4-14: Finding the acceptable area for 70-story building when Ry= 8, v =0

Consistently, Figure 4-15 shows the hatched area where both the seismic response
(Js) and (4v) fall within the acceptable range for pv = 0.5. In this plot, the inter-story
drift ratio criterion of 1.1% governs the design. As shown, for » Kvi= 8, mega-
column heights between minimum value, 2.5 m and 12 m are acceptable. However,
for » Kv1= 6 and » Kb1 = 4, the height should not be less than approximately 3 m

and 3.8 m, respectively.
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Figure 4-15: Finding the acceptable area for 70-story building when Ry= 8, uv= 0.5
From both plots, one possible design choice is » Kbi = 4 with the mega-column
height between 4 and 8 m. For a more realistic selection, a height of 8 m can be
assumed as the specified value for the mega-columns. The value of » Kb is assumed
as the smallest as possible to achieve more efficient design.

8. Using the second set of seismic performance spectra (Section 4.3) to verify the
selected design strategy for uv: After determining the appropriate range for the
mega-column height in step 7, the designer should refer to the seismic performance
spectra corresponding to that height, as presented in Section 4.3. These spectra are
provided for three different values of 4. Based on the selected range of the mega-
column height in step 7, the two set of spectra within which the chosen range either
falls between or substantially overlaps should be used for verification.

Next, the designer should examine the area between the base-displacement and
inter-story drift ratio graphs for the selected initial stiffness factor of the shear

mechanism, ensuring that the allowable seismic response ranges (4» and Js) are
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considered. The corresponding range for the shear reduction factor, ur, should then
be checked for both plots. The overlap of these ranges should be compared with the
assumed uv range. The acceptable range for the final design is determined by the
overlap between the ranges in the two plots.

To continue with the same example in Step 7, based on the determined mega-
column height of 8 m, the plots for 4c = 6 m and Ac = 12 m are examined to verify
whether the assumed range for uv = [0, 0.5] satisfies the design requirements. In
Figure 4-16, the seismic responses are presented for a mega-column height of 4. =
6 m. In this case, the inter-story drift ratio of 1.1% governs the design restriction.
According to the plot, the entire range of v is acceptable for all values of » Kbi in
terms of base displacement. However, to meet the inter-story drift limitations, the
acceptable ranges of uv are as follows:

[0, 0.6] for r Kb1 =4,

[0, 0.7] for »_Kb1 =6, and

[0, 1] for r Kb1 =8
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Figure 4-16: Finding the acceptable area for 70-story building when Rv= 8, . =6 m
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In Figure 4-17, for hc = 12 m, the hatched area indicates the acceptable range of
seismic responses across different values of » Kb1, confined approximately within
uv € [0.3, 0.8]. This range is nearly consistent for all values of » Kbi. This result
validates both the initial assumption and the selected mega-column height. In this
plot, the base displacement limit of 200 mm governs the minimum of the range

(0.3), while the inter-story drift ratio of 1.1% dictates the maximum (0.8).
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Figure 4-17: Finding the acceptable area for 70-story building when Ry =8, i. =12 m

By comparing the obtained ranges of uv from Figures 4-16 and 4-17 for » Kvi =4
(as selected in Step 7), the acceptable range is identified as the overlap between the
two: [0.3, 0.8] from Figure 4-17 and [0, 0.6] from Figure 4-16. This results in a final
acceptable range of uv € [0.3, 0.6]. Since this range mostly falls within the initially
assumed range of [0, 0.5], all previous assumptions are validated, and the design
procedure can proceed with: uv € [0.3, 0.5], Ac = 8 m and r_Kbv1 = 4.
9. Approaches in case of inconsistent results: If there is no overlap between the ranges
shown in the two plots in step 8, or if their shared range does not align with the

initially assumed design strategy of uv, the designer should first return to Step 6
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and select a different value for the initial stiffness of the shear mechanism, » Kb.
If no other acceptable values of » Kbi lead to consistency in Step 8, the designer
should then return to Step 7 and consider an alternative range for the moment
reduction factor, uv.

