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Abstract

Earthquake resistant buildings can experience significant damage during an event.
A multi-phase passive control system (MPCS) was developed to reduce structural
damage, repair costs, and downtime of buildings subjected to large earthquakes by
limiting the main damage to the replaceable elements. Previous research investigated
multi-phase behavior in single degree of freedom (SDOF) systems to identify the factors
affecting structural response. An overall improvement has been detected by the multi-
phase system when compared to a baseline system consisting of a dual lateral force

resisting system.

In this study, the multi-phase system was implemented in a multi degree of
freedom (MDOF) model. The multi-phase behavior is created by adding a gap element
with multilinear elastic properties to a dual system that consists of a moment frame and
buckling-restrained braced frame. The gap element has a lock-out mechanism that creates
a transition phase when the slip displacement is reached. After the gap locks out, the
buckling restrained braces (BRB) will become effective. The transition phase created by
the gap allows the buckling restrained braces (BRBs) to yield before the moment frame

because the BRBs are replaceable and easier to replace.
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Dynamic response history analyses of 3-story and 6-story steel frames were
performed for a suite of scaled ground motions. The comparison between the multi-phase
systems and the baseline systems was based on the story drift, story accelerations,
moment frame plastic hinge rotation, and cumulative BRB ductility response. Superior

behavior was achieved by the multi-phase system on certain aspects.
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Chapter 1: Introduction

1.1 Defining the Problem

In the past, structures were designed to resist small lateral loads by elastic
behavior. During moderate to high earthquakes, building codes were intended mainly to
provide life safety by preventing the building from collapsing. However, the design for
life safety offered by current codes is fundamental but not sufficient. The seismic risk has
increased in recent major earthquakes and the damage caused is far from being economic.
In order to reduce structural damage and repair costs after severe earthquakes, a need for
a design that controls structural and nonstructural damage is required. The key to
achieving this is to develop a new design methodology, performance-based seismic

design, and new structural systems.

Performance-based earthquake engineering aims to enhance the seismic
performance of buildings in many aspects by using new design methodologies coupled
with innovative structural elements, systems, and technologies to control inelastic
deformation demands. Seismic control systems were developed by using different
methods such as seismic isolation, passive energy dampers, and semi-active and active
control systems. These systems control the vibrations on the structure by dissipating the
energy in different ways. However, each seismic control device has strengths and
weaknesses. A new approach is required to eliminate the system weaknesses and take

advantage of all the benefits of energy dissipation devices.



1.2 The Proposed Solution

A multi-phase passive control device was developed by combining two types of
passive control devices in one system in order to offset the weaknesses of each system
and improve the overall structural performance. In this research, multi-phase behavior
was created by adding a gap element with multilinear elastic properties to a dual system
that consists of a special moment frame and buckling restrained braced frame. The gap
element was built in a way so that it will lock out when the frame reaches a certain
displacement. The lateral load resistance will be shifted from the moment frame to the
braced frame once the limit displacement is reached. The transition phase created by the
gap allows the buckling restrained braces (BRBs) to yield before the moment frame

because BRBs are replaceable and easier to replace.

In order to understand the overall behavior of multi-phase systems, different
system combinations involving various gap sizes, moment frame and braced frame
strength ratios, building heights, and earthquake levels were considered in this research.
The analysis results of multi-phase system combinations were compared to their
corresponding baseline systems to identify the benefits and important parameters. The
baseline systems consist of the same dual system used in the multi-phase systems without

the addition of the gap elements.



1.3 Scope and Approach

A single degree of freedom (SDOF) study was previously conducted to
understand the fundamental behavior of the multi-phase system and to provide the ground
work for a multi degree of freedom (MDOF) study. The MDOF study added valuable
insights into the performance of the multi-phase system as it seeks to eliminate the
uncertainties of the SDOF study. For that reason, 3-story and 6-story steel frames were
designed for lateral loads effect. The design procedure followed the AISC Seismic
Provisions for Structural Steel Buildings (AISC 2005) and ASCE Standard 7-10 (ASCE
2010) design codes along with the Computers and Structures, Inc. program SAP 2000
(CSI2012). The finite element modeling and response history analysis criteria were

developed using Perform 3D (CSI 2011).

The response of the multi-phase system has been studied using nonlinear dynamic
analysis with scaled ground motions from various site conditions. Different parameters
have been selected to examine the moment frame and braced frame ductility responses.
Reduction of story drifts as well as reduction of system acceleration was highly desirable.
The ideal multi-phase system combination is identified by comparing various system

combinations with the baseline systems.



1.4 Thesis Organization

Chapter 1 gives the introduction to this research by defining the problem,
introducing the proposed solution, and discussing the scope of work and the approach

used during this research.

Chapter 2 includes an extensive literature review designed to develop an
understanding of the previous research on lateral resisting and passive control systems in
order to enable a thorough understanding of the conceptual changes and improvements
undertaken in this study. Also, a brief discussion of the SDOF research is included and

the groundwork for the MDOF study is specified.

Chapter 3 presents an overview on the prototype buildings and the selected lateral
force resisting systems. The seismic design is discussed for the prototype buildings. An
illustration of the system arrangements of the multi-phase system and the baseline system
is presented. The system combinations involved in this study are also outlined in this

chapter.

Chapter 4 details the design procedure and finite element modeling of the moment
frame and braced frame components of the prototype buildings. The model configuration

is displayed and clarified.

Chapter 5 provides a broad analysis by involving all system combinations across
three different earthquake levels to identify the best system performance. The nonlinear

dynamic response history analysis results are presented and discussed.

4



Chapter 6 summarizes the research and provides recommendations for future

studies.



Chapter 2: Background and Literature Review

2.1 Introduction

Structures located in seismically active zones must be designed to resist
earthquake loads along with gravity loads. At first, structures were designed to resist
small lateral loads simply by their elastic behavior. During moderate to high earthquakes,
structures were permitted to experience damage but not collapse, providing life safety
(Hwang 2002). The design for life safety offered by current codes is fundamental but not
sufficient. Consequences of recent earthquakes exhibited high costs due to damage of
structures that were designed to provide life safety. This design procedure has
uncertainties regarding seismic demand and capacity of the structure. A need for a design
that controls structural and nonstructural damage is required. Therefore, performance-
based seismic design has been established. The idea of performance-based seismic design
is that the building performance targets a certain level of stress, load, displacement, limit

state, or damage state (Ghobarah 2001).

The performance-based earthquake engineering procedure involves assessments
and design methods that will lead to the best seismic risk decision-making. Figure 2-1
shows the visualization of a problem by using assessments and design procedures, where
a building subjected to earthquake-induced lateral forces is damaged due to nonlinearity.
Correlations have been made between structural responses such as inter-story drifts,

member deformations, and member forces with performance-oriented descriptions such



as Immediate Occupancy, Life Safety and Collapse Prevention. As a result, some

limitations have been identified regarding seismic design as indicated by Moehle and

Deierlein (2004).

Collapse

84
£
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F —4
w

> Displacement

le] LS cP 273 Performance Levels

o 25% 50% | 100% $, % replacement
0.0 0.0001 0.001[0.01 025 Casualty rate
o 1 7 30 180 Downtime, days

Figure 2-1: A visualization of performance-based earthquake engineering (Moehle
and Deierlein 2004)

In June 2000, the Japanese seismic design code for buildings adopted the
performance-based structural engineering framework. This allowed the use of new
structural elements, systems, and technologies that developed by structural engineers in
order to satisfy the performance objectives of the code. The revision came after the 1995

Hyogoken-nanbu earthquake that caused enormous loss in human lives and buildings,



which led scientists and engineers to develop performance-based engineering to assure

high safety levels of buildings during earthquakes (Midorikawa, et al. 2001).

Structural systems can significantly enhance the seismic performance of buildings
by controlling inelastic deformation demands on the lateral load resisting system. As
specified by Constantinou, Soong and Dargush (1998), modern structural control systems

can be divided into three main groups:

* Seismic Isolation

« Elastomeric Bearings

« Lead Rubber Bearings

«+ Sliding Friction Pendulum Systems

« The Double Concave Friction Pendulum
«+ Triple Friction Pendulum

«» Combined Elastomeric and Sliding Bearings
« Sliding Bearings with Restoring Force

* Passive Energy Dissipation Systems

« Metallic Dampers

« Friction Dampers

% Viscoelastic Solid Dampers

« Viscoelastic or Viscous Fluid Dampers
« Tuned Mass Dampers

# Tuned Liquid Dampers



¢ Smart Materials
* Semi-active and Active Systems
% Active Bracing Systems
% Active Mass Dampers
% Variable Stiffness and Damping Systems
In order to understand the different mechanisms and behaviors of each structural

control system, a brief description is provided in the following sections.

2.2 Seismic Isolation

In recent years, seismic or base isolation became a very popular method to protect
buildings from earthquake forces by isolating the base foundation and the structure. The
main purpose of base isolation is to lower the fundamental frequency of structural
vibration under the major earthquake frequency limit. Also, it dissipates lateral forces
transmitted to the system during a seismic event (Tongaokar and Jangid 1998). In Figure
2-2, a visual comparison of responses exhibited by a conventional structure and an
isolated structure is presented. The former is facing inter-story drifts and amplified
accelerations at upper floor levels, while the latter has deformation at the base level and
uniform accelerations over the height of the structure (Symans 2009). This system is
suitable for low- to mid-height buildings, especially important once due to its high cost

(Chopra 2007).



Conventional Structure Base-lsolated Structure

Figure 2-2: Behavior of Building Structure with Base Isolation System (Symans
2009)

2.2.1 Elastomeric Bearings

This system is considered one of the basic systems used in base isolation
engineering. It consists of high density rubber layers bonded to intermediate steel plates.
The steel plates act as an absorber of the earthquake forces (see Figure 2- 3 a). These
layers have a low horizontal stiffness (shear stiffness) that isolates the structure from the
earthquake horizontal ground motions, thus decreasing the inelastic deformations of the
structure. The vertical stiffness of the elastomeric bearings is provided by the close
spacing of the steel plates. A steel cover might be provided on the top, bottom, and sides

of the bearings to facilitate its attachment to the structure (Sabu 2006).
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2.2.2 Lead Rubber Bearings (LRB)

Lead rubber bearings are a type of base isolation system used to enhance the
seismic performance of buildings and bridges during earthquakes. Theoretically, a lead
rubber bearing (LRB) differs from an elastomeric bearing through the addition of a lead
core located in the center as shown in Figure 2-3 (b). Hysteretic damping, lead bearing
capacity, and a re-centering force are characteristics offered by the LRB, which makes it

convenient to construct (Robinson and Tucker 1977).

<’
|

Cover plate

Rubber layer

Steel shim

1
é

Lead core

(a) Multilayer elastomeric bearing (b} Lead-plug bearing

Figure 2-3: Elastomeric Bearings (Erkal, Tezcan and Laefer 2011)

2.2.3 Friction Pendulum Systems (FPS)

The Friction Pendulum System (FPS) is a sliding seismic isolation bearing widely
used in the United States because of its effectiveness for a wide range of excitation
frequencies. As specified by Esteves (2010), “The FPS Bearings are constituted by two
sliding parts. One of them contains an articulated chrome extremity, coated with Teflon

or another composite material with a low and high capability of bearing that slides on the
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concave polished surface (spherical) that constitutes the second part.” When a structure
with a friction pendulum base isolation experiences motion resulting from a seismic load,
it returns to its position due to its own weight and the round shape of the device’s sliding
surface. This mechanism is similar to a pendulum working mechanism as shown in

Figure 2-4 (Esteves 2010).

concave surface

Spherical sliding bearing

Composite material coating

Central/initial position Motion position
(a) (c)

Figure 2-4: - (a) Main components of the FPS bearing and FPS device movement;
(b) and (c) motion of the pendulum and the FPS device, respectively (Esteves 2010)

2.2.4 The Double Concave Friction Pendulum (DCFP)

The Double Concave Friction Pendulum (DCFP) is a friction pendulum system
with two sliding surfaces. The two surfaces can have different friction coefficients and
radii of curvature to provide flexibility when optimizing the performance. The DCFP can
tolerate large displacements compared to a FPS of similar dimensions. Figure 2-5 shows
the DCFP bearing behavior at different displacement levels (Fenz and Constantinou

2009).
12
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Figure 2-5: Cross Section of DCFP Bearing at Various Stages of Motion (Fenz and
Constantinou 2009).

2.2.5 Triple Friction Pendulum (TFP)

The Triple Friction Pendulum (TFP) is a friction pendulum isolator where sliding
takes place in three sliding surfaces as seen in Figure 2-6. Different friction coefficients
and curvature radii of the sliding surfaces can be used as in the DCFP bearings. When
compared to friction pendulum isolators, TFP isolators are found beneficial in reducing
the displacement demands as well as the forces and accelerations in structural systems

(Fadi and Constantinou 2009).
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Figure 2-6: Cross Section of the TFP Bearing (Fadi and Constantinou 2009).

