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ABSTRACT

ABSTRACT

Over the past decades, the number of applications of earthquake-resistant devices, such
as passive control systems, has steadily increased in civil engineering due to their
ability to provide higher levels of safety to the structure. As an example, Shear Link
Bozzo (SLB) devices, metallic dampers belonging to the family of passive energy
dissipation systems, are widely used. These devices are used for new and retrofitted
reinforced concrete and steel buildings, especially in America (e.g., Mexico, Perq,
Ecuador). This thesis, developed during the Erasmus Traineeship at the engineering
company “Luis Bozzo Estructuras y Proyectos S.L.” in Barcelona, Spain, deals with
the optimization of the structural design of reinforced concrete buildings equipped
with Shear Link Bozzo (SLB) devices. The use of SLB devices increases the stiffness
of the structure, reducing the interstory drift during an earthquake and providing an
additional source of energy dissipation, reducing the structural damage in both
structural elements (e.g., beams and columns) and non-structural components. The aim
of the study is to highlight the benefits associated with the application of the SLB
devices to the seismic structural behavior and, furthermore, to evaluate the advantages
of the Performance Based Seismic Design Approach (PBSD) over prescriptive
building codes. For this purpose, the design of the entire structure is carried out
considering the addition of SLB devices. Alternately, a simulated design of the bare
frame structure, without seismic protection devices, is carried out with the aim of

comparing the pros and cons of the two proposed solutions.

Chapter 1 introduces the topic of seismic protection of buildings through the use of
various types of dissipation devices (passive energy dissipation systems, semi-active
and active systems).

Chapter 2 deals with passive energy dissipation systems. The basic principles of these
devices and their classification are introduced, with a more detailed focus on metallic
dampers such as the Shear Link Bozzo devices.

Chapter 3 describes the main features of the SLB devices. The main results of the
experimental campaigns of the four SLB generations are presented, which have led to

the definition of a design table containing the mechanical properties of the proposed
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devices. In particular, tests concerning the last generation devices, where the ultimate
displacement is approximately 60 mm, show a much higher deformation capacity, thus
energy dissipation, compared to previous generations.

Chapter 4 is dedicated to the modelling and design methods of SLB. First, the physical
and mathematical modelling of the SLB device and the support, generally consisting
of decoupled reinforced concrete walls or steel braces, is presented and then the
corresponding finite element modelling is described. The design of the dissipator is
generally conducted by means of linear response spectrum analyses (RSA) with two
different methods: the direct iteration method and the inverse interaction method. The
design of SLB involve iterative procedures. Changing the devices properties alter the
stiffness of the structure and require recalculating the seismic forces on the structure
accordingly to a RSA. For this reason, nonlinear time history analyses are highly
recommended to verify the structural behavior of the building equipped with SLB.
Chapter 5 presents the main aspects of PBSD. This approach allows to make
exceptions to specific prescriptive code-based approaches, so the focus of the
structural design changes from a prescriptive “check list” of code provisions to a
verification of building performance required at multiple seismic hazard levels using
linear and advanced nonlinear analyses. Therefore, PBSD stands in contrast to
common analysis and designh methodologies such as Equivalent Lateral Force (ELF)
analysis and Response Spectrum analysis (RSA) and results very useful especially for
high-rise buildings.

Chapter 6 is dedicated to the geometric and mechanical nonlinear modelling of
reinforced concrete structures. The various types of models for plastic hinges are
introduced, focusing mainly on distributed and concentrated plasticity models, the
most frequently used for nonlinear analyses. The importance of P-A effects and their
influence in the analysis of structures is illustrated, taking as example a simple one-
degree-of-freedom structure. Finally, the main theoretical aspects of linear and
nonlinear dynamic analyses are introduced, including numerical integration methods
and the damping modelling by means of the Rayleigh damping method.

Chapter 7 describes the case study of the thesis: a new high-rise reinforced concrete
building located in Acapulco, Mexico. Firstly, the design of the SLB devices is carried

out using the direct and inverse iteration methods in order to define the optimal
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dimensions of the dissipators. Then, the design of the steel reinforcement and the
verification of the structure is carried out using the performance PBSD by ensuring
that the global and local acceptance criteria of the building codes are met. Finally, a
comparison between the bare frame structure and the structure equipped with SLB is
made, highlighting the pros and cons of the two proposed solutions.

Chapter 8 is dedicated to the conclusions of the thesis.
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CHAPTER 1 - INTRODUCTION

1 INTRODUCTION

Historically, the aseismic design of structures has been based upon a combination of
strength and ductility. For small and frequent seismic disturbances, the structure is
expected to remain in the elastic range, with all stresses well below yield levels.
However, it is not reasonable to expect that a traditional structure will respond
elastically when subjected to a major earthquake. Instead, the design engineer relies
upon the inherent ductility of buildings to prevent catastrophic failure, while accepting
a certain level of structural and non-structural damage. This philosophy has led to the
development of aseismic design codes featuring lateral force methods and inelastic
design response spectra. With this approach the structure is designed to resist to an
equivalent static load.
However, in recent years new and innovative concepts of structural protection have
been advanced and are at various stages of development. Modern structural protective
systems can be divided into three major groups (Constantinou et al., 1998):
- Seismic isolation systems
A seismic isolation system is typically placed at the foundation of the structure,
and, thanks to its flexibility and energy absorption capability, it partially
reflects and partially absorbs a part of the earthquake input energy before this
one can be transmitted to the structure. The net effect is a reduction of energy
dissipation demand on the structural system.
- Passive energy dissipation systems
Research and development of passive energy dissipation devices for structural
applications have nearly 50 years history. The basic function of these devices,
when incorporated into the superstructure of a building, is to absorb a portion
of the seismic input energy thus reducing energy dissipation demand on
primary structural members and minimizing possible structural damage.
Unlike seismic isolation, these devices can also be effective against wind
induced motions as well as those due to earthquakes.
- Semi-active and Active systems
Semi-active and active structural control is an area of structural protection in

which the motion of a structure is controlled or modified by means of the action
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of a control system through some external energy supply. The difference
between semi-active and fully active systems is that the first type of devices
cannot add energy to the structure.
This thesis work focuses mainly on passive energy dissipation systems with particular
attention on metallic hysteretic devices, to which Shear Link Bozzo device belongs.
For this reason, chapter 2 deals only with this type of devices where their basic
principles and classification are introduced, with a more detailed focus on the Shear
Link Bozzo device in chapters 3 and 4.
Chapter 5 presents the main aspects of Performance Based Seismic Design (PBSD)
approach and its advantages if compared to the traditional prescriptive code-based
approaches.
Chapter 6 is dedicated to the geometric and mechanical nonlinear modelling of
reinforced concrete structures. In this chapter, the various types of models for plastic
hinges are introduced, focusing mainly on distributed and concentrated plasticity
models, the most frequently models for nonlinear analyses.
Chapter 7 describes the case study of the thesis: a new high-rise reinforced concrete
building located in Acapulco, Mexico. The aim of the study is twofold: firstly, it is
intended to highlight the benefits associated with the application of the Shear Link
Bozzo devices to the structure and the advantages of using the Performance Based
Seismic Design Approach instead prescriptive building codes. In addition, a
comparison with the bare frame structure designed according to a traditional seismic
approach is proposed.
Chapter 8 lists the conclusions of the thesis, highlighting the benefits in the
employment of SLB device.
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2 PASSIVE ENERGY DISSIPATION SYSTEMS

2.1 Introduction

This chapter presents the principles of operation of passive energy dissipation systems
(Constantinou et al., 1998, Alehashem et al., 2008, Soong T.T. et al., 2002). Passive
energy dissipation systems for seismic applications

have been under development for several years with a rapid increase in
implementations starting in the mid of 1990s. The principal function of a passive
energy dissipation system is to reduce the inelastic energy dissipation demand on the
framing system of a structure. The result is reduced damage to the framing system.
The most common devices used for seismic protection of structures include viscous
fluid dampers, viscoelastic solid dampers, friction dampers and metallic dampers. The
growth in application and development of passive energy dissipation devices has led
to a number of publications that present detailed discussions on the principles of
operation and mathematical modelling of such devices, analysis of structures
incorporating such devices and their applications to various structural systems (e.g.,
Constantinou et al. 1998, Soong and Dargush 1997, Hanson and Soong 2001). In
addition, a state of the art and state of the practice paper was published on the general
topic of supplemental energy dissipation where passive and active structural systems

were considered (Soon and Spencer 2002).
2.2 Basic principles

In conventional seismic design, acceptable performance of a structure during
earthquake shaking is based on the lateral force resisting system being able to absorb
and dissipate energy in a stable manner for a large number of cycles. Energy
dissipation occurs in specially detailed ductile plastic hinge regions of beams and
columns at the base of the structure, which also constitute part of the gravity load
carrying system. Plastic hinges are regions of concentrated damage to the gravity
frame, which often is irreparable. This conventional design approach is based on the
prevention of the structural collapse of the building and loss of human lives in case of

strong earthquakes. There are situations in which the conventional design approach is
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not applicable, for example when a structure must remain functional after an
earthquake as in the case of important and strategic buildings (e.g., hospitals), In these
cases, the structure may be designed with sufficient strength so that inelastic action is
prevented or at least minimal, but this would be a very expensive approach. For this
reason, alternative design procedures have been developed which incorporate
earthquake protection systems, such as seismic isolation systems or additional energy
dissipation devices, into the structure. The behavior and effects of these systems may
be studied with the consideration of the distribution of energy within the structure.
During a seismic event, a finite quantity of energy is input into a structure (Soong and
Dargush, 1997). This input energy is converted into both kinetic and potential (strain)
energy which must be either absorbed or dissipated through heat. Without damping
vibrations would exist for all the time. In any case, in the structures there is always
some level of intrinsic damping which withdraws energy from the system and
therefore reduces the amplitude of vibration. To improve the structural performance is
possible to insert some supplemental device into the structure that can absorb a portion
of the input energy. This is made clear by considering the conservation of energy
relationship (Uang and Bertero, 1988):

E=Es+Ex +Ey,+Ey (2.1)
where, at a given instant in time t, E is the absolute input energy from the earthquake
motion, Ey is the absolute kinetic energy, Es is the recoverable elastic strain energy
stored by the structure, Ey is the irrecoverable energy dissipated by the structural
system through its inelastic behaviour and Ej, is the energy dissipated by supplemental
damping devices. The absolute energy input E represents the work done by the total
base shear force at the foundation of the structure. It, thus, contains the effect of the
inertia forces of the structure.

In the conventional design approach, acceptable structural performance is
accomplished by the occurrence of inelastic deformations. This assumption has two
different effects, one direct and one indirect. The direct effect consists in an increase
of energy E,, meanwhile the indirect effect is that the occurrence of inelastic
deformations results in softening of the structural system which itself modifies the
absolute input energy from the earthquake. The increased flexibility of the structures

acts as a filter which reflects a portion of the earthquake energy.
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Another approach to improving earthquake response performance and damage control
is that of supplemental energy dissipation systems. In these cases, mechanical devices
are incorporated into the frame of the structure and dissipate energy throughout the
height of the structure. In addition to increasing the energy dissipation capacity of the
structure, some energy dissipation systems also increase the strength and the stiffness.
These systems include the following types of energy dissipation devices: metallic-
yielding, friction and viscoelastic. Viscous fluid dampers devices will not generally
increase the strength or stiffness of the structure, unless the excitation frequency is
high. In general, all these systems provide a reduction in drift and, therefore, reduction
of structural damage, thanks to energy dissipation, and an increase in the total lateral
forces, thanks to increased strength and/or stiffness).

Figure 2.1 shows force-deformation curves of a simple one-story structure with and

without energy dissipation systems (EDS).
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Figure 2.1 Effect of Energy Dissipation Systems on Force-Deformation curves of a structure

Energy dissipation systems are classified as earthquake protection systems since their
function is to mitigate earthquake hazard; in any case, these devices are also useful in

reducing dynamic response under wind horizontal loads.
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Figure 2.2 depicts the elements of a passive control system. It is important to
understand that its operation is activated by motion of the structure during dynamic
excitation and does not require an external source of energy, while active or semi-

active system does.

Passive Control
gt
System
Excitation |— Structure - Response

Figure 2.2 Scheme of a Passive Control System
2.2.1 Energy balance equation

In this paragraph, basic principles of passive energy dissipation are explained using
the simple single degree of freedom (SDOF) structural system displayed in Figure 2.3.
The structure consists in a simple frame of mass m subjected to an earthquake load at
its base represented by a given ground acceleration %,(t), (Serino and Occhiuzzi,
1994, Losanno, 2015). The frame is provided with a linear viscous damper, thus the
viscous damping force — velocity relationship is linear and proportional to the damping

coefficient C;.
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Figure 2.3 Structural scheme for energy balance equation
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Indicating with x(t) the displacement of the mass relative to the base and with
fr(x, %, t,...) the total restoring force acting in the columns, not necessarily elastic or

linear, the equation of motion that describes the problem is:
mi(t) + Cqx(t) + fr(x, %, t,...) = —mXy(t) (2.2)

The viscous damping force C,x(t) takes into account all the inherent damping
dissipating mechanisms. It is important to note that generally these dissipating
mechanisms are not really viscous and velocity dependent, but this modelling is
accepted in structural engineering for mathematical convenience. The viscous
damping force is, thus, defined as equivalent.

Considering the absolute displacement, evaluated with respect to a fixed reference
system, of the mass x,(t) = x(t) + x,4(t) and multiplying both sides of eq. (2.2) by
dx = x(t)dt and integrating between the initial condition t = 0, for which the

structure is supposed to be at rest, so x(0) = 0 and x(0) = 0, and a generic time t:
£ £ £
f mi, (t)dx + f Cyx(t)dx + f fr(x,x,t,..)dx =0 (2.3)
0 0 0
The first term on the left side of the eq. (2.3) can be written as follows:
£ 3 £
f mix,(t)dx = f mix,(t)dx, — f mi,(t)dx, (2.4)
0 0 0
where:
£ £ 1 £
j;) mix,(t)dx; — j; mi,(t)dx, = metz(ﬂ — L mi.(t)dx, (2.5)

Therefore, as displayed in (2.5), the first term on the left side of the eq. (2.3) can be
written as the sum of the absolute kinetic energy of the mass and the work done by the

total input force acting at the base of the structure, that in other terms is the seismic
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input energy. In conclusion, the integral form of the energy balance equation at time ¢t

can be written as:
E,(t) + Ep(t) + Ex(t) = Ef(t) (2.6)

where:
o E (t)= %m:’c? (t), is the absolute Kkinetic energy;
o E (t)= fot C,x(t)dx, is the equivalent viscous damping dissipated energy;
o Ep(t) =Ey(t) +Es(t) = fot fr(x, %, t,...)dx, is the restoring force adsorbed
energy;

o Ef(t)= fot mi.(t)dxg, is the seismic input energy.

The seismic input energy has a true physical meaning, since it represents the work
done by the total base shear. It is important to highlight the difference between
dissipated energy and adsorbed energy: the first one is an irrecoverable amount of
energy (e.g., converted in in material plastic deformation), while the second one can
be partially or totally recovered. The restoring force adsorbed energy can be split into
two quantities: the irrecoverable hysteretic energy E, (t) and the recoverable elastic

strain energy Es(t).
E(©) + Ep(t) + Ey () + Es(t) = Ef (8) (2.7)

In conclusion, the eq. (2.7) gives an important indication about the possible seismic
design strategies, that can be summarized as follows:

e reduce the seismic input energy EFf;

e increase the equivalent viscous damping dissipated energy Ep;

e increase the irrecoverable hysteretic energy Ej.
For example, the seismic input energy can be reduced adopting the base isolation
solution. Actually, in that way the input energy that reaches the superstructure is

significantly reduced because the dissipation is mainly concentrated in the isolators.
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The dissipated energy can be increased adding supplemental damping systems, that

led to an increase of the quantities £, and (or) Ey.
2.3 Classification of PED systems

According to the American FEMA 273 (Federal Emergency Management Agency)
"NEHRP Guidelines for the seismic rehabilitation of buildings”, energy dissipation
devices are classified as either displacement-dependent, velocity-dependent, or others.
Displacement-dependent devices may exhibit either rigid-plastic (friction devices),
bilinear (metallic yielding devices) or trilinear hysteresis. The response of
displacement-dependent devices is independent of velocity and/or frequency of
excitation. The simplest model of hysteretic behavior involves algebraic relations
between force and displacement. Figure 2.4 shows typical force-displacement loops of

hysteretic energy dissipation systems.
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Figure 2.4 Idealized force-displacement loops of hysteretic energy dissipation devices

Velocity-dependent devices include solid and fluid viscoelastic devices, and fluid
viscous devices. Figure 2.5 shows force-displacement loops of these devices.
Typically, these devices exhibit stiffness and damping coefficients which are
frequency dependent; the damping force in them is proportional to velocity due to their
viscous behavior. These devices are classified as viscoelastic devices; a purely viscous
device is a special case of viscoelastic device with zero stiffness and frequency

independent properties.
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Figure 2.5 Idealized force-displacement loops of viscoelastic energy dissipation devices

Energy dissipation devices which cannot be classified as either displacement or
velocity dependent are classified as other systems. Example of other devices include
frictional-spring device with recentering capability, fluid restoring force-damping

devices. Figure 2.6 depicts the behavior of these devices.

Dynamic A

Displacemgnt Q Displaceme’nt

Fluid Restoring Frictional-Spring Device
Force/Damping Device with Recentering Capability

Force
Force

Figure 2.6 Idealized force-displacement loops of other energy dissipating devices

The following Table 2.1 summarizes the main aspects of most common energy

dissipation devices used in North America.
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Table 2.1 Summary of the main aspects of Passive Energy Dissipation systems
(Constantinou et al., 2008)

Viscous Fluid Damper | Viscoelastic Solid Metallic Damper Friction Damper
Damper
[ 3
e | =
Construction ﬁ :
Idealized
Hysteretic - ° K } / °
Behavior g C) 5 7 7 5 L_‘ / 5
Displacement Displacement Displacement Displacement
Idealized Force Force Idealized Model Force
Physical E—E—o —_— L_: Not Available E_n—o —_—
Model (- Displ. L,
Displ. Displ.
Advantages - Activated at low - Activated at low - Stable hysteretic - Large energy
displacements displacements behavior dissipation per cycle
- Minimal restoring - Provides restoring - Long-term reliability | - Insensitivity to
force force - Insensitivity to ambient temperature
- For linear damper, - Linear behavior, ambient temperature
modeling of damper is | therefore simplified - Materials and
simplified. modeling of damper behavior familiar to
- Properties largely practicing engineers
frequency and
temperature-
independent
- Proven record of
performance in military
applications
Disadvantages | - Possible fluid seal - Limited deformation | - Device damaged - Sliding interface
leakage (reliability capacity after earthquake; may | conditions may
concern) - Properties are require replacement change with time
frequency and - Nonlinear behavior; | (reliability concern)

temperature-
dependent

- Possible debonding
and tearing of VE
material (reliability
concern)

may require nonlinear
analysis

- Strongly nonlinear
behavior; may excite
higher modes and
require nonlinear
analysis

- Permanent
displacements if no
restoring force
mechanism provided

A large number of passive control systems or PED devices have been developed and

installed in structures for improve the structural performance under earthquake loads.

Figure 2.7 depicts the number of buildings within devices have been implemented

during the years in North America.

11
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Figure 2.7 Implementation of PED in North America for seismic applications (Soong and
Spencer, 2002)

The following paragraphs describe some of the most common types of metallic

dampers used in structural engineering.
2.4 Metallic dampers

Many different steel dampers have been proposed and investigated in literature,
exploring different materials, geometric shapes, manufacturing process and
connection configurations to the structure. These devices dissipate the seismic input
energy through inelastic deformation of metal. They are usually made by mild steel
plates with triangular or X shapes so that yielding is spread almost uniformly
throughout the material. Generally, the metallic devices display a stable hysteretic
behavior, low-cycle fatigue property, long term reliability and relative insensivity to

environmental temperature.
2.4.1 Adas damper

The Adding Damping and Stiffness (ADAS) is a known yielding steel damper that
consists of a series of steel plates wherein the bottom of the plates is attached to the
top of a chevron bracing arrangement and the top of the plates are attached to the

beams above the bracing, as shown in Figure 2.9. To ensure the correct behavior of

12
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the device, the chevron bracing needs to be very stiff; in addition, the dampers should
be designed so that at their yielding, axial loads in the bracing systems are lower than

their capacity calculated accordingly to both plasticity and buckling theories.

[ All dimensions in H=FHHH R I I :
: inches I ’
11

Figure 2.8 Geometry of the device

Figure 2.9 Conventional localization of the connection in a frame

ADAS dampers are activated by interstory drifts and, as the level above the device
deforms laterally, the device is subjected to a shear force that induces bending
moments over the height of the plates. Due to the geometrical configuration of the
plates, the bending moments produce a uniform flexural stress distribution inside the
device. For this reason, also the inelastic action occurs uniformly inside the damper.
Generally, the plates can be fixed-pinned, so the geometry is triangular (Figure 2.10,
left) or the plates can be fixed-fixed and in that case the geometry is an hourglass shape
(Figure 2.10, right). In practical applications, it is difficult to separate the effects of

added stiffness and added damping on the structural response, but in general both tend

13
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to reduce the displacements of the structure. The consequence is that metallic
hysteretic dampers, in addition to increasing the damping, modify in a significant way
the dynamic characteristics of the structure. In most of cases, the introduction of the
devices led to a stiffer structure, because they reduce the fundamental period, and this

results in an increase of the base shear.

Figure 2.10 ADAS (left) and TADAS (right) device
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Figure 2.11 ADAS and TADAS force-displacement relationship, 1% vs 100" cyclic load

2.4.2 Buckling Restrained Brace (BRB) device

Another device belonging to the metallic dampers is the tension/compression yielding
brace, also known as unbonded brace (Ozcelik et al., 2017). An unbonded brace is a
bracing member consisting of a core steel plate encased in a concrete-filled steel tube.
In order to reduce friction, a special coating is provided between the core plate and

concrete.

14
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Figure 2.12 BRB device

The core steel plate provides stable energy dissipation through the yielding under the
axial loading, both in tension and compression, due to the surrounding concrete-filled
steel tube that avoids the compression buckling phenomenon of the device. For this
reason, the tension and compression hysteretic cycles of the damper are essentially the

same, as depicted in Figure 2.13.
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Figure 2.13 Force-displacement relationship of the BRB device
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During the initial elastic response of the BRB damper, the device provides only
stiffness to the structure. As the BRB starts to yield, the stiffness reduces and energy
dissipation occurs due to inelastic hysteretic response.