The finalized values for » Kbvi should be used to determine Kb1 based on the
assumptions presented in Chapter 3. For sites other than Los Angeles and
Vancouver, this calculated Kvi should be compared with the actual value derived
from the site's Vb, sLe to validate the assumption of the initial base displacement
being 1/20 of Avmax. If a significant discrepancy is observed, the design procedure
should be repeated using revised assumptions in Steps 7 and 8.

10. Designing the Remaining Properties of the Shear Mechanism: After achieving
consistent results in the previous steps, the applicable ranges for several design
parameters—such as the height of mega-columns and the shear reduction factor—
have been established. Additionally, values for the initial stiffness factor of the
shear mechanism, the diameter of the mega-columns, and the dimensions of the
rocker have been determined.

As a final step in the design process, the physical properties of the shear mechanism
elements—specifically their cross-sectional area and their length (or height)—
should be determined according the obtained shear strength and initial stiffness
values, and target lateral displacement. The exact design depends on the type of
shear fuse employed (e.g., in a BRBF, the basic initial stiffness (Kb1) is related to
the brace axial stiffness (£A4/L) through geometry-dependent relations, where E is
the material's Young's Modulus, 4 is the cross-sectional area, and L is the length of

the yielding elements).

4.6. Maximum Base Displacement (4p,max) and the Stability of Mega-Columns
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The important consideration in this part is the maximum allowable lateral displacement at
the top of mega-columns as they would sway due to the lateral displacement imposed by
the rocker. These columns are considered pined at both ends in terms of structural
behaviour, but they behave differently from the pinned-ends columns in a braced frame.
They are carrying a large axial gravity load (Wsc) while being subjected to a significant
lateral displacement (4b) at their top. Moreover, the connection of the mega-columns to the
foundation may develop considerable reaction forces due to the imposed lateral
displacements, which must be accounted for in the design and detailing of the base

connection.

The stability of the mega-columns is a critical consideration, as their capacity can be
compromised when they are subjected to large lateral displacements. In their inclined
position, the gravity load (Wsc) generates a significant secondary moment (M = Wsc X 4b),
commonly known as the P-A effect. If this secondary moment becomes too large, the mega-

columns may lose their stability.

To prevent this P-A instability, the rotation of the mega-columns (6m) must be limited. A
reasonable upper limit for this rotation can be established to ensure the stability is
maintained. For this study, a maximum rotation of m = 0.26 radians (approximately 15
degrees) is considered a practical upper bound beyond which P-A effects could become
excessive. This rotation limit can be used to determine the maximum allowable base
displacement (4b,max) for the minimum mega-column height (%) selected as 3 m. The height
of 3 m is slightly above the minimum value of 2.5 m that was selected to provide a
reasonable trade-off between inter-story drift ratio and base displacement. Using this

height, the maximum allowable base displacement is calculated as:

Ap max= tan(0.26 rad) x 3000mm = 800 mm
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Therefore, a limit of 800 mm is adopted for Abmax. This value, derived from stability
considerations of the shortest practical mega-column, provides a conservative and
consistent displacement limit for all analyses in this study. This value (800 mm) is also
justified as a feasible system limit based on both component capacity and analytical
precedent. It corresponds to an achievable strain demand in large-scale BRBFs [73] and is
consistent with the large displacement demands observed in analytical studies of other
advanced dual-mechanism systems for tall buildings [43]. Furthermore, this limit aligns
with the displacement range found to be effective in the foundational numerical validation

of the MechRV3D system [15].

4.7. Effective Period Elongation of the MechRV3D System

It is important to note that the generic buildings in this study were categorized by the period
of the superstructure alone, assuming it is rigidly fixed at the base that can be called nominal
fixed-base period (7). However, the introduction of the flexible base mechanisms results
in an effective system period (7sys)that is longer than the nominal period. This
phenomenon, known as period elongation, is a key feature of any base-decoupling system

and its magnitude was found to be a function of the base mechanism's properties.

From the analysis results, the effective period showed high sensitivity to the geometric and
stiffness parameters but was completely independent of the shear strength factor («v). The

observed trends are summarized as follows:

I- An increase in the mega-column height (/4c) consistently results in a longer effective
period. The net total stiffness of the base decrease as /. increases. This is because the
columns become much more flexible. A decrease in stiffness leads to an increase in the

system's period.
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2- An increase in the initial stiffness factor (»_Kb1) results in a shorter effective period.
This is a direct consequence of increasing the stiffness of the shear mechanism, which
stiffens the entire system.