2.2.6 Combined Elastomeric and Sliding Bearings

This system is a combination of two isolation system categories. The first is
elastomeric bearings such as the high damping rubber bearing system (HDRB) and lead
rubber bearing system (LRB), and the second is sliding bearings such as the friction
pendulum system (FPS) and sliding bearing system without recentering (Leblouba 2007).
The sliding bearing system allows horizontal movement of the structure beyond the shear
capacity limit in addition to the elastomeric system characteristics that were previously

discussed (See Figure 2-7) (Trelleborg 2010).
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Figure 2-7: Combined Elastomeric and Sliding Bearings (Trelleborg 2010)

2.2.7 Sliding Bearings with Restoring Force

Using a sliding bearing system along with a restoring force system is found to be
a very effective technique for reducing the seismic reaction of a structure
(Krishnamoorthy 2008). The sliding bearing system provides the structure flexibility to
move horizontally which results in a good performance under significant earthquake
motions. But a freely sliding structure will also have large permanent displacements that
need to be controlled (Constantinou, Mokha and Reinhorn 1991). Combining a restoring
force system with a sliding bearing controls the structural seismic response by reducing
the residual displacements and sliding. Besides, it helps in restoring the original position
of the structure at the end of the seismic event (Krishnamoorthy 2008). For that, the
combination of these two systems will lead to better structural performance during an

earthquake.
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2.3 Passive Energy Dissipation Systems

The main function of a passive energy dissipation system is to reduce damage to
the frame. This is done by reducing the inelastic energy dissipation demand of the frame
system by absorbing a portion of the seismic energy. The energy absorption mechanism
results from either converting the kinetic energy to heat or transferring energy to different
modes of vibration. This results in a decrease of inter-story drifts as well as nonstructural
damage. Additionally, these systems can reduce the ductility demands on the structural
components by decreasing the accelerations and the shear forces (Sadek, et al. 1996).
Passive energy dissipation systems are ideal for design because they do not need an
external power source in addition to the low maintenance costs (Spencer Jr. and

Nagarajaiah 2003).

2.3.1 Metallic Dampers

Metallic dampers are typically made of steel. These devices are designed to
deform inelastically during an earthquake by absorbing some of the seismic energy
transmitted to the structure. Examples of metallic dampers are: buckling-restrained braces
(BRB), added damping and stiffness (ADAS) dampers, and triangular added damping
and stiffness (TADAS) dampers (Symans, et al. 2008). Figures 2-8 and 2-9 illustrate the
behavior of the ADAS and TADAS dampers during an earthquake, where the upper end

of the damper is moving relative to the lower end due to inter-story drifts. The yielding of
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the dampers’ metallic plates due to this movement provides energy dissipation to the

system (Alehashem, Keyhani and Pourmohammad 2008).
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Figure 2-8: The behavior of ADAS damper during earthquake (all dimensions in
centimeter) (Alehashem, Keyhani and Pourmohammad 2008)
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Figure 2-9: The behavior of TADAS damper during earthquake (all dimensions in
centimeter) (Alehashem, Keyhani and Pourmohammad 2008)
A buckling restrained brace (BRB), as defined by Calado, et al., “is a bracing
member consisting of a steel core plate or another section encased in a concrete-filled

steel tube over its length” (see Figure 2-10 a). An example of a typical BRB is presented
17



in Figure 2-10 (b) which shows the different components that the brace consists of

(Calado, et al.).
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(b) Components of typical BRB

Figure 2-10: Buckling-Restrained Braces Configuration (Calado, et al. n.d.)

BRBs are tension-compression braces with hysteretic behavior. These braces have
the ability to dissipate energy by yielding in tension and compression by resisting axial
loads in the steel core and resisting buckling through the steel casing (UC 2011). See
Figure 2-11 for more details on metallic dampers.
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Figure 2-11: Summary of construction, hysteretic behavior, physical models,
advantages, and disadvantages of passive energy dissipation devices for seismic

protection applications (Symans, et al. 2008)

Another example of metallic dampers is the aluminum shear-link. A study

established by Rai, Annam and Pradhan (2013) had investigated the behavior of an
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ordinary chevron braced frame (OCBF) after adding aluminum shear-links to it as seen in
Figure 2-12. The study showed that the seismic response of the system was improved
remarkably as the base shear was reduced after being subjected to a series of scaled Taft
ground motion with increasing severity. Since aluminum is a low yielding alloy metal,
which is very ductile in shear yielding and can sustain large inelastic deformations
without tearing or buckling, it was found to be excellent for producing the I-shaped

shear-links that were used in the system (Rai, Annam and Pradhan 2013).
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Figure 2-12: (a) Schematic diagram of typical shear-link and (b) arrangement of
shear-link in shear-link brace frame system (SLBF) (Rai, Annam and Pradhan
2013)

A prototype of the two-story building is presented in Figure 2-13 where six
braced bays are used in the N-S direction to provide lateral resistance. The frames in the
middle bay were designed as shear-link braced frames (SLBFs) while the other interior

frames were designed to carry gravity loads only. The SLBF system components were
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designed to follow the capacity design approach in which the frame does not yield until

the dampers get their ultimate shear stress (Rai, Annam and Pradhan 2013).

During ground shaking, the damper or the aluminum shear-link will yield in shear
providing massive energy dissipation through its inelastic deformation. Moreover, the
enormous amount of aluminum alloy’s strain-hardening will influence the shear-links to
carry more loads after the first yield and will let the shear-links in the other stories
participate in lateral load resistance. Therefore, the inelasticity will extend to neighboring
bays and stories until it covers the whole structure. This makes the aluminum shear-link

suitable for new and existing structures (Rai, Annam and Pradhan 2013).

6@6m=36m

P P
AR T T LE L lm L

- -t o ot - i
18m I
2@4.5=9m
HAs o L = /_‘\ l
Ab VG b7 7
L Ll 1 2l s ala o >
1

< 6m < 6m >< 6m
(a) (b)

Figure 2-13: (a) Portion of building and its tributary loading area of the prototype
considered for the model and (b) cross-sectional view of the frame under
consideration (Rai, Annam and Pradhan 2013)
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2.3.2 Friction Dampers

Mechanical engineers have used the concept of the friction damper to control
machines and automobiles motions for centuries, which inspired the development of
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friction damper device. This device can be used for low-rise buildings, concrete
shearwalls, braced steel/concrete frames, and clad-frame construction and is preferred for
being economic and easy to manufacture (Pall and Pall 1998). A friction damper is a
passive control device that dissipates energy through the friction between two surfaces. It
consists of a series of steel plates clamped together using high strength steel bolts as
shown in Figure 2-11. These plates have a predetermined friction force that should be
reached in order to allow the plates to slip. The slip force is based on the clamping force

and the coefficient of friction (Symans, et al. 2008).

A simple model of a friction damper is illustrated in Figure 2-14; this model is
called the slotted bolted connection (SBC). The center and the outer plates are allowed to
slip with respect to each other using the slotted bolt holes. The bolts provide the clamping

force. The energy dissipation comes from heat build-up due to friction (Marshall 2008).
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Figure 2-14: Typical Slotted Bolted Connection (SBC) (Marshall 2008)
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A study was made by Colajanni and Papia (1995) for two different bracing
systems: a friction damped bracing system (FDBS) and an ordinary cross-bracing system
(CBS). This study investigated the seismic response of the FDBS and the CBS by
analyzing the behavior of frames with the designated bracing systems. The results proved
the practicality of using the FDBS, which showed a better performance in reducing the

seismic forces when compared to the CBS (Colajanni and Papia 1995).

The FDBS is made by coupling a bracing system with a friction damping system.
The system consists of four hinged links organized in a quadrilateral shape hinged at the
joints, as displayed in Figure 2-15 (a), with two diagonal links that are connected to
external diagonal braces. Each diagonal link has two separate parts inside the
quadrilateral region. These parts are partially superimposed by a friction brake joint

placed at the center of the device (Colajanni and Papia 1995).

a) b)

Figure 2-15: Friction Damping System: (a) Device Scheme (b) Location in Braced

Frame (Colajanni and Papia 1995)
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When the frame is subjected to a very small lateral force F as in Figure 2-15 (b),
the diagonal braces will start behaving elastically, adding lateral stiffness to the system.
As the lateral force F increases, the system will act as an ordinary cross-braced frame
(CBF) in the functional stage where the braces in compression will buckle while the ones
in tension remain elastic. Under higher force F, the diagonal link in tension will reach the
local slip load, and then the tension friction joint will start to slip. Thus, additional load
will be transmitted to the diagonal link in compression until the local slip load in the
compression friction joint is reached as well. Figure 2-16 shows the load-displacement

relationship during this process (Colajanni and Papia 1995).
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Figure 2-16: Force-Displacement Cycle for FDBS (Colajanni and Papia 1995)
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2.3.3 Viscoelastic Solid Dampers

A viscoelastic solid damper is another type of passive control device used as a
means of energy dissipation. The typical viscoelastic damper is comprised of viscoelastic
layers bonded with steel plates as shown in Figure 2-11. It can be installed in the
structure within a chevron or diagonal bracing. The energy dissipation is produced by the
deformation of the viscoelastic layers as the damper’s ends displace with respect to each
other, resulting in heat development. These dampers are velocity and displacement
dependent owing to their viscoelastic nature. The behavior of the dampers depends on

vibration frequency, strain levels and temperature (Symans, et al. 2008).

2.3.4 Viscoelastic or Viscous Fluid Dampers

Due to the long successful history of fluid damper application in the military,
there was a rapid jump in its implementation. These devices have been well-developed
and applied to civil structures as passive control energy dissipaters against seismic and
wind loads (Symans, et al. 2008). Figure 2-17 (a) and (b) show two types of fluid
dampers consisting of a hollow cylinder that has a stainless steel piston with an orifice
head. The cylinder is filled with a viscous fluid (e.g. silicon oil). The difference between
these two dampers is that one of them has an accumulator and the other has a run-through
rod (Hwang 2002). During a seismic event, the piston rod and the piston head will stroke,
forcing the fluid to flow into the openings around or through the piston head. A very high

pressure will be created on the upstream side and a low one on the downstream side. The
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difference in pressure will produce very large forces that resist the damper motion. Also,
due to the high velocity flow of the fluid, friction between fluid particles and the piston
head will occur, causing energy dissipation in a form of heat. More details are shown in

Figure 2-11 about the advantages and disadvantages of this type of damper (Symans, et

al. 2008).
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Figure 2-17: Longitudinal Cross Section of a Fluid Damper (a) Damper with an
Accumulator (b) Damper with a Run-Through Rod (Hwang 2002)

Pure viscous behavior, as shown in Figure 2-18 (a), occurs when the damper force
and the velocity remain in phase. However, in high frequency motions, the hysteresis

loop will turn into viscoelastic behavior as shown in Figure 2-18 (b), because of the
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restoring force development, which is in phase with displacement rather than velocity

(Hwang 2002).
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Figure 2-18: Hysteresis Loop of Dampers with Pure Viscous and Viscoelastic
Behavior (Hwang 2002)

2.3.5 Tuned Mass Dampers

In 1909, the tuned mass damper (TMD) concept was used for the first time to
reduce ships’ motions and ships’ hull vibrations (Connor 2002). During the years, many
studies have been made in order to improve the performance of the device. The TMD is a
device that can be attached to the structure by a spring and a damping element to control
vibration problems. It will be activated when the structure is excited by a frequency close
to the natural frequency (resonance), where the TMD is tuned to vibrate. The damper’s
inertia force that acts on the structure is the source of energy dissipation (Connor 2002).
These devices are mostly used in structures that tend to excite severely in one of their
mode shapes under dynamic loads, like tall and slender free-standing structures such as
bridges, pylons of bridges, chimneys, TV towers...etc (Stroscher). Taipei 101, otherwise

known as the Taipei World Financial Center, located in Taipei, Taiwan, has the world’s
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largest tuned mass damper (see Figure 2-19). It is designed as a pendulum suspended
from the 92nd to the 87th floor and weighs 730 tons. During strong gusts, the pendulum

will sway in order to offset the movements in the tower and acts as an energy dissipater

(Kourakis 2007).
Anchors Wind blows
\ building right
Damperi:'_-___y \ //

Hydraulic/ A L\

rams

Wind blows
building left

Figure 2-19: Tuned mass damper in the Taipei 101 skyscraper in Taiwan
(Woodford 2013)

2.3.6 Tuned Liquid Dampers

A Tuned Liquid Damper (TLD) is a form of a tuned mass damper (TMD) but the
mass is replaced by a liquid, usually water. These dampers control vibrations on the

structure by absorbing energy through the liquid sloshing motion. The energy can be
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absorbed in different ways such as the inherent friction of the liquid, the friction between
the liquid and the wall surfaces, the friction of the floating particles, or the particles
collision. TLDs are very economical due to its low initial cost and limited maintenance.
Also, these devices are desired for many other advantages, for instance, frequency tuning
simplicity, extensive vibration amplitude, ability to be installed in existing buildings, and
efficiency in very low amplitude vibrations (Tamura, et al. 1995). Figure 2-20 shows the
TLD located on the top of One Rincon Hill in San Francisco. This damper consists of a
giant storage tank full of water with a capacity of approximately 100,000 gallons

(TechBlog 2008).

Figure 2-20: TLD on the top of One Rincon Hill in San Francisco (TechBlog 2008)

2.3.7 Smart Materials

New materials have been developed in civil engineering to provide better
performance for structures under natural hazards. These materials have been called smart

materials for their ability to sense an external stimulus such as stress, pressure,
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temperature change, magnetic field, etc. and respond to it accordingly. Smart materials
might be made of metals or alloys, polymers, ceramics or composites (Sreekala ,
Muthumani and Nagesh 2011). Examples of smart materials are shape memory alloys
(SMA). SMA refers to the capability of some alloys (e.g. Ni — Ti, Cu— Al — Zn etc.) to
withstand large displacements and to recover their initial conditions with no residual
deformations (Muthumani and Sreekala 2002). The application of SMA is described by
Choi, et al. (2010) where superplastic SMA bars have been used in steel structures to
develop rotational performance at beam-column connections. Also, SMAs have been
used in reinforced concrete structures in order to improve the ductility at the hinges in
columns and beam-column connections. These applications have improved the

performance of these structures significantly during seismic events (Choi, et al. 2010).

2.4 Semi-active and Active Systems

Recently, active and semi-active control systems have drawn attention as means
of structural protection against wind and earthquake loads. As defined by Soong and
Spencer (2000), active and semi-active control systems are “force delivery devices
integrated with real-time processing evaluators/controllers and sensors within the
structure.” These systems improve structural performance by working instantaneously
with the hazard excitation (Soong and Spencer 2000). Active control systems need a large
external power source in order to operate electrohydraulic or electromechanical actuators.