BRB device can be generally divided into three different parts: an unrestrained elastic
zone, a restrained elastic one and a restrained plastic one. The unrestrained elastic zone
is designed to provide a connection between the BRB and the gusset plate and is also
capable of resisting axial demands without buckling when the restrained plastic zone
yields in tension and compression. The restrained elastic zone is a transition part of the
core plate between elastic and plastic behavior. Although this zone is characterized by
an elastic behavior under tension and compression, the casing member prevents it from
buckling. The restrained plastic zone carries the tension and compression forces

elastically and plastically.

Unrestrained Elastic Zone Restrained Plastic Zone

E > A BB pC

O ¢

Core Plate (CP)

L, ) > A 5B bc
Casing Member ;

Reslraineﬂ Elastic Zone
- 1=Steel Hollow
7 Section, 2=Concrete

(1 and 2 are casing

LS ‘ member), 3= Core
4 |7‘7 Plate  (plastic), 4=
isolation material, 5=

5 connection plate, 6
L and 7= cruciform steel
Section A-A Section B-B Section C-C  section of BRB

W

Figure 2.14 Details of BRB (Ozcelik et al., 2017)

2.4.3 Shear Link device

The shear link device represents a more recent application in the field of metallic
dampers. The classical application of the shear link device consists in a device attached
to diagonal or chevron braces, such as for ADAS and TADAS devices. More recently,
an alternative application, that consists in one or more devices attached to a decoupled
concrete wall, had been developed. A particular shear link device is the SLB (Shear

Link Bozzo), that is a low-cost metallic hysteretic device obtained from a hot
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laminated steel plate, which is made thinner by a milling process. This process results
in thinner windows that yields under shear stress in a stable way, due to the transverse

and longitudinal stiffeners.

Figure 2.15 Shear link device (left) and force-displacement relationship (right)

The Shear Link Bozzo device is described in more details in the next dedicated

chapters 3 and 4, since its study represents one of the fundamental topics of this thesis.
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3 SHEAR LINK BOzz0 DEVICE

This chapter describes the main aspects of the Shear Link Bozzo device, that is an
energy dissipation device suitable for seismic protection. It consists of a metallic
yielding device first developed at the University of Girona, Spain, in 1997. This device
is particularly advantageous due to its flexibility in covering a wide range of force
capacities, that makes it adaptable to different levels of demand. The basic idea behind
the SLB device is providing local ductility, while avoiding local buckling in a simple,
manufactured controlled and cheap way. The simplicity of SLB devices geometry
makes them particularly suitable to be adapted within the structure. Figure 3.1 shows
the classic application with steel braces, that limit the force transferred to the diagonal
and dissipators. Figure 3.2 shows an alternative application through decoupled
concrete walls characterized by a thickness of 15-30 cm and with SLB connections. It
is important to highlight another peculiarity of SLB device, which consists in the fact
that these devices do not need to be aligned vertically since the current connection

does not transfer axial load.
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Figure 3.1 Traditional application with Figure 3.2 SLB application with

steel braces decoupled reinforced concrete walls
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3.1 Description of the Shear Link Bozzo (SLB) device

The Shear Link Bozzo (SLB) device belongs to the family of hysteretic passive control
devices. The SLB system consists of a metallic hysteretic damper obtained from a hot
laminated steel plate which is generally modelled to realize an I-shape. Figure 3.3
shows the current general geometry of SLB energy dissipator and its particular
connection system, generally defined as battlement (or “toothed”) connection, which
does not transmit axial load.

TOOTHED PLATE
—\4 CONNECTOR (TPC)

Figure 3.3 Geometry of Shear Link Bozzo device

The main shape is obtained from a rectangular hot laminated element in structural
steel, which is reduced, in some part of it, by a milling machine. In this way, without
any welded part, it is possible to obtain some “windows” of thinner thickness along
the web of device. The flanges of the device represent the stiffer parts and are

employed to realize the connection to structural elements.

Figure 3.4 Installation of 4" gen. SLB device in decoupled walls (left) and in chevron braces (right)
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The dissipation capacity of the SLB device it depends from the height, width and
thickness of the dissipative windows and web stiffeners. A proper design of the SLB
guarantees two working stages for the device: before milled areas yielding, it works
according to a “shear mode”, so it is characterized by an approximative linear
element’s deformation, uniform shear distribution and uniform “windows”

plasticization (Figure 3.5a).

Figure 3.5 Working modes of SLB device: (a) shear and (b) bending, (Nuzzo et al., 2015)

After yielding and web buckling, the thinner parts of the device are subjected to
degradation, however the device continues to dissipate energy through a “bending
mode” (Figure 3.5b) with a reduced stiffness, if compared to the “shear mode”

stiffness, as shown in Figure 3.6.
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Figure 3.6 Shear Link Bozzo typical hysteretic curves, (Nuzzo et al., 2015)
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Stable hysteretic curves imply that the SLB energy dissipation device must be
designed so that yielding is reached before the buckling of the thinner “windows”,
since buckling causes a significant reduction of the dissipative capacity. For this
reason, these devices are characterized by horizontal and vertical stiffeners between
milled areas.

Designing a shear link energy dissipation device means to define several parameters,
the most important are steel grade of the material, total height, dissipative height,
width, thicknesses, position and dimension of stiffeners.

For this reason, different generations of SLB, described in the following paragraphs,
have been proposed and investigated both numerically and experimentally during last

20 years (Figure 3.7) with the aim to optimize their mechanical behavior.

3" generation 4" generation

Figure 3.7 Fourth generations of SLB device

The first generation is characterized by four dissipative windows in the web, divided
in two columns, and a bolted connection. The second generation, as the previous one,
is characterized by the same height and thickness of the stiffeners and a bolted

connection as well. The bolted connection prevents the device from being welded, also
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allows an easier installation and replacement of the SLB during the lifetime of the
building. The mainly difference of the second generation is the number of dissipative
windows, always distributed in two columns, that is increased from a total of four to
eight, reducing their height but significantly increasing their width in order to enhance
ductility as well as to improve we buckling resistance. A further innovation is the
adoption of slotted holes for connection on one side, with the aim to avoid axial load
transferred from the upper beam to the device and vice versa. The third generation
introduces a very important innovation, compared to previous generations, that is the
battlement connection. This connection avoids transferring axial force to the device
allowing an important architectural advantage, because the dissipator can be freely
placed into the structure in height and plan. The fourth generation presents the same
battlement connection of the 3™ one, but an increased deformation capacity of the
device due to an increase of the height of the device, from the 155 mm of the 3™
generation to the 270 mm of the 4" one, and an increase of the width of the dissipative

windows, in order to avoid buckling phenomena, from 25 mm to 50 mm.
3.2 Experimental campaign of SLB Device

A large experimental campaign has been carried out over the past 20 years in order to
investigate and improve the behavior of SLB device. Each generation has been tested
leading to the calibration of the analytical and numerical models based on the results

obtained from the tests.
3.2.1 First generation

The first experimental studies were performed at ISMES S.p.A., in Bergamo (Italy) in
1997, where the prototype (Figure 3.8) of the first generation of SLB devices was
tested (Nuzzo et al., 2018).
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Figure 3.8 Prototype of the SLB 1% generation

The flanges of the devices were welded to horizontal thick plates, constituting
elements of connection to the machine, through high strength bolts. In the web, there
was a unique column of dissipative windows with thicknesses between 1.5 and 2.0
mm, while flanges and other stiffeners were 15 mm thick. Four devices with different
types of transition zone between the web and stiffeners were cyclically tested, all
performing stable hysteretic behavior with significant strain hardening. It is important
to note that after severe damage of the dissipative windows, the SLB devices continued
to exhibit a stable behavior even with lower hysteretic curves corresponding to a

flexural dissipative behavior as shown in Figure 3.9.

Figure 3.9 Experimental force-displacement hysteretic curve (ISMES, 1997)
A further device belonging to the first SL generation (see Figure 3.10 and Figure 3.11

has been tested again at ISMES S.p.A. in 2001 with the aim to generalize its
mechanical properties for many different yielding force levels.
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Figure 3.10 Dimensions of the SLB device  Figure 3.11 SL tested at ISMES, Italy (2001)

To define the optimum shape and characteristics of the dissipator, four basic devices
have been compared. All of them are characterized by two columns of dissipative
windows in the web; all the devices have in common two vertical stiffeners (20 mm
width) at both lateral ends, the width is 300 mm, the web thickness is 2 mm and the
initial plate thickness is 20 mm. The connection to the equipment is just bolted and the
role of the tolerance between holes and bolts has been analyzed through a parametric
analysis. In the case of tolerances of 2 or 4 mm, tests were not concluded successfully
because the slippage was too high. Otherwise, specimens with 1 mm of hole tolerance
showed stable hysteretic curves with strain hardening, performing shear and flexural
mode behaviors, similarly to what shown in Figure 3.9. Anyway, even in this case
significant slippage was registered, observing collapse in correspondence of the
vertical bolted connection. In this case the plastic nonlinear analysis has been
performed using the computer program ANSY'S (Bozzo et al., 2008). The model for
all the cases corresponds to the isotropic hardening one giving the complete stress-
strain material relation. Figure 3.12 shows the VVon Mises stresses for a given imposed

relative displacement of 20 mm for two of the four preliminary devices.
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Figure 3.12 Von Mises stresses for the Dissip3SL30_2 and Disip4SL30_2 devices

These stresses are uniformly distributed in all the dissipative windows, indicating a
maximum profit of the material. Besides this indicates that the stiffeners do not affect
significantly the dissipation.

Figure 3.13 shows the force-displacement relationship for the preliminary 200 mm
vertical height proposed devices. In this step, the main objective was to study the
influence of the stiffeners in the yielding strength and post-yielding slope. The increase
in stiffeners involves a small increment in the yielding strength, although the post-
yielding slope is maintained constant in all the cases. Thus, the total dissipated energy
is increased as the number of stiffeners increases, although the milled area is reduced
by them. This result is explained by the stiffness increase. For design purposes,
however, all the devices tested had very similar performances regarding the force-

displacement relationship.

FORCE-DISPLACEMENT RELATION-SHIP
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Figure 3.13 Nonlinear monotonic force-displacement relationship
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The device, indicated as SL30_2, has been compared to the first one tested in 1997
(prototype) and is characterized by two columns of dissipative windows in the web.
The connection to the equipment was just bolted and the role of the tolerance between
holes and bolts has been analyzed through a parametric analysis. In the case of
tolerances of 2 or 4 mm, tests were not concluded successfully because the slippage
was too high. Otherwise, specimens with 1 mm of hole tolerance showed stable
hysteretic curves with strain hardening, performing shear and flexural mode behaviors,
similarly to what shown in Figure 3.9. Anyway, even in this case significant slippage
was registered, observing collapse in correspondence of the vertical bolted connection.
In order to continue the test, the damaged connection was welded to the horizontal
plate, but after a high number of cycles even the weld connection failed. In any case,
slippage was not considered a good response characteristic since, in general, is difficult
to consider its influence. For this reason, the tolerance was reduced as much as possible
to avoid this problem.

In order to develop a design table for SLB devices, a numerical-experimental
calibration test has been performed. Figure 3.14 resumes this calibration
demonstrating that a good correlation can be obtained using a relatively simple
isotropic hardening plasticity model. This aspect represents an advantage of the device
if compared to other ones based on friction or viscous-elastic response that require a

more difficult modelling.
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Figure 3.14 Experimental vs numerical monotonic force-displacement relationship
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Figure 3.15 Hysteretic curve for device with (left) and without (right) slippage of the bolts

A further device belonging to this generation was tested at the laboratory of the
Pontificia Universidad Catolica del Per( in Lima, in 2015. The geometry was similar
to the SL30 2, but smaller, with a total web’s width L of 25 cm, for that reason it is
indicated as SL25 2. A horizontal actuator was used to apply a quasi-static load
history to the device through the interposition of a square hollow element under
controlled displacement. During the test, the specimen suffered an out-of-plane failure

mechanism, that caused a premature interruption of the experiment.
3.2.2 Second generation

The performance of the second SLB generation has been tested at the laboratory of the
University of Naples Federico Il in collaboration with University of Naples
Parthenope, in 2016 (Nuzzo et al., 2018). A total of 10 devices of 5 different
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geometries have been tested, disposing of 2 samples for each typology. Each device is
generally indicated as SL X_Y, where X is the web width in cm and Y is the dissipative
windows thickness in mm. Total height (310 mm), height of the web (110 mm) and
thickness of the plate (19 mm) are the same for all the devices. The thickness of the
dissipative windows is 3 or 5 mm, while the web width is 300, 400 or 500 mm. Seven
devices have been tested with cyclical loads, the remaining three ones have been

subjected to monotonic load.
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Figure 3.16 Geometry of the tested 2" generation SLB device

The connection of the tested devises is made by means of M30 high strength bolts. On
one side, there are circular 30.5 mm holes, while on the other one 30.5 x 38 mm slotted
holes have been realized. Bolts in circular holes have been always fully tightened to
achieve a fixed configuration without slippage. In order to understand the role of the
boundary conditions in the mechanical response of the device, bolts in slotted holes
have been fully tightened in some configurations, indicated a FF (fixed-fixed), and in
other cases they have not been tightened at all, obtained a FNF (fixed-non fixed)
configuration. In particular, the slotted holes had been thought to avoid the axial stress
in the device due to deflection of the beam under gravity loads. In conclusion, due to
free or restrained rotations at slotted holes, the device can be roughly studied as a
cantilever in the FNF configuration and as fixed at both ends in the FF configuration,

as depicted in Figure 3.17
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"FNF" condition _ﬁ (a)
"FF" condition M—E (b)

Figure 3.17 Boundary condition for SLB devices

Figure 3.18 Monotonic test #4 damage scenario: (a) initial condition, (b) yielded phase, (c)

onset of buckling, (d) global buckling
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Figure 3.19 Cyclic test #10 damage scenario: (a) initial condition, (b) yielded phase, (c)

onset of tearing, (d) distribution of tearing

Test results in terms of force-displacements response showed smoother curves for FF
configuration devices, as expected, while the ones in the FNF configuration are more

irregular due to the sliding of bolts within the slotted holes.
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Figure 3.20 Example of cyclic and monotonic F-x curves obtained from tests

Due to different boundary conditions, it can be observed that SL devices in FF
configuration usually provide higher values of initial stiffness and yielding force than
FNF case, although with no significant discrepancy. The same SL device provided

almost the same maximum peak force for both cyclic and monotonic tests. However,
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they occurred for different amount of displacement. Actually, the envelope of the loops
registered for cyclic tests provided higher values of force with respect to the monotonic
test on. the same device. In conclusion, collapse phenomenon in the cyclic tests was
due to tearing in the external stiffeners, while in monotonic tests samples suffered from
web buckling. In terms of tightening configuration for the same device, the main
difference between FF and FNF specimens arises from sliding at connections due to
slotted holes. In addition, due to slippage at connections, non-symmetric hysteretic
loops were obtained, especially under FNF configuration.

Finally, the finite element analysis of the SLB device has been performed using
ABAQUS (Nuzzo et al., 2020) and analyzing both the FF and FNF configurations in
monotonic and cyclic load conditions. For the monotonic analysis, the plastic behavior
is defined through an isotropic hardening model, while for cyclic analysis the plastic
behavior has been characterized through the Chaboche model, also known as
“combined hardening model” implemented in ABAQUS. The assumption of this
model is justified by the experimental hysteretic behavior of the device, that is affected
by both kinematic and isotropic hardening, which are respectively responsible for the
translation and expansion of the yielding surface. An ABAQUS analysis example of
stress distribution at failure for one of the specimens is presented in Figure 3.21. The
results demonstrate that the windows are characterized by a uniform shear stress
distribution, confirming a global energy dissipation mechanism through the windows.
(Z:‘l'((i’)'“.c g}zs';-‘é;(_fmc"on-.l,o>

- Saiers

L +3.50e+02
+3.08¢+02

+1.03e+02
- +5.13e+01
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a) V | b)
Figure 3.21 Stress distribution in FNF configuration: (a) principal maximum normal stress;

(b) shear stress

Figure 3.22 shows the strain distribution at failure. In the FNF configuration (Figure

3.22, left) the maximum strain occurs in the stiffeners, while in the FF configuration
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(Figure 3.22, right) is concentrated in the windows, demonstrating a great consistency
with the experimentally observed failure mechanisms.
E, Max. In-Plane Principal E, Max. Principal

SNEG, (fraction = -1.0) SNEG, (fraction = -1.0)
(Avg: 75%)

a) b)

Figure 3.22 Strain distribution at failure for FNF (left) and FF (right) configuration
3.2.3 Third generation

The third generation of Shear Link Bozzo has been tested at the UNAM laboratory,
Mexico, 2018 (Pantoja et al., 2020). The main objective of the work was to study the
structural behavior of the SLB connections for a cyclic loading test, in order to
compare an experimental and a numerical model of uncoupled reinforced concrete

walls equipped with the SLB devices.
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Figure 3.23 Geometry of the reinforced concrete frame, UNAM laboratory

The main significant feature of this generation of the device is the battlement
connection, that avoids transferring axial force to the dissipator. Since these devices
do not transfer axial load, this solution is called “uncoupled” concrete walls. The
combination of reinforced concrete frames and uncoupled walls with dissipators
increases stiffness and ductility, but most importantly, allows the walls not to be

necessarily aligned in height, resulting in important architectural advantages.
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Figure 3.24 Geometry of 3" generation SLB device

In order to understand the structural behavior of the SLB connections, three 1:1-scale
tests were performed: a bare reinforced concrete frame, a reinforced concrete frame
with 50 kKN SLB devices (Type 1, see Figure 3.25) on uncoupled walls and a reinforced
concrete frame with 100 KN SLB devices (Type 2, Figure 3.26) on the same wall
support system. The test results have been used to validate numerical simulations of
the system through ABAQUS CAE, a Finite Element Analysis (FEM) software.

The SLB connection type 1 has an initial yielding strength of 125 kN, while the type
2 has an initial yielding force of 250 kN. The material of the steel connections is
structural steel ASTM 36, with a nominal strength of 250 MPa.

"COMB"
connection

00000

+ [

Figure 3.25 Dimensions in mm (left) and SLB connection type 1 (right)
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Figure 3.26 Dimensions in mm (left) and SLB connection type 2 (right)

The experimental results of the bare frame exhibit an approximately linear elastic
behavior without significant dissipated energy by concrete frame plasticity, as shown
in Figure 3.27.
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Figure 3.27 Bare concrete frame, hysteresis curve (left) and skeleton curve (right)

Figure 3.28 and Figure 3.29 show hysteresis and skeleton curves for the concrete frame

with SLB connections type 1 (Figure 3.28) and type 2 (Figure 3.29).
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Figure 3.28 Concrete frame with SLB connections type 1, hysteresis curve (left) and

skeleton curve (right)
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Figure 3.29 Concrete frame with SLB connections type 2, hysteresis curve (left) and

skeleton curve (right)

The hysteresis curve shows that structural behavior of concrete frame with SLB
connections type 1 exhibit steady hysteresis loops without loss of strength and stiffness
degradation, while SLB connections type 2 exhibit hysteresis loops without loss of
strength, but with some stiffness degradation.

The finite element analysis software ABAQUS CAE was used to simulate the
experimental results of the tests through modeling, analysis, assembling, and
visualization of structural components considering only the frame without SLB
connections and the frame with SLB connections Type 1, since the one with SLB
connections Type 2 showed an unexpected behavior due to the excessive

displacements of the connecting plates.
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Figure 3.30 Mesh configuration of FE model of the test

Firstly, the bare concrete frame was modelled in order to calibrate the model, and then
the uncoupled frame with SLB connections type 1 was modelled until achieving the

right behavior of the SLB connections.

LOAD (T)

DISPLACEMENT (MM)

MNumerical Modelling

Experimental Test

== Llineal (Experimental Test) e Lineal (Numerical Modelling)

Figure 3.31 Load-displacement relationship of bare concrete frame - Experimental test vs

numerical modelling

Regarding the uncoupled frame with SLB connections type 1, through several
iterations had been possible to obtain a numerical model that displays a similar
behavior to the experimental test. Figure 3.32 shows comparisons between

experimental and numerical hysteresis loops.
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Figure 3.32 Comparison between experimental and numerical hysteresis loop of SLB
connections type 1

Figure 3.33 shows that the stress distribution in the SLB connection type 1 is mainly
distributed in the “windows” which are the thinner sections; however, it is important
to consider that also the upper part of the frames presents high stress levels.
Furthermore, the welding sections are subject to minimum levels of stress. On the other
hand, sections like steel plate and steel teeth (located over the SLB connection) do not

display significant stress distribution.

Y

ODBi 18d.0db  Abaqua/Standard 6.44-1  Sat Aug 11 A

Figure 3.33 Von Mises stresses for the SLB connection type 1
Finally, a model using fixed supports was implemented as shown in Fig. 19 and it
shows that using good connections between the reaction wall and the SLB devices, the
behavior of the SLB connections is improved significantly, reaching values of 140%
of the load capacity of the model using spring supports. For this reason, the connection

stiffness represented a significant parameter for future tests.
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Figure 3.34 Comparison between spring supports and fixed supports in numerical model
3.2.4 Fourth generation

The tests of the 4™ generation of SLB devices were performed at the University of
Cantabria, Spain in November 2020 (Bozzo Guillermo, 2021). The main objective of
the 4" generation was to increase the deformation capacity of the device. For this
reason, the height of the device had been increased from the 155 mm of the previous
generation to the 270 mm and the width of the dissipative windows from 25 mm to 50
mm, in order to avoid buckling problems. The two geometries of the devices proposed

for the tests are shown in Figure 3.35.