3- An increase in the Moment Reduction Factor (Rm) results in a longer effective period,

as a higher Rwm corresponds to a to a greater required rocker mass.

Of these parameters, the mega-column height (4c) was found to have the most dominant
influence on period elongation. Consequently, the most critical scenario (the longest
effective period) for all generic buildings occurred with the combination of Rm = 8, » Kbi
=4, and A= 12 m. The effective periods for all generic buildings under this worst-case

scenario obtained from NLRHASs are summarized in Table 4-1:

Table 4-1: Differences between nominal period (7,) and system period (7sys) for all generic

buildings
Butdng  Nomimalperiod, GL I el nominal  sysom
? case (Tsys) period (75) period (7sys)
15-story 1 1.449 0.018 0.033
30-story 2 2.612 0.036 0.064
50-story 3 3.848 0.054 0.093
70-story 4 5.333 0.118 0.122
100-story 5 8.079 0.147 0.155
120-story 6 11.655 0.178 0.183

This period elongation has a direct implication for the ground motion scaling procedure, as
the scaling range is defined relative to the fundamental period (0.2 71 to 2.0 71). For the
taller buildings (70-story and higher), where the period elongation is most pronounced, this

could potentially shift the required scaling range.
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However, for these tall structures, the lower bound of the scaling range is governed by 7o,
the period corresponding to 90% mass participation (75 in this research). As shown in Table
3-13, Too is very short and is primarily a function of the superstructure's higher-mode
properties, which are not significantly affected by the flexibility of the base. Therefore, the
elongation of the first-mode period (71) does not alter the critical lower bound of the scaling

range (790), which is anchored in the peak plateau region of the MCE spectrum.

Consequently, it is concluded that while the period elongation is a significant physical
phenomenon, its impact on the validity of the ground motion scaling used in this study is
likely minimal. Nevertheless, a targeted sensitivity study using ground motions scaled to
the elongated periods would be a valuable area for future research to definitively confirm

this conclusion.

Presenting the performance spectra categorized by the nominal fixed-base period (71) is a
deliberate and logical choice. The nominal period is a fundamental, unchanging property
of the superstructure, and since the MechRV3D system is designed to keep this
superstructure essentially elastic, 71 remains a constant and well-defined reference
throughout the seismic response. This makes it a clear and practical starting point for a

designer evaluating various base mechanism choices for a known superstructure.

This approach is further validated by the source of the period estimation formula itself. The
KBC 2009 formula is calibrated against linear-elastic effective periods measured from real
buildings under low-amplitude ambient vibrations. Therefore, the use of a linear-elastic
stick model defined by this nominal period is a consistent and rigorous basis for this
parametric study, as both the analytical model and its real-world benchmark represent the

structure in its undamaged, pre-yielding state.
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5. Conclusions and Recommendations

5.1. Conclusions

The objective of the current study was to provide a preliminary design procedure for the
MechRV3D system that facilitates the use of this new system to improve seismic resilience
of high-rise buildings. This was achieved by addressing a key limitation of the initial
research: the neglected influence of the rocking mechanism's physical geometry on the
overall seismic response. The research objectives set in Chapter 1 have been successfully

met, with the main contributions and conclusions summarized below.

e Conclusions on Modelling and Design Parameters (Chapter 3): This research
directly addresses the limitations of the previous simplified model by incorporating
the physical geometry of the rocking mechanism (D and /c) into the numerical
model. New design parameters were established to better capture the behaviour of
the MechRV3D system, including the dimensions of the rocker and the height of
the mega-columns. A rational procedure was proposed to determine the appropriate
range for both the mega-columns height and the rocker dimensions, accounting for
the relationship between the rocker dimension, the moment reduction factor (Rm),
and the rocker depth (D).

e Conclusions on System Behaviour and Performance (results in Chapter 4):
Explicitly modelling the rocking mechanism's geometry revealed several key
aspects of the system's performance and stability. It was found that the mega-
column height governs P-A stability, which, combined with practical component
sizing constraints, establishes a feasible application limit for the system to buildings
of up to approximately 300 m. Consequently, the negative stiffness of mega-

columns necessitates the selection of a larger initial stiffness for the shear
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mechanism. This, in turn, affects another key seismic response: the inter-story drift
ratio (Js), demonstrating an indirect relationship between the mega-column height
and the required strength of the shear mechanism. The effect of mega-column height
was found to be more significant when the height is less than 6 m. According to the
revised design procedure presented in this study, a critical design decision is
therefore achieving a reasonable balance between a height that is short enough to
be practical and tall enough to maintain stability in the inclined position.