The actuators provide the structure with control forces, which are developed based on the
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structure’s response measured by sensors. On the other hand, semi-active control systems
need a smaller power source, a battery for example, to develop control forces by utilizing
the structure movement. The development of the control forces is the same as in active
control systems. A block diagram is shown in Figure 2-21 to simulate the mechanism of
each system (Symans and Constantinou 1999). There are many different active and semi-
active devices, but only few have been selected, to show the differences compared to

passive control devices.
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Figure 2-21: Block diagram of structural control systems: (a) passive control system,
(b) active control system and (c) semi-active control system. (Symans and
Constantinou 1999)
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2.4.1 Active Bracing Systems (ABS)

Active bracing systems are considered one of the most studied active control
systems in earthquake engineering. They involve a set of prestressed tendons or braces
attached to the structure. Electrohydraulic servomechanisms are used to control the forces
on these elements. Because prestressed tendons or braces are already part of the structural
building, this system has become favored, especially in strengthening existing structures.
A test was held in Tokyo, Japan to verify the performance of ABS. Figure 2-22
demonstrates a symmetric two-bay six-story building that has solid diagonal tube braces
at the first story connected to it after the construction was completed. These tube braces
are designed as ABS with the details presented in Figure 2-24. The longitudinal
expansion and contraction of the braces are controlled by hydraulic servocontrolled
actuators, which are implanted between the braces, building an internal part of the control
system. Other parts used in the system, as shown in Figure 2-23, a hydraulic power
supply, an analog and digital controller, and analog sensors. The test of the developed
system works as an invaluable experience through the development of the active control

systems and it can be used as a resource for future studies (Reinhorn, et al. 1992).
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Figure 2-22: Configuration of Active Bracing System (Reinhorn, et al. 1992)
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Figure 2-23: Block Diagram of Control System (Reinhorn, et al. 1992)
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Figure 2-24: Details of First Story Active Braces (Reinhorn, et al. 1992)

2.4.2 Active Mass Dampers

Over 50 buildings in Japan have been designed using active mass damper (AMD)
as their active control system. The main function of most of these AMDs is to resist the
movement of the building due to high wind loads. Some of these dampers showed an
effective performance during low to high seismic events (Yamamoto and Sone 2013). In
recent years, tuned mass dampers have been used for slender structures in order to offset
their movement under vibrations. Though active mass dampers are more efficient, they
are rarely used in high-rise buildings. There are so many reasons behind that and the focal
one has been indicated by Scheller and Starossek (2011) as “the main problem is to create
an efficient active device which has a low self-weight, is simple in mechanical design,

possesses a robust control scheme, has a low power demand of its actuators, and
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consumes little energy.” The AMD absorbs energy by generating control forces through
accelerating and decelerating auxiliary masses that provided by the actuator. During this
process, cyclic energy is added to the structural system and extracted again, resulting in
larger energy. This process provides damping to the structure as the resulting energy will

be dissipated in the device itself (Scheller and Starossek 2011).

2.4.3 Variable Stiffness and Damping Systems

Many studies have been made to improve vibration control systems. Providing
variable damping for these systems was a big concern for many researchers who sought
to reduce the motion on the structure by using passive, semi-active, and active control
systems. Yet, these studies showed a difficulty in reducing the vibration below the natural
frequency level with variable dampers only. On another hand, some studies have been
made using a variable stiffness system along with a variable damper system. The results
of these studies have exhibited an improvement in vibration control systems when
compared to systems with variable damper and fixed stiffness (Liu, et al. 2005). Tan,
Zhou and Yan (2004), proposed a new semi-active variable stiffness and damping
(AVSD) system; they suggested adding supplemental damping to an active variable
stiffness system (AVS). The new AVSD system consists of a tube filled with hydraulic
oil, which connects two hydraulic cylinder-piston systems with an on-off valve. The
damping and the stiffness are provided by including dampers and bracings in the device

as shown in Figure 2-25. During the event, the valve will be locked and unlocked
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simultaneously with the movement of the building, producing two working conditions.
First, when the valve is locked, it will prevent the oil in the cylinders from flowing freely
and the bracings will deliver more stiffness to the structure. The second condition will
start once the valve is unlocked, where supplemental damping is produced due to the free
movement of the oil between the hydraulic cylinders. As a result, the AVSD system is
found to be very reliable in dissipating energy during earthquakes by altering rigidity or

damping at every control interval (Tan, Zhou and Yan 2004).

Damper

AN

Bracing

S L Ll

Figure 2-25: Schematic Diagram of AVSD Control Device (Tan, Zhou and Yan
2004)
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2.5 Combination of Structural Control Systems

Adopting a performance-based design concept improved the performance of
structures subjected to seismic and wind loads. Using a single structural control system
can enhance the structural resistance by reducing the inertia forces and inter-story drifts
to an acceptable level. The problem is that each structural system has a weakness. In
order to get a better performance and overcome the weakness of the system, a

combination of structural control systems have been investigated in recent studies.

A combination of passive, active, and semi-active control systems could be used
for structural protection. In a study made by Palacios-Quinonero, et al. (2011), a passive-
active control approach was used for three adjacent buildings to diminish their seismic
response and to prevent inter-building pounding. The passive control system consists of a
set of damping devices that work as inter-building link elements, as shown in Figure 2-
26. The active control system consists of local devices implemented in the buildings in
which superior seismic protection is needed. This approach was tested by numerical
simulations in order to check the behavior of the system. The results have shown a
significant reduction in the story drifts and elimination of inter-building pounding

(Palacios-Quinonero, et al. 2011).
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Figure 2-26: Three-building connected system (Palacios-Quinonero, et al. 2011)

Leblouba (2007) has tested combinations of the most used isolation systems,
which are the high damping rubber bearing system (HDRB), the lead rubber bearing
system (LRBs), and the friction pendulum system (FPS). Figure 2-27 demonstrates a
three-story reinforced concrete building with a base isolation scheme that combines two

of the systems mentioned before.
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Figure 2-27: General view of the building being isolated and location of isolators
(Leblouba 2007)

Six different combinations of base isolation systems were investigated as
displayed in Figure 2-28. A nonlinear time history analysis was performed to evaluate
each combination and to determine the best response. It was concluded that using LRBs
and HDRB give almost the same amount of isolation. Also, combining the FPS with
LRBs and HDRB reduced the base shear and increased the displacement. However, it
appeared that using HDRB isolation decreases the cost remarkably compared to LRBs. It
was shown that the combining a FPS with HDRB in structural isolation provides better
performance compared to other combinations and reduces the total cost of the isolation

system (Leblouba 2007).
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Figure 2-28: The Different Combinations Considered (Leblouba 2007)

A study was made by Marshall (2008) in which two typical passive control
devices (a bucking restrained brace and a damper) were combined in a way such that the
advantages of the two devices are increased and the disadvantages are eliminated. The
new system was called the hybrid passive control device (HPCD). Two phases were
considered during the development of the HPCD. In the first phase, a high-damping
rubber sandwich damper was used to create a viscoelastic behavior for the system at this
stage. It was selected due to the simplicity of the damper production and the design of the
lock-out method. The second phase employed a metallic yielding device through a
buckling restrained brace (BRB). This device was picked because of its ductility and

popularity in lateral load resistance. Figure 2-29 demonstrate a simple representation of
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the hybrid passive control device (HPCD) without the lockout mechanism of the high-

damping rubber sandwich damper (Marshall 2008).

Yielding Steel Core

Y- = High Damping Rubber
’ Sandwich Damper

Figure 2-29: Simple Schematic of HPCD (Marshall 2008)

In order to transmit forces to the BRB, a simple lock-out mechanism was chosen
to develop a smooth transition by using the slotted bolt holes concept with rubber pads
bonded into the edge of the slots in the exterior steel plates, as displayed in Figure 2-30

(Marshall 2008).
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Figure 2-30: High Damping Rubber Sandwich Damper (Marshall 2008)

Nonlinear dynamic response history analysis was completed using the Computers
and Structures, Inc. (CSI 2009) program SAP 2000 to compare the performance of a steel
moment frame connected to different hybrid damping systems with a bare steel moment
frame and a moment frame coupling typical passive control systems. Several
configurations of hybrid systems were considered in this study; their arrangements are
exhibited in Figure 2-31 by simplified diagrams. Table 2-1 explains the abbreviations and
gives a short description of each system used in this study. These systems were applied to
a 9-story building designed for conditions in Los Angeles and Charleston (Marshall

2008).
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Table

2-1: Seismic Resisting System Descriptions and Abbreviations (Marshall
2008)

SMRF Fully Code Compliant Special Steel Moment Resisting Frame (LA9 or CHA9)

BRBF Reduced Strength SMRF with Buckling Restrained Braces

HDRD Reduced Strength SMRF with High Damping Rubber Dampers

VFD Reduced Strength SMRF with Viscous Fluid Damper

HPCD Reduced Strength SMRF with Hybrid Passive Control Device

HYFR Reduced Strength SMRF with Hybrid Frame Configuration

HPCD-VFD Reduced Strength SMRF with Hybrid Passive Control Device Using a Viscous Fluid Damper
HYFR-VFD Reduced Strength SMRF with Hybrid Frame Configuration Using a Viscous Fluid Damper

a)H

== HDRD* === BRB

BRB s HDR D ¥ e e V/FD ¥ s BRB BRB e \/FD* s

b) Hybrid Passive Control Device with
Viscous Fluid Damper (HPCD-VFD)

ybrid Passive Control Device (HPCD)

HDRD BRB* BRB* HDRD

c) Hybrid Frame Configuration (HYFR)

VFD BRB* BRB* VFD

d) Hybrid Frame Configuration with
Viscous Fluid Damper (HYFR-VFD)

Legend:

Figur

HDRD - High Damping Rubber Damper VFD-Viscous Fluid Damper
BRB— Buckling Restrained Brace
Note — An “*” denotesthe element with a locking mechanism.

e 2-31: Diagram of Hybrid Energy Dissipation Systems (Marshall 2008)
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The residual displacements along the height of the Los Angeles structure are
shown in Figure 2-32 for the non-hybrid systems at the design basis earthquake (DBE)
level. Each system shows a different residual drift at the end of the earthquake, and the
LA9 or the SMRF structure displayed the worst behavior. Figure 2-33 shows the residual
displacements along the height of the same structure for hybrid systems with rubber
dampers at DBE level. A significant reduction in the residual drifts took place in all

hybrid systems compared to the non-hybrid ones (Marshall 2008).

140
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= 60 —d— BRBF-NR
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&a
- e HDRD-NR
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Residual Displacement{in)

Figure 2-32: DBE Residual Displacements with Non-hybrid Systems (LA) (Marshall
2008)

45



140
120 L\i
£ 100 L
-g- A - - —@— BRBF-IV
§ = A’_ A —&— BRBF-NR
]
w60 e Bl = B = HPCD-050-1V
E- F
2 40 A\ ] = A& = HPCD-050-NR
5t Al o = & = HYFR-050-1V
i)
T AL = ¥ = HYFR-050-NR
0
-0.6 -0.4 42 -1E-15 0.2 0.4

Residual Displacement{in)

Figure 2-33: DBE Residual Displacements with Hybrid HDRD Systems (LA)
(Marshall 2008)

The analysis results showed a noticeable drop in the seismic response when
hybrid devices were used. Each hybrid configuration helped in reducing some aspect of
structural seismic response. The transition between the first and the second phase in the
device was also demonstrated, creating what is called a multi-phase behavior. However,
this study was limited, and more research about hybrid devices was needed. A single
degree of freedom (SDOF) research was suggested in order to closely study the effect of
some variables such as initial gap size, added damping, and the BRB-to-SMRF strength

ratio (Marshall 2008).

Subsequently, a SDOF study was conducted by Rawlinson (2011), with the
intention of investigating the effect of combining different variables with the multi-phase

control systems. Viscous fluid dampers (VFD) and viscoelastic dampers (VED) were
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considered in this research as the velocity dependent device. Buckling restrained braces
(BRBs) were used to provide hysteresis behavior and energy dissipation in the system. A
number of factors were involved in this study: damping device, hysteretic device, system
arrangement, the strength ratio of BRB-to-SMRF, seismic hazard, natural period, and
transition gap size. Figure 2-34 shows the combinations involving all the variables that
were considered in Rawlinson’s (2011) research. The multi-phase system abbreviations

are detailed in Table 2-2 (Rawlinson 2011).