Espesor ventana Smm | - [
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Figure 3.35 Geometries of the devices proposed for the tests

The tests configuration of the device consisted in a dissipator connected to a concrete
wall and subjected to cyclic loads applied to the free end of it. The device is welded to
a steel plate anchored to the wall through steel rebars, designed accordingly to the ACI
318-19.
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Figure 3.36 Steel reinforcement details in the concrete wall

A total of four experimental tests had been carried out, involving the two alternatives
of SLB in Figure 3.35. The results obtained had been used for the calibration of the
finite element model defined in Diana FEA software in order to study the behavior of

the devices.
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Figure 3.37 Experimental tests

Although four tests have been carried out, the numerical-experimental correlation had
been obtained using only the results of the second and third test, that were the most
representative of the two proposed geometry alternatives. Figure 3.38 compares the
hysteretic behavior of the specimen with the results of the finite element model
showing a good agreement. In particular, the comparison shows that a simple Von

Mises isotropic hardening model is enough to model the behavior of the device.
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Figure 3.38 Force-displacement relationship for SLB device (Bozzo et al., 2021)

3.3 Design table for Shear Link Bozzo device

The experimental campaign let to the definition of a design table for each generation
of the device. Following Table 3.1 gives the geometric and mechanical properties of
the 4" generation dissipator, where Kz is the initial elastic stiffness, K2 is the post-
elastic stiffness after the yielding, Dy is the yield displacement of the device, Fy us the
corresponding yielding force and Fmax is the maximum force acting in the SLB.
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Table 3.1 Design Table for 4th generation of Shear Link Bozzo devices

Device K K, D, (mm) Fy Finax

(KN/em)  (KN/cm) (KN) (KN)
SLB4 10 5  2026.65  21.62 0.749 151.79  250.00
SLB4 10 6 2163.53 22.90 0.742 160.54 265.78
SLB4 15 5 2472.60 24.85 0.720 177.92 293.72
SLB4 15 6 2761.73 26.96 0.706 195.09 320.62
SLB4 15 7 3021.88 28.76 0.697 210.76 345.09
SLB4 20 6 3361.00 33.09 0.687 230.93 381.61
SLB4 20 7 3700.15 35.28 0.673 248.98 410.70
SLB4 25 6 4260.80 42.53 0.654 278.74 468.96
SLB4 25 7 4767.68 46.51 0.638 304.31 512.31
SLB4 25 8 5238.65 50.43 0.626 327.73 552.76
SLB4 30 7 5785.96 57.25 0.619 358.28 611.14
SLB4 30 8 6419.52 62.36 0.608 390.28 665.17
SLB4 30 9 6994.22 66.79 0.601 420.37 716.61
SLB4 30 10 7535.22 70.90 0.596 449.29 764.52
SLB4 40 7 7797.49 78.07 0.596 464.68 807.56
SLB4 40 8 8718.88 86.41 0.588 512.48 890.20
SLB4 40 9 9580.18 93.66 0.582 557.71 966.06

SLB4_40_10 10439.63 101.20 0.576 601.31 1043.20
SLB4 40_11 11253.53 109.93 0.571 643.06 1117.73
SLB4 40 12 12033.64 115.64 0.570 685.73 1191.30
SLB4_50 9 12289.99 120.57 0.578 709.95 1236.23
SLB4_50_10 13421.60 130.96 0.572 768.20 1340.09
SLB4_50_11 14537.41 141.39 0.569 827.48 1443.52
SLB4 50 12 15599.37 150.54 0.567 884.08 1540.02
SLB4_60_5 8891.13 91.74 0.598 531.45 932.94
SLB4_60_6 10457.28 106.25 0.586 613.19 1078.09
SLB4_60_11 17684.45 174.36 0.562 993.08 1746.50
SLB4_60_12 19029.62 185.88 0.560 1065.32 1868.98
SLB4_65_11 19829.08 194.60 0.562 1113.76 1957.04
SLB4_65_12 21326.70 209.74 0.560 1194.73 2103.54
SLB4_65_13 22872.65 223.05 0.558 1276.57 2245.62
SLB4_65_14 24379.36 235.06 0.556 1356.52 2382.04
SLB4_65_15 25869.86 249.17 0.554 1433.77 2519.93
SLB4_65_16 27331.55 261.77 0.553 1511.96 2654.85
SLB4_65_18 30180.37 286.67 0.554 1671.12 2912.47
SLB4 65 20 32951.18 306.56 0.553 1822.60 3157.88
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4 MODELLING AND DESIGN OF SLB DEVICE

4.1 SLB device mathematical modelling

The Shear Link Bozzo device is characterized by a high initial elastic stiffness and a
high plastic deformation capacity. Therefore, the device exhibits a ductile behavior, as

depicted in the force-displacement relationship in Figure 4.1.
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Figure 4.1 Force-displacement relationship of the SLB device

For its mathematical modelling, the SLB device can be easily modelled as an elasto-
plastic element through the definition of an elastic stiffness K1 and a post-elastic one

K2 after the yielding, as shown in Figure 4.2.
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Figure 4.2 Elasto-plastic force-displacement relationship

43



CHAPTER 4 — MODELLING AND DESIGN OF SLB DEVICE

Considering the force-displacement relationship in Figure 4.2, the SLB device can be
represented as two springs in parallel, respectively of stiffness Ksec and (Ki-Ksec),
where the second spring works in series with a rigid-plastic device characterized by a

yielding force Fy.

Fy
KWaII J\AA/ﬁ)—
F
o« .

Ksec

Figure 4.3 SLB device mathematical modelling

Therefore, the equivalent stiffness of the device is equal to:

Kegsip = K1 forF <, )
Keq,SLB =Kgee forF > Fy

where Ksec is the secant stiffness, that depends from the displacement of the device,

and can be calculated accordingly to the following expression:
dy
Ksee = Ky + (K1 — K3) - d (4.2)

The decoupled wall can be considered as a spring that works in series with the SLB
device. Thus, the equivalent stiffness of the system device-supporting wall can be

calculated with the following expression:

1 1 1 K, ‘K
 — + 5 Keq — eq,SLB wall
Keq Keq,SLB Kwall Keq,SLB + Kwall

(4.3)

The stiffness of the wall can be calculated with the following expression:
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Kyan = 3 Es.tw h (4.4)
4(72) +3(7)

Ly Ly

where E is the concrete Young’s modulus, hw, lw and tw are respectively the height,

length and thickness of the wall.

Figure 4.4 Scheme of the system device - decoupled concrete wall
4.2  SLB device finite element modelling

The behavior of SLB device can be numerically characterize by using FRAME or
NLINK elements. Usually, the first analysis with these devices is a spectral modal
linear analysis, so both elements are correct to start with, anyway the NLINK elements
provide similar results of FRAME ones and also leave the model prepared for later
nonlinear time history analysis. Programs such as SAP2000 or ETABS offers different
types of NLINK models. To represent steel yielding dissipators such as SLBs, the
plasticity model used is based on a hysteretic behavior proposed by Wen, which
simulates the behavior of such devices with great precision. In this thesis, the analyses
are carried out using the software ETABS, in particular considering the SLB
application to the structure through decoupled concrete walls. For this reason, the
following paragraphs describe the modelling and design of SLB dissipators with

particular reference to this application.
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4.2.1 Wen plasticity model

The plasticity model is based on the hysteretic behavior proposed by Wen (1976) and
it is represented in Figure 4.5 (CSi Reference Manual., 2017).
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Figure 4.5 Wen Plasticity Property Type for Uniaxial Deformation

For each deformational degree of freedom, it is possible to specify independent
uniaxial plasticity properties. All internal deformations are independent, so the
yielding at one degree of freedom does not affect the behavior of the other
deformations. When nonlinear properties for a degree of freedom are not specified,

that degree of freedom is considered linear using the effective stiffness.

The non-linear force-deformation relationship in the Wen plasticity model is given by

the following expression:

f=a'k-d+(1—-a) f, z (4.5)

where k is the elastic spring constant, f,, is the yield force, a is the specified ratio of
post-yield stiffness to elastic stiffness (k) and z is an internal hysteretic variable that
has a range of |z| < 1, with the yield surface represented by |z| = 1. The initial value

of z is zero, and it evolves according to the following differential equation:
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k . )
z=—-d(1—-1z|™) if d-z>0
fy
. k. .
z=—-d otherwise

fy

where n is an exponent greater than or equal to unit. Larger values of this exponent

(4.6)

increase the sharpness of yielding as shown in Figure 4.6. The practical limit for this
exponent is about 20, but for the particular case of the SLB dissipator, it is

recommended to use an exp value equal to 2.

A

yield

>
d

Figure 4.6 Definition of parameters for the Wen Plasticity Property
4.2.2 Link properties

The most useful methodology to define the SLB device in a FEM software (e.g.,
ETABS) consists in the use of a link (Bozzo et al., 2019). In particular, ETABS allows
to define the device as an NLINK element, using the elastic properties of the element
for linear analyses and the Wen plasticity model introduced in section 4.2.1 for the
nonlinear analyses. With regard to the definition of the NLINK element, an important
parameter is the so-called “shear deformation location” or “null moment point”. It is
defined in ETABS, as shown in Figure 4.7, as the distance to the inflection point or
where the moment due to shear on the link is zero. This distance needs to be measured
from the end point of the link. It is important to highlight that in the case of the SLB
device, the “null moment point” corresponds to the battlement connection, therefore
this distance is equal to zero or to the height of the device, depending on how the link

is defined or inserted. Therefore, depending on the battlement connection, the NLINK
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must be directed up or down. Specifically, in the case of decoupled walls SLB devices
are modelled as a link with properties on local axis 2 and their insertion point, or joint
I, of the NLINK corresponds to the upper end of the wall and joint j corresponds to the

beam base, where there is the null moment point of the link.
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Figure 4.7 SLB modelling as NLink element in ETABS

In local directions 1 and 3, the displacement of the link could be restricted using the
“fixed” sections, but it is recommended to assign a sufficiently low stiffness to limit
the displacement (e.g., 10 kN/cm) or better still calculate it according to the connection

plates, without affecting the result globally.
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General )
Link Property Name SLB4_30_7 (&) Link/Support Directional Properties X
Link Type Plastic (Wen) vl
Lk Property Notes Modfy/Show Notes meirr

Property Name SLB4_30_7
Total Mass and Weight Dvection u2
Mass 0 tord 4%m e Plostic (Wen)
Weight 0 ford Nonlinear Yes
Linear Properties
Factors for Line and Area Springs
Effective Stffness [59000.381 tord/m
Link/Support Property is Defined for This Length When Used {
Effective Damping 0 tonf-e/m
Link/Support Property is Defined for This Area When Used in {
Shear Deformation Location
Directional Propertes
Distance from EndJ 0 m
Drection  Fixed NonLinear Properties
M un O 0O Modify/Show for U1 Noriinear Properties
; Stfiness 31
ge 0 @ .
Yield Strength 365344 tond
Buwu O 0O Modfy/Show for U3
Post Yield Stffness Ratio 0.009895
Fu A} Yieldng Exponent
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Stffness Used for Linear and Modal Load Cases
Sifiness Used for Stfiness proporional Viscous Damping
Sfiness propotionsl Viscous Damping Coefiaent Modficator o

oK Cancel

Figure 4.8 Assignment of the lateral stiffness of the Nlink for the local axis - ETABS

In the “DISSIPA-SLB” plugin the values of lateral stiffness are incorporated in the

loaded tables and are calculated based on the upper connection plates.
4.3 Iterative design methodology

The following paragraphs present two different design methods, the direct iteration
method and the inverse iteration method, of SLB devices. These procedures have been
also implemented in the ETABS software through the “DISSIPA-SLB” plugin. Both
of them are based on elastic modal analysis, which replace procedures that make use
of nonlinear time history analysis, thus achieving significant savings in computational
time for the solution. This is particularly useful in preliminary design, where most

important decisions are taken.
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Figure 4.9 Flowchart for the design of SLB dissipators using DISSIPA SLB plugin for
ETABS

4.3.1 Direct iteration method

The direct method consists in iterating a group of devices, that were previously
defined, by means of a series of a spectral modal linear analysis seismic analysis, until
reaching a shear demand ratio compatible with the capacity of the device. More
specific, it is required that the ratio between the acting shear and the yield force of the
device be less or equal than a certain demand/capacity ratio typically assumed as 1.5.
This value is considered correct by various cumulative factors such as the kinematic
hardening of the steel or its greater resistance to dynamic loads; these factors could be
considered only through nonlinear time history analysis, which it is highly
recommended to perform at the end of the design procedure to verify the structural
behavior of the building.
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Figure 4.10 Flow chart of direct iteration method
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The design process is iterative because changing the devices involves a variation in
the stiffness of the structure and implies the need to recalculate seismic forces on the

structure to verify again the demand/capacity ratio.

BT DISSIPA SLB v2020.0.0

Home Dissipators Inverse Iteration

Load Combination
Direct Iteration

ENVE
Type of Dissipator
1239 SLB325.5 319.00 592.39 44330 141 Ok!
5B S Y SLB325.4 27960 526.49 417.30 149 Ok!
)01 SLB26_2 3560 69.01 004 000 Ok!
D/C Ratio: [15 ] 1239 SLB325.5 319.00 59239 47281 148 Ok!
'6.49 SLB325.4 27960 526.49 41598 149 Ok!
Mode Ejecute: 35,63 SLB325.6 357.10 655.63 52138 146 Ok!
563 SLB325.6 357.10 65563 511.00 143 Ok!
O user @ Automatic Y SLB26.2 3560 69.01 0.09 0.00 okl
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Figure 4.11 Direct iteration method - Dissipa plug-in for ETABS

Once defined the dimensions of SLB devices, it is possible to design the walls
considering the maximum force value that could act on them. The shear capacity of a
structural concrete wall according to the ACI code can be calculated with the following
expression (units in MPa):
V;=075-0.83"/fx L-t (4.7)

where:

- fo IS the compressive strength of the concrete;

- L is the length of the wall;

-t s the thickness of the wall.
The shear capacity of each concrete wall, calculated with the eq. (4.7), must be greater
than the maximum force that could act on the devices. The iterative iteration procedure
usually increases the size of the dissipator at each iteration, for this reason has been

developed the inverse iteration procedure, which is described in the next paragraph.
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4.3.2 Inverse iteration method

The “fixed force” or “reverse” iterative procedure is an alternative to the “direct
iteration” one to limit the thicknesses of the decoupled walls and size of the devices
since the direct procedure consecutively increases its dimensions. Actually,
thicknesses of uncoupled concrete walls greater than 300 mm are usually excessive
due to architecture and cost. According to the ACI code, as shown in the eq. (4.7), the
shear capacity of a concrete wall, considering a certain value of fc, length and
thickness, is fixed and, according to this capacity, is also fixed the maximum force that
could act on the devices. It is important to highlight that due to the fact that the special
battlement connection does not transfer axial force, there is a direct isostatic
equilibrium relation between the dissipators shear force and the shear at the supporting
concrete wall. Unlike the direct iteration procedure, which usually increases the size
of the dissipator at each iteration, as well as its shear force, in the iterative reverse
procedure, the value of the shear force in the dissipator is set and, therefore, the method
consists in reducing the size of the device in the numerical model, but not in reality, in

order to calibrate such transferred shear force.

T DISSIPA-SLB

Home Dissipators Direct lteration

Load Combination Ervolvets Type of Dissipator g1 v D/C Ratio: E Max
Maximum Shear Force
V2 KN & K1 &N/em) . | osx;?n)'(u,

) 4 233.35 124 oK SLB28 2 592.87 3.936 550.17 oK

4 227.28 1.21 oK SLB28_2 592.87 3834 564.8 oK

) .2 194.85 1.30 0K SLB26_2 363.33 5363 321.01 oK

) 2 190.33 127 0K SLB26_2 36333 5239 3286 OK

) 4 22424 1.15 OK SLB26_5 4395.60 5.101 42451 0K

3 218.83 1.16 OK SLB26_5 439.60 4978 435 OK

.2 202.91 161 Disminuir Rigidez ~ SLB26_2 363.33 5.585 259.65 SLB26_2

) 2 198.40 157 Disminuir Rigidez ~ SLB2 6_2 363.33 5.460 2656 SLB26_2

=) 207.08 138 oK SLB26_2 363.33 5699 302.08 oK

) 2 202.56 1.35 OK SLB26_2 363.33 5575 308.8 OK

) 4 25313 1.30 OK SLB26_5 43560 5.758 389.06 0K N

< >

Number of iterations 5 @ A, O iier -
Start Iteration

Figure 4.12 Inverse iteration method - Dissipa plug-in for ETABS
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The selection procedure of the SLB devices is always performed by means of a spectral

modal linear analysis that allows a reduced computation time and can be summarized

in the following steps:

1.

Definition of a type of SLB device (e.g., SLB 30_3) and a preliminary wall
thickness (e.g., 150 mm).

A direct iteration procedure is initially implemented in order to verify the
design parameters to be controlled, usually the inter-story drift. If necessary, it
is possible to increase the number of devices or the thickness of the decoupled
walls in order to reduce the inter-story drift to verify the local design
requirements; in other cases, it may be necessary to increase the number of
decoupled walls. Moreover, it is necessary to check the capacity ratio limits in
the range 1.1-1.4 to proceed to modify the selected devices in the analysis.
The total shear force in the decoupled wall should be checked at each step
according to the expression:

Va=15"F, ngp (4.8)
where E, is the yield strength of each device, 1.5 is an additional safety factor
to those corresponding to ELUs and ng; 5 is the number of the devices on the
wall.

The maximum shear force in the decoupled wall, evaluated with the eq. (4.8),
must comply with its shear capacity, that can be evaluated according to the
ACI code and which depends on the length and thickness of the wall and the
resistance of concrete (units in MPa):

V;=075-0.83"/f L-t (4.9)
For steel braces the expression is similar, but depends on the buckling strength
of the diagonals, so the system is similar to the BRB or "Buckle Restrained
Braces".
In the case that the wall thickness cannot be increased, as in the second instance
the concrete resistance of the wall, it necessary to proceed with the reverse
iteration procedure with the aim to limit the force on the decoupled wall.
The shear capacity of the wall is fixed as previously established (eq. (4.9)) and
considering this the following expression is developed to calculate the

maximum force in each wall device:
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0.75-0.83 -/ for - (L - )wan (4.10)
1.5- Ns1B

F max,SLB —

This is the maximum target force which corresponds to a specific type of device
and which would be the one finally employed in the design.

Therefore, the device is selected using the table of SLB devices in such a way
that its F, is the one immediately below Fy, ., ;5. There is usually more than
one option for this selection, for this reason it is recommended to choose the
device with the highest window thickness for its lower cost. At this point the
inter-story drift must be verified again because it could be that the force is too
low and the drift limit of the design code is not met.

Since the spectral modal analysis is linear, the acting force in each device has
no limit, so when the device is selected in the step 7 and the analysis is repeated,
the acting shear will change and most likely exceed the demand/capacity limit
established from 1.1-1.4. One solution is to “fictitiously” reduce the size of the
device in the RSA numeric model and repeat the analysis until a shear force is
obtained within the established range.

A

Real dissipator

Ki=1.15Fy/A V2/Fy>1.40

Reduce stiffness

Fictitious dissipator

Assign the real P Run spectral modal analysis 1.10<V2/Fy < 1.40

Fictitious dissipator

Increce stiffness

Ki=1.15Fy/A |«

V2/Fy<1.10

Figure 4.13 Flow chart of inverse iteration method

Actually, the inverse iteration procedure has two important stages: first, the target

force is fixed on each device and through linear spectral modal analysis it is iterated

with “fictitious” dimensions until a demand capacity shear ratio within the range of

1.1-1.4. The force in the device must be greater than its Fy to ensure its influence in a

seismic event. Moreover, the upper limit to demand-capacity ratio of 1.4 is established
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because the analysis used is linear elastic, therefore the shear difference between the
one obtained with the spectral modal analysis and the shear capacity transferred by the
devices is equivalent to a lower actual stress in the rest of the structure. This result is
not correct since each device transfers a shear limit that is not counted by a linear
spectral modal analysis. The procedure is iterative because the shear force in the device
depends largely on its rigidity. Therefore, the change of the device implies a change
in the shear force acting in it. The iteration will be repeated until a convergence
condition is reached, which usually required only 3 or 4 iterations. This procedure has
been implemented in ETABS through the DISSIPA-SLB plugin. The second stage of
this procedure consists in verifying the results by means of a non-linear history time
analysis as described in chapters 5 and 6 of this thesis. As indicated, it is always
important to remember that the spectral modal analysis, which is used in the first stage
of the design, is a linear analysis, so it is not possible to consider the maximum shear
force that the device can transfer to the support wall. Therefore, the difference between
the shear force acting in the device accordingly to the modal analysis and its maximum
capacity will be absorbed by the structure causing a non-conservative situation. For
this reason, it is important to verify a maximum force factor of 1.4 between the actual
capacity of the device and the shear force acting on its when performing the response
spectrum linear analysis. In order to evaluate the actual seismic performance of
structures equipped with SLB devices in severe seismic events and validate the design
procedure mentioned in the first stage, nonlinear time history analysis (second stage)

is performed, but with real devices according to the adopted shear target.

55



CHAPTER 5 — PERFORMANCE BASED SEISMIC DESIGN APPROACH

5 PERFORMANCE BASED SEISMIC DESIGN APPROACH

5.1 Introduction

Performance Based Seismic Design (PBSD) is a structural design methodology that
provides greater design flexibility to structural engineers, especially for the design of
high-rise buildings. In practice the PBSD approach allows to make exceptions to
specific prescriptive code-based approaches, so the focus of the structural engineer
changes from a prescriptive “check list” approach of code provisions to requiring more
effort in the analysis and design stages, with verification of building performance
required at multiple seismic hazard levels using linear and advanced nonlinear
analyses. Therefore, PBSD stands in contrast to common analysis and design
methodologies such as Equivalent Lateral Force (ELF) analysis and Response
Spectrum analysis (RSA). These are both traditional linear analysis methodologies that
use seismic reduction factors to account for energy dissipation through nonlinear
behavior. In other words, these methods require to make assumptions about the level
of energy dissipation through the definition of a seismic reduction factor (R factor).
The R factor assumption implies a reasonably well distributed level of energy
dissipation in the entire structure. However, this has been shown to be correct for
buildings of modest height and conventional geometry, but for high-rise buildings
damage levels and locations are not always well predicted by linear methodologies
(Golesorkhi et al., 2019).

5.2 Performance objectives and levels

The first important consideration when applying PBSD approach is to establish the
performance objectives of the structure. Performance objectives can be defined
according to specific guidelines, such as ASCE 7 and ASCE 41. ASCE 7 performance
objectives are primarily related to minimum life-safety in Design Earthquake (DE)
level event associated to the specific Risk Category of the building. ASCE 41 identifies
a series of performance objective targets that can be related to specific levels of seismic

intensities. In particular, ASCE 41-13 reports the descriptions of anticipated levels of
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structural and non-structural damage under each performance objectives, as show in

Table 5.1.