Conclusions on the Preliminary Design Procedure and Application Limits (Chapter
4): The main contribution of this research is the development of a comprehensive
preliminary design procedure, built upon a novel set of seismic performance spectra
derived from this refined model. These spectra, developed for two different seismic
locations, provide engineers with a direct method to account for key geometric
parameters, which was not previously possible. The analyses revealed practical
limits to the system's application. For instance, the 120- story model became
divergent when the mega-columns were shorter than 4 m, while taller columns
required impractically large diameters (e.g., 6400 mm for a 30 m height of mega-
columns). The results suggest that for 120-story buildings, mega-columns taller

than 15 m perform more effectively.

In conclusion, the parametric analyses indicate that the MechRV3D system performs most

effectively for buildings up to 300 m in height (approximately 100 stories). Beyond this,

the system may not be a suitable choice as it would require excessively large components

for the rocking mechanism. This conclusion is particularly valid for RC core wall buildings

located on sites where the moment reduction factor (Rwm) is less than 8.
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5.2. Recommendation for Future Research

This study aimed to address one of the issues highlighted in the future research section of

the initial study that was the investigation of the P-A effect induced by the mega-columns.

Other suggested problems remain open for future research and are summarized as follows:

Extension to 3D Modelling: The parametric analysis model can be extended to a
three-dimensional configuration to better capture the constraints of the rocking and
shear mechanisms including torsional response and bi-directional seismic
excitation.

Vertical Seismic Load Effects: The effect of vertical seismic loads on the seismic
response spectra of the MechRV3D system requires further investigation, as these
loads can directly influence both the rocking resistance and the P-A stability of the
base mechanism.

Interaction with Leaning Columns: The influence of rocking action and base
displacement on the leaning column components, particularly in addressing the
challenge of ensuring compatible movement of leaning columns at ground level
with the MechRV3D mechanisms. A key challenge is developing practical
connection details at the ground level that can accommodate the large, combined
horizontal translation and rocking-induced uplift of the base, without damaging the
gravity columns or unintentionally restraining the protective system.

Refinement of the Damping Model: This study employed a classical Rayleigh
damping model for the superstructure. Future research could investigate the
influence of more advanced damping models that are less sensitive to stiffness
degradation during nonlinear response. Additionally, a detailed investigation into

the energy dissipation and potential for artificial numerical damping at the rocking
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impact interfaces would provide a more complete understanding of the system's
energy balance.

Broader Applications and Site Variability: Application of the MechRV3D system
to superstructures with lateral load-resisting systems other than RC core wall
buildings, other shear fuses, and the development of corresponding seismic
performance spectra for other site locations.

Optimization of Superstructure-to-Base Stiffness (Kbase) Ratio: This study treated
the superstructure stiffness as a predefined input for each generic building. A crucial
area for future research is to investigate the optimal stiffness ratio between the
superstructure and the base mechanisms (Kbase). Such a study would help to define
the most economical designs by exploring the trade-offs between investing in a
stiffer superstructure versus a stiffer base mechanism to achieve the desired
performance objectives for both inter-story drift ratio and base displacement.
Conducting parametric analyses using machine learning: A surrogate model can be
trained that learns the relationship between input parameters and output response to
reduce the computational cost through running NLRHAs but not for a full space of

parameters
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Appendix A: Rocker Dimension Correlations
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9.0
11.0 1
10.5 1 85
E 1001 £
= = 8o
g5 3 © 7
75
9.0 1
85 4 7.01
4 5 6 7 8 9 10 11 12 4 5 6 7 8 9 10 11 12
D (m) D (m)
30-story Buildings, Rm= 6
1546 T T 1289
13.0 1251
14.5
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E 140 £E
W o 11.51 i 11
13.0 i
12.5
10.5 1
4 5 6 7 8 9 10 11 12 4 5 6 7 8 9 10 11 12
D (m) D (m)
50-story Buildings, Rm = 6
19.56 17.52]
195 |
19.0 17.0
185 s
E
=~ 18.0
3 16.0 15
17.5
15.5
17.0 1
16.5 1 15.0
4 5 6 7 8 9 10 11 12
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Los Angeles Vancouver