Velocity
Seismic Natural System Dependent System Gon Siies
Hazard Period Arrangement Damping Ratios P
Device
M40B60- 20%-100% of
MEOB20 .SMF Yield
Displacement
/ (5 Levels) (5 Levels)
VE Rubber
M40B60- 20%-100% of
Parallel ME0B20  e—— SMF Yield
Displacement
(5 Levels) (5 Levels)
AnLgc;sIes e
o B
3 econds 05
Memphis (5 Levels) M80B20 Displacement
(2 Levels) (5 Levels) (5 Levels)

I

(5 Levels)
(5 Levels)

20%-100% of
Nore N M40B60- SMF Yield
ME80B20 ——— Displacement

(5 Levels)

VE Rubber
20%-100% of
Series M40B60- SMF Yield
MS80B20 / Displacement

(5 Levels)

Figure 2-34: System Combinations (Rawlinson 2011)
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Table 2-2: Multi-Phase Systems and Abbreviations (Rawlinson 2011)

Abbreviation System Description

Special moment frame with a multi-phase passive control device utilizing a BRB

HPCD and high-damping rubber sandwich damper

Special moment frame with a multi-phase passive control device utilizing a BRB

HPCD-VFD
¢ and linear viscous fluid damper

HPCD-None | Special moment frame with a multi-phase passive control device with no damper

Special moment frame with a multi-phase frame configuration utilizing an BRB

HYFR and compressed elastomeric device

Special moment frame with a multi-phase frame configuration utilizing a BRB

HYFR-VFD and viscous fluid damper

The systems were modeled by using SAP 2000 (CSI 2009). A preliminary
analysis was established for the SDOF models in both locations under selected ground
motions to limit the research to a smaller scope. Then, a full factorial analysis was
completed by comparing the structural responses of the remaining systems to narrow
down the study so that a multi-degree of freedom (MDOF) study could be conducted in
the future with an acceptable range of values. The full factorial analysis was
accomplished by comparing the responses of the multi-phase systems to their equivalent
baseline systems in order to identify the system with the best performance. Also,
responses of multi-phase control systems with different natural periods, arrangements,
strength ratios, and gap sizes were compared together to determine the combination that
showed the best response. The selected baseline systems were composite of a special

moment frame and a braced frame in a dual frame (Rawlinson 2011).
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A final comparison was established for the four best multi-phase systems as
presented in Figure 2-35. The four systems showed similar behavior in the moment frame
yielding response and the brace ductility response. Some variances were exhibited in the
acceleration and base shear responses. The acceleration spikes and residual deformations
were also analyzed. The acceleration spikes did not have a great impact on the system
responses. Different values of residual deformations were exhibited in the best
performing systems and the HYFR system had the lowest values. In brief, the multi-
phase systems showed benefits over the baseline systems, except in the moment frame
ductility. The poor moment frame ductility issue can be solved by increasing the damping
ratio. A MDOF research was suggested by Rawlinson (2011) in order to fully understand

the multi-phase system responses with more realistic results (Rawlinson 2011).
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Figure 2-35: System Arrangement Comparison (Rawlinson 2011)
2.6 Summary

Establishment of performance-based seismic design has improved the structural

response significantly. A selection of different types of structural control systems that

fulfill this concept were briefly discussed within the literature in order to provide a

general idea about their mechanisms and behavior under lateral loads. Combined

structural systems developed by previous studies were also outlined. These systems

demonstrated better performance by offsetting the weaknesses in the structure. A multi-

phase control system mechanism is adopted by some of the combined structural systems.

The advantages of the multi-phase systems are clearly presented in this chapter.
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Previous studies built a solid groundwork for the MDOF study. The variables and
the system combinations that affected the responses in the SDOF systems were
considered in this research. The best system will be determined in the following chapters

in an effort to achieve the ultimate structural performance.
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Chapter 3: Parametric Study of Multi-Phase Systems

3.1 Introduction

It was necessary to develop a full understanding of the previous research in order
to enable a thorough understanding of conceptual changes and improvements undertaken
as part of this study. The background and terminology necessary for reader understanding
was provided in Chapter 2. Also, a brief discussion of the SDOF research was presented
and the groundwork for the MDOF study was defined. In this chapter, the factors that
were involved in this study are described. The process of selecting the effective factors
was based on the results of the SDOF study by Rawlinson (2011). The variables that
showed a significant impact were adopted for this research and the ones with small or no

impact were eliminated.

Since this research is about determining the effect of multi-phase passive control
systems on the responses of a MDOF model, a realistic design was needed to demonstrate
a real life structure. An overview on the prototype buildings and their lateral force
resisting systems is presented in this chapter. These buildings will be supplemented by
gap elements. The gap elements will be designed to lock out once the frame reaches the
displacement limit to activate the buckling restrained braces (BRBs). The BRBs will be

allowed to yield before the moment frame for structural protection.

52



3.2 Prototype Buildings

A series of three- and six-story steel braced frame buildings were considered for
analysis. Both structures have the same geometry as in the 2000 NEHRP Professional
Fellowship Report in which the SAC model building design criteria was followed
(Sabelli 2001). The two buildings are office-type occupancy with Risk Category II and
are located on a site class D soil in downtown Los Angeles. Building weights were
adopted from the 2000 NEHRP Professional Fellowship Report and are listed in
Appendix A. The plan view and the configurations of the chevron braces used in the

braced bays of these buildings are shown in Figure 3-1.
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Figure 3-1: Plans of Three-Story and Six-Story Buildings (Sabelli 2001)

The three-story building has a typical story height of 13-foot. The dimensions of

the building plan are 124 feet by 184 feet, consisting of 30-foot by 30-foot bays with a
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small penthouse (30-foot by 60-foot) at the top of the building. The six-story building has
an 18-foot height at the first story and 13-foot height for the other stories. The plan
dimensions of the six-story building are 154 feet by 154 feet. The dimensions of the bays
and the penthouse are the same as in the three-story building. The braced bays at each

side of the two buildings are responsible for the seismic resistance.

3.3 Seismic Design

3.3.1 Local Seismicity

As stated previously, the prototype structures are located in Los Angeles, CA
where the latitude and longitude are 34.05 and -118.24. The spectral acceleration values
were obtained directly by using the U.S. Seismic Design Maps, which are available in the
United States Geological Survey’s (USGS) Earthquake Hazards Program web site.' The
short period, Ss, and the 1 s period, S, accelerations reported by the program are 2.423 g
and 0.849 g, respectively. The spectral response acceleration parameters for the short
period, Sys, and the 1 s period, Sv;, of site class D are equal to 2.423 g and 1.273. These
values were multiplied by 2/3 to find the design spectral acceleration parameters, which
are 1.615 g for the short period, Sps, and 0.849 g for the 1 s period, Sp;. Based on these
values, the Seismic Design Category (SDC) of the structures is found as SDC D
according to Tables 11.6-1 and 11.6-2 in ASCE 7-10 (ASCE 2010). Figure 3-2 shows the

design response spectra for Los Angeles, CA from the U.S. Seismic Design Maps results.

! http://earthquake.usgs.gov/designmaps/us/application.php
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Figure 3-2: Design Response Spectrum for Los Angeles, CA from USGS

3.3.2 Equivalent Lateral Force (ELF) Procedure

The design for lateral loads was established based on the current provisions of
ASCE 7-10 (ASCE 2010). The Equivalent Lateral Force (ELF) procedure was used in
order to develop the loads that were used for strength requirements. Steel buckling-
restrained braced frames were selected for both directions where the Response
Modification Coefficient, R, equals 8, System Overstrength Factor, o, equals 2.5, and
Deflection Amplification Factor, Cq4, equals 5. By using equation 12.8-7 of ASCE 7-10,
the approximate fundamental period, T,, was calculated. The approximate periods of the
three-story and the six-story buildings are equal to 0.468 s and 0.825 s. The maximum
periods are found by multiplying the approximate periods by the Upper Limit

Coefficient, C,, from Table 12.8-1 in ASCE 7-10. C, was found to be 1.4 for both
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buildings. Thus, the upper limit periods for strength calculations are equal to 0.655 s and

1.155 s for the three- and the six-story buildings respectively.

The total base shear, Vy, was calculated using equation 12.8-13 in order to
develop the lateral seismic forces, Fx, which were found through equation 12.8-11 where
Vi is multiplied by the vertical distribution factor, C,x, of each story. The total base shear,
Vi, was found as 1177 kip for the three-story building and 1510 kip for the six-story

building.

3.4 Scaled Ground Motions

Eleven ground motions have been selected based on magnitude, source type, site
class, and distance from source. The magnitudes of the ground motions ranged between
6.53 to 7.62 Mw. This suite includes far and near field earthquakes. The records were
scaled so the geometric mean of the records did not go below the Maximum Considered
Earthquake (MCE) spectrum over the range including the important modes to the
structure. The MCE scale factors are scaled down to represent the Design (2/3) and
Service level (1/4) earthquake. Each ground motion has two scale factors, one for the
three-story building and the other for the six-story building. These motions are applied to
the models during the response history analysis to determine the reliability, energy
dissipation capability, and damping characteristics of multi-phase device. Details of the

ground motions are listed in Table 3-1.
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Table 3-1: Scaled Earthquake Records

Time ste 3-Story 6-Story
Event Year Station Name Direction Magnitude | Duration (s) ) p Scale Scale
Factor Factor
Northridge, CA | 1994 | Beverly Hills- MUL009 6.69 29.94 0.01 2.15 1.41
£ Mulholland ' : : : '
Duzce, Turkey 1999 | Bolu BOL090 7.14 55.89 0.01 1.82 1.24
Kobe, Japan 1995 | Nishi-Akashi NIS090 6.90 40.99 0.01 2.96 2.80
Kocaeli, Turkey | 1999 | Duzce DZC270 7.51 27.20 0.005 3.46 236
Loma Prieta, CA | 1989 | Capitola CAP000 6.93 39.97 0.005 2.06 221
Chi-Chi, Taiwan | 1999 | CHY101 CHY101-N 7.62 90.00 0.005 2.91 1.52
i‘;‘f Fernando, 1971 | LA-Hollywood Stor PEL090 6.61 27.94 0.01 4.00 4.00
Irpinia, Italy 1980 | Sturno STU270 6.89 39.35 0.0024 3.40 3.84
Icnlfe“al Valley, | 1979 | Bonds Corner BCR140 6.53 37.60 0.005 1.42 2.70
Loma Prieta, CA 1989 | Corralitos CLS000 6.93 39.95 0.005 1.68 2.19
Chi-Chi, Taiwan | 1999 | TCU084 TCU084-E 7.62 90.00 0.005 1.18 0.63
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3.5 System Configurations

As previously mentioned, the variables and the system combinations that affected
the responses in the SDOF systems were considered in this research. In the following
sections, the values of these variables and the possible combinations are discussed in

more detail.

3.5.1 Moment Frame and Braced Frame Strength Ratios

Five stiffness ratios were selected by Rawlinson (2011) where the lateral forces
were split between the moment frame and the buckling restrained braced frame in the
dual system. The ratios were M40B60, M50B50, M60B40, M70B30, and M80B20. The
first number refers to the moment frame (MF) strength ratio and the second one refers to
the braced frame (BF) strength ratio. Only three system ratios were used in the full

factorial analysis: M40B60, M50B50, and M60B40 (Rawlinson 2011).

In this study, the moment frame and braced frame strength ratios were assumed to
be the same as in the full factorial analysis of the SDOF study. These system ratios were
selected due to their high moment frame ductility performance as compared to the other
system ratios. These ratios are applied to the steel buckling-restrained braced frames
selected for the two buildings. Three cases of each building are considered to determine
what the best system ratio is for a multi-phase system. This is developed by dividing the

lateral seismic forces between the moment frame and the braced frame based on these
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ratios (see Appendix A). More details regarding this will be discussed in the modelling

section of Chapter 4.

3.5.2 Gap Sizes

Gap elements are used to improve the performance of the system by creating a
more flexible structure initially that experiences lower forces and will not yield in smaller
earthquakes. The gap elements have a lock out mechanism that creates a transition phase
where the lateral load resistance is shifted from the moment frame to the BRBs. The BRB
will remain ineffective until the gap locks to allow the building to be more flexible
initially. By knowing that the BRB yields at about 0.5% story drift and the moment frame
yields at around 1% story drift, the gap is designed to prevent the moment frame from
yielding prior to the BRB yielding. To achieve this, the gap size plus the BRB yield

deformation must be less than 1% story drift.

In this study, different values of gap sizes have been used than were used for the
SDOF study. The gap sizes were selected to be equivalent to 0.45%, 0. 30%, and 0.15%
of the story height to determine the effect of various moment frame ductility levels on
multi-phase system performance. Accordingly, the gap size values of the three-story
building are found to be 0.7 in, 0.47 in and 0.23 in. The six-story building has different
gap size for the first story than for the other stories due to different story heights. For that,

0.97 in gap size is used for the first story and 0.7 in gap size is used for the other stories
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in the 0.45% case. A 0.65 in gap size was used for the first story and a 0.47 in gap size
was used for the other stories in the 0.30% case. The third case is the 0.15% of the story
height gap size, which equals to 0.32 in for the first story and 0.23 in for the other stories.
The initial stiffness of all the gaps was chosen as 0.5 kip/in. One difference between the
SDOF and MDOF study is that no supplemental energy dissipation is included in the

MDOF model during the initial phase.

3.5.3 Hazard Levels

The selected prototype buildings were analyzed with a nonlinear response history
analysis for three hazard levels. The eleven ground motions stated in section 3.4 were
scaled at each hazard level. The hazard levels represent the percent probability of ground
motion exceedance in 50 years. The Maximum Considered Earthquake (MCE) hazard
level refers to a 2% probability of exceedance in 50 years, which is taken as a 100% of
the ground motions. The 10% probability of exceedance is known as the Design Basis
Earthquake (DBE) level which is 2/3 of the MCE ground motions. The third hazard level
is the Service Level Earthquake (SLE) that has a 50% probability of exceedance in 50
years. The SLE hazard level scale factor was calculated using custom return periods
based on the ASCE 41-13 maps of the United States Geological Survey’s (USGS)
Earthquake Hazards Program web site. The ratio of SLE was approximate to 1/4 of the
MCE ground motions. In other words, the selected scale factors for MCE, DBE, and SLE

hazard levels were 1.0, 2/3, and 1/4 in that order.
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3.6 Baseline Systems

The baseline system consists of a dual lateral force resisting system with a
moment frame and BRBs. A buckling restrained braced frame (BRBF) system was used
as the baseline system to assess the multi-phase system behavior. A BRBF system was
chosen due to its advantageous properties and popularity when compared to other lateral
load resisting systems. This system has a remarkable seismic response owing to its
symmetric hysteresis curves, high ductility (R=8), large drift capacity and better tolerance
to fatigue loading (Asgarian and Shokrgozar 2009). In this research, the multi-phase
systems have the same elements as the baseline system except for the addition of the
lock-out mechanism provided by the gap element, which was not included in the baseline
system. Figure 3-3 illustrates a simplified configuration of both systems, showing the
spring types employed within the systems and their arrangement in the braced bay. The
multilinear plastic spring was used to represent the BRB element and the multilinear

elastic spring represents the gap element.
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Figure 3-3: System Arrangements

3.7 System Combinations

The variables that will be involved in the system analyses were indicated earlier.
The combinations of these variables provide a total of 72 models. Each model contains
eleven ground motions as mentioned before. Figure 3-4 shows the system combinations
for the considered variables. Results from the analyses of these systems should be
sufficient to signify the potential and important parameters of multi-phase systems for

enhancing the seismic response.