Base Shear (V)

Immediate Occupancy (10)

Life Safety (LS)

Collapse Prevention (CP)

CP

Collapse

Collapse

Roof Displacement (D )

Figure 5.1 Structural Performance Obijective Illustration (Golesorkhi et al., 2019)

Table 5.1 Damage Control and Building Performance Levels from ASCE 41-13

Target Building Performance Levels

Collapse Prevention
Level (5-D)

Life Safety
Level (3-C)

Immediate Occupancy
Level (1-B)

Operational
Level (1-A)

Overall damage
Structural components

Nonstructural components

Comparison with
performance intended for
typical buildings designed
to codes or standards for
new buildings, for the
design earthquake

Severe

Little residual stiffness and
strength to resist lateral
loads, but gravity load-
bearing columns and walls
function. Large permanent
drifts. Some exits blocked.
Building is near collapse in
aftershocks and should not
continue to be occupied.

Extensive damage. Infills
and unbraced parapets

failed or at incipient failure.

Significantly more damage
and greater life safety risk.

Moderate

Some residual strength and
stiffness left in all stories.
Gravity-load-bearing
elements function. No out-
of-plane failure of walls.
Some permanent drift.
Damage to partitions.
Continued occupancy might
not be likely before repair.
Building might not be
economical 1o repair.
Falling hazards, such as
parapets, mitigated, but
many architectural,
mechanical, and electrical
systems are damaged.

Somewhat more damage
and slightly higher life
safety risk.

Light

No permanent drift.
Structure substantially
retains original strength
and stiffness. Continued
occupancy likely.

Equipment and contents
are generally secure but
might not operate due to
mechanical failure or lack
of utilities. Some cracking
of facades, partitions, and
ceilings as well as
structural elements.
Elevators can be restarted.
Fire protection operable.
Less damage and low life
safety risk.

Very light

No permanent drift. Structure
substantially retains original
strength and stiffness. Minor
cracking of facades, partitions,
and ceilings as well as
structural elements. All
systems important to normal
operation are functional.
Continued occupancy and use
highly likely.

Negligible damage occurs.
Power and other utilities are
available, possibly from
standby sources.

Much less damage and very
low life safety risk.

In the PBSD approach three levels of seismic shaking are considered:

e Risk Targeted Maximum Considered Earthquake (MCERr);

e Design Earthquake (DE);

e Service Level Earthquake (SLE).

The MCERr shaking level corresponds to the most severe earthquake expected to the

site, while the DE level is defined in ASCE 7 as a shaking having an intensity two-

thirds that of MCEr one. Finally, the SLE level corresponds to relatively frequent and
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more moderate intensity earthquake shaking. Figure 5.2 shows relationships between

performance levels, earthquake intensities, and Risk Category in ASCE 41.

Performance
Level

Earthquake Immediate .

Service Level
Earthquake (SLE)

—

Design Level
Earthquake (DE)

Maximum Considered
Earthquake (MCE)

Figure 5.2 Performance Levels of Code-Based Buildings at Various Risk Category Levels as
described in ASCE 41 (Golesorkhi et al., 2019)

5.3 Acceptance criteria in ASCE 41-13

This paragraph describes the acceptance criteria defined in ASCE 41-13, which has
been taken as a reference for the analyses carried out in this thesis work in chapter 7.
The acceptability of force and deformation actions shall be evaluated for each
component of the structure in accordance with the requirements of ASCE 41-13.
Before selecting component acceptance criteria, it is important to classify each
component as primary or secondary and each action as deformation controlled
(ductile) or force controlled (nonductile). Regarding the first classification, structural
components that affect the lateral stiffness and distribution of seismic forces in a
structure, giving a significant contribute to achieving the selected performance level
shall be classified as primary, while structural components that are not required to
resist seismic forces for the structure to achieve the selected performance level shall
be classified as secondary. Regarding the second classification, all actions shall be
classified as either deformation controlled or forced controlled using the component

force versus deformation curves shown in Figure 5.3.
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Q Q A
1,2,3
Q-
b
I i i i 4
0 g de f A0 g.d e f oA
Type 1 curve Type 2 curve Type 3 curve

Notes:
1.0nly secondary component actions permitted between points 2 and 4;
2.The force, Q, after point 3 diminishes to approximately zero.

Figure 5.3 Component Force vs Deformation Curves

The type 1 curve depicted in Figure 5.3 is representative of ductile behavior where
there is an elastic range, from point 0 to 1, and a plastic range, from point 1 to 3,
followed by loss of seismic force resisting capacity at point 3 and loss of gravity load
resisting capacity at point 4. The plastic range can have either a positive or negative
post-elastic slope (points 1 to 2) and a strength-degraded region with nonnegligible
residual strength to resist seismic forces and gravity loads (points 2 to 3). Primary
component actions exhibiting this behavior shall be classified as deformation-
controlled if the plastic range is such that d > 2g, otherwise, they shall be classified as
force controlled. Secondary component actions exhibiting this behavior shall be
classified as deformation controlled for any d/g ratio.

The type 2 curve depicted in Figure 5.3 is representative of ductile behavior where
there is an elastic range, from point 0 to 1, and a plastic range, from point 1 to 3. The
plastic range can have either a positive or negative post-elastic slope (points 1 to 3)
followed by substantial loss of seismic force resisting capacity at point 3. Loss of
gravity load resisting capacity takes place at the deformation associated with point 4.
Primary component actions exhibiting this behavior shall be classified as deformation-
controlled if the plastic range is such that e > 2g, otherwise, they shall be classified as
force controlled.

The type 3 curve depicted in Figure 5.3 is representative of a brittle or nonductile
behavior where there is an elastic range, from point 0 to 1, followed by loss of seismic

force resisting capacity at point 3 and loss of gravity load resisting capacity at the
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deformation associated with point 4. Primary component actions exhibiting this
behavior shall be classified as force controlled. Secondary component actions
exhibiting this behavior shall be classified as deformation controlled if f > 2g,
otherwise, they shall be classified as force controlled.

Table 5.2 provides some examples of possible deformation ad force-controlled actions

in common framing systems.

Table 5.2 Examples of Possible Deformation-Controlled and Force-Controlled Actions

Deformation-Controlled
Component Action Force-Controlled Action

Moment frames

* Beams Moment (M) Shear (V)
¢ Columns — Axial load (P), V
* Joints — Ve

Shear walls MV P

Braced frames

* Braces P —

* Beams — P

¢ Columns — P

» Shear link % P M
Connections PV M PVM
Diaphragms M, Ve PVM

“Shear may be a deformation-controlled action in steel moment frame

construction.

’Axial, shear, and moment may be deformation-controlled actions for certain

steel and wood connections,

‘If the diaphragm carries lateral loads from vertical-force-resisting elements

above the diaphragm level, then M and V shall be considered force-controlled

actions.
Figure 5.4 shows the generalized force versus deformation curves used to specify
element modelling and acceptance criteria for deformation-controlled actions. Linear
response is depicted between point A and an effective yield point B. The slope from
point B to point C is typically a small percentage, from 0% to 10%, of the elastic slope
and is included to represent phenomena such as strain hardening. Point C ordinate
represents the maximum strength of the element, while its abscissa value corresponds
to the deformation at which significant strength degradation begins (line CD). Beyond
point D, the element responds with substantially reduced strength to point E. For
deformations greater than point E, the element seismic strength is essentially zero. The
sharp transition as shown on idealized curves in Figure 5.4 between points C and D

can result in computational difficulty and an inability to converge where it is used as
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modelling input in nonlinear analysis. To avoid this computational instability, a small
slope (e.g., 10 vertical to 1 horizontal) may be provided to the segment of these curves

between points C and D.

|
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8 Ps LS
kel R is CP
b P is
N
T B ¢
£
2

D
A E
o

Deformation or deformation ratio

Figure 5.4 Acceptance Criteria for Force-Deformation Relationships

For some components, it is convenient to prescribe acceptance criteria in terms of
deformation (e.g., 6 or A), whereas for others it is more convenient to give criteria in
terms of deformation ratios. Acceptance criteria for deformation or deformation ratio
for primary components (P) and secondary components (S) corresponding to the target
building performance levels of Collapse Prevention (CP), Life Safety (LS) and
Immediate Occupancy (OC) as shown in Figure 5.4 are given in ASCE 41-13.

5.4 Site specific seismic hazard assessment

The seismic design of structures, especially in the PBSD approach, should always
include proper evaluation of seismic hazards (Golesorkhi et al., 2019). PBSD
guidelines recommend to establish appropriate site-specific ground motions, rather
than using a prescriptive code spectrum, considering all the significant for the

structure.
5.4.1 Site response spectra

The site response spectrum can be obtained in different ways, such as using
probabilistic seismic hazard analysis (PSHA), deterministic seismic hazard analysis

(DSHA) or ground response analysis (Golesorkhi et al., 2019). The obtained site
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response spectrum is used as a target spectrum from ground motion scaling and
matching.

In a PSHA, a level of ground shaking is defined as a probability of exceedance in a
given period of time, that for standard occupancies structures corresponds to 50 years.
The spectral values are developed for the same mean annual frequency of exceedance,
which represents a uniform hazard, hence the term Uniform Hazard Spectrum (UHS).
Ina DSHA, it is considered the occurrence of an earthquake of a particular magnitude,
typically a maximum earthquake on a particular fault and the closest distance to the
fault. The mainly difference between PSHA and DSHA is that the second does not
explicitly consider the probability (or frequency) of the occurrence of a particular
earthquake.

Ground response analysis is a computational technique based on the theory of wave
propagation through the soil. For this analysis, an idealized soil column is shaken by
an earthquake time series at the base layer. The nonlinear soil behavior is typically
modelled by an equivalent-linear approach or a full nonlinear approach, depending on
the expected deformation level reached by the soil.

In the PBSD approach (TBI Guidelines, 2017), two levels of spectral values should be
considered:

e MCERr is defined as a Risk-Targeted PSHA level of shaking having a 2 percent
probability of exceedance in 50 years, that corresponds to a 2475-year return
period).

e SLE is defined as a PSHA level having a 50 percent probability of exceedance
in 30 years, that corresponds to a 43-year return period.

The return period of these two levels of spectral values, if necessary, can be adjusted

accordingly to the local building code requirements for the site building.

5.4.2 Time series record selection

Proper selection and development of a set of site-specific time series is a critically
important step in the PBSD procedure. In this step, the aim is to select time series that
have a similar magnitude, distance, fault mechanism and duration as that of the
recommended target spectrum. The number of ground motion time series considered

in the selection depends on the building code requirements. Each time series needs to
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be developed in order to be spectrally compatible to the site-specific target spectrum.
Traditionally, two different approaches can be used in developing site-specific time
series:

e spectral matching approach;

e spectral amplitude scaling approach.
In the spectral matching approach, the shape of the response spectrum of the original

time series is modified to match a target spectrum, as shown in Figure 5.5.
06

0.3
00 e
0.3

-0.6

Acceleration (9's)

100

50 3

Velocity (cm/sec)

-100

80

-40

Displacment (cm)
o B
%

-80

0 10 20 30 40 50 60 70 80 90
Time (s)

Target
Scaled

1.0 ™ | == Original

" N
e —

0.0

Spec. Acceleration (9's)

0 2 4 ] 8 10
Period (s)

Figure 5.5 Spectrally matched time series (Golesorkhi et al., 2019)
Time or frequency domain matching can be used. In general, a time domain approach

is preferred because it minimizes alteration and distortion to the original time series.

However, both methods can change the frequency content and characteristics of the
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original time series if spectral matching is not done properly. The mainly advantage of
this approach is that the spectrum of the matched time series is consistent with the site-
specific target spectrum.

In the spectral amplitude scaling approach, a single scalar value is used to modify the
spectral values of the original time series. An example of spectrally scaled time series

is shown in Figure 5.6.
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Figure 5.6 Spectrally scaled time series (Golesorkhi et al., 2019)
In this case, considering that the entire original spectrum is scaled by a single value,
there could be very large discrepancies between the scaled spectrum and target one at

any period. The advantage of this approach is that the characteristics of the time series

in terms of shape, relative amplitude and frequency content of the signals, and
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spectrum are not altered. However, the amplitude of time series changes accordingly
to the scale factor used for the spectral amplitude scaling approach, as shown in Figure
5.6.

5.5 PBSD approach procedure

Performance based seismic design approach is typically a two-step process where the
structure is first designed using linear analysis methods (e.g., Response Spectrum
analysis) and then the design is verified using non-linear time history analyses
(Golesorkhi et al., 2019). The design step, that consists in a complete proportioning of
all members of the seismic force-resisting system, is typically carried out considering
the service-level earthquake (SLE) with the aim to verify that the proposed structural
system meets the minimum required strength and stiffness for earthquake resistance
under SLE demands (e.g., Immediate Occupancy performance). It is important to
consider that explicit verification of immediate occupancy level would require non-
linear time history analyses, using appropriate ground motions. However, as
traditionally done in code-based designs, SLE structural performance is generally
verified using linear Response Spectrum analysis (RSA), considering that the structure
should perform an essentially elastic response. The wind demand, if it is expected to
affect the structural design, must be considered in this step. The intent of designing
using SLE level demands is to inherently satisfy DE performance objectives by
verifying the structural performance behavior under SLE and MCEr demands.
However, if specific performance objectives are defined at SLE, DE and MCERr,
verification at each level may be required. In this first step, if SLE-level demands are
used, drift should not exceed a certain amount percent (e.g., 5 %, depending on the
building code) of the story height. After the design of the seismic force-resisting
system using linear analysis, it is necessary to conduct the verification of the structural
performance under DBE and MCEr level shaking using non-linear time history
analyses. The aim of this second step, that is always carried out by non-linear time
history analyses, is to verify the structural design of the building, but it could be also

necessary to make some design modifications in order to satisfy performance levels.
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Figure 5.7 Typical flowchart of PBSD approach (Golesorkhi et al., 2019)

A small amount of equivalent viscous damping may be included in linear response
spectrum analyses and in linear and nonlinear time history analyses to account for
energy dissipation that is not otherwise represented by the analysis model. Unless
evidence is provided to justify larger values, effective additional modal or viscous
damping shall not exceed the fraction of critical damping given by the following

equation:

0.2

Eorie = 75 < 0.05 (5.1)

where H is the height of the structures in meters. For MCERr level, the viscous damping
value, calculated with the eq. (5.1), in any case need not be taken less than 0.025 as

shown in Figure 5.8.
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Figure 5.8 Equivalent viscous damping versus building height (TBI Guidelines, 2017)

Both in linear response spectrum analyses and in linear and nonlinear time history
analyses, section properties need to be reduced to account for concrete cracking and
damage to the components, through section property modifiers with reduced effective
stiffness of the member. Property modifiers are based on experimental testing and their
values are typically proposed by the building codes and guidelines._For example,
accordingly to the “TBI — Guidelines for Performance-Based Seismic Design of Tall
Buildings ”, the reinforced concrete effective stiffness values can be estimated from
Table 5.3.
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Table 5.3 Reinforced concrete effective stiffness values

Service-Level Linear Models MCERr-Level Nonlinear Models
Component
Axial Flexural Shear Axial Flexural Shear
1{in-

glt:rj‘:‘)“ra' walls(in- |4 oF,a, 0.75Ed, | 0.4EAs | 1.0E:A 035Ed, | 02EcAq
Structural walls (out-
of-plane) - 0.25Eclq - - 0.25Ecly --
Basement walls
(in-plane) 1.0EAq 1.0Ecly 0.4EAq 1.0EAq 0.8E:ly 0.2E:Aq
Basement walls (out-
of-plane) -- 0.25Ec/q - - 0.25Ec/y --
Coupling beams with OOT[XJEI OOT[IJEI
i 10EA; | \h)°° | 04EA, | 10EA, | W) % | 0.4EA
reinforcement <03E, <03E],
Composite steel / P P
reinforced concrete | 1.0(EA)vans 0.07[7](51 )yans | 1:0EsAsw | 1.0(EA)rans 0.07[ - ](EI )yans | 1-0EsAsw
coupling beams h h
Non-PT transfer
diaphragms (in-plane | 0.5EcAg 0.5Ecly 04 EcAg | 0.25E:Aq 0.25Ecly 0.1E:Aq
only)?
PT transfer
diaphragms (in-plane | 0.8E:Aq 0.8Ecly 0.4E:Aq 0.5EcAq 0.5 Eclg 0.2E:Aq
only)?
Beams 1.0EAq 0.5Ecly 0.4EAq 1.0E:Aq 0.3Ecly 0.4E:Aq
Columns 1.0EAq 0.7 Eclg 0.4EcAq 1.0E:Aq 0.7 Eclg 0.4EAq
Mat (in-plane) 0.8EAqg 0.8Ecly 0.8EcAq 0.5E:Aq 0.5 Ecly 0.5E:Aq
Mat?* (out-of-plane) - 0.8Ecly - - 0.5Eclg -

Walues are relevant where walls are modeled as line elements. Where walls are modeled using fiber elements,
the model should automatically account for cracking of concrete and the associated effects on member stiffness.

2(Elyyans is intended to represent the flexural rigidity of the cracked transformed section. It is acceptable to
calculate the transformed section properties based on structural mechanics or to use (El)rans = Eclg/5 + Esls per
ACI 318.

3 Specified stiffness values for diaphragms are intended to represent expected values. Alternative values may be
suitable where bounding analyses are used to estimate bounds of force transfers at major transfer levels. For
diaphragms that are not associated with major force transfers, common practice is to model the diaphragm as
being rigid in its plane. Flexural rigidity of diaphragms out of plane is usually relatively low and is commonly
ignored. The exception is where the diaphragm acts as a framing element to engage gravity columns as
outrigger elements, in which case out-of-plane modeling may be required.

4 Specified stiffness values for mat foundations pertain to the general condition of the mat. Where the walls or
other vertical members impose sufficiently large forces, including local force reversals across stacked wall
openings, the stiffness values may need to be reduced.
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6 NONLINEAR MODELLING OF STRUCTURES

Over last few decades, the structural design against earthquakes has passed through a
continuous process of evolution, starting from a simple mass-proportional lateral load
applied to the structure and evolving into an explicit consideration of design
earthquakes applied to a more detailed nonlinear finite-element model. Initially, for
the structural design, the seismic load was idealized as a simple mass-proportional
lateral static loading. Later, with the increasing applications of modal analysis and the
formulation of the response spectrum analysis (RSA) procedure, the role of vibration
modes and natural periods of the structure in understanding and controlling the seismic
demand was recognized. With the advent of computer programs and dynamic analysis
solvers and with the increasing availability of more ground motion records, the use of
detailed dynamic analysis procedures based on the direct integration solution of the
governing dynamic equations of motion was established. Nonlinear modelling and
analysis of complex structures, such as high-rise reinforced concrete buildings,
requires a detailed understanding of inelastic phenomena and also significant
computational effort and the use of advanced structural analysis software. For these
reasons, the obtained results can be significantly sensitive to nonlinear modelling
assumptions and inelastic properties of components assigned to the elements. The
advent of the “Performance-based Design” methodology increased the need of
nonlinear modelling and analysis for structures, especially in the case of tall buildings,
as discussed in the previous chapter.

The nonlinear model of a structure is capable to clearly identify the structural damage
and performance in terms of deformation demand-capacity ratios, in addition the
structural seismic response is more realistic and meaningful if compared to a linear
elastic one. Nonlinear models can generally be classified based on the degree of
idealization used in the model. A comparison of three idealized nonlinear model types

for a reinforced concrete element is show in Figure 6.1 (Graham H. Powell, 2010).
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Column Shear
|
|

Figure 6.1 Comparison of nonlinear model types for reinforced concrete element

Continuum and distributed inelasticity models can capture in a more accurate way
behaviors such as initiation of concrete cracking and steel yielding, but they can have
some limits to capture strength degradation, reinforcing bar buckling, bond slip and
shear failure. On the other way the concentrated hinge models can capture strength
degradation effects, but in a more empirical manner, in contrast to fiber and continuum
finite element models that are calibrated more at the material level, where the
kinematics and equilibrium of the components are represented directly by the model
formulation. Concentrated hinge models are also more consistent with common limit
state checks related to stress resultants and concentrated deformations in current
building codes. The current practice for nonlinear modelling is mostly based on the

use of concentrated and fiber hinge models.
6.1 Fiber modelling approach

The fiber modelling approach (Graham H. Powell, 2010) is based on the division of
the cross-section of a structural element into a number of uniaxial fibers arranged along
the longitudinal axis of the element. A uniaxial stress-strain relationship (as shown in
Figure 6.2) is assigned to each fiber of the section and it allows to consider various

aspects of material nonlinearity. These fibers may either be used throughout the whole
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length of the member or just for a fraction of it. In this second case, the model is
assigned to the plastic zone of the member, where is expected the inelastic behavior of
the structural element. For reinforced concrete elements, a fiber segment consists of

several concrete and steel fibers with their respective stress-strain relationships.

E, = Tangent modulus of elasticity

/ f¢ = Compressive strength ofunconfined concrete
/ . Mander Envelope /', = Tensile strength ofconcrete = (),33\//7 MPa
—— Perform 3D Envelope L:‘ =Strain at f/

—— Unloading £eu= Ultimate strain capacity

Eo iaeee Reloading £ = Tensile strain capacity

d. = Energy dissipation factor for reloading

» Strain

E, = Modulus of elasticity
a = Ratio of initial stiffness to post-yield stiffness
fy = Rebaryield stress
e Park Envelope  f, = Rebarultimate stress capacity
—— Perform3D £y = Rebaryield strain
E, £sn= Strain in rebar at the onsetof strain hardening
£u = Rebar ultimate strain capacity

¥ Strain
£y Egy &y

(b)

Figure 6.2 Stress-strain curve for concrete (a) and steel (b) for uniaxial fiber model
6.1.1 Fiber model for RC beams

Figure 6.3 shows the fiber model approach that can be used for a beam section. A
common assumption for beams is that the inelastic behavior can be considered just for
vertical bending, while for horizontal bending the behavior is elastic (Graham H.
Powell, 2010). In order to model bending behavior in vertical direction, fibers are
needed only through the depth of the beam, as shown in Figure 6.3. In this case, the
cross section is discretized just in one direction to define the uniaxial concrete and
steel fibers. For horizontal bending, the beam is characterized by an elastic bending
stiffness defined through its El value and the model assumes that there is no interaction
between axial load and bending moment and also that there is no coupling between
vertical and lateral bending. However, for vertical bending the EI stiffness is defined

by the fiber model.
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) Concrete fiber.
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Figure 6.3 Fiber section of a reinforced concrete beam (Powell, 2010, Mazhar H. et al., 2021)
6.1.2 Fiber model for RC columns

Figure 6.4 shows the fiber model approach that can be used for a column section. In
this case, it is necessary to consider the biaxial bending stress in the cross-section.

Hence, fibers are needed in both cross-sectional directions, as illustrated in Figure 6.4.