70-story Buildings, Rm = 6

4 5 6 7 8 9 10 11 12 4 5 6 7 9 10 11 12

8
D (m) D (m)

100-story Buildings, Rm = 6

3112
31.01

8 9 1 11 12 a 5 6 7 8 9 10 11 12
D (m) D (m)

120-story Buildings, Rm = 6

19.73
19.7

19.6

19.5
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dezc (M)
I

19.0 T
D (m) D (m)
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Los Angeles Vancouver

15-story Buildings, Rm = 8

7.64
7.50
7.251
7.00 4
E
< 6.75 1
-1
6.50 4
6.25
6.00 1
5.75 v
4 5 6 7 8 9 10 11 12 4 5 6 7 8 9 10 11 12
D (m) D (m)
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£ £
=J1.5 o
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11.0
10.5
4 5 6 7 8 9 10 11 12 4 5 6 7 8 9 10 11 12
D (m) D (m)

50-story Buildings, Rm= 8

15.54
15.50

15.25
15.00
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14.50 1

deae (m)
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14.00 4

13.75 1
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Los Angeles Vancouver

70-story Buildings, Rm = 8

4 5 6 7 8 9 10 11 12
D (m)

100-story Buildings, Rm = 8

15.62
24.08; . . . . 15.6
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8
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120-story Buildings, Rm= 8

14.91
14.90

14.85

14.80

14.75 14
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Appendix B : Selected and Scaled Ground Motions for All Generic

Buildings at MCE Level

Los Angeles Site:

Los Angeles, 15-story Building:

4.5 RSN 6- Imperial Valley-02

4 Scale Factors: 1.065-6.218 RSN 15-Kern County
—— RSN 20-Northern Calif-03
———RSN 57 - San Fernando
—— RSN 143 - Tabas, Iran
———RSN 169 - Imperial Valley-06
——— RSN 266 - Victoria, Mexico
—— RSN 292 - Irpinia_Italy 01
—— RSN 300 - Irpinia_Italy 02
—— RSN 313 -Corinth_ Greece
—— RSN 342 -Coalinga-01
@ Ayerage
e Target Spectrum

Los Angeles, 30-story Building:

7 RSN 6- Imperial Valley-02
6 Scale Factors: 1.187-6.328 RSN 15-Kern County
[ —— RSN 20-Northern Calif-03
I —— RSN 57 - San Fernando
5 \‘ ———RSN 143 - Tabas, Iran
i —— RSN 169 - Imperial Valley-06
— 4 n ‘ —— RSN 266 - Victoria, Mexico
£ \5 | —— RSN 292 - Irpinia_Italy 01
S3 |l RSN 300 - Irpinia_ltaly 02
N —— RSN 313 -Corinth_ Greece
~— RSN 342 -Coalinga-01
2 e Ayerage
e Target Spectrum
1
0
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Los Angeles, 50-story Building:

6 RSN 6- Imperial Valley-02
Scale Factors: 1.080-6.814 RSN 14-Kern County
5 ———RSN 20-Northern Calif-03
— RSN 36 - Borrego Mtn
—— RSN 143 - Tabas, Iran
4 RSN 169 - Imperial Valley-06
—_ —— RSN 266 - Victoria, Mexico
20 3 ~——— RSN 292 - Irpinia_Italy 01
cfnﬂ —— RSN 300 - Irpinia_Italy 02
—— RSN 313 -Corinth_ Greece
2 ~ RSN 342 -Coalinga-01
@ \yerage
e Target Spectrum
1
0

Los Angeles, 70-story Building:

7 RSN 6- Imperial Valley-02
Scale Factors: lm'w RSN 15-Kern County
6 RSN 20-Northern Calif-03
~— RSN 36 - Borrego Mtn
5 | ——— RSN 143 - Tabas, Iran
—— RSN 169 - Imperial Valley-06
| —— RSN 266 - Victoria, Mexico
@ 4 — RSN 292 - Irpinia_Italy 01
p [ ——— RSN 300 - Irpinia_Italy 02
w3 \ i \ ——RSN 313 -Corinth_ Greece
“ ~ RSN 341 -Coalinga-01
2 @ Ayerage
e Target Spectrum
1
0
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Los Angeles, 100-story Building:

8 RSN 6- Imperial Valley-02
Scale Factors: 1.016-7.810 RSN 15-Kern County

7 — RSN 20-Northern Calif-03
— RSN 36 - Borrego Mtn

6 —— RSN 143 - Tabas, Iran
—— RSN 169 - Imperial Valley-06
5 ~——— RSN 266 - Victoria, Mexico
“ —— RSN 292 - Irpinia_Italy 01
4 —— RSN 300 - Irpinia_Italy 02
—— RSN 313 -Corinth_ Greece
3 —— RSN 341 -Coalinga-01

e Ayerage

2 e Target Spectrum

Sa(g)

Los Angeles, 120-story Building:

| Scale Factors: 1.045-8.263 Egﬂ ?;?&?g:j&ey 0
RSN 20-Northern Calif-03
~— RSN 36 - Borrego Mtn

—— RSN 143 - Tabas, Iran

—— RSN 169 - Imperial Valley-06
—— RSN 266 - Victoria, Mexico
—— RSN 292 - Irpinia_Italy 01
—— RSN 300 - Irpinia_Italy 02
—— RSN 313 -Corinth_ Greece
—— RSN 341 -Coalinga-01

e Average

e Target Spectrum

Sa (g)
S = N W s 1 &N

Vancouver Site:

156



Vancouver, In-Slab Source, Scaled with Different Factors:

MCE Response Spectrum for In-slab source

Scale Factors: 1.025-3.748 RSN 6 -Imperial Valley-02
RSN 20 - Northern Calif-03
2.5 ;ﬂ ~— RSN 266 - Victoria_ Mexico
‘ —— RSN 461 -Morgan Hill
It ——— RSN 737 - Loma Prieta

2 it
M| ~— RSN 1042 - Northridge-01
0 | —— RSN 1118 -Kobe_ Japan
= 1.5 ~ RSN 3270 - Chi-Chi_ Taiwan-06
v ——— RSN 4207 - Niigata_Japan
1 —— RSN 6897 - Darfield_ New Zealand
—— RSN 5872 - Iwate_Japan
e Average
0.5 @==Target Spectrum
0
0 2 4 6 8 10 12
T (Sec)

Vancouver, In-Slab Source, Scaled with a Single Factor:

RSN 6 -Imperial Valley-02

4.5 .
4 | Scale Factor: 2.01 - izz ;26_ N\(;,rther,n Cahf_,%
‘ - Victoria_ Mexico
3.5 \‘ ——— RSN 461 -Morgan Hill
3 "“ — RSN 737 - Loma Prieta
il ~— RSN 1042 - Northridge-01
% 2.5 \M”‘u‘ ———RSN 1118 -Kobe_Japan
= “ I ~—— RSN 3270 - Chi-Chi_ Taiwan-06
w 2z \.J \‘ RSN 4207 - Niigata_Japan
1.5 @& ~ RSN 6897 - Darfield_ New Zealand
1 ‘ RSN 5872 - Iwate_Japan
e Ayerage
0.5 e Target Spectrum
0
0 2 4 6 8 10 12
T (Sec)

Vancouver, Interface Source, 15-story Building:
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3 RSN 571 - Taiwan SMART1(45)
Scale Factors: 2.086-5.778 RSN 862 - Indio - Coachella Canal
2.5 RSN 1155 - Kocaeli_ Turkey
I —— RSN 1317 - Chi-Chi_ Taiwan
i — RSN 1634 - Manjil_ Iran

2 \H - RSN 1810 - Hector Mine
—_ “ | \‘ RSN 3672 - Taiwan SMART1(45)
S5 s ﬁ ~ RSN 6243 - Tottori_Japan
= | | \ —— RSN 1092 - Northridge-01
—— RSN 1629 - St Elias_ Alaska