The identification of different system combinations in the following chapters were
based on the given variables. For example, if a three-story building with a 40:60 moment
frame and braced frame strength ratio and gap size equaling 0.45% of story height is

subjected to ground motions scaled at the Maximum Considered Earthquake (MCE)
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hazard level, the name of the system combination will be

(3story_ 40M60B_Gap0.45% MCE).

Los Angeles

Seismic Hazard

0.45%, 0.30%,
0.15% of Story Baseline System
Height
Gap Size No Gap
MCE, DBE, and MCE, DBE, and
SLE SLE
Hazard Level Hazard Level
i |
'3-Story and 6-Story 3-Story and 6-Story
Buildings = Buildings
Building Height Building Height
40M60B, 50MS50B, 40M60B, 50M50B,
and 60M40B and 60M40B
System Ratios L_ System Ratios

Figure 3-4: System Combinations
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3.8 Summary

This chapter has discussed the parametric development and study plan. The
proposed prototype buildings and their details were described. The factors involved in the
analysis were listed in this chapter. Moment frame and braced frame strength ratios were
chosen as 40M60B, 50M50B, and 60M40B, which are adopted from the SDOF study.
The gap sizes were selected to be 0.45%, 0. 30%, and 0.15% of the story height. Three
seismic hazard levels were used in this study with scale factors of 1.0, 2/3, and 1/4 to
account for earthquakes with various probabilities of exceedance in a span of 50 years.
The building height factor was added to the analysis to determine its effect on the multi-
phase device functionality. Subsequently, the design and modeling of the multi-phase and

baseline systems will be discussed in detail.

64



Chapter 4: Structure Design and Modeling

4.1 Introduction

The analysis of a MDOF system with multi-phase control device will not be
nearly as straightforward as for a SDOF system. A different response might be attributed
to a certain system parameter in a MDOF system compared to a SDOF system due to the

complexity of the behavior involved with the former.

At this point, a detailed design for the prototype buildings' components is
required. The capacity design method is followed in proportioning various components.
The codes used for design are the AISC Seismic Provisions for Structural Steel Buildings
(AISC 2005) and ASCE Standard 7-10 (ASCE 2010) along with the computer program
SAP2000 (CSI 2012) for design check determinations. Also, this chapter goes through
the finite element modeling process. For a reliable correlation with the prototype, it is
necessary that the model has adequate simulation of the various system components.
Perform 3D (CSI 2011) has been used for modeling the prototype buildings after

finishing the design checks.

4.2 Prototype Design Procedure

The three- and six-story buildings have been designed under the effect of the

lateral loads in addition to the gravity loads (dead and live loads). The gravity loads were
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assumed to be large for a safer design. A distributed dead load of 100 psf and a 50 psf
live load are used for the two buildings. The amount of the applied earthquake loads
differ based on the moment frame and BRBF strength ratio. From ASCE 7-10 (ASCE
2010), the load combination (1.2DL+1.0LL+1.0EQ) was used. The yield stress, fy, of the
steel elements was taken as 50 ksi for frame members and 40 ksi for BRBs with a

modulus of elasticity, E, equals 29,000 ksi.

For design check determinations, a 2-D frame was created for each building by
using SAP 2000 (CSI 2012). The 2-D frame basically consists of a 4-bay moment frame
with a 1-bay braced frame where each of them is subjected to a certain amount of EQ
loads based on the system ratios. Figure 4-1 shows the configuration of the 2-D frames

for the three- and six-story buildings during the design stage.
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Figure 4-1: 2-D Frame Configuration

4.2.1 Moment Frame Elements Design Approach

The design of the beams and columns was completed by using the interaction

equations H1-1a and H1-1b from the AISC Steel Construction Manual (AISC 2005), in
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which the selected steel section must satisfy the ratio boundary of the required strength to
the capacity. The strong-column-weak-beam criterion was fulfilled according to the
AISC Seismic Provisions (AISC 2005) for all joints. The strength of the column was
required to go 20% above the beam strength for a more conservative design. More details

on the design process are in Appendix A.

4.2.2 BRB Elements Design Approach

A multilinear plastic link element was used for the BRB and it is assumed to be
located at one side of the chevron brace as seen in Figure 4-1. The backbone curve of the
BRB was generated using the strength, area and stiffness values by assuming that the
BRB is diagonal and the effective length is 50% of the total length. The criterion of the
strain hardening is 3% of the elastic slope. Also, the compression force, Py, is used as
107% of the tension force, Py;. Figure 4-2 details the behavior of the BRB backbone

curve at the design stage.
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Figure 4-2: BRB Backbone Curve

4.2.3 Moment Frame Connections Design

The design of the connection was completed in accordance with the AISC
Seismic Design Manual (AISC 2005). This involves checking the adequacy of the web
thickness of the column at the connection as well as calculating the doubler plate

thickness that need to be added to the column web.

4.3 Drift Check

The story drift is defined as “the difference of the deflections at the centers of

mass at the top and bottom of the story under consideration” as stated in section 12.8.6 of
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the ASCE 7-10 (ASCE 2010). And the allowable story drift, A,, according to the seismic
design requirements in the ASCE 7-10 is given in Table 12.12-1 as (0.02*hgy), where hg
is the story height. In order to check the building’s design, the inter-story drifts of the
models were investigated. The peak drifts were 0.482 in, 0.542 in, and 0.588 in for the
40M60B, 50M50B, and 60M40B system ratios of the 3-story building, respectively, and
0.543 in, 0.585 in, and 0.625 in for the 40M60B, S0M50B, and 60M40B system ratios of

the 6-story building, respectively, which are within the allowable limit.

4.4 Final Prototype Building

To simulate and predict aspects of system behavior, p-delta effect was taken into
consideration in order to get more realistic and accurate results. For this reason, a ghost
column was employed in each building and constrained to the rest of the building. Truss
elements were used for the ghost column and they are designed not to have axial
deformations. The gravity dead and live loads tributary to the lateral system but not the
modeled frame were assigned on the nodes of the ghost column. Figures 4-3 through 4-4

display the final design of the buildings.
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4.5 Finite Element Modeling

4.5.1 Moment Frame Elements Modeling

The prototypes shown in Figures 4-3 through 4-4 are modeled in Perform 3D
V5.0. (CSI2011). The steel moment frame elements in the moment and braced frames
were modeled using FEMA steel sections with inelastic properties. There are different
ways to model inelastic behavior in beams and columns. The simplest is to use the
"FEMA Beam" and "FEMA Column" models which are chord rotation models that
consider the member as a whole and require specifying the relationship between end
moment and end rotation. These types are explicitly discussed in FEMA 356 (FEMA-356
2000) and their deformation capacities are provided. Figure 4-5 (a) shows a Perform
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Frame Compound component for the chord rotation model. A proportioning length of
50% was used for each component. Perform uses the chord rotation model in Figure 4-5
(a) and converts it to the one in Figure 4-5 (b), where the FEMA component is
automatically divided into a rigid-plastic hinge component and an elastic beam
component. The chord rotation model assumes the yielding occurs only at the ends of the
element. The steps for modeling FEMA steel column and beam are essentially the same
(CSI2006). In Perform 3D (CSI 2011), releases are treated as components. These
components were used in the braced frame beams and columns for bending releases and

inelastic modeling.

FEMA beam components Stiff end zone

(@)

Plastic hinges at ends of clear length

Elastic segments Stiff end zone
(b)

Figure 4-5: FEMA Frame Component (a) Basic Components for Chord Rotation
Model (b) Implementation of Chord Rotation Model (CSI 2006)
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4.5.2 BRB Elements Modeling

The BRBs in the braced frame are modeled as chevron braces and the gap
elements are placed as shown in Figure 4-6. The BRB elements are modeled with post-
yield hardening properties. The strength after full hardening (FUH) is taken as 1.4 of the
yield strength (FUO) in the tension zone of the BRB backbone curve. In the compression
zone, the FUHComp equals to 1.07 of FUHTen. Figure 4-7 shows the backbone curve of

the BRB elements.

~] 7

(a) Multi-Phase Passive Control (b) Baseline System
System

Legend:
—W—  Multilinear Elastic Spring

— ' Muitilinear Plastic Spring

Figure 4-6: System Arrangement
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Figure 4-7: BRB Backbone Curve

4.5.3 Gap Element Modeling

The gap elements are modeled using nonlinear elastic gap-hook with multilinear
elastic properties. The gap element was placed in series with the BRB element in the
braced frame. The backbone curve of the gap was developed by assuming an initial
stiffness of 0.5 kip/in. Figure 4-8 displays the gap backbone curve behavior where the
maximum tension and compression forces are assumed to be 125% of the BRB tension
and compression forces of the same story. The displacement of the moment frame is
dependent on the gap size. When the moment frame reaches the desired displacement, the
mechanism will lock out and the gap will become extremely stiff. Then, the seismic loads

will be carried by both the BRB and moment frame elements based on their stiffness.
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4.5.4 Moment Frame Connections Modeling

The connection panel zones with multilinear plastic behavior are assigned to the
moment frame beam-column joints. The beam-column panel zone in Perform 3D (CSI
2011) is based on the Krawinkler model. The model for the panel zone component is
shown in Figure 4-9 consists of four rigid links connected with rotational springs at the
corners. The beam-column connection transfers bending moment from beams to columns
subjecting the panel zone to shear stresses and causing beam and column cross sections
rotation as shown in Figure 4-10. The moments and shears of adjacent columns and
beams are acting on the rigid links. The strength and stiffness of the connection is

provided by the rotational springs (CSI 2006).
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Figure 4-10: Distortion in Connection Panel Zone (CSI 2006)

Each component of the Krawinkler model has the force deformation behavior
presented in Figure 4-11. The vertical axis is presenting the shear force and the horizontal
axis presenting the strain due to the shear. It can be observed from the force deformation
relationship that the panel will resist the shear immediately. After the panel yields, the
flange will start providing resistance until it yields at 4.0 times the yield strain of the
panel (Charney and Marshall 2006).
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Figure 4-11: Force-Deformation Relationship for the Krawinkler Model (Charney
and Marshall 2006)

4.5.5 Inherent Damping

Modal damping of 3% was used for the first and second modes periods.
Additionally, damping equal to 0.025% was added to the system through Rayleigh
proportional damping for the natural periods between 0.25 to 1.5 seconds. The model
periods of each system are obtained directly from Perform models. The values of the
model periods are varied with the change of the system ratio and building height as seen

in Table 4-1. The addition of the gap element has no effect on the model periods.
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Table 4-1: The First and Second Mode Periods of Different Prototypes

Building Height System Ratio F;gitiol\élczg)e Se;g:i((j) dl\/(lg)de
o 40M60B 1.253 0.26
E £ | 3-Story Building 50M50B 1.191 0.248
ti)‘% 60M40B 1.057 0.225
é_—“j % 40M60B 2.242 0.702
2 & | 6-Story Building 50M50B 2.108 0.671
= 60M40B 1.957 0.641
4.6 Summary

In this chapter, the design procedure of the prototype buildings is discussed in
detail. The design was completed using the AISC Seismic Provisions for Structural Steel
Buildings (AISC 2005) and ASCE Standard 7-10 (ASCE 2010) along with the computer
program SAP2000 (CSI 2012). The final prototype buildings were presented after the
drift check is completed. Also, this chapter discussed the finite element modeling
procedure for moment frame and braced frame components by using Perform 3D (CSI
2011). Next, the analysis will be established for the models to provide the results leading

to the best system combination.
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Chapter 5: Analysis of Results and Data Presentation

5.1 Introduction

In this chapter, a broad analytical parametric study was accomplished by
involving all system combinations across all earthquake levels to identify the best system
performance. Nonlinear dynamic response history analysis was completed using the
Computers and Structures, Inc. (CSI) program Perform 3D (2009). An overall
comparison between the multi-phase systems and baseline systems was completed to
show the benefits of a multi-phase system. The effect of the building height, gap size,
strength ratio, and earthquake level was taken into consideration when analyzing the
results. A more specific analysis was made by calculating system indices in order to
clearly identify the best system combination. A check was made to find the effect of the
gap lockout mechanism on generating large accelerations by comparing the gap force and

displacement responses with nodal accelerations.

5.2 Comparison to Baseline Systems

The analysis of the multi-phase systems is completed by comparing them to the
baseline systems based on the story drift, nodal acceleration, moment frame plastic hinge

rotation, and cumulative BRB ductility results. Figures 5-1 through 5-3 show the
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comparisons between the 3-story buildings with the 40M60B system ratio for each gap
size with the baseline system. Similarly, Figure 5-4 through Figure 5-6 illustrate the
performance of the 6-story building with 40M60B system ratio for the three gap sizes and
the baseline system. The rest of the results for the other system combinations are

available in Appendix B.

The multi-phase system is represented in these figures by the box plot to display
the distribution of the data based on five numbers: minimum value, first quartile, median,
third quartile, and maximum value. The baseline system is represented by two solid lines
demonstrating the maximum and the average values. The results in each figure involve all

the load cases of the eleven ground motions for different scale factors.
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By observing the 3-story building responses in Figures 5-1 through 5-3, it is
noticed that the 0.15% gap size combined with the 40M60B system ratio results in a
slightly better performance relative to the other gap sizes. Responses at the MCE level
show better behavior in the 40M60B system across all response quantities for the three
gap sizes except acceleration, where the performance is varied between the SLE and DBE
levels. Overall, all the 40M60B system combinations have poor performance when

compared to the baseline systems.

In the 50M50B system ratio, the best performance in each response quantity
varies with the gap size variation. The 0.15% gap has better story drift response and MF
ductility response relative to the 0.45% and 0.30% gap sizes in all levels as a result of
decreasing the moment frame yielding limit in the 0.15% gap size. The acceleration
response is slightly better in the 0.45% gap size than the other two sizes. The BRB
ductility response shows better performance in the 0.45% gap size across all earthquake
levels. The BRB ductility response has remarkably improved in the SOM50B system ratio
compared to the 40M60B system ratio. However, the MF ductility response has

decreased in the SOM50B due to increasing the strength ratio of the moment frame.