Column cross-

+ oo SECtiON
oo,
Steel Fibers { ) H {
abpdd
Concrete Fibers &
‘ ‘A
. . . . .
. Ll . .
Linear-elastic
e . ke . frame element
. . . - -
Actual Cross-section Fiber Section

Fiber segment
‘ - (concrete and
steel fibers)

T

Figure 6.4 Fiber section of a reinforced concrete column ((Powell, 2010, Mazhar H. et al.,
2021)
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This type of model allows to consider the axial-flexural interaction in both cross-
sectional axes. For both beams and columns, the behavior in torsion is usually assumed
to be elastic and also uncoupled from the axial and bending behavior (Graham H.
Powell, 2010).

6.1.3 Fiber model for walls

Shear wall section are characterized by bending in two directions, usually named in-
plane and out-of-plane. However, in most cases it is reasonable to consider inelastic
behavior only for in-plane bending and to assume an elastic behavior for out-of-plane
bending. In this case, the fiber model can be similar to the beam one, as shown in

Figure 6.5.

Steel f’} D
fibers \e-mie—s

[ i 1 13

Concrete
fibers

Figure 6.5 Fiber section for in-plane bending behavior of a reinforced concrete wall

6.1.4 Limitations of fiber models (Graham H. Powell, 2010)

Fiber models can capture the cracking of reinforced concrete cross sections in the

elastic range, P-M-M strength interaction, both axial and bending deformations after

yield. However, fiber models can not necessarily predict ductile limits and subsequent
strength loss. The major limitations of these models are:

e The ductile limit for a reinforced concrete section may be reached when the

concrete crushes and loses strength. In an actual cross-section, crushing starts

at the extreme edge of the cross section and progresses continuously into the

section. In a fiber model, crushing occurs fiber by fiber and progresses
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discontinuously into the section according to the fibers yielding. If relatively
few fibers are used to model a cross section, the fibers are very large, so
crushing starts later in the model than in the actual section, and the crushed part
of the cross-section changes in relatively large jumps. For this reason, as more
fibers are used the model becomes more accurate, but the computational cost
increases.

e The strength of concrete in compression, and also its ductility, depend on the
amount of confinement. In a cross section, a part of the concrete is within the
confinement and another one is unconfined. This aspect should be taken into
account in the definition of the fiber model.

e Ina fiber model, the stress-strain relationship for steel fibers can, in principle,
account for buckling, but the buckling behavior is uncertain and difficult to
model. The same is for bond slip, which is not considered in a basic fiber model
and in most of cases the bond slip phenomenon is too complex to be included
in a model of a complete structure.

e The strength of a RC element may be controlled by shear, or by P-M-V acting
in combinations. However, the basic fiber model considers only P-M
interaction because it is much more difficult to model P-M-V interaction.

In conclusion, fiber model can be useful, but is not a complete solution. A fiber model
may not be accurate for large cyclic deformations, it does not account for bond slip or
shear force effects, and it cannot predict the ductile limit and the amount of strength
loss. Fiber models can certainly be better than model based on plasticity theory, but

they still have major limitations.

6.1.5 Inelastic shear behavior in beams and columns

In principle it is possible to consider inelastic shear behavior in beams and columns
using P-M-V yield surfaces and plasticity theory (Graham H. Powell, 2010). However,
in practice it is extremely difficult, especially for cyclic loading and for reinforced
concrete. In any case, this is just a theoretical problem because as a general rule, the
behavior of reinforced concrete in shear is brittle, with substantial degradation under

cyclic deformations. For this reason, the aim is to design reinforced concrete beams
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and columns to remain essentially elastic in shear, avoiding the P-M-V inelastic

interaction.
6.2 Plastic hinge modelling approach

The plastic hinge modelling approach assumes that all inelastic deformation is
concentrated in a certain point of the structural element, so the inelastic relationship is
directly defined to the member cross-section. In the structural model, the definition of
the plastic hinge location is based on the expected damage areas of the elements under
the seismic loads. Figure 6.6 shows the plastic hinge model of a 2D reinforced concrete
frame subjected to lateral earthquake loading. The yellow circles show the potential
locations of inelastic action where the structural damage is expected, so in the model

the concentrated plastic hinges are placed in that locations.

ﬁ» ------- © e S
L | o oo <
—»|
oo
Sl
© o o)
I

RC Frame Subjected to Earthquakes Lumped Plasticity Model

O Potential locations of plastic © Plastic hinges or springs

hinges (inelasticity) (nonlinear rotational springs)

I Elastic frame member | Elastic frame element

Figure 6.6 Plastic hinge model of a 2D frame subjected to lateral earthquake loading

Thus, in the lumped plasticity model the nonlinearity is assumed to be concentrated

only at the plastic hinges, while the frame elements have an elastic behavior.
6.2.1 Plastic hinge model for RC beams

The inelastic behavior of beams can be modelled using moment-rotation plastic
hinges, as shown in Figure 6.7 (Graham H. Powell, 2010). The reinforced concrete

beams are modelled as elastic frame elements with plastic hinges at both ends, thus it
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is assumed that all inelastic deformation is concentrated in zero-length plastic hinge,
while the rest of the beam remains elastic. The plastic hinge is initially rigid and begins
to rotate and participate in structural response at first yield. Therefore, plastic hinges
are sometimes defined “rigid”. This means that the initial elastic flexural stiffness of
the beam is used in the analysis until the reaching of the yielding point. However, after
the yield, the flexural behavior is governed by the nonlinear moment-rotation

relationship specified at the plastic hinge location.

—o—j
Beam element = ( *Q

i g Moment at  Rotation of
M, i hinge, M, hinge, 6,

Elastic beam Rotation
capacity
Plastic Plastic .
hinge hinge Rigid up to

= e first yield

Peh

(a) Frame with beam element (b) Hinge behavior

Figure 6.7 Plastic hinge modelling of beams (Powell, 2010)

The primary properties required to define a plastic hinge are its bending strength and
the hinge rotation capacity, which is the rotation at the ductile limit. A way to obtain
these properties, when the experimental results are not available, is to refers to
specialized guidelines, such as ASCE 41, where the modelling parameters are

prescribed.
6.2.2 Plastic hinge model for RC columns

The inelastic behavior of columns can be modelled using P-M-M plastic hinges. The
reinforced concrete columns are modelled as elastic frame elements with plastic hinges
to the base and to the end of the clear length of the member, so, as for the beams, it is
assumed that all inelastic deformation is concentrated in zero-length plastic hinge,
while the rest of the element remains elastic. The most important difference in this

case is the interaction between the axial force and the bending moments acting in the
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columns, which involves the use of interaction surfaces to define the yield and ultimate
strength of the cross section of the element and in general complicates the plastic hinge
modelling. For the three-dimensional case, the P-M-M interaction surface is

represented by a 3D solid, as shown in Figure 6.8 (Graham H. Powell, 2010).

| Axial force >

ke

* Moment about
weak axis

Moment about .
sirong axis

Figure 6.8 Yield surface for reinforced concrete columns (Powell, 2010)

The application of plasticity theory to P-M-M interaction involves many assumptions
and approximations, especially in the case of reinforced concrete columns:

e Even in the elastic range, inside the yield interaction surface, the behavior of a
real cross section is more complex than is assumed in plasticity theory, mainly
because it is usual to assume constant values for the cross-section stiffness (EA,
El), even though these values change when the concrete cracks;

¢ Reinforced concrete is not a plastic material, in particular plasticity theory does
not account correctly for the effects of cracking;

¢ Plasticity theory must usually assume that the yielding and ultimate interaction
surfaces have the same shape, and also that the shape does not change as strain
hardening occurs. There is also likely to be uncertainty about whether
hardening follows the kinematic or isotropic assumption.

e It is difficult to model hysteresis loops accurately when there is interaction,
especially when there is stiffness degradation, strength loss and progressive
cyclic degradation in strength and ductility.

Despite these limitations for small amounts of hinging in concrete column the

plasticity theory is still accurate enough for P-M-M strength interaction and for
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inelastic bending. However, if there is substantial hinging, plasticity theory may be in
error. In such cases it may be necessary to use a fiber hinge model, as described in the

paragraph 6.1.2.
6.2.3 Moment-Rotation relationship in ASCE 41-13

Seismic Design Guidelines for Tall Buildings (PEER, 2017) discusses two levels of
performance-based seismic assessment: Service level evaluation and Maximum
Considered Earthquake (MCE) level evaluation, which generally involve comparisons
of force and deformation demands imposed by the specified earthquake hazard to
corresponding limit state capacities of the structural components and systems. For the
performance-based seismic evaluation of components, several performance levels
(Immediate Occupancy, Life Safety and Collapse Prevention) are defined and marked

on the nonlinear force-deformation relationships assigned to plastic hinges, as shown

in Figure 6.9.
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Figure 6.9 Force vs. Deformation curve for the plastic hinge definition — Acceptance

Criteria Illlustration

In the Immediate Occupancy (10) level only a small amount of inelastic behavior is
allowed, so the elastic analysis should be sufficient. In the Life Safety (LS) level, a
larger amount of inelastic behavior is allowed, so it is necessary to use an inelastic

model of the structure, that should consider the yield and ultimate strengths of the
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structural components. The hysteresis loops can be expected to be fairly simple at this
level of deformation, with modest degradation in stiffness and strength. In the Collapse
Prevention (CP) level, the allowed amount of inelastic behavior is even larger than the
LS level, so in this case it is reasonable to expect more complex hysteresis loops with
substantial degradation in stiffness and strength.

Generally, in the plastic hinges modelling, five points labelled A.B.C.D and E are used
to define the force-deformation behavior of the plastic hinges, as illustrated in Figure
6.9:

e Point A is always the origin.

e Point B represents yielding. No deformation occurs in the hinge up to point B.
The displacement at this point will be subtracted from the deformations at
points C, D, E in order to consider only the plastic deformation exhibited by
the hinge.

e Point C represents the ultimate capacity for pushover analysis.

e Point D represents a residual strength for pushover analysis.

e Point E represent total failure of the hinge.

Before reaching point B, all deformation is linear and occurs in the frame element and
not in the hinge. Plastic deformation beyond point B occurs in the hinge in addition to
the elastic deformation that occurs in the frame element. A way to obtain these
properties, when the experimental results are not available, is to refers to specialized
guidelines, such as ASCE 41, where the modelling parameters are prescribed.

ASCE 41 is a standard for seismic rehabilitation of existing buildings, but it may also
be used in the design of new ones. Among many other things, ASCE 41 provides
modelling guidelines for inelastic analysis and performance assessment of different

structural components.

79



CHAPTER 6 — NONLINEAR MODELLING OF STRUCTURES

ASCE 41 "plastic"

deformation

Fa ’4—5_——:-'
C

Usual definition of
plastic deformation

for strength loss

B 7
D E
L J
FEMA 356 assumption

Figure 6.10 ASCE 41 force-deformation relationship

For the plastic hinge modelling, ASCE 41 recommends deformation capacities for a

wide range of components, for the Immediate Occupancy (lIO), Life Safety (LS) and

Collapse Prevention (CP) performance levels. For example, the following tables, taken

from the ASCE 41-13 guidelines, defines the modelling parameters and numerical

acceptance criteria for reinforced concrete beams and columns.

Table 6.1 Modelling Parameters and Numerical Acceptance Criteria for

Nonlinear Procedures — Reinforcement Concrete Beams (ASCE41-13)

Modeling Parameters®

Acceptance Criteria®

Plastic Rotations Angle (radians)

Residual
Plastic Rotations Angle Strength
(radians) Ratio Performance Level

Conditions a b c o] Ls cP
Condition i. Beams controlled by flexure”
p-p Transverse v o
PT reinforcement’ bod \/7
<0.0 C =3 (0.25) 0.025 0.05 0.2 0.010 0.025 0.05
=0.0 C 26 (0.5) 0.02 0.04 0. 0.005 0.02 0.04
>0.5 C <3 (0.25) 0.02 0.03 0.2 0.005 0.02 0.03
0.5 C 26 (0.5) 0.015 0.02 0.2 0.005 0.015 0.02
<0.0 NC <3 (0.25) 0.02 0.03 0. 0.005 0.02 0.03
<0.0 NC 26 (0.5) 0.01 0.015 0.2 0.0015 0.01 0.015
20.5 NC <3(0.25) 0.01 0.015 0.2 0.005 0.01 0.015
=0.5 NC 26 (0.5) 0.005 0.01 0.2 0.0015 0.005 0.01
Condition ii. Beams controlled by shear”
Stirrup spacing < d/2 0.0030 0.02 0.2 0.0015 0.01 0.02
Stirrup spacing > d/2 0.0030 0.01 0.2 0.0015 0.005 0.01
Condition iii. Beams controlled by inadequate development or splicing along the span”
Stirrup spacing < d/2 0.0030 0.02 0.0 0.0015 0.01 0.02
Stirrup spacing > d/2 0.0030 0.01 0.0 0.0015 0.005 0.01
Condition iv. Beams controlled by inadequate embedment into beam—column joint®

0.015 0.03 0.2 0.01 0.02 0,03

NOTE: f/ in Ib/in.” (MPa) units.

“Values between those listed in the table should be determined by linear interpolation.

"Where more than one of conditions i, ii. iii, and iv occur for a given component, use the minimum appropriate numerical value from the table.

“C” and “NC™ are abbreviations for conforming and nnnmnionmng transverse reinforcement, re-.pe;.mel\ Transverse reinforcement is mnlormmg if, within
the flexural plastic hinge region, hoops are spaced at < d/3, and if, for components of moderate and high ductility demand, the strength provided by the hoops

5") is at least 3/4 of the design shear. Otherwise, the transverse reinforcement is considered nonconforming.

V is the design shear force from NSP or NDP.
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Table 6.2 Modelling Parameters and Numerical Acceptance Criteria for

Nonlinear Procedures — Reinforcement Concrete Columns (ASCE 41-13)

Modeling Parameters®

Acceptance Criteria”

Plastic Rotations Angle (radians)

Residual
Plastic Rotations Angle Strength
(radians) Ratio Performance Level
Conditions a b 10 LS cP

Condition i.”
B o
AL = bis
<0.1 20.006 0.035 0.060 0.2 0.005 0.045 0.060
20.6 >0.006 0.010 0.010 0.0 0.003 0.009 0.010
<0.1 =0.002 0.027 0.034 0.2 0.005 0.027 0.034
20.6 =0.002 0.005 0.005 0.0 0.002 0.004 0.005
Condition ii.”

P c e ; V d
Af! ; bys IJ“‘(I\/_IT
<0.1 20.006 <3 (0.25) 0.032 0.060 0.2 0.005 0.045 0.060
<0.1 20.006 26 (0.5) 0.025 0.060 0.2 0.005 0.045 0.060
0.6 >0.006 <3(0.25) 0.010 0.010 0.0 0.003 0.009 0.010
20.6 >0.006 26 (0.5) 0.008 0.008 0.0 0.003 0.007 0.008
<0.1 <0.0005 <3(0.25) 0.012 0.012 0.2 0.005 0.010 0.012
<0.1 <0.0005 26 (0.5) 0.006 0.006 0.2 0.004 0.005 0.006
20.6 <0.0005 <3(0.25) 0.004 0.004 0.0 0.002 0.003 0.004
20.6 <0.0005 26 (0.5) 0.0 0.0 0.0 0.0 0.0 0.0
Condition iii.”

Pk _A
A fS p= b,.s
<0.1 >0.006 0.0 0.060 0.0 0.0 0.045 0.060
20.6 20.006 0.0 0.008 0.0 0.0 0.007 0.008
<0.1 <0.0005 0.0 0.006 0.0 0.0 0.005 0.006
20.6 <0.0005 0.0 0.0 0.0 0.0 0.0 0.0
Condition iv. Columns controlled by inadequate development or splicing along the clear height”

P * A,
ey P=
Af! b,s
<0.1 >0.006 0.0 0.060 04 0.0 0.045 0.060
20.6 20.006 0.0 0.008 04 0.0 0.007 0.008
<0.1 <0.0005 0.0 0.006 0.2 0.0 0.005 0.006
20.6 <0.0005 0.0 0.0 0.0 0.0 0.0 0.0

NOTE: f/ is in Ib/in.* (MPa) units.

“Values between those listed in the table should be determined by linear interpolation.

"Refer to Section 10.4.2.2.2 for definition of conditions i, ii, and iii. Columns are considered to be controlled by inadequate development or splices where the
calculated steel stress at the splice exceeds the steel stress specified by Eq. (10-2). Where more than one of conditions i, ii, iii, and iv occurs for a given com-
ponent, use the minimum appropriate numerical value from the table.

“Where P >0.7A,f/, the plastic rotation angles should be taken as zero for all performance levels unless the column has transverse reinforcement consisting
of hoops with 135-degree hooks spaced at < d/3 and the strength provided by the hoops (V) is at least 3/4 of the design shear. Axial load P should be based
on the maximum expected axial loads caused by gravity and earthquake loads.

4V is the design shear force from NSP or NDP.

6.3 Nonlinear time-history analysis

Time-history analysis is a step-by-step analysis of the dynamical response of a
structure to a specified loading that may vary with time (CSi Reference Manual.,
2017). The analysis may be linear or nonlinear. This paragraph describes the mainly
concepts of the nonlinear time-history analysis, which is used for the case study
described in the chapter 7 of this thesis. The dynamic equilibrium equations to be

solved are given by:
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Ku(t)+ Cu(t)+ Mi(t) =r(t) (6.1)

where K is the stiffness matrix, C is the damping matrix and M is the mass matrix; u,
u, it are the displacements, velocities and accelerations of the structure, while 7 is the
vector of the applied loads on the structure. If the load consists in ground acceleration,
as in this case, then the results in terms of displacements, velocities and accelerations
are relative to the ground. The load r(t) applied in a time-history case can be written
as a finite sum of spatial load vectors p; multiplied by time functions f;(t) as shown

in the following expression:
r©) =) O p 62)

In the case of a nonlinear analysis, the stiffness, damping and load may all depend
upon the displacements, velocities and time. For this reason, nonlinear analysis

requires an iterative solution to the equations of motion.
6.3.1 Proportional damping

In direct-integration time history analysis, the damping in the structure is modelled
using a full damping matrix, as described in the eqg. (6.1). In this case the damping
matrix could be calculated, following the Rayleigh damping method (Figure 6.11), as
a linear combination of the stiffness matrix K, scaled by a coefficient c,, and the mass

matrix M, scaled by a second coefficient c,,, as shown in the following expression:

C=CM'M+CK'K (63)
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Figure 6.11 Rayleigh damping

The two coefficients ¢, and cy can be computed by setting a same modal damping
ratio (i.e., &; = 5%) at two different natural periods (or frequencies) of the structure,
that usually correspond to the first modal period and the period required to achieve

90% mass participation in all the directions.
6.3.2 Time integration parameters

Direct-integration time-history analysis results are extremely sensitive to time-step
size, so itis important to run direct-integration analyses with decreasing time-step sizes
until the step size is small enough that the results are no longer affected by it.

A variety of common methods are available for performing direct-integration time-
history analysis, but is commonly recommended to use the “Hilber-Hughes-Taylor
alpha” (HHT) method. This method uses a single parameter called alpha that may take
values between 0 and -1/3. For alpha = 0, the method is equivalent to the Newmark
one with gamma = 0.5 and beta = 0.25, which is the same as the average acceleration

method, which is also called the trapezoidal rule.
6.3.2.1 Newmark method

In 1959, N. M. Newmark developed a family of time stepping methods based on the
following equations (Anil K. Chopra, 1995):
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Uppq = U + [(1—y) At]idl; + (v At) il (6.4)

Uiy = U + (A 4 + [(0.5 = B) (AT i + [B (At)?] digyq (6.5)

The parameters B and y define the variation of acceleration over a time step and
determine the stability and accuracy characteristics of the method. Typical selection
for y is 1/2 and 1/6 < B < 1/4 is satisfactory from all points of view, including that of
accuracy. These two equations, combined with the equilibrium equation at the end of
the time step, provide the basis for computing u;,, %41, and ii;,, at time i+1 from
the known u;, 11; and ii; at time i. Iteration is required to implement these computations
because the unknown ii;,, appears in the right sign of the equations (6.4) and (6.5).
However, for linear systems it is possible to modify Newmark’s original formulation
to obtain solution of the equations (6.4) and (6.5) without iteration. One of the most
well-known cases of Newmark’s method is the average acceleration one, that is
obtained assuming y = 1/2 and B = 1/4. The basic equations of this particular method

are shown in Figure 6.12.

Uiy
W
> !
L Lin
- T
‘T.i

i(r) = $liii 4 +iij)

i(t) = t; + Fiz1 + i)

tie) = i + 5 Gy +idj)

u(r) = u; + it + G Gis g1 + i)

) _ . (AN?
it = i + i At + S (il + i)

Figure 6.12 Average acceleration method - Newmark's method equations
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6.3.3 Geometric nonlinearity

Nonlinear time history analysis of the structure should be carried out considering not
only the material nonlinearity, as discussed in the previous paragraphs, but also the
geometric nonlinearity. Generally, it is possible to choose between two types of
geometric nonlinearity: P-A and large displacements. In the P-A analysis, the
equilibrium equations take into partial account the deformed configuration of the
structure and the solutions may require a moderate amount of iteration. In the large
displacements analysis, all equilibrium equations are written in the deformed
configuration of the structure and this may require a large amount of iteration, usually
using Newton-Raphson method. In most cases the P-A option is sufficient to
adequately consider the geometric nonlinearity of the structure, especially in the case

of RC frames and when material nonlinearity dominates (Fenwick R.C. et al., 1992).
6.3.3.1 P-A effect

The basic concepts behind the P-A effect are illustrated in the following example
(Figure 6.13), where is considered a cantilever beam subjected to an axial load P and

a transverse load F.

Original Configuration T F

v ©

Deformed Configuration

Figure 6.13 Static scheme of the cantilever beam (CSi Reference Manual., 2017)
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If equilibrium is examined in the original configuration, considering the undeformed
geometry of the beam, the moment at the base is equal to M=FL and decreases linearly
to zero at the loaded end. If, instead, equilibrium is considered in the deformed
configuration, there is an additional moment caused by the axial force P acting on the
transverse tip displacement A. In this second case, the moment at the base is M=FL +
PA, where the sign is positive for compressive axial load P and is negative for tensile
axial load P. The moment diagrams for all the cases described are shown in Figure
6.14.