1 — RSN 756 - Loma Prieta
e Average
0.5 @ Target Spectrum
0
0 2 4 6 8 10 12
T (Sec)

Vancouver, Interface Source, 30-story Building:

2 RSN 571- Taiwan SMART1(45)
1.8 Scale Factors: 1.565-5.281 RSN 862-Landers
A —— RSN 1317-Chi-Chi_ Taiwan
1.6 | nw — RSN 1155-Kocaeli_ Turkey
LA | — -Manjil_Iran
1.4 RSN 1634-Manjil_I
A —— RSN 1810-Hector Mine
~ ——— RSN 3672-Taiwan SMART1(4
) 1.2 SN 3672 SMA 5
‘;‘ 1 —— RSN 5793-Iwate_ Japan
v 0.8 —— RSN 1092-Northridge-01
’ ——— RSN 1629-St Elias_ Alaska
0.6 ~——— RSN 744-Loma Prieta
0.4 e Average
e Target Spectrum
0.2
0
0 2 4 6 8 10 12
T (Sec)

Vancouver, Interface Source, 50-story Building:
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RSN 571-Taiwan SMART1(45)
Scale Factors: 1.587-5.637 RSN 888-Landers

2 | —— RSN 1155-Kocaeli_ Turkey
N ~— RSN 1317-Chi-Chi_ Taiwan
15 ik RSN 1634-Manjil_Iran
= | —— RSN 1810-Hector Mine
‘; —— RSN 3672-Taiwan SMART1(45)
wn —— RSN 5793-Iwate_Japan
1 —— RSN 1092-Northridge-01
—— RSN 1629-St Elias_ Alaska
~—— RSN 744-Loma Prieta
0.5 ) e Average
N —_ e Target Spectrum
0
0 2 4 6 8 10 12
T (Sec)

Vancouver, Interface Source, 70-story Building:

2.5
RSN 571-Taiwan SMART1(45)
Scale Factors: 1.664-5.887 RSN 888-Landers
2 ‘ RSN 1317-Chi-Chi_ Taiwan
I —— RSN 1155-Kocaeli_ Turkey
In RSN 1634-Manjil_Iran
—— RSN 1810-Hector Mine
1.5 ~— RSN 3672-Taiwan SMART1(45)
@ ——— RSN5793-Iwate_Japan
y] —— RSN 1092-Northridge-01
“ 3 RSN 1629-St Elias_ Alaska
~— RSN 744-Loma Prieta
e Average
e Target Spectrum
0.5 i
0
0 2 4 6 8 10 12
T (Sec)

Vancouver, Interface Source, 100-story Building:
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2.5
RSN 571-Taiwan SMART1(45)
Scale Factors: 1.725-6.091 RSN 888-Landers
2 . RSN 1317-Chi-Chi_ Taiwan
\ —— RSN 1155-Kocaeli_ Turkey
—— RSN 1634-Manjil_Iran
—— RSN 1810-Hector Mine

) 1.5 —— RSN 3672-Taiwan SMART1(45)
;" —— RSN 5793-Iwate_Japan
w ——— RSN 1092-Northridge-01

1 —— RSN 1629-St Elias_ Alaska

ﬂ\ ~ RSN 744-Loma Prieta
@ \verage
0.5 e Target Spectrum
0
0 2 4 6 8 10 12
T (Sec)

Vancouver, Interface Source, 120-story Building:

2.5 RSN 571-Taiwan SMART1(45)
Scale Factors: 1.783-6.329 RSN 888-Landers
- ~— RSN 1317-Chi-Chi_ Taiwan
2 I RSN 1155-Kocaeli_ Turkey

— RSN 1634-Manjil_Iran
——— RSN 1810-Hector Mine

— 1.5 —— RSN 3672-Taiwan SMART1(45)
3 ——— RSN 5793-Iwate_ Japan
ccnu — RSN 1092-Northridge-01
1 /\\ ~— RSN 1629-St Elias_Alaska
— RSN 744-Loma Prieta
e \verage
0.5 e Target Spectrum
0
0 2 4 6 8 10 12
T (Sec)
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