For the 60M40B system ratio, the BRB ductility response shows the best
performance in the 0.45% gap relative to the 0.30% and 0.15% gap sizes through all
earthquake levels. Story drifts and MF ductility show better responses in the 0.15% as in
50M50B system ratio. Acceleration response varies through all the gap sizes and

earthquake levels.
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When comparing different system ratios responses, it was observed that the story
drifts have superior performance in the 40M60B system with small gap size at MCE level
and the average value at the DBE level, this is normal for having less moment frame
resistance and strength ratio. On the other hand, the maximum values at the DBE level
for 50M50B and 60M40B systems with small gap sizes performed better than the
40M60B system. Very small values exist at the SLE level that makes the best
performance hard to recognize. The MF ductility is showing better performance in the
40M60B system with small gap size comparing to the other two systems across all levels
except for the maximum value at the DBE level. The BRB ductility has the best
performance in systems with high moment frame strength ratio and large gap size where

more resistance and participation is provided by the moment frame.

In general, the 3-story building shows poor performance when compared to the
baseline system except in the BRB ductility response that improved significantly in the
50M50B and 60M40B system ratios especially at the MCE and DBE levels. Also, story
drifts are better than the baseline system in the 40M60B system with 0.15% gap size at
the MCE level that is due to the limited yielding of the moment frame as well as less
moment frame strength ratio. The variation and the great increase in the acceleration
responses might be caused by acceleration spikes generated from the gap lockout

mechanism.
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By observing the 6-story building responses in Figures 5-4 through 5-6, it was
noticed that the 0.15% gap size combined with different system ratios has an overall
better performance in the story drifts and moment frame ductility responses comparing to
the other gap sizes across all earthquake levels. The 0.45% gap size in different system
ratios performed the best regarding the BRB ductility at all earthquake levels comparing
to the 0.30% and 0.15% gap sizes. The acceleration responses are very close for the

different gap sizes in each system ratio and earthquake level.

After taking a comprehensive look on the different system combinations, it was
noticed that the 0.15% gap size story drift and MF ductility responses are performing
better in the average values across all earthquake levels comparing to other gap sizes.
However, the 0.30% gap size has better maximum story drift results in all system ratios
especially at the MCE and DBE levels. And the MF ductility maximum values have
improved in the 0.45% and 0.30% gap sizes at the MCE level of all system ratios

comparing to the 0.15% gap size.

The BRB ductility maximum values are slightly better in the 60M40B system
with small gap size at the MCE and DBE levels compared to other system ratios with the
same gap size. For large gap sizes, the average values of the BRB ductility at the DBE
level are somewhat improved with the increase of the braced frame strength ratio. The
acceleration values present constant responses with the change of the system ratio except
some small improvements at the SLE level when increasing the moment frame strength

ratio and decreasing the braced frame strength ratio.
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By looking at the story drift results in different system ratios, similar responses
occur with the change of the system ratio in all earthquake levels except in the 60M40B
system with different gap sizes at the DBE level, the drift responses are relatively poor.
The MF ductility responses show a slightly better performance in the 50M50B system

with 0.30% and 0.15% gap sizes compared to other system ratios.

Overall, the 6-story building performed much better than the 3-story building
when compared to the baseline system. A great improvement was demonstrated in the 6-
story multi-phase systems regarding the story drift, MF ductility, and BRB ductility
responses in certain combinations. The high accelerations in the multi-phase systems
compared to the baseline systems might be due to the sharp stiffness transition that the
system is subjected to during the activation of the gap elements. This means that these
accelerations might be partially due to numerical issues and the building will not suffer
the same magnitudes in a real event. The effect of the high acceleration spikes caused by

the lockout mechanism will be discussed later in this chapter.

In order to identify the best system combination in the two buildings, the indices
in Table 5-1 through Table 5-2 were found for the four parameters (drift, acceleration,
MF rotation, cumulative BRB ductility) per system. These indices will help to indicate
the best performance by finding the ratio value of multi-phase system performance to the
baseline system. Where, the average of the maximum values for all ground motions of a
multi-phase system over the average of the maximum values for all ground motions of a

corresponding baseline system gives a better evaluation on the multi-phase system
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performance. Also, the ductility performance index (DPI) was found to determine the
amount of overall ductility improvement in a system. The DPI value is obtained from

equation 5-1.

MF Rotation BRB Ductilit 1
DPI = ( y ) .

; - - — Equation 5-1
Baseline MF Rotation Baseline BRB Ductility

To achieve the ductility demand goal, the DPI ratio must be less than or equal to
1.0. Values more than 1.0 verify that the multi-phase system performance was decreased

compared to the baseline system.

Table 5-1: 3-Story Building Systems Indices

40M60B w/ 0.45% Gap

50M50B w/ 0.45% Gap

60M40B w/ 0.45% Gap

Response Quantity

mce | bBe | ste mMce | bBe | sie mMce | bBe | siE
Drift 119 127 141 | 120 144 161 | 122 143 164
Acceleration 203 211 236 | 175 192 174 | 164 176 148
MF Rotation 115 123 120 | 117 146 145 | 121 144 146
Cum.BRBDuctiity | 098 113 148 | 080 069 148 | 075 061 126
DPI 107 118 134 | 098 107 146 | 098 103 136

Response Quantity

40M60B w/ 0.30% Gap

50M50B w/ 0.30% Gap

60M40B w/ 0.30% Gap

mMce | ose | ste | mce | ose | ste | mce | ose | st
Drift 113 117 136 | 118 136 140 | 118 132 150
Acceleration 192 194 431 | 175 19 169 | 177 158 156
MF Rotation 108 116 117 | 116 136 126 | 118 134 127
Cum.BRBDuctilty | 103 121 160 | 095 08 111 | 0% 08 116
DPI 105 118 139 | 105 111 119 | 104 108 121

40M60B w/ 0.15% Gap

50M50B w/ 0.15% Gap

60M40B w/ 0.15% Gap

Response Quantity

mce | bBe | ste mMce | bBe | sie Mce | bBe | siE
Drift 105 109 118 | 110 113 126 | 110 114 130
Acceleration 1.70 1.85 2.26 1.75 2.08 2.52 1.66 1.73 1.97
MF Rotation 103 107 120 | 108 116 113 [ 109 116 116
Cum.BRBDuctiity | 1.02 119 130 | 1.04 108 145 | 103 106 147
DPI 102 113 125 | 106 112 129 | 106 111 132
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From the Table 5-1, it is observed that the 3-story building showed poor
performance compared to the baseline system. However, the BRB ductility and the DPI
have small values in the 50M50B and 60M40B systems with large gap size at MCE and
DBE levels. Also, the 50M50B and 60M40B systems with medium gap size have less
BRB ductility at the MCE and DBE levels. The reason behind that is the increase of the
gap size will decrease the BRB ductility due to less energy dissipation required from the
hysteretic braces. Moreover, high moment strength ratio increases the moment frame

resistance.

Table 5-2: 6-Story Building Systems Indices

_ 40M60B w/ 0.45% Gap 50M50B w/ 0.45% Gap 60M40B w/ 0.45% Gap
Response Quantity
McE | DeE SLE mce | Dee SLE McE | DeE SLE
Drift 1.36 1.37 1.34 1.29 1.36 1.34 1.20 2.24 1.29
Acceleration 2.35 2.29 2.13 2.08 2.20 1.95 1.86 2.08 1.65
MF Rotation 1.33 1.39 1.36 1.30 1.11 1.27 1.22 1.43 1.22
Cum. BRB Ductility 0.60 0.62 0.51 0.58 0.59 0.51 0.62 0.61 0.42
DPI 0.96 1.01 0.94 0.94 0.85 0.89 0.92 1.02 0.82
_ 40M60B w/ 0.30% Gap 50M508B w/ 0.30% Gap 60M40B w/ 0.30% Gap
Response Quantity
Mce | DeE SLE mce | oee SLE Mce | DeE SLE
Drift 1.23 1.26 1.22 1.20 1.25 1.21 1.14 2.07 1.16
Acceleration 2.47 221 234 2.19 2.39 2.02 1.95 2.22 1.76
MF Rotation 1.22 1.28 1.17 1.20 0.99 1.16 1.14 1.26 1.16
Cum. BRB Ductility 0.72 0.73 0.48 0.76 0.69 0.39 0.75 0.70 0.49
DPI 0.97 1.01 0.82 0.98 0.84 0.78 0.95 0.98 0.82
40M60B w/ 0.15% Gap 50M508B w/ 0.15% Gap 60M40B w/ 0.15% Gap
Response Quantity
McE | DeE SLE mce | oee SLE Mce | DeE SLE
Drift 1.09 1.09 1.07 1.08 1.11 1.12 1.05 1.80 1.11
Acceleration 2.46 2.48 2.74 2.19 2.30 2.22 1.82 2.28 213
MF Rotation 1.10 1.10 1.11 1.08 1.09 1.09 1.02 1.09 1.12
Cum. BRB Ductility 0.90 0.91 0.69 0.88 0.86 0.57 0.86 0.88 0.63
DPI 1.00 1.01 0.90 0.98 0.97 0.83 0.94 0.99 0.87
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As seen in Table 5-2, the 6-story building has clearly improved compared to the
3-story building. In comparison to the baseline system, the BRB ductility values and the
DPI values display significant improvement in all system combinations. Also, the MF
ductility performance was improved in some combinations especially in systems with

small gap sizes but the performance was far from ideal.

During the examination of the two buildings ductility values, it was noticed that
the BRB ductility is less than the MF ductility in all cases of the 6-story building. In the
3-story building, the BRB ductility is smaller than the MF ductility in most cases. But,
higher BRB ductility values especially in the high earthquake levels were required
because of the extensive energy dissipation capabilities and the ability to replace the BRB
element after an event. As previously discussed, the goal of this study is developing a
multi-phase system that can protect the moment frame by limiting yielding to the
replaceable element because the damage of moment frame is expensive and hard to

repair. Further solutions for moment frame protection need to be investigated.

In conclusion, it was shown that employing a gap element has some benefits. The
gap enhanced the overall ductility of the system by reducing the ductility demands
between the moment frame and the braced frame. But this enhancement comes at the
cost, though, of higher acceleration response and poor moment frame performance. If
there is a way to improve the multi-phase system performance further is by adding some
early phase energy dissipation to the system to decrease the accelerations and thus reduce

the deformations in the system. There is a potential to show great benefits from the multi-
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phase system by adding early phase damping to it. Yet, the high acceleration values of
the multi-phase system could be resulting from large acceleration spikes generated during

the phase transitions. More details about this subject will be described in the next section.

5.3 Effect of Acceleration Spikes

As seen before, the multi-phase systems suffered high acceleration values
compared to the baseline systems, which could be related to the lockout mechanism of
the gap where sharp stiffness transitions are created during the process. These transitions
are caused by closing and opening the gap coinciding with the movement of the structure.
In order to investigate the acceleration spikes effect, the Imperial Valley, CA record at
the MCE level was selected to examine the response of the 6-story building with 40M-
60B ratio and 0.30% gap size because of the high acceleration indices it demonstrated

earlier.

Figure 5-7 shows the comparison between the nodal acceleration of the multi-
phase system and the baseline system at the roof. Large acceleration magnitudes were
attributed by the multi-phase system which may have been caused by the opening and
closing of the gap elements. Figure 5-8 displays the force and displacement response of
the first floor gap element. It is clear from the displacement response that the gap is
closing. Also, the force and the displacement behaviors are very closely related. Meaning

that, the two parameters are responding to the gap lockout mechanism.
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Figure 5-8: 1% Floor Gap Forces and Displacements
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A close look at the acceleration response corresponding to the gap element
behavior is taken through comparing the nodal acceleration response with the gap
element force and displacement responses in the first floor as shown in Figures 5-9 and 5-
10. From these figures it does not look like there is any huge spike generated by the gap
element. Probably some of these accelerations are due to the fact that other gaps are
closing and opening at the same time creating stiffness discontinuity in addition to the
ground acceleration. Some spikes could be created due to the greater flexibility of the
system. However, the results do not show clear effect by the acceleration spikes on
acceleration response in the multi-phase system. Adding more damping to the system
might help in reducing the high accelerations. Also, the gap transition modeling needs to

be investigated by using a less sharp force-displacement behavior.
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Figure 5-9: 1% Floor Gap Displacements versus Nodal Accelerations
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5.4 Summary

The efforts to identify the best system parameters were described in this chapter.
The analysis of the multi-phase systems was completed by investigating the story drift,
nodal acceleration, moment frame plastic hinge rotation, and cumulative BRB ductility
responses relative to the baseline system. The analysis also included the comparison
between different system ratios as well as different gap sizes at each earthquake level.
The multi-phase systems of the 3-story building showed poor responses compared to the

corresponding baseline systems.

The 6-story building exhibited superior responses especially when it comes to the
BRB ductility. The MF ductility responses in the 6-story building are found to be higher

than the BRB ductility. Adding damping devices to the system can help in improving the
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MF ductility. System indices were found to indicate the best system performance in the
four response quantities. Also, the overall ductility of all system combinations was
calculated by the DPI index. A significant overall ductility improvement was
demonstrated by the multi-phase systems when compared to the baseline systems

especially in the 6-story building.

After presenting a broad analysis for different multi-phase systems, it was
concluded that adding gap elements to the system is beneficial in improving the overall
ductility performance for specific combinations. Selecting the best system combination is
difficult. The best story drift and MF ductility response was dependent on the decrease of
the gap size and moment frame strength ratio. In contrast, the superior BRB ductility
response was demonstrated by systems with larger gap sizes and more moment frame

strength ratio.