FL

Moment in Original Configuration without P-Deilta

Moment for Compressive Load P with P-Delta

Figure 6.14 Moment diagrams for cantilever beam with and without P-4 effect
(CSi Reference Manual., 2017)

It is important to highlight that only the transverse deflection is considered in the
deformed configuration. Any change in moment due to a change in length of the
member is neglected in the traditional P-A approach. If the beam is in tension, the
moment at the base and throughout the member is reduced, if compared to the one in
the original configuration without P-A effect, thus the member is effectively stiffer

against the transverse load F. Conversely, if the beam is in compression, the moment
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throughout the member is increased, so the member is more flexible against the
transverse load F.

Similarly, some others basic mechanics related to P-A actions are illustrated in Figure
6.15 for a single degree of freedom structure that consists of a mass, m, with weight
force, P, supported by a rigid column with a flexural spring at its base (Fenwick R.C.
et al., 1992). A dashpot is attached to the mass to include viscous damping. The
stiffness related to the lateral displacement of the mass, due to a horizontal force, V, is

Ko if P-A actions are neglected.

Viscous damping Mass
Flexurhl spring h
VA
MODEL DEFLECTED SHAPE

Figure 6.15 Single degree of freedom model (Fenwick R.C. et al., 1992)

With this model the bending moment, M, acting on the flexural spring is equal to:

M =Vh+ P§ (6.6)

A measure that is commonly used to assess the sensitivity of structures to P-A effects
is the stability coefficient 8, which is a numerical value defined as the ratio of P-A
induced bending moment at some critical section to the corresponding value induced
by the lateral load. The coefficient is obtained assuming that the structure is linearly

elastic and for a single degree of freedom its value is given by the following equation:

Ps
_Z 6.7
9 o (6.7)
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The influence of P-A actions on a single degree of freedom structure with a bilinear
hysteretic response is illustrated in Figure 6.16 for the case of monotonically

increasing displacement.

1 Stiffness = g Ko

Area represents the Excluding P—Delfa

1 work done by P acting
through the vertical
Stiffness = Kg displacement v

© Effective stiffness / """""

= Ko(“e) Stiffness = Ko(o(sr—e)
including P-Delta

LATERAL FORCE, V

Sy

T o T T T Y T

LATERAL DEFLECTION, &

Figure 6.16 P-4 effects in a structure subjected to monotonically increasing lateral
displacement (Fenwick R.C. et al., 1992)

If the P-A actions are excluded, a lateral force Vy is sustained at yield and the
subsequent strain hardening stiffness is equal to asr-Ko. With the P-A actions included,
the effective lateral stiffness is reduced to Ko(1-6) in elastic range and to Ko(asr -6) for
deflections in the post elastic range. The area between the lateral force versus
displacement traces with and without P- A actions included represents the work done
by the weight force acting through the vertical displacement of the mass.

A consequence of the reduction in stiffness that occurs when P-A actions are
considered in an analysis is that the period of vibrations increases from T to 7"
(Fenwick R.C. etal., 1992).

TI

(6.8)
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For 0 values between 0 e 0.2, the increase in period of vibration is not generally
significant in design terms, while for values between 0.2 e 0.3, where 0.3 is considered
as the maximum allowable value for structures, is necessary to consider the P-A
effects. However, the reduction in stiffness of a structure in the elastic and inelastic
range due to the inclusion of P-A effects means that in general there is a tendency for

the displacement to increase.
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7 CASE STUDY: BAIA PROJECT

This chapter describes the main results obtained for the case study considered in this
thesis, which concerns a new building located in the city of Acapulco (Mexico) and
whose design is developed in collaboration with another engineering company. The
aim of the study is twofold: firstly, it is intended to highlight the benefits associated
with the application of the Shear Link Bozzo devices to the structure and the
advantages of using the Performance Based Seismic Design Approach instead
prescriptive building codes. Therefore, as a first step, the design of the entire structure
Is carried out proposing the addition of SLB devices. On the other hand, as a second
step, a simulated design of the initial bare frame structure, hence without SLB devices,
is carried out with the aim of comparing the pros and cons of the two proposed

solutions. The analyses are carried out using the software ETABS.
7.1 Description of the building

The case study concerns a new reinforced concrete structure located in the city of
Acapulco (Mexico). Baia is a 25-story residential building (see Figure 7.1) with a total
height of approximately 86 meters, 79.1 meters of which are above ground. The plan
of the building (see Figure 7.2) is, to a good approximation, rectangular in shape and
with a total area 312 square meters for story 1 and 453 square meters for others.

The cross-sections of beams and columns and the mechanical properties of the
materials, which have been previously defined by the other engineering company, are

shown in Table 7.1.
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Figure 7.1 Bare frame 3D model Figure 7.2 Plan of the building

Table 7.1 Geometric and mechanical properties of RC sections for Baia Project

Rect. Section b h A, Concrete fox
[ [em] [em] [em’] -l [MPa]
TR 50X110 50 110 5500 C45 45
TR 55X70 55 70 3850 C45 45
TR 40X100 40 100 4000 C45 45
COL 70X125 70 125 8750 C55 55
COL 70X150 70 150 10500 C55 55
COL 80X175 80 175 14000 C55 55
COL 90X100 90 100 9000 C55 55
COL 90X125 90 125 11250 C55 55
COL 90X150 90 150 13500 C55 55
COL 90X175 90 175 15750 C55 55
L-shape Section b B A, Concrete fox
[ [em] [em] [em’] [- [MPa]
COL L 70X150 70 150 16100 C45 45
COL L 70X180 70 180 20300 C55 55
COL L 80X180 80 180 22400 C55 55
Circular Section D A, Concrete fox
[-] [cm] [em’] [-] [MPa]
COL 100 100 7854 C45 45
COL 120 120 11310 C55 55
COL 140 140 15394 C55 55
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The first objective is to optimize the design of the structure through the addition of
SLB devices, which are connected to the structure with decoupled concrete walls. As
will be shown in the next paragraphs, the use of dissipators increases the stiffness of
the structure, reducing the interstory drift at both Service Level Earthquake (SLE) and
Maximum Considered Earthquake (MCE) and providing an additional source of
dissipation, which leads to a reduction of structural damage in the other structural

elements (e.g., beams and columns) and non-structural components.
7.2 Reference code

The following reference codes are considered for this case study:

e TBI — Guidelines for Performance Based Seismic Design of Tall Buildings,
2017 — Guidelines developed by the Pacific Earthquake Engineering Research
Center (PEER), used to verify the structure through static and dynamic
earthquake analyses, to define the site spectra for the MCE level and the
selection of ground motions used in the nonlinear time history analyses, to
define the effective stiffness of reinforce concrete elements;

e MOC-CFE (2015) — Mexican building code for the design and verification of
the structure for seismic loads, used to define the DE and SLE levels site
spectra;

e ASCE 41-13 — Reference code used for the modelling parameters and
numerical acceptance criteria of reinforcement concrete elements (e.g., beams
and columns)

e ACI 318-19 — Building code used for the structural design and check of

reinforcement concrete elements.
7.2.1 Code requirements

For the Service Level Earthquake (SLE), according to the PBSD approach, it is
possible to verify the structure with a linear response spectrum analysis, or with linear

or nonlinear time history analyses. For global acceptance criteria, according to the
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MOC-CFE requirements, the calculated story drift shall not exceed 0.4%?! of story
height in any story. Regarding the component acceptance criteria, if the structure is
analyzed with response spectrum or linear response history analysis, calculated
demand-to-capacity ratios shall not exceed 1.5 for deformation-controlled actions and
1.0 for force-controlled actions. In case the structure is analyzed with nonlinear time
history analysis, calculated deformations in structural elements (e.g., beams, columns)
and in the dissipators should not exceed the Immediate Occupancy (IO) level. The
fulfilment of these requirements ensures that for the SLE evaluation the structure does
not exhibit significant damages to both structural and non-structural elements, thus
containing eventual repair costs.

Maximum Considered Earthquake (MCE) evaluation is conducted by means of
nonlinear time history analyses according to the requirements of MOC-CFE code and
TBI-Guidelines. For the global acceptance evaluation unacceptable response to ground
motion consists of any of the following:

¢ Analytical solution fails to converge;

e Demands on deformation-controlled elements exceed the valid range of
modelling;

e Demands on critical or ordinary force-controlled elements exceed the element
capacity;

e Deformation demands on elements not explicitly modelled exceed the
deformation limits at which the members are no longer able to carry their
gravity loads;

e Peak transient story drift ratio in any story exceeds 0.045;

o Residual story drift ratio in any story exceeds 0.015.

For Risk Category Il buildings, to which the structure under study belongs, it is
permitted to have one unacceptable response. For global acceptance criteria
evaluation, in each story, the mean of the values of the peak transient story drift ratios
from the seismic signals set should not exceed 0.03, in accordance to both MOC-CFE
and TBI-Guidelines. In addition, for the TBI-Guidelines, in each story, the mean of

the absolute values of residual drift ratios shall not exceed 0.01. This value is intended

! The limit value imposed by the MOC-CFE is lower than the one proposed by the TBI-Guidelines
(2017) equal to 0.5%
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to protect against excessive post-earthquakes, in order to provide enhanced
performance for tall buildings.

For the component acceptance criteria evaluation, when the structure is verified with
nonlinear time history analyses, calculated deformations in structural elements (e.g.,
beams, columns) and in the dissipators should not exceed the Collapse Prevention (CP)

level.
7.3 Load combinations

For the structural design of the building, the following load combinations have been

considered:

- 14Gi1+14G2

- 12G1+12G2+16L

- 12G1+12G2+L+W

- G1+G2+05L+Ex+0.3Ey
- G1+G2+05L+03ExxEy
- G1+G2+05L+TH

where Gi1 and G2 represent the permanent structural loads and the permanent non-
structural loads, respectively; L indicates the live load, W the wind load, E represents
the equivalent static seismic load (Response seismic analysis, RSA), TH corresponds
to the time history considered in the case of linear or nonlinear time history analysis.
The first three load combinations are related to the ultimate limit state assessments of
the structure, while the other ones are related to the seismic evaluation of the building

at Service Level Earthquake and Maximum Considered Earthquake.
7.3.1 Gravity loads

The permanent structural loads Gi have been computed automatically by ETABS,
while the values considered for the permanent non-structural loads G2 and live loads
L are 200 kgf/m? and 190 kgf/m?, respectively. The wind load has been computed from

the previous engineering company.
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7.3.2 Seismic loads

The seismic design of structures, as explained in the chapter 5 of this thesis, should
always include proper evaluation of seismic hazards. PBSD guidelines recommend to
establish appropriate site-specific ground motions, rather than using a prescriptive
code spectrum, considering all the significant earthquake intensities for the structure.
For this case study, the analyses are carried out using site spectra obtained from
appropriate ground response analysis. It is important to highlight, as described in
section 5.4.1, that in the PBSD approach at least two levels of spectral values should
be considered:

e MCERr is defined as a Risk-Targeted PSHA level of shaking having a 2 percent
probability of exceedance in 50 years, that corresponds to a 2475-year return
period).

e SLE is defined as a PSHA level having a 50 percent probability of exceedance
in 30 years, that corresponds to a 43-year return period.

The procedure for the evaluation of these spectra is explained in the section 7.3.2.1.
7.3.2.1 Site response spectra

This section presents the procedure to calculate response spectra for the building site,
which is located in Playa Diamante, Acapulco, Mexico and that is shown in Figure
7.3.
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Figure 7.3 Location of the study site in relation to the seismic regionalization of Mexico
(MOC-CFE, 2015)

In accordance with the seismic regionalization proposed by the “Manual de Obras
Civiles de la Comision Federal de Electricidad”, 2015 (MOC-CFE, 2015), the site
under investigation is located in zone D as shown in Figure 7.3.

The free-field acceleration site response spectrum, that is shown in Figure 7.4, is
obtained from the corresponding bedrock site response spectrum by taking the

geotechnical site effects into account.

96



CHAPTER 7 — CASE STUDY: BAIA PROJECT

Site response spectrum - Design Earthquake Level, Tr = 475 years
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Figure 7.4 Site response spectrum - Design Earthquake Level

The spectrum shown in Figure 7.4 corresponds to the Design Earthquake (DE) level,
thus for a return period of 475 years. The Maximum Considered Earthquake (MCE)
site spectrum is obtained by multiplying the ordinates of the DE spectrum by a factor
of 1.5, in accordance with the guidelines for Performance-Based Seismic Design of
Tall Buildings, while the Service Level Earthquake (SLE) spectrum is obtained by
dividing the ordinates of the DE spectrum by a reduction factor Fser (MOC-CFE, 2015).
For residential buildings that belong to group B, as the one considered in this case
study, the value of the reduction factor Feer is equal to 5.5 in accordance to MOC-CFE,
2015. Figure 7.5 shows the three site spectra obtained from the analysis described

above.
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Site response spectra
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Figure 7.5 MCE, DBE and SLE site response spectra

The obtained site response spectra are used, as explained in the following paragraphs,
for the verification of the structure for the MCE and SLE performance levels.
The initial DE site spectrum is also adjusted to obtain an elastic design spectrum,
which will be used for the design of the steel reinforcement of the bare frame structure,
in accordance with the MOC-CFE building code. The elastic design spectrum for the
Design Earthquake level is shown in Figure 7.6 and is characterized by:
o afirst linear segment starting from the peak ground acceleration (PGA), ao, to
the maximum spectral acceleration, c;
e asecond segment, the plateau, defined by the range of periods between Ta and
Tb, characterized by a constant spectral acceleration value equal to c;
¢ athird exponential trait defined by the parameter p.
The mathematical expressions that describe the elastic design spectrum for the DE

level are shown below:

T
Sa=a0+(c—a0)-T— 0<T<T, (7.2)

a
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where T is the period of a single degree of freedom system, Sa is the acceleration

spectral value and p is a coefficient that is calculated using the following expression:

2

p=k+(1—k)-<%) (7.2)

The seismic parameters values used in the equations (7.1) e (7.2) for the calculation of

the design elastic spectrum are given in the Table 7.2.

Table 7.2 Seismic parameters values for the elastic design response spectrum

Seismic parameters values - Elastic design response spectrum
Tg a, c T, T, k

[years] [g] [] [s] [s] [-]
475 0.895 2.58 0.10 1.00 15
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Figure 7.6 Elastic design response spectrum
The inelastic design spectrum is obtained dividing the ordinates of the elastic design

response spectrum by an overstrength factor equal to 1.75 (MOC-CFE, 2015) and by

a factor Q’ calculated in accordance to the following expressions:

-DT
Q’:1+—((\2/E-T1 T<T,
Q-1Dp 79
Q’=1+Tp T>Tb

where Q is the behavior factor of the structure for seismic loads, that for a reinforced
concrete structure in low ductility class is equal to 3 (MOC-CFE, 2015). The inelastic
design spectrum given in Figure 7.7, that is obtained from the corresponding DE
spectrum for a return period of 475 years, will be used for the reinforcement design of

the bare frame structure, as explained in paragraph 7.5.4.
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Figure 7.7 Design Response Spectra
7.3.2.2 Time Series record selection

As described in chapter 5, in the PBSD approach the proper selection and development
of a set of site-specific time series is a very important step. MOC-CFE (2015) requires
a minimum number of four accelerograms to verify the structure with linear or
nonlinear time history analyses. In that case, accordingly to the code, it is necessary to
consider the maximum values of the results to the evaluation of global and local
acceptance criteria. However, if is used a minimum number of seven accelerograms,
as for this case study, it is possible to evaluate global and local acceptance criteria
using the mean values of the results obtained from the analyses.

The first five seismic signals showed below are taken from an accelerometer station
located in Acapulco and which is approximately 3 kilometers from the building site,
while the last two signals are selected considering significant magnitude and distance
pairs for the study site.

Each time series is matched in order to be spectrally compatible to a site-specific target
spectrum. The procedure is performed by means of the spectral matching approach in

the frequency domain using ETABS. Following figures show the time series of the
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seven seismic signals spectrally matched to the MCE site spectrum. For each seismic

signal there are two time series, one for each horizontal direction.
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Figure 7.8 MCE matched seismic signal 1
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Figure 7.9 MCE matched seismic signal 2
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Figure 7.10 MCE matched seismic signal 3
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Figure 7.11 MCE matched seismic signal 4
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Figure 7.12 MCE matched seismic signal 5

Ace. 6-Dir. X Acc. 6-Dir Y
15
1
0.5
=
— N s e
W ‘ )
{ 05
-1
-15
0 10 20 30 40 50 60 70 0 10 20 0 40 50 60 70
t[s] t[s]

Figure 7.13 MCE matched seismic signal 6
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Figure 7.14 MCE matched seismic signal 7

Figure 7.15 shows the acceleration response spectra of matched seismic signals (in
grey) and their mean spectrum (in green) versus the target MCE site spectrum (in
black).

Acceleration response spectra of matched seismic signals

5.00
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3.50

Figure 7.15 Acceleration response spectra of matched seismic signals

7.4 Modelling assumptions for the analyses

This section describes the modelling assumptions made for the analyses of the bare
frame structure and the structure equipped with SLB devices. PBSD approach, as

described in chapter 5, suggests to reduce the section properties to account for concrete
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cracking and damage to structural elements through property modifiers, which values,
accordingly to “TBI — Guidelines for Performance-Based Seismic Design of Tall

Buildings ”, are shown in Table 7.3.

Table 7.3 Reinforced concrete effective stiffness values

Service-Level Linear Models MCERg-Level Nonlinear Models
Component
Axial Flexural Shear Axial Flexural Shear
1(in-

glt;ﬂcet)“ra'wa"s -1 410EA, | 075Edy, | 04EA; | 10EA; | 035Ed; | 0.2EA
Structural walls (out-
of-plane) - 0.25Eclq - - 0.25E /g -
Basement walls
(in-plane) 1.0EAy 1.0Ecly 04EAg | 1.0E:Aq 0.8Ecly 0.2E:Aq
Basement walls (out-
of-plane) - 0.25Eclq - - 0.25Ely -
Coupling beams with 0 07[ ;JE / 0 07[ P JE |
g%ﬂgv:r?atllonal x 10EA; | | 04EA; | 10EA; | \h) 7 | 04EA,
reinforcement =03E, <0.3E,,

Composite steel / P ¢
reinforced concrete | 1.0(EA)ians 0_07[5](5]““ 1.0EsAsw | 1.0(EA)twans 0.07[ E](EI Jyane | 1-0EsAsw
coupling beams

Non-PT transfer

diaphragms (in-plane | 0.5EcAq 0.5Ecly 0.4 EcAg | 0.25EcAq 0.25Elq 0.1EcAq
only)?

PT transfer

diaphragms (in-plane | 0.8E:Ag 0.8Ecly 04EAg; | 0.5EcAq 0.5 Eclg 0.2EAg
only)?

Beams 1.0E:Aq 0.5Ecly 0.4EcAq 1.0E:Aq 0.3Eclq 0.4EAq
Columns 1.0E:Aq 0.7 Eclg 0.4EcAq 1.0E:Aq 0.7 Eclg 0.4E:Aq
Mat (in-plane) 0.8E:Aq 0.8Ecly 0.8EcAg | 0.5E:Aq 0.5 Eclg 0.5E:Aq
Mat* (out-of-plane) - 0.8Ecly -- - 0.5Ecly --

Walues are relevant where walls are modeled as line elements. Where walls are modeled using fiber elements,
the model should automatically account for cracking of concrete and the associated effects on member stiffness.

2(El)rans is intended to represent the flexural rigidity of the cracked transformed section. It is acceptable to
calculate the transformed section properties based on structural mechanics or to use (El)irans = Eclg/5 + Esls per
ACI 318.

3 Specified stiffness values for diaphragms are intended to represent expected values. Alternative values may be
suitable where bounding analyses are used to estimate bounds of force transfers at major transfer levels. For
diaphragms that are not associated with major force transfers, common practice is to model the diaphragm as
being rigid in its plane. Flexural rigidity of diaphragms out of plane is usually relatively low and is commonly
ignored. The exception is where the diaphragm acts as a framing element to engage gravity columns as
outrigger elements, in which case out-of-plane modeling may be required.

4 Specified stiffness values for mat foundations pertain to the general condition of the mat. Where the walls or
other vertical members impose sufficiently large forces, including local force reversals across stacked wall
openings, the stiffness values may need to be reduced.

It is important to take into account that the RC effective stiffness values depend on

earthquake intensity. This means that two different structural models need to be
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realized for each structure, one for Service Level Earthquake (SLE) analyses and one
for Maximum Considered Earthquake (MCE) analyses. The SLE effective stiffness
values are also considered for the reinforcement steel design, accordingly to MOC-
CFE building code.

A further fundamental aspect for MCE analyses is the nonlinear modelling of the
structures. Chapter 6 describes the main theoretical elements of nonlinear modelling,
so this section only defines the modelling assumptions made for the case study.
Concentrated plastic hinge model has been assumed for rectangular and circular cross-
section RC elements following ASCE 41-13 recommendations. Fiber hinge model has
been taken for L shape cross-section columns, discretizing the section into a number
of uniaxial fibers arranged along the longitudinal axis of the element and assigning a
uniaxial stress-strain relationship to each of them. In this case, the acceptance criteria

(10, LS, CP) are specified directly on the material stress-strain relationship.

-1.60 -0.80 0.00 0.80 1.60 240 3.20 4.00 4 80 5.80 6.40 E-3
Strain

Figure 7.16 Concrete C45 - Material stress-strain relationship
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Figure 7.17 Concrete C55 - Material stress-strain relationship
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Figure 7.18 Steel A615Gr60 - Material stress-strain relationship

P-A effects have been considered in all the static and dynamic analyses carried out for
the case study. The “Hilber-Hughes-Taylor alpha” method, introduced in section 6.3.2,
has been used for performing direct-integration time-history analyses using alpha = 0
(see section 6.3.2), while the damping matrix has been calculated following the
Rayleigh damping method (see section 6.3.1).

7.5 Bare frame structure design

7.5.1 Modal analysis

The first step is to perform a modal analysis with the aim to study the dynamic behavior

of the bare frame structure. Table 7.4 shows periods and modal mass participating
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mass ratios (mx, my, rz) of the first three natural modes of vibration of the structure.
The results are obtained considering the effective stiffness values of the Service Level
Earthquake (see Table 7.3).

Table 7.4 Modal analysis results for Bare frame structure

Mode Period Participating Mass Ratio (m,, my, r,) Sum Participating Mass Ratio (m,, my, r,)
[] [s] [] [ [-] [] [-] [-]
1 3.32 34.07% 28.08% 14.66% 34.07% 28.08% 14.66%
2 3.23 28.44% 45.77% 1.36% 62.51% 73.85% 16.02%
3 2.51 12.87% 2.21% 61.88% 75.38% 76.06% 77.90%
9 0.46 1.11% 0.13% 2.76% 90.92% 90.91% 91.65%

Results given in Table 7.4 shows that the first and second mode are essentially
translational, while the third one is torsional. This ensures that the building is

torsionally rigid, thus avoiding excessive stresses due to the torsion of the structure.

Figure 7.19 1% mode Figure 7.20 2" mode Figure 7.21 3" mode

The fundamental period is 3.32 seconds, a value that is acceptable for a 25-story
reinforced concrete building, while 90% of the participating mass ratio is achieved in

all directions considering the first 9 natural modes of vibrations of the structure.
7.5.2 Service Level Earthquake evaluation

The next step consists to verify the structure to the Service Level Earthquake according
to MOC-CFE requirements. The interstory-drift results, given in Figure 7.22, are
obtained with a response spectrum analysis using the SLE site spectrum introduced in

Figure 7.5 and considering the load combinations defined in section 7.3.
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Max Interstory Drift - Service Level Earthquake (RSA)
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Figure 7.22 Max Interstory Drift at Service Level Earthquake (RSA)
7.5.3 Considerations of wind demand

Generally, for the structural design of high-rise buildings the wind load demand can
be even more significant than the seismic demand at Service Level Earthquake (SLE):
Thus, the wind demand, if is expected to affect the structural design, must be
considered in the first step of the assessment of the structure, as explained in the TBI
— Guidelines for Performance Based Seismic Design of Tall Buildings, 2017 and in
Performance-Based Seismic Design for Tall Buildings (Golesorkhi et al., 2019).

Figure 7.23 shows the story shears comparison between the seismic load combination

at SLE and wind demand, the latter is given in section 7.3.
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Max Story Shears - Service Level Earthquake vs Wind Load
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Figure 7.23 Max Story Shears - Service Level Earthquake vs Wind Load

The story shears values of wind load combination are lower than the ones obtained
from the seismic load combination at Service Level Earthquake. In conclusion, the
wind demand does not affect the evaluation of the structure in terms of interstory drift-
results. However, the wind demand has been considered in the design of the structural

elements of the two structures with and without SLB devices.
7.5.4 Reinforcement design

This paragraph describes the reinforcement design of structural elements (beams and
columns), that has been carried out after the verification of the structure at Service
Level Earthquake. The steel reinforcement has been calculated with a traditional
capacity design approach, following the ACI 318-19 prescriptions, considering the
maximum stresses in structural elements due to gravity loads and seismic loads
combinations. The seismic loads effects on the structure have been computed with a
Response Spectrum analysis (RSA) using the inelastic design spectrum introduced in
Figure 7.7.

The beam reinforcement design is conducted subdividing the structural element into

three parts, as shown in Figure 7.24: two end sections where is expected the formation
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of plastic hinges, and one mid-section where the stresses due to gravity and seismic

loads are generally lower and therefore less steel is required.

End section Mid section End section Top bars

ddbd

{3 r2

Bottom bars

Figure 7.24 Subdivision of the beam for the reinforcement design

Table 7.5 contains the amount of steel reinforcement for beam sections obtained by
the design procedure. The coefficients psbot and pstop represent the bottom and top

geometric percentage of reinforcement, defined as:

As,bot As,top

Ps,pot = A Ps,top = (7.4)
c

where A¢ is the concrete area of the section.

Table 7.5 Reinforcement design for Bare frame structure - Beam sections

End section Mid section
Section A, [ Num. of bars Ay Aspop Pspot Pstop [ Num. of bars  Agpy Agtop Psbot Pstop
5| [em’] _ [mm] [l fem’]  fem’] I I [mm] I fem’]  [em’] 8| 8!
TR50X1100.5% 5500 25.4 6 30.40 30.40 0.55%  0.55% 254 6 30.40 30.40 0.55%  0.55%
TR 50X110 1% 5500 254 11 55.74 55.74 1.01% 1.01% 254 6 30.40 30.40 0.55%  0.55%
TR50X11015% 5500 323 11 90.13 90.13 1.64%  1.64% 254 6 30.40 30.40 0.55%  0.55%
TR 50X110 2% 5500 323 14 114.72 114.72 2.09% 2.09% 254 6 30.40 30.40 0.55% 0.55%
TR 50X1102.5% 5500 323 18 14749 14749  2.68%  2.68% 254 6 30.40 30.40 0.55%  0.55%
TR 55X70 0.5% 3850 254 4 20.27 20.27 0.53% 0.53% 254 4 20.27 20.27 0.53% 0.53%
TR 55X70 1% 3850 25.4 8 40.54 40.54 1.05%  1.05% 254 4 20.27 20.27 0.53%  0.53%
TR 55X70 1.5% 3850 25.4 12 60.80 60.80 158%  1.58% 254 4 20.27 20.27 0.53%  0.53%
TR 55X70 2% 3850 32.3 10 81.94 81.94 2.13% 2.13% 25.4 4 20.27 20.27 0.53% 0.53%
TR 55X70 2.5% 3850 323 12 98.33 98.33 2.55%  2.55% 254 4 20.27 20.27 0.53%  0.53%
TR 40X100 0.5% 4000 254 4 20.27 20.27 0.51% 0.51% 254 4 20.27 20.27 0.51% 0.51%
TR 40X100 1% 4000 25.4 8 40.54 40.54 1.01% 1.01% 25.4 4 20.27 20.27 0.51% 0.51%
TR 40X100 1.5% 4000 25.4 12 60.80 60.80 152%  1.52% 254 4 20.27 20.27 0.51%  0.51%
TR 40X100 2% 4000 323 10 81.94 81.94 2.05% 2.05% 254 4 20.27 20.27 0.51% 0.51%
TR 40X1002.5% 4000 323 12 98.33 98.33 246%  2.46% 254 4 20.27 20.27 0.51%  0.51%

Table 7.6 contains the amount of steel reinforcement for beam sections obtained by
the design procedure. The coefficient ps represents the total geometric percentage of

reinforcement, defined as:
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AS
ps = A_c (7.5)
Table 7.6 Reinforcement design for Bare frame structure - Column sections
Section A, () Num. of bars A tot Ps
[-] [em’] [mm] -] [em’] [-]
COL 70X125 8750 25.4 48 243.22 2.78%
COL 70X150 10500 32.3 48 393.31 3.75%
COL 80X175 14000 32.3 76 622.74 4.45%
COL 90X100 9000 25.4 36 182.41 2.03%
COL 90X125 11250 32.3 36 294.98 2.62%
COL 90X150 13500 32.3 44 360.54 2.67%
COL 90X175 15750 32.3 76 622.74 3.95%
COL 100 7854 25.4 30 152.01 1.94%
COL 120 11310 25.4 30 152.01 1.34%
COL 140 15394 32.3 60 491.64 3.19%
COL L 70X150 16100 25.4 55 278.69 1.73%
COL L 70X180 20300 32.3 67 549.00 2.70%
COL L 80X180 22400 32.3 83 680.10 3.04%

7.5.5 MCE analyses results

This paragraph shows the results obtained with nonlinear time history analyses at MCE
level after the reinforcement design of structural elements. In this case, the damping
matrix has been calculated following the Rayleigh damping method, as described in
paragraph 6.3.1, as a linear combination of the stiffness matrix K, scaled by a
coefficient cg, and the mass matrix M, scaled by a second coefficient c,, (see eq. (6.3)).
The two coefficients ¢, and c, of eq. (6.3) have been computed setting a same modal
damping ratio (¢; = 5%) at two different natural periods of the structure, that
correspond to the first modal period and the period required to achieve 90% mass
participation in all the directions. It is important to highlight that the MCE structural
model is characterized by specific effective stiffness values, that are different from the
ones used in the SLE model. Therefore, the coefficients c,, and cx need to be calibrate

according to the modal analysis results of MCE structural model.
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Figure 7.25 Damping coefficients for Nonlinear time history analysis - ETABS

A set of 7 seismic signals has been used for performing the nonlinear time history

analyses, thus, as described in section 7.3.2.2, the mean values of results has been

considered to evaluate global and local acceptance criteria. Figure 7.26 and Figure

7.27 shows the max interstory drift results at MCE level.
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Figure 7.26 Max interstory Drift at MCE level - Dir. X
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Figure 7.27 Max Interstory Drift at MCE level - Dir. Y

The maximum interstory drift is lower than limit in both directions, so the MOC-CFE

requirements are satisfied. The mean values of residual interstory drift ratio obtained

from the analyses, according to the TBI-Guideline (see section 7.2.1), shall not exceed
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0.01 for protecting the building against excessive post-earthquakes. Figure 7.28 and

Figure 7.29 show the residual interstory drift results at MCE level.
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Figure 7.28 Residual Interstory Drift at MCE level - Dir. X
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Figure 7.29 Residual Interstory Drift at MCE level - Dir. Y
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The residual interstory drift ratios are lower than limit in both directions, so the TBI-
Guidelines requirements are satisfied. In conclusion, the results of nonlinear time
history analyses at MCE level meet the global acceptance criteria.

Lastly, it is necessary to verify that the structure meets the local acceptance criteria.
Therefore, plastic rotations in structural elements (beams and columns need to be
lower than Collapse Prevention (CP) value. Numerical acceptance criteria for beams
and columns, as described in section 7.2, are taken from ASCE 41-13.

Table 7.7 shows the maximum and mean demand on capacity ratios for CP of each
structural element. The maximum D/C ratio is calculated on the results of the single
nonlinear time history analysis, while the mean D/C ratio is calculated on the results

of the entire set of accelerograms.

Table 7.7 Mean and Maximum D/C ratios for Collapse Prevention (CP) - Bare structure

Element Mean D/C for CP Max D/C for CP
[ [-] [-]
Beam 0.714 0.999
Column 0.238 0.450
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Figure 7.30 Example of the plastic hinge hysteretic cycle of a beam

7.6  Structure with SLB design

7.6.1 SLB design

The employment of 4™ generation SLB devices has been proposed for the project of

Baia, using decoupled concrete walls as support for the devices. The plan layout of

116



CHAPTER 7 — CASE STUDY: BAIA PROJECT

SLB devices and the concrete wall geometry, shown in Figure 7.32, have been defined

taking into account the limitations imposed by the architectural design.

YT

AN

Figure 7.31 Structure with SLB 3D model Figure 7.32 Plan of the building

The proposed SLB solution consists of four concrete walls per level, as shown in
Figure 7.31, placed from story 1 to story 20. Each wall is equipped with 2 SLB devices
and is characterized by a 4 meters length and 25 centimeters thickness.

Figure 7.33 Decoupled wall FEM model - ETABS

117



CHAPTER 7 — CASE STUDY: BAIA PROJECT

The shear capacity of a structural concrete wall according to the ACI code can be
calculated with the following expression (units in MPa):
Vy;=0.75-0.83 /foL-t (7.6)
where:
- fqx 1s the compressive strength of the concrete;
- L is the length of the wall;
-t s the thickness of the wall.

Table 7.8 summarizes the geometrical and mechanical properties of the decoupled
concrete walls considered for this case study.

Table 7.8 Geometric and mechanical properties of decoupled concrete walls

Concrete f.x L t V4
[-] [MPa] [m] [cm] [kN]
C45 45 4.00 25 4176

The selection procedure of SLB devices has been performed using the direct iteration
method described in section 4.3.1, resulting in an initial set of devices. Then, the
optimal solution has been achieved reducing the size of dissipators with a series of

nonlinear time history analyses considering only the nonlinear behavior of dissipators.
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Table 7.9 Design Table for 4" generation of Shear Link Bozzo devices

Device K K, D, (mm) Fy Finax

(KN/em)  (KN/cm) (KN) (KN)
SLB4 10 5  2026.65  21.62 0.749 151.79  250.00
SLB4 10 6 2163.53 22.90 0.742 160.54 265.78
SLB4 15 5 2472.60 24.85 0.720 177.92 293.72
SLB4 15 6 2761.73 26.96 0.706 195.09 320.62
SLB4 15 7 3021.88 28.76 0.697 210.76 345.09
SLB4 20 6 3361.00 33.09 0.687 230.93 381.61
SLB4 20 7 3700.15 35.28 0.673 248.98 410.70
SLB4 25 6 4260.80 42.53 0.654 278.74 468.96
SLB4 25 7 4767.68 46.51 0.638 304.31 512.31
SLB4 25 8 5238.65 50.43 0.626 327.73 552.76
SLB4 30 7 5785.96 57.25 0.619 358.28 611.14
SLB4 30 8 6419.52 62.36 0.608 390.28 665.17
SLB4 30 9 6994.22 66.79 0.601 420.37 716.61
SLB4 30 10 7535.22 70.90 0.596 449.29 764.52
SLB4 40 7 7797.49 78.07 0.596 464.68 807.56
SLB4 40 8 8718.88 86.41 0.588 512.48 890.20
SLB4 40 9 9580.18 93.66 0.582 557.71 966.06

SLB4_40_10 10439.63 101.20 0.576 601.31 1043.20
SLB4 40_11 11253.53 109.93 0.571 643.06 1117.73
SLB4 40 12 12033.64 115.64 0.570 685.73 1191.30
SLB4_50 9 12289.99 120.57 0.578 709.95 1236.23
SLB4_50_10 13421.60 130.96 0.572 768.20 1340.09
SLB4_50_11 14537.41 141.39 0.569 827.48 1443.52
SLB4 50 12 15599.37 150.54 0.567 884.08 1540.02
SLB4_60_5 8891.13 91.74 0.598 531.45 932.94
SLB4_60_6 10457.28 106.25 0.586 613.19 1078.09
SLB4_60_11 17684.45 174.36 0.562 993.08 1746.50
SLB4_60_12 19029.62 185.88 0.560 1065.32 1868.98
SLB4_65_11 19829.08 194.60 0.562 1113.76 1957.04
SLB4_65_12 21326.70 209.74 0.560 1194.73 2103.54
SLB4_65_13 22872.65 223.05 0.558 1276.57 2245.62
SLB4_65_14 24379.36 235.06 0.556 1356.52 2382.04
SLB4_65_15 25869.86 249.17 0.554 1433.77 2519.93
SLB4_65_16 27331.55 261.77 0.553 1511.96 2654.85
SLB4_65_18 30180.37 286.67 0.554 1671.12 2912.47
SLB4 65 20 32951.18 306.56 0.553 1822.60 3157.88

For each decoupled concrete wall, according to its the shear capacity shown in Table
7.8, is it possible to install up to two SLB4 65 11 (see Table 7.9). However, the
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optimal design solution consists in the use of two SLB4 40 10 for each decoupled

wall, for a total of 160 devices.
7.6.2 Modal analysis

The first step, as previously done for the bare frame structure, is to perform a modal
analysis with the aim to study the dynamic behavior of the structure. Table 7.10 shows
periods and modal mass participating mass ratios (mx, my, rz) of the first three natural
modes of vibration of the structure. The results are obtained considering the effective
stiffness values of the Service Level Earthquake (see Table 7.3).

Table 7.10 Modal analysis results for SLB structure

Mode Period Participating Mass Ratio (m,, my, r,) Sum Participating Mass Ratio (m,, my, r,)
[] [s] [] [] [-] [-] [-] [-]
1 2.49 47.03% 3.84% 23.09% 47.03% 3.84% 23.09%
2 2.25 9.59% 61.99% 2.50% 56.62% 65.83% 25.59%
3 2.01 14.33% 8.47% 52.38% 70.95% 74.30% 77.97%
9 0.37 2.94% 0.07% 1.69% 90.85% 91.23% 92.12%

The use of SLB devices leads to a stiffer structure, as demonstrated by the period
reduction of the first three natural periods of the building. Results given in Table 7.10
shows that the first and second mode are essentially translational, while the third one

is torsional.

Figure 7.34 1% mode Figure 7.35 2" mode Figure 7.36 3" mode
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The fundamental period of the structure with SLB is 2.49 seconds, while 90% of the
participating mass ratio is achieved in all directions considering the first 9 natural

modes of vibration of the structure.
7.6.3 Service Level Earthquake evaluation

The next step consists of verifying the structure to the Service Level Earthquake
according to MOC-CFE requirements. The interstory-drift results, given in Figure
7.37, are obtained with a response spectrum analysis using the SLE site spectrum

introduced in Figure 7.5 and considering the load combinations defined in section 7.3.
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Figure 7.37 Max Interstory Drift at Service Level Earthquake (RSA)

7.6.4 Reinforcement design

This paragraph describes the reinforcement design of structural elements (beams,
columns and decoupled walls), that has been carried out after the verification of the
structure at Service Level Earthquake. In this case, the steel reinforcement design has
been performed with the PBSD approach, rather than using the amount of
reinforcement obtained from a RSA with the inelastic design spectrum. The

reinforcement is initially designed considering the maximum stresses in structural
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elements due to gravity loads and SLE seismic loads combinations (see section 7.3)
and taking into account the minimum reinforcement required for RC beams and
columns according to ACI 318-19. The initial design under SLE seismic loads ensures
that structural elements meet the local acceptance criteria for Service Level
Earthquake, i.e., plastic rotation is less than immediate occupancy. The structure is
then verified with nonlinear time history analyses at Maximum Considered Earthquake
level and for those structural elements that do not satisfy the local acceptance criteria
(e.g., plastic rotation greater than collapse prevention) the amount of steel
reinforcement has been increased. The variation of steel reinforcement requires to
perform again the nonlinear time history analyses at MCE level, so the design
methodology is iterative. The procedure is repeated until the code requirements
regarding global and local acceptance criteria are met.

Table 7.11 contains the amount of steel reinforcement for beam sections obtained by
the iterative design procedure. The coefficients pshbot and ps,top represent the bottom and

top geometric percentage of reinforcement, defined as:

Ag pot Agy
Ps,pot = ZCO Ps,top = ilcop (7.7)

where A¢ is the concrete area of the section.

Table 7.11 Reinforcement design for structure with SLB - Beam sections

Section A, [0 Num. of bars A pot Agtop Ps bot Pstop
[-] [em’] [mm] [-] [em?] [em’] [l [-]
TR 50X110 5500 25.4 6 30.40 30.40 0.55% 0.55%
TR 55X70 3850 25.4 4 20.27 20.27 0.53% 0.53%
TR 40X100 4000 25.4 4 20.27 20.27 0.51% 0.51%

In this case, the steel reinforcement obtained from the design is constant for the entire
length of the beams, thus there is no difference between end and mid part of the
structural elements as done for the design Bare frame structure (see section 7.5.4).
Furthermore, the geometric percentage of reinforcement is very close to the one

obtained by the initially design for gravity loads and SLE seismic loads combinations.
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Table 7.12 contains the amount of steel reinforcement for column sections obtained
by the iterative design procedure. The coefficient ps represents the total geometric

percentage of reinforcement, defined as:

Ag
Ps = A_c (78)
Table 7.12 Reinforcement design for structure with SLB - Column sections
Section A, (0] Num. of bars Ag tot Ps
[-] [em’) [mm] [-] [em’] [-]
COL 70X125 8750 25.4 20 101.34 1.16%
COL 70X150 10500 25.4 24 121.61 1.16%
COL 80X175 14000 32.3 28 229.43 1.64%
COL 90X100 9000 25.4 20 101.34 1.13%
COL 90X125 11250 25.4 24 121.61 1.08%
COL 90X150 13500 32.3 20 163.88 1.21%
COL 90X175 15750 32.3 36 294.98 1.87%
COL 100 7854 25.4 16 81.07 1.03%
COL 120 11310 25.4 24 121.61 1.08%
COL 140 15394 32.3 24 196.66 1.28%
COL L 70X150 16100 25.4 39 197.62 1.23%
COL L 70X180 20300 32.3 51 417.89 2.06%
COL L 80X180 22400 32.3 67 549.00 2.45%

7.6.5 MCE analyses results

This paragraph shows the results obtained with nonlinear time history analyses at MCE
level after the reinforcement design of structural elements. In this case, the damping
matrix has been calculated following the Rayleigh damping method, as described in
paragraph 6.3.1, as a linear combination of the stiffness matrix K, scaled by a
coefficient ¢k, and the mass matrix M, scaled by a second coefficient c,, (see eq. (6.3)).
The two coefficients ¢, and cx of eq. (6.3) have been computed setting a same modal
damping ratio (§; = 5%) at two different natural periods of the structure, that
correspond to the first modal period and the period required to achieve 90% mass
participation in all the directions. It is important to highlight, as done for bare frame
structure, that the MCE structural model is characterized by specific effective stiffness

values, that are different from the ones used in the SLE model. Therefore, the
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coefficients c,, and ck need to be calibrate according to the modal analysis results of

MCE structural model.

m Direct Integration Damping
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Figure 7.38 Damping coefficients for Nonlinear time history analysis - ETABS

A set of 7 seismic signals has been used for performing the nonlinear time history

analyses, thus, as described in section 7.3.2.2, the mean values of results has been

considered to evaluate global and local acceptance criteria. Figure 7.39 and Figure

7.40 show the maximum interstory drift results at MCE level.
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Figure 7.39 Max interstory Drift at MCE level - Dir. X
Max Interstory Drift - Dir. Y
Maximum Considered Earthquake (MCE)

80 T
1
70 :
]
60 '
1
1
,E, 50 :
g 40 |
g 1
s 30 !
2 1
B 20 ]
1
10 '
]
0 1
]

.10 ! . L s . ! \

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
Drift [-]
~— NLTH 1.7 Mean ----ID limit

Figure 7.40 Max Interstory Drift at MCE level - Dir. Y

The maximum interstory drift is lower than limit in both directions, so the MOC-CFE

requirements are satisfied.
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The mean values of residual interstory drift ratio obtained from the analyses, according
to the TBI-Guideline (see section 7.2.1), shall not exceed 0.01 for protecting the
building against excessive post-earthquakes. Figure 7.39 and Figure 7.40 show the

residual interstory drift results at MCE level.
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Figure 7.41 Residual Interstory Drift at MCE level - Dir. X
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Residual Interstory Drift - Dir. Y
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Figure 7.42 Residual Interstory Drift at MCE level - Dir. Y

The residual interstory drift ratios are lower than limit in both directions, so the TBI-
Guidelines requirements are satisfied. In conclusion, the results of nonlinear time
history analyses at MCE level meet the global acceptance criteria.