The accelerations were found to be large compared to the baseline system. For
that, an analysis for the effect of acceleration spikes was completed to see whether the
accelerations are produced by the gap lockout mechanism or not. The results did not
clarify the effect of the gap on the accelerations. A further investigation need to be made
in future studies to check the benefit of adding damping device on reducing these
accelerations. Also, it is important to look at the transition modeling of the gap element

such as using softer force-displacement behavior.
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Chapter 6: Summary and Conclusions

6.1 Summary

In this work, the goal was to investigate the multi-phase systems in multi-degree
of freedom (MDOF) structures. For that, a literature review was provided to discuss
different types of structural control systems that fulfill the performance-based design
concept as well as the general idea behind their mechanism and behavior under lateral
loads. Combined structural systems that were developed by previous studies were also
outlined. The advantages of the multi-phase systems in combined structural systems are
also clarified. A brief discussion on the single degree of freedom (SDOF) work that built
a solid groundwork for the MDOF study was provided. Variables and system
combinations that showed the best influence on the response of the SDOF system were

presented to provide a full understanding of the work undertaken in this study.

Subsequently, the parametric development and study plan were specified. A
detailed description on the proposed prototype buildings was completed. The seismic
design procedure of the buildings was briefly explained. The factors involved in the
analysis were listed such as the moment frame and braced frame strength ratios, gap
sizes, and seismic hazard levels. Moment frame and braced frame strength ratios of
40M60B, 50M50B, and 60M40B were selected because of their superior performance in
the SDOF research. The gap sizes were decided to be equivalent to 0.45%, 0.30%, and

0.15% of the story height. These sizes were selected based on the BRB and moment
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frame yield limit at around 0.5% and 1% of the story height respectively. The gap is
designed to prevent the moment frame from yielding prior to the transition occurring and
ensure that the BRBs yield first. Three seismic hazard levels were used in this study with
scale factors of 1.0, 2/3, and 1/4 to account for earthquakes with various return periods.
The building height was considered in the analysis to determine its effect on the multi-
phase system behavior. The arrangements of the multi-phase and baseline systems were

developed and illustrated and the system combinations were outlined.

The design procedure of the prototype buildings is discussed in details by using
the AISC Seismic Provisions for Structural Steel Buildings (AISC 2005) and ASCE
Standard 7-10 (ASCE 2010) along with the computer program SAP2000 (CSI 2012). The
final designs of the prototype buildings were presented after the drift check is completed.
Also, the finite element modeling procedure was discussed by using Perform 3D (CSI
2011). A detailed description was provided for the components that have been used
during the modeling process for moment frame elements, BRBs, gap elements, and

connection panel zones.

In the next stage, a more broad analysis was accomplished by involving all system
combinations across all earthquake levels to identify the best system performance. The
analysis of the multi-phase systems was completed by using Perform 3D and the results
were investigated based on the story drift, nodal acceleration, moment frame plastic hinge
rotation, and cumulative BRB ductility responses. The analysis included the comparison

between the multi-phase system responses relative to the baseline systems and also the
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comparison between different system combinations at each earthquake level. System
indices were found to indicate the best system performance in each response quantity.
The overall ductility of the moment frame and braced frame for the different system

combinations was determined by calculating the ductility performance index (DPI).

6.2 Conclusions

After examining the results and different system responses it was found that the
multi-phase systems of the 3-story building showed overall poor responses compared to
the baseline systems. The 6-story building showed better responses compared to the
baseline system especially when considering the BRB ductility. The MF ductility
responses in the 6-story building are found to be higher than the BRB ductility. Adding a
damping device during the initial phase of the system might help in improving the MF
ductility as well as displacements. A significant overall ductility improvement was
demonstrated by the six-story multi-phase systems as shown by the DPI indices. In
general, it was concluded that adding gap elements to the system is beneficial to improve
the overall ductility performance. Selecting the best system combination is difficult. The
story drift and MF ductility responses improved with the decrease of the gap size and
moment frame strength ratio. In contrast, the best BRB ductility response was
demonstrated by systems with larger gap size and higher moment frame strength ratio.
The accelerations in the multi-phase systems were found to be higher than the baseline

systems. Additional analysis was completed to see the effect of acceleration spikes and if
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they are produced by the closing and opening of the gap during the structure movement.
The results did not clarify the influence of the gap lockout mechanism on the

accelerations. More studies need to be done regarding this matter.

6.3 Recommendations

This research helped to identify the factors that affected the multi-phase system
performance the most in the MDOF system. The results provided a significant insight
towards the fundamental behavior of the multi-phase systems. It was noticed that the
multi-phase systems helped successfully in improving the overall ductility of the
structure. The distribution of the overall ductility between the moment frame and the
braced frame need to be improved in future studies. More ductility needs to be provided
by the replaceable elements than the moment frame. The poor nodal acceleration
response that attributed by the multi-phase system could be enhanced by increasing the

damping or having a different transition element.

For future work, early phase energy dissipation needs to be added to the system to
decrease the accelerations and thus reduce the deformations in the system. This can be
done by adding a friction damper or viscoelastic damper to the multi-phase system. By
combining the damper’s hysteretic behavior with the gap element’s multilinear elastic
behavior as seen in Figure 6-1, the moment frame will be allowed to deform until a
certain limit before the gap locks out. The difference is that in the case of the gap element

only the system will be elastic but no enough dissipation is provided. For that, the damper
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will add more benefits to the system. The best placement of the damper can be
investigated in future studies. Different system arrangements need to be considered. Also,

different damper types might need to be tested to find the ideal combination.
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Figure 6-1: Combined Effect of Damping Device with Gap Element
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The recommendations for future work can be summarized as outlined below:

e Early phase energy dissipation needs to be provided for the system to
create a balance in the overall ductility performance of the structure and
reduce acceleration response.

e Different types of dissipation devices need to be investigated such as
friction damper or viscoelastic damper to find the best combination.

e Various system arrangements must be considered in future studies to reach
the ideal placement of the damper relative to the gap element and other
system components.

e A sharp transition behavior was used in this research for the gap elements.
This might be the reason behind having large accelerations in multi-phase
systems. A softer transition might need to be used for the force-
displacement curve. Conducting experimental work to identify the soft
transition behavior of the gap element is needed.

e The effect of the gap size was significant on the story drifts as well as the
overall ductility of the system. It is necessary to involve different gap sizes
in future work to study its effect on different system responses.

e FEleven ground motions representing various site conditions were used in
this work. Using a wider range of ground motions is beneficial to test the

system performance across numerous seismic hazards.
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Three seismic hazard levels were considered in this work, which are the
MCE, DBE, and SLE levels. Various earthquake levels might need to be
involved in future research to provide further understanding on the multi-
phase system behavior by examining its responses under different seismic
hazard levels.

3- and 6-story buildings have been investigated and the effect of the
building height is found to be important. Considering a 9-story building in
future study will evidence the impact of building height on system

responsces.
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Appendix A: Selected Design Calculations
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Three-Story Building

-Design response spectrum for building
S, 1=2423 Sy = 0849
Site ceefficients Fa & Fv calculated from Tables 11.4-1 & Table 11.4-2 respectively for site class D

F,:==1
F,=15

Spectral response acceleration parameters calc. From egs. 11.4-1 & 11.4-2

Suis i= Fy» Sy = 2423 Sy = Fy -8, =1.273

Design spectral acceleration parameters From eqgs. 11.4-3 & 11.4-4

|2

Sps =

w e

- Syig = 1.615 Sppi= = - Sy = 0.849

3

Fundamental periods of the structure calc. as in section 11.4-5

3p
To:= 02-— = 0105 s
D5
Spp

Long-period transition period from fig. (22-12)

Tt 0526 s

Tp:=8 =

-Effective siesmic weight broken down by floor

Heights: hy:= 130t hp:= 1300 hpy= 120t by = 350
Bldg Diementions:

Beoi= (30ft-6) + 4ft = 18410t Lgc:= (306t 4) + 4ft = 1241t
By = 30ft. 6 = 180 fi Lig 1= 30ft-4 = 120 ft
Weight/floor:
Wrgar = Tpsf W = Tpsf Wiy ph = 47psf
W ¢i= 3pst Wy = 10pst W wall == 25psf
Wteel i= 13psf Wy = 42pst
hy + hy hy + hy
Wea 1= Wex wal - = *Bex* 2+ Wex wan* ——  Liex 2 = 200.2kip

Wt 25= W wall » D2 Beys 2+ W yall - ha - L - 2 = 200.2kip

117



hy hy )
Wea 3= W wall - [? + |1pa,] ‘Begr 2+ W wall * (? + ]1pm.] <Ly - 2= 154kip

wm‘t_ph = ch_wau . hph -64ft- 2 + \ch—wa“ . hph -34ft- 2 = 588 l{]p

Seismic Weights:
g .
My = (Wateel + Wep+ We g+ Wi+ Wy) - Bing - Li + Weyg 1= 1,82 107kip
. ; 3
W, = (Wateet + Wep+ We g+ Wiy + W)+ By e Ligy + Wegq 2= 1.82x 107kip
3.
W, = (Wateel + We p + We g+ Wi+ W + Wigor) » Bing » Ly + Wy 3= 1925 107 kip

W, 1= (Woteel + Wiy + We g + Wiy gy + Wp) - 30 60t + Wiy = 2658 kip

1.82 % 103 13
o 26
W= 182 10 kip b= p ft h, = 39
4 :
1.925 « 107
51
2658
4711
hig 4.711 kip - 52
Mass 1= = P
ft 4,982 n
322—
52 0.688

-Approximate natural period in both directions
C,:= 1.4  from table 12.8-1

For N-S & E-W directions where steel buckling-restrained braced frames are used

Cyi=0.03 x:=0.75 table 12.8-2

Ta:= C,-hy* = 0.468 eq 12.87

Ta_max := Cy: Ta= 0.655

-Seismic base shear

T.:

e

1.0 table 1.5-2 for Risk Category ||
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=8

5
— = 0202

G x eq. 12.8-2
1E

Cyi= min(C; 2,Cq 1) = 0.202

B
Wti= W, + W, + W, + W, =5831 x 10 kip

1 2 3 4

Y= Cy- Wt=1.177x 10 kip

k=1

hI k h2 k
sumWixhi := Wl- E 1\"\"2- E IW3
k
w o[
R

| S = 0148
b sumWixhi C‘,3 =
" hy )¢
2
C, 1= ———— = 0296
2 sumWixhi Cv_1 :
0.148
0.296 T .
7= eq. 12.8-12 A= V-G
0.47
0.085
[ ¢+ ¢ C 1 Fl: 3
v]+ VZT v3+ v‘l . 5
Accidental Torsion
E_W direction
1.571 % 103
3142 % 103 i
My = 005 By -F=| '™ fi-kip
3
4,985 « 107
899928

119

ft

k
W [h_3
oo N

eq. 12.82

k k
h4 5
—] |w4-(f] = 1.596 » 107 kip
ft

—— = 0.47
sumWixhi

NG
“’ [14]
4 Ty

o NP

sumWixhi
174.543
349,086
 kip eq. 12.8-11
553835
99.992
§7.272
174.543 : )
- kip Forces applied at one side of the
276918 building
49996
N_S direction
1.047 x 10°
2.085 103
M= 005 - Ligy - F= | =777 fit-kip
3323 x 103
599,952



Forces Divided According to Frame Ratios

40 MOMENT FRAME : 60 BRACED FRAME

34,909 52.363
60817 | 104726 |

Fm1+=04-Fl = s kip Fp 1:=06-F1 = ieEaE kip
19,998 29,998

50 MOMENT FRAME : 50 BRACED FRAME
43.636 43,636
87.272 87.272

Fm2i=05:Fl=| kip B OBml=| o kip
24,998 24,998

60 MOMENT FRAME - 40 BRACED FRAME
52363 34.900

Fy 3:=06-Fl = 104.726 kip Fp 3:= 04-Fl = 0o817 kip

= 166.151 2 110.767

29,998 19.998

Joint Mass Calulation:

In below calculations we will consider our building as a square structure with 4 bays at each side.
Weneli= 15psf To account for high-rise buildings in this study

Wy, = 42 psl Wep=3-psf Wy =7-psf W 10 - psf Wey wall = 25 psf

p

Wostat= Wes_vwall - Iigh - 601t = 18 kip
hl t 112

W= (Wt + W o+ We g+ Wiy + W) - 60ft - 120ft + Wiy yoay) -

1 - 120ft = 593 4 kip

W, = (Witeel + Wi+ We g+ Wiy + W) - 60ft- 1206 + Wey yq » hp - 120ft = 593.4 kip

hz
Wy 2= (Wageel + W+ We g+ Wiy + Wy + Wrgor) - 60ft+ 1208 + Wey wan [7 | hWJ - 120ft = 634.8 kip

W, = (Wygeel + We p+ We g+ Win_ph + Wp) - 308t - 60ft + Wey o = 228.6kip
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503.4 0 503.4
5034 2 593.4

W= ki W, =W = ki Adding the penthouse weight to
634.RJ - o L [363.4 =

228.6 -W

4

the third floor.

Comer joints will carry 1/8 of the floor weight, while edge joints will carry 1/4 of the floor weight
because we have 4 bays in our medel which will make a total of 8 segments.

1.536
Witoar B 1.536 kip - sec::2
in 2234 in
386.4
2 (4]
sec

P-Delta Loads Applied on Ghost Column:

Dead load and live load applied on beams are:

e 15E. T 0.?5%

DL LL
dead := ——— = 100 - psf live == ——— = 50. psf
(15ft) (15ft)

Ppp = (30ft- 4) - (30£t - 2.5) - (0.75 - dead) = 675 - kip

Prp := (30ft- 4) - (30fL- 2.5) - (0.75 - live) = 337.5 - kip

Ppr, roof = (30fL- 4) - (30ft- 2.5) - (0.6 - dead) = 540 - kap

PLL roof == (30ft- 4) - (30f1- 2.5) - (0.5 live) = 225 . kip
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-Too high need a reduction factor by 0.75

-These loads are for 1st & 2nd stories only

-These loads are applied on roof only



Six-Story Building

-Design response spectrum for building
Sy1= 2423 S, = 0.849
Site coefficients Fa & Fv calculated from Tables 11.4-1 & Table 11.4-2 respectively for site class D

F,i=1
F=15

Spectral response acceleration parameters calc. From egs. 11.4-1 & 11.4-2

Sms = Far S, =2.423 Smi=F,+5;=1.273

Design spectral acceleration parameters From eqgs. 11.4-3 & 11.4-4

|2

2
Sps = =+ Syg = 1.615 Spii= 5+ Swn = 0849

3

Fundamental periods of the structure calc. as in section 11.4-5

3p
Tgi= 0.2-—= = 0105 s
D3

5
T, i e i G596 §

Long-period transition period from fig. (22-12)

Tp:==8 s

-Effective siesmic weight broken down by floor

Heights: hy:= 18Rt hy:= 130t hppe= 120t by = 350
Bldg Diementions:

Begr= (30ft- 5) + 4ft = 154 ft Legi= (300t 5) + 4ft = 1541t
B == 30ft - 5 = 150 ft Lig 1= 30ft- 5 = 150 ft
Weight/floor:
Wroof == Tpsf W i= Tpsf W ph = 47psf
W g = 3psf Wy o= 10pst Wy wall := 25psf
Wateel == 13psf W = 42psf

hy + hy hy + hy

West_1 3= Wex vl - ——— * Bex* 2 + Wex wall - ——— - Lex- 2 = 238.7kip

Weg 21= Wer wall - D2 - Bex* 2 + We wall * By » Lex - 2 = 200.2kip
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1[2 h’.’.
Wt.'xl_.’» Lo WL")&_WE“ ] |l i hpar 4 H‘c.x' 2+ “‘rcx_wu]] ! ” L hp
-

Wt ph*= Wex wall - Bph - 648t - 2 + We a1 - oy - 34t - 2 = 58.8Kip

Seismic Weights:

o

W, = (Woeel + Wi+ We ¢+ Wi+ W) - By -

2

3

4

= (Wulccl T+ Wf_r i+ W'l:_l‘ + Wi + ‘Np) - Bim -

W, = (Wogeel + Wi+ We g+ Wi+ W)« Bigy -

W, = (W'sl.r.tl g Wi'_r + “‘rc_l' + Wiy + “'}p) * Bing -

W= (Wateet + Wi g+ We g+ Wiy + Wp) - Bing

6

Linl t

Wit 2= 1.888

L + w:xl_Z = 1.888

Lin + Weg 2= 1.888

ar]-L,m-zz 154 kip

Lint + Weg 1= 1.926 1{13 kip

10° kip

loakjp

103 kip

~Ling + Wey 2= 1.888 x 10 kip

W= (Wagel + Wy + We g + Wi ph + Wp) - 308t - 60ft + Weq_py = 265.8kip

1.926 = 103
| BEE « 103
1. 888 = lfJ3
1.888  10°
| 88 « 103

1,999 % 10°
2658

kip

ft

83

-Approximate natural period in both directions

Cyi= 14

from table 12.8-1

4.989
4889
4.889

Mass : E 4889

4.889
5178
0.688

For N-S&E-W directions where steel buckling-restrained braced frames are used

Cyi= 0.03

X

Ta:= Cy-h,* = 0.825

Ta_max := C,,- Ta

1.155

table 12.8-2

eq. 12.8-7
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3.,
W= (Wyiee + Wi o+ We g+ Wi+ Wy + Wigop) » By + Ly + Weyg 3= 1.999 % 107 kip

. 2
kip-s



-Seismic base shear
=10 table 1.5-2 for Risk Category 11

A= 8
. Spi
Gy qim ps po— eq 12,82 Buadg =0.129 eq. 12.82
= R —.Ta
[ .

Cyi= mm(tci_g,cﬁ_,) = 0129

Wi=W + W, + W +W4+ W5+W6—.‘N =1.174 % 104kip

1 P Wy 7
. 3
= Cy» Wt= 1,511 x 10" kip

Ta- 25
ki= 24 ————.(1-2)=1.162
05-25

k i k k k k k
hI 112 ]13 11‘1 h5 ht’) ]17 6
sumWixhi:=W, | —| + Wy:|—| + W, |—]| +W | —]| + W |]—]| +W_:|]—]| + W,:|—]| =1175% 10 kip
U{h 2’k 2% 4\ ST\ ke 6k T :
k k
W i W h_i
'in SR

Cy, 1= ———— = (047 Cy 1= ———i = ().224
1 sumWixhi 5 sumWixhi

h. ¥
P i
: 5 \n
Cy, = ———r = (087 Cy 1= ——— = ().289
2 sumWixhi 6 sumWixhi

I k
| T
! ft
— = 0.045

C,. = ———=— = (131 G, 1 — 5
3 sumWixhi 7 sumWixhi
k
W E
4\ .
Cp = ———2— = 0177
4 sumWixhi
0.047 71.26 35.63
0.087 131.379 65.60
0.131 197.392 98.696
F .
Cy=|0177 | eq 12.8-12 Ei= V. C,=|2666% |kip eq. 12.8-11 Fl : = 133.348 |- kip Forces applied at
0224 338,639 169.319 one side of the
building.
0.289 437.136 218.568
0.045 68.004 34,002

Cy + 0 +C +C, +C, +C, + C 1
"] ‘2 "3 \"J1 ‘5 Vé VT
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Accidental Torsion

E_Wdirection

MT_EW =005 B:in.l =

534.451
985.344

1.48 103
3 y

2210 ft-kip

2.54 % 103

3.279 x 103
510.028

Forces Divided According to Frame Ratios

40 MOMENT FRAME : 60 BRACED FRAME

Fy 1= 0.4-F1

14.252
26.276
39.478
53.339
67.728
87.427

13.601

kip Fy = 0.6 F

50 MOMENT FRAME : 50 BRACED FRAME

0.5.F1

m_2 -

17.815

32.845

49.348

66.674

84.66
109.284
17.001

kip Fy 2:= 0.5. Fl

60 MOMENT FRAME : 40 BRACED FRAME

N_S direction

h’dT_NS =005 - Liil.l. ~F=

21.378
39.414
59.218
80,009
101.592
131.141

20.401

17.815
32.845
49348
66.674

84.66
109.284
17.001
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534.451
985.344

1.48 = 103
3 .

2x 10 ft-kip

2.54 % 103

3
3279x 10
510,028




21.378 ) 14.252
39414 26.276
59218 39478

Fp 3:= 06-Fl=| 80009 [kip Fy 3:= 0.4-F1 = | 53339 [kip
101.592 67.728
131.141 87.427
2040 13.601

Joint Mass Calculation:

In below calculations we will consider our building as a square structure with 4 bays at each side.
AN eeati= 15pst To account for high-rise buildings in this study
W= 42 pst Wege=3-psf W=7 psf Wy = 10 psf Wex wall = 25« psi

Westoatni= Wex wall * gy - 60ft = 18kip

W, = (Wyeet + We o+ We g+ Wi + W) - 60t - 120t + Wey st -

hy + hs

- 1201t = 6009 kip

W, = (Wyteet + Wi o+ W g+ Wiy + W) - 600 1200t + Wy yq - hy - 1206t = 593.4 kip

(Wateel + W ¢+ W g+ Wy + W) - 60ft - 120ft + Wy g - hy - 120ft = 593.4 kip

=
3

W, = (Wateet + Wi+ We g+ Wi + W)+ 60t 120ft + Wey ygan - 1o - 120ft = 593.4kip

W, = (Weeet + Wi+ W g+ Wiy + Wy} - 60ft - 120ft + Wy yq - hy - 120ft = 593.4 kip

ha
W= (Weet + Wi+ W g+ Wi + W,y + Wioop) - 60ft- 120ft + We yeat - [7‘ + hWJ. 120ft = 6348 kip

W= (Waeet + W+ W g+ Wi g + W) - 308t 60ft + Wiy oy = 228.6kip

0

600.9 600.9
593.4 0 5034
593.4 ¥ 593.4

W= 5934 |- kip Woper == W+ O [=| 5934 |- kip Adding the penthouse weight to
5934 0 593.4 the sixth floor.
63438 W7 | |s634
286 W, 0

Comer joints will carry 1/8 of the floor weight, while edge joints will carry 1/4 of the floor weight
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because we have 4 bays in our model which will make a total of 8 segments.

1.555

1.536

Wiioor 1 kip - sec:2

Miz —— =] 1.536 | ———
3864—— | 153 "

sec 2234

0

P-Delta L oads Applied on Ghost Column:

Dead load and live load applied on beams are:

oA S T
ft fi

DL 00. psf live: 50. psf -Too high need a reduction factor by 0.75
(150t)

IL
(15M1)
Ppp 1= (30ft - 4) - (30ft - 2.5) - (0.75 - dead) = 675 - kip

Pppi= (300L- 4) - (301 2.5) - (0.75 - live) = 337.5 - kip -These loads are for all stories except the roof

PbL roof = (30ft - 4) - (30ft - 2.5) - (0.6 - dead) = 540 - kip

PLL roof := (30ft+ 4) + (30ft- 2.5) - (0.5 live) = 225 .kip  -These loads are applied on roof only
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Frame Design:
40 MOMENT FRAME: 80 BRACED FRAME

£y, o) i= SOksi By i= 40ksi L1 := 39235 assumed length of diagonal bracing
E := 29000ksi Aoy~ 0511 = 196.175-in

Moment Frame:

Columns with W18x158: Bool m 1sti= %6307 Ty ) g 3560
6:= 90
From SAP file.
72 6111
235 6829
230 6718
230 6662
151 6614
49 1313
157 3862
Prool m 1s5t:=| 154 [kip Mregl m 15t:= | 3741 |-kip-in
154 3716
100 3614
26 577
79 3823
77 3468
77 3334
47 3857
Peool m 1st™= 09 oo Acol m 15t = 2083.5-kip
Mcm]_m_] o= iJ.Q-fyCOrZXCO]_m_]Sl = 16020-kip-in
1=1..15
Prcol_m_l st g Mr, col_m_lst; prcol_ru_l st;
Checkeg) m 1st, = ey if =02
S i P°m|_1u_1 st 7 Mucol_m_] st Pccol_m_l st
I)recpl_m_‘l st; ( hril—ccr]_m_l st
T + LM(: otherwise
Checky) st _ col_m_1st col_m_1lst
0.399
0.483
0.475
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0.471
0.449
0.094
0.279

0.27
0.269

0.25
0.042
0.258
0.235
0.227
0.252

< 1.0 Then it's ockay

For 1st & 2nd Floor Beams with W18x65;

From SAP file:

Prbeu.m_m m

PC})C{-}JII_I]‘I : 0'9'[}{(_:0] "'l\huam_m

=
(S ]

U 00

11

kip Mrbeam_}n i

4924
4752
4730
4732
5039
4877
4810
4832

859.5-kip

Mobcam_m = U'Q'fycol'sz:am_m = 5985-kip-in

i=1.8

Checkpoam m. *

2
Abed.m m =19.1in

-kip-in

P'-beam_m- g M’beam m, P’-beam_m-
L i =202
Pepeam m 2 |\ Mheam m Pheam m
Prhcﬁm_mi Mrl}cam m;
otherwise
2Peheam m Mepeam m
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/‘-"‘bedm 111 = 133in

Checkpaam m,
0.833
0.801
0.795
0.794
0.872
0.839
0.819




For 3rd Floor Beams with W18x63:

From SAP file:
134 4353
o8 ] 4046
Plocam m 3rd*= 65 *kip Mrpeam m_3rd*= 3993 -kip-in
34 J 3857

l)"“‘hcam_n‘|_3rd:= U'g'fycoi""\hcam_m_Srd: 859.5-kip
M“‘beum_m_.'ird = 0.9 l}’cul'z}{lx,‘m_m_:ird = 59851(11.: mn
i=1.4

Prbeam_m_Brdi

B = e
Apgam m 3rd = 191 ZXpeam @ 3pg = 13310

Mrbeam_m_?;rdi Prbeam_m_B n:li

i

w | oo

Checkpeam m 3rd P
e “beam m 3rd

Pfheam_m__irdi Mrpeam _m_3rdi

= + otherwise
2Peheam m 3rd Mepeam m 3rd

Ch‘wkbc::am_m_.'*I\rdi =

0.805
0.733
0.705
0.664
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Braced Frame:

For Columns with W18x158; Agol b 46.3in’ Z¥gol b 356in"
IHIcol_h =90
Erom SAP file:
101 0
331
0
Pcol_b:" 162 *kip Mcn]_h:'— 0 -kip-in
38
39 Q0
2.02 59.952
6.62 196.477
A - PCO'_h N 0.18 in K L J\COI_bFHCC.E_c& o 2_ 5342
col_brace Yool 324 col_brace L q{ col_b) 96.161
0.76 22.556
0.78 2315

For 1st & 2nd Floors Beams with W18x55: Apeam_b*
Bpeam b= 0
From SAP file:
20y AL TR
Pryeam b= 203 ‘kip Mrpoam b= 3427 kip-in

Popeam b= 09V eol Abeam b= 859.5-kip
Mopeam b= 0 9tYcolZ¥beam b= S985-kip-in
1=1.2

Plocam b, ¢ [ Mbeam b ) Frbeam b,
Checkpaam b. = T + ; - if =
) ®heam_b MCheam_b “beam_b

Prpeam bi Mrpeam b-[

+ otherwise
m
2Peheam b Mepeam b
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e
= 191in

=02

= 5
Zx:aaﬂ_b:: 133

Checkpaam bi =

0.745

0.745

Kip

in



For 3rd Floor Beam with W1BX65: Ao b 3= 19100 ZXpeam b 3pd = 133i0°

From SAP file:

Prhcam_b_Srd = 196:kip Mrhcam_h_}lrd = 3427.kip-in

Popeam b 3rd = 09 Weol Bpeam b 3rd = 859.3-kip

Mcbcam