Lastly, it is necessary to verify that the structure meets the local acceptance criteria.
Therefore, plastic rotations in structural elements (beams and columns) and horizontal
displacements in SLB devices need to be lower than Collapse Prevention (CP) value.
Numerical acceptance criteria for beams and columns, as described in section 7.2, are
taken from ASCE 41-13, while the maximum horizontal displacement for SLB devices
is 60 mm?,

Table 7.13 shows the maximum and mean demand on capacity ratios for CP of each
structural element. The maximum D/C ratio is calculated on the results of the single
nonlinear time history analysis, while the mean D/C ratio is calculated on the results

of the entire set of accelerograms.

2Maximum displacement is calibrated on the basis of the latest experimental tests conducted on 4%
generation of SLB device
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Table 7.13 Mean and Maximum D/C ratios for Collapse Prevention (CP) - Structure with SLB

Element Mean D/C for CP Max D/C for CP
[-] [-] [-]

Beam 0.386 0.664
Column 0.132 0.269
SLB device 0.626 0.877
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Figure 7.43 Example of plastic hinge hysteretic cycle
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Figure 7.44 Example of SLB device hysteretic cycle
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7.7 Comparison of Bare frame structure and Structure with
SLB

This section presents a comparison between the two structures, with the aim to
highlight pros and cons of the two proposed solutions. In particular, the comparison is
conducted considering both the structural behavior and the economic costs of the

structures, showing the benefits provided by the SLB devices.
7.7.1 Structural behavior comparison

Firstly, in Table 7.14 are shown the modal analysis results of the two structures

obtained by the Service Level Earthquake models.

Table 7.14 Modal analysis results comparison

Mod Period Period Period  Participating Mass Ratio (m,, my, r,)  Participating Mass Ratio (m,, my, r,)
ode ’

w/o SLB with SLB reduction Structure w/o SLB Structure with SLB
[ [s] [s] [] [ [] [-] [] [] [
1 3.32 2.49 25.0% 34.07% 28.08% 14.66% 47.03% 3.84% 23.09%
2 3.23 2.25 30.4% 28.44% 45.77% 1.36% 9.59% 61.99% 2.50%
3 2,51 2.01 20.0% 12.87% 2.21% 61.88% 14.33% 8.47% 52.38%

The use of SLB devices implies a significant stiffening of the structure, as described
in the previous sections and confirmed by the period reduction of the first three
vibration modes. In addition, it is important to remark that, although the SLB system
(device and decoupled concrete wall) has been placed in the central frames of the
structure, so very close to the stiffness center of gravity, the first two modal shapes are
still translational as noted in section 7.6.2. This aspect is very important since, as
described in the previous paragraphs, a torsional fundamental mode of vibration could
lead to major stresses due to torsion of the building under seismic loads.

Figure 7.45 and Table 7.15 show the interstory drift results at Service Level

Earthquake for the two structures.
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Max Interstory Drift - Service Level Earthquake (RSA)
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Figure 7.45 Max Interstory Drift - Service Level Earthquake (RSA)

The use of SLB devices involves a significant reduction of the interstory drift ratios,

which is calculated for each story with the following expression:

IDw/o SLB — IDwith SLB

IDred = (79)

IDW/O SLB

The reduction of the interstory drift, calculated with the eq. (7.9), is given in Table
7.15.
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Table 7.15 SLE Interstory Drift comparison

Story Elevation Interstory drift w/o SLB  Interstory drift with SLB Interstory drift reduction

Dir. X Dir. Y Dir. X Dir. Y Dir. X Dir. Y
[-] [m] [-] [-] [-] [-] [-] [-]

Story25 79.1 0.000967 0.001046 0.001196 0.001209 -23.7% -15.6%
Story24 75.7 0.001536 0.001431 0.001638 0.001505 -6.6% -5.2%
Story23 72.3 0.001988 0.00178 0.002021 0.001804 -1.7% -1.3%
Story22 68.9 0.002339 0.00206 0.00223 0.001966 4.7% 4.6%
Story21 65.5 0.002602 0.002271 0.002229 0.001945 14.3% 14.4%
Story20 62.1 0.0028 0.002429 0.002015 0.001734 28.0% 28.6%
Story19 58.7 0.002922 0.002528 0.001912 0.001622 34.6% 35.8%
Story18 55.3 0.002959 0.002561 0.001906 0.001614 35.6% 37.0%
Story17 51.9 0.00291 0.002529 0.001909 0.001624 34.4% 35.8%
Story16 48.5 0.002838 0.002474 0.001931 0.001652 32.0% 33.2%
Story15 45.1 0.002731 0.00239 0.00195 0.001679 28.6% 29.7%
Storyl4 417 0.002601 0.002289 0.001964 0.001701 24.5% 25.7%
Story13 38.3 0.002462 0.002179 0.001971 0.001714 19.9% 21.3%
Story12 34.9 0.00234 0.002081 0.001975 0.001726 15.6% 17.1%
Storyll 315 0.002251 0.002009 0.001974 0.001731 12.3% 13.8%
Story10 28.1 0.002222 0.001984 0.001967 0.001732 11.5% 12.7%
Story9 24.7 0.00227 0.002017 0.001956 0.001728 13.8% 14.3%
Story8 21.3 0.002387 0.002104 0.001944 0.001723 18.6% 18.1%
Story7 17.9 0.002541 0.002223 0.001933 0.00172 23.9% 22.6%
Story6 14.5 0.002675 0.002329 0.001916 0.001715 28.4% 26.4%
Story5 111 0.002761 0.00239 0.001904 0.00171 31.0% 28.5%
Story4 7.7 0.002705 0.002338 0.001849 0.001669 31.6% 28.6%
Story3 4.3 0.002382 0.002066 0.001662 0.001514 30.2% 26.7%
Story2 0.9 0.001876 0.001602 0.001366 0.001217 27.2% 24.0%
Storyl -2.5 0.000985 0.000827 0.000782 0.000665 20.6% 19.6%
Base -6.5 0 0 0 0

The interstory drift reduction is more significant from story 1 to 20, where the devices
are placed, with values between a minimum of 11.5 % and a maximum of 37.0 %. For
the upper stories, on the other hand, the reduction is less significant, with even an
increase in the interstory drift for the last 3 stories (story 23, 24, 25). This aspect can
be justified considering that the translational stiffness of the structure for stories 21 to
25 is practically the same for the two structures, while the story shear is greater for the
structure with SLB, as showed in Figure 7.46, that is more rigid. Consequently, a

greater value of the interstory drift can be expected for these levels.
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Max Story Shears - Service Level Earthquake (RSA)
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Figure 7.46 Max Story Shears at SLE - Structure with and w/o SLB

In conclusion, the structure equipped with SLB shows lower values of interstory drift
at SLE, that means less damage to both structural elements and non-structural
components and, in general terms, lower repair costs in case of a seismic event.

Figure 7.47 and Table 7.16 show the mean values of interstory drift ratio obtained by

the nonlinear time history analyses at the MCE level.
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Figure 7.47 Max Interstory Drift - Mean values for MCE level

Table 7.16 Max Interstory Drift - Mean values for Maximum Considered Earthquake (MCE)

Story Elevation Interstory drift w/o SLB Interstory drift with SLB Interstory drift reduction
[-] Mean ID - Dir. X Mean ID - Dir. Y Mean ID - Dir. X Mean ID - Dir. Y Dir. X Dir. Y
Story25 79.1 0.0153 0.0119 0.0043 0.0045 71.82% 62.47%
Story24 75.7 0.0214 0.0164 0.0058 0.0058 72.82% 64.87%
Story23 72.3 0.0245 0.0187 0.0073 0.0070 70.46% 62.61%
Story22 68.9 0.0267 0.0207 0.0086 0.0080 67.96% 61.15%
Story21 65.5 0.0277 0.0217 0.0094 0.0085 65.97% 60.58%
Story20 62.1 0.0282 0.0221 0.0097 0.0084 65.47% 61.71%
Story19 58.7 0.0281 0.0223 0.0099 0.0084 64.83% 62.25%
Story18 55.3 0.0278 0.0224 0.0099 0.0086 64.33% 61.64%
Story17 51.9 0.0263 0.0215 0.0100 0.0087 61.87% 59.43%
Story16 48.5 0.0246 0.0202 0.0100 0.0087 59.43% 56.64%
Story15 45.1 0.0223 0.0186 0.0098 0.0087 55.88% 53.52%
Storyl4 417 0.0199 0.0168 0.0094 0.0084 52.69% 49.89%
Story13 38.3 0.0180 0.0148 0.0089 0.0082 50.86% 44.85%
Story12 34.9 0.0167 0.0133 0.0087 0.0081 47.97% 38.63%
Storyl1l 315 0.0152 0.0126 0.0088 0.0085 41.78% 32.95%
Story10 28.1 0.0145 0.0128 0.0090 0.0088 37.73% 31.30%
Story9 24.7 0.0148 0.0137 0.0094 0.0090 36.71% 34.48%
Story8 213 0.0164 0.0150 0.0103 0.0090 37.29% 39.81%
Story7 179 0.0180 0.0163 0.0111 0.0091 38.52% 44.33%
Story6 145 0.0191 0.0171 0.0115 0.0092 40.04% 46.45%
Story5 111 0.0191 0.0173 0.0114 0.0090 40.13% 47.84%
Story4 7.7 0.0180 0.0165 0.0108 0.0085 40.39% 48.43%
Story3 43 0.0158 0.0143 0.0093 0.0075 41.28% 47.99%
Story2 0.9 0.0122 0.0110 0.0072 0.0057 41.19% 48.00%
Storyl -2.5 0.0066 0.0060 0.0037 0.0030 43.04% 50.03%
Base -6.5 0.0000 0.0000 0.0000 0.0000

The use of SLB devices leads the greatest benefits for larger earthquakes, such as for
the MCE level, when the dissipators are supposed to yield and dissipate energy through
their inelastic behavior. Firstly, as noted for the SLE, the structure equipped with SLB

shows a significant reduction of the interstory drift (see Table 7.16), which means less
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damage to both nonstructural components and — potentially — to structural elements.
This last aspect is confirmed considering the collapse prevention (CP) demand on
capacity ratios of beams and columns for the two structures at MCE level. In particular,
as given in the Table 7.17, the collapse prevention D/C ratios are lower for the structure
equipped with SLB, even though the amounts of steel reinforcement in structural
elements are considerably smaller if compared to the corresponding ones used in the
bare frame structure. This aspect confirms that in the structure with SLB devices the
damage is mainly concentrated in the dissipators, while the other structural elements

are partially preserved.

Table 7.17 Collapse Prevention D/C ratios for structure with and w/o SLB

Bare frame strucure Structure with SLB
Element Mean D/C for CP Max D/C for CP Mean D/C for CP Max D/C for CP
[-] [] [-] [-] []

Beam 0.714 0.999 0.386 0.664
Column 0.238 0.450 0.132 0.269
SLB device 0.626 0.877
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Figure 7.48 Comparison of hysteretic cycles of the most stressed plastic hinges

Lastly, the mean values of residual interstory drift ratios are generally lower for the
structure equipped with SLB, as shown in Figure 7.49. This aspect, as explained in
section 7.2.1, ensures a better protection against excessive post-earthquakes, in order

to provide enhanced performance for tall buildings.
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Figure 7.49 Residual Interstory Drift - MCE
7.7.2 Economic comparison

Paragraph 7.7.1 describes the benefits of the use of SLB devices to the seismic
behavior of the structure. However, in order to make the previous results more
meaningful, the two proposed solutions need to be compared economically as well.
For this reason, Table 7.18 below summarizes the material costs considered for the

case study, obtained from a cost estimate of a construction company in Mexico. 3.

Table 7.18 Material costs for Baia project

Material Cost
Concrete C45 199.84 $/m°
Concrete C55 240.75 $/m°
Steel 2.12 $/kg
SLB device 2,000.00 $

The first step consists in calculating the quantities of steel and concrete used for the
two structures. The amount of concrete used for beams and columns, that is the same

for the two solutions because the frame configuration of the initial bare frame structure

% It is evident that material costs are subject to continuous variation over time, especially the steel.
However, the objective of the comparison is to demonstrate that the two structures have comparable
costs, in order to justify also economically the use and benefits of SLB devices
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IS not changed, has been calculated for each structural element with the following

expression:

V.=A4."3%l;
¢ oTe (7.10)
Me = Peonc * Ve

where li is the net length of the i-th structural element having a certain cross section
Ac, peonc IS the concrete density, Ve and mc represent the concrete volume and mass

respectively. The calculated amount of concrete is summarized in Table 7.19.

Table 7.19 Amount of concrete for the structures

Section Total length A, Peone V. m, m, o
[-] [m] [em’] [ton/m’] [m’] [ton] [ton]
TR 50X110 890 5500 490 1175
TR 55X70 3732 3850 1437 3448
TR 40X100 268 4000 107 258
COL 70X125 245 8750 214 514
COL 70X150 326 10500 343 823
COL 80X175 72 14000 100 241
COL 90X100 122 9000 110 264
COL 90X125 58 11250 240 65 156 9298
COL 90X150 119 13500 161 386
COL 90X175 44 15750 70 168
COL 100 61 7854 48 115
COL 120 82 11310 92 221
COL 140 22 15394 33 80
COL L 70X150 SD 231 16100 372 893
COL L 70X180 SD 82 20300 166 398
COL L 80X180 SD 30 22400 66 159

The geometric percentage of steel reinforcement for structural elements is obviously
different for the two proposed solutions (see Table 7.5 and Table 7.11 for beams, see
Table 7.6 and Table 7.12 for columns). Similarly, to what has been done for concrete,

the amount of steel used has been calculated as:

Mg = Psteel (Agnid ) le_mid + Agnd 'Eliend) (7-11)
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for the beam, where As™ and As™ are respectively the total area of steel reinforcement
used in the mid and end sections; while for the columns, where the reinforcement is
constant for the entire length of the element, the steel amounts have been calculated

as:
Mg = Psteel * As 'Zli (7-12)

The calculated steel reinforcement amounts are summarized in Table 7.20 and Table

7.21 for the bare frame structure and in Table 7.22 and Table 7.23 for the structure

equipped with SLB devices.

Table 7.20 Amount of steel reinforcement for bare frame structure - beam sections

Section Total length  Total end length A, ™ Aco™ Acior™  Agtopt+ Agpor™ \8 Psteel m,

I-1 [m] [m] [em’] I-l [em’]  [em’] [em?] [m’]  [ton/m’] [ton]
TR 50X110 0.5% 64 29 5500 0.55% 30 30 61 0.39 3.0
TR 50X110 1% 164 65 5500 1.01% 56 56 61 1.33 104
TR 50X110 1.5% 228 90 5500 1.64% 90 90 61 2.46 19.3
TR 50X110 2% 378 148 5500 2.09% 115 115 61 4.79 37.6
TR 50X110 2.5% 56 29 5500 2.68% 147 147 61 1.01 8.0
TR 55X70 0.5% 676 238 3850 0.53% 20 20 41 2.74 215
TR 55X70 1% 669 238 3850 1.05% 41 41 41 3.68 28.9
TR 55X70 1.5% 902 324 3850 1.58% 61 61 41 6.29 7.85 49.3
TR 55X70 2% 898 358 3850 2.13% 82 82 41 8.05 63.2
TR 55X70 2.5% 586 226 3850 2.55% 98 98 41 5.90 46.3
TR 40X100 0.5% 22 9 4000 0.51% 20 20 41 0.09 0.7
TR 40X100 1% 39 15 4000 1.01% 41 41 41 0.22 1.7
TR 40X100 1.5% 120 60 4000 1.52% 61 61 41 0.97 7.6
TR 40X100 2% 50 24 4000 2.05% 82 82 41 0.50 39
TR 40X100 2.5% 38 18 4000 2.46% 98 98 41 0.44 3.4

Table 7.21 Amount of steel reinforcement for bare frame structure - column sections

Section Total length A, p Ag ot V, Psteet m,

[-] [m] [em’] -] [em’] [m®] [ton/m’] [ton]
COL 70X125 245 8750 2.78% 243 5.95 47

COL 70X150 326 10500 3.75% 393 12.84 101
COL 80X175 72 14000 4.45% 623 4.46 35
COL 90X100 122 9000 2.03% 182 2.23 18
COL 90X125 58 11250 2.62% 295 171 13
COL 90X150 119 13500 2.67% 361 4.29 34
COL 90X175 44 15750 3.95% 623 2.76 7.85 22
COL 100 61 7854 1.94% 152 0.93 7
COL 120 82 11310 1.34% 152 1.24 10
COL 140 22 15394 3.19% 492 1.06 8
COL L 70X150 231 16100 1.73% 279 6.44 51
COL L 70X180 82 20300 2.70% 549 4.48 35
COL L 80X180 30 22400 3.04% 680 2.01 16
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Table 7.22 Amount of steel reinforcement for structure with SLB - beam sections

Section Total length A, P A pot A top Aot Vi Psteel mg
[-] [m] [em’] [ [em’] [em’] [em?] [m’] [ton/m’] [ton]
TR 50X110 0.5% 890 5500 0.55% 30 30 61 5.41 425
TR 55X70 0.5% 3732 3850 0.53% 20 20 41 15.13 7.85 118.8
TR 40X100 0.5% 268 4000 0.51% 20 20 41 1.09 8.5

Table 7.23 Amount of steel reinforcement for structure with SLB- column sections

Section Total length A, p A tot \A Psteel m,
[-] [m] [em’] [-] [em?] [m’] [ton/m’] [ton]

COL 70X125 245 8750 1.16% 101 2.48 19
COL 70X150 326 10500 1.16% 122 3.97 31
COL 80X175 72 14000 1.64% 229 1.64 13
COL 90X100 122 9000 1.13% 101 1.24 10
COL 90X125 58 11250 1.08% 122 0.70 6
COL 90X150 119 13500 1.21% 164 1.95 15
COL 90X175 44 15750 1.87% 295 131 7.85 10
COL 100 61 7854 1.03% 81 0.50 4
COL 120 82 11310 1.08% 122 0.99 8
COL 140 22 15394 1.28% 197 0.42 3
COL L 70X150 231 16100 1.23% 198 4.57 36
COL L 70X180 82 20300 2.06% 418 3.41 27
COL L 80X180 30 22400 2.45% 549 1.63 13

In addition, Table 7.24 shows the comparison of the reinforcement amounts used for

the two structures.

Table 7.24 Reinforcement design comparison - Bare frame structure vs Structure with SLB

Secti Bare frame structure Structure with SLB Comparison
ection my ms,tot mg ms,tot AIns/lns,bare (Ams/ms,bare)tot
[-] [ton] [ton] [ton] [ton] [-] [-]
TR 50X110 78 42 46%
TR 55X70 209 119 43%
TR 40X100 17 9 51%
COL 70X125 47 19 58%
COL 70X150 101 31 69%
COL 80X175 35 13 63%
COL 90X100 18 10 44%
COL 90X125 13 701 6 365 59% 48%
COL 90X150 34 15 55%
COL 90X175 22 10 53%
COL 100 7 4 47%
COL 120 10 8 20%
COL 140 8 3 60%
COL L 70X150 SD 51 36 29%
COL L 70X180 SD 35 27 24%
COL L 80X180 SD 16 13 19%
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It should be noted that the use of SLB devices allows a 48% reduction in the amount
of steel used for beams and columns. However, for the solution with SLB, in the
addition to the devices, also the concrete and steel amounts* used for the decoupled
supporting walls need to be taken into account. Specifically, for each wall (80 in total)
the amount of concrete has been evaluated with the eq. (7.10), while for the steel
reinforcement has been assumed an amount equal to 100 kg/m?3, that satisfy the respect
of a device-wall capacity design approach.

Finally, considering the material costs in Table 7.18, the following Table 7.25

summarizes the total costs of the two solutions

Table 7.25 Economic comparison between the two solutions

Material Cost Bare structure Struc. with SLB
Concrete C45 199.84 $/m’ 406,391.98 $ 406,391.98 $
Concrete C55 240.75 $/m’ 443,158.49 $ 443,158.49 $
Steel 212 $/kg 1,485,174.67 $ 772,767.38 $
SLB system - $ 42542392 %
Total 2,334,725.14 $ 2,047,741.77 $
Difference -12.29% $

In conclusion, it is important to remark that the use of SLB devices does not only lead
to an improvement in the seismic behavior of the structure, as explained in section
7.7.1, but could also result in an overall cost savings, as for this case study. Thus, Table
7.25 indicates that the structure with SLB results in a cost saving of 12.29%. However,
it must be considered that the overall cost considers just the superstructure and does
not include the material costs of the slabs, which, assuming that are similar for the two
structures, would certainly reduce the costs difference. In any case, the objective of
the comparison was to demonstrate that the two structures have comparable costs as
explained previously, and this justify also economically the employment of SLB

devices.

4 These amounts, not specifically listed in the previous tables, have been taken into account in the
economic comparison in Table 7.25
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8 CONCLUSIONS

The theoretical study of the SLB device and its application in a real case study (see
chapter 7) lead to the following conclusions. The device represents an excellent
solution for seismic protection of buildings and is particularly advantageous due to its
flexibility in covering a wide range of force capacities, that makes it adaptable to
different levels of demand. The basic idea behind the SLB device, as described in
chapters 3 and 4, is providing local ductility, while avoiding local buckling in a simple,
manufactured controlled and cheap way. One particular feature of the SLB device
consists in the fact that these devices do not need to be aligned vertically since the
current connection of the latest 3" and 4™ generations with the support does not
transfer axial load. Its employment leads to an overall improvement in the seismic
behavior of the structure providing a great energy dissipation capacity due to its
hysteretic behavior, which generally results in a reduction of interstory drift and in the
concentration of most of the structural damage within the device, preserving the
remaining structural elements from damage. Consequently, the use of SLB device
generally results in economic savings in the eventual repair costs of structural elements
and nonstructural components. In addition, as showed in chapter 7, the use of SLB
device combined with the structural design using the Performance Based Seismic
Design approach can also result in structural material cost savings if compared with
the bare frame structure designed using a traditional Response Seismic Analysis
approach. In particular, for the case study analyzed in this thesis, that concerns a new
reinforced concrete building located in the city of Acapulco, Mexico, the use of SLB
devices leads to an interstory drift reduction up to 37.0 % and 73.0 % at SLE and MCE
seismic demand, respectively. In addition, their employment in the structure results in
an economic cost saving of 12.29%, considering only the structural amount of
materials of the superstructure. Lastly, the maximum and mean collapse prevention
D/C ratios are lower for the structure equipped with SLB, even though the amounts of
steel reinforcement in structural elements are considerably smaller if compared to the
corresponding ones used in the bare frame structure (see section 7.7.1). This aspect
confirms that in the structure with SLB devices the damage is mainly concentrated in

the dissipators, while the other structural elements are partially preserved.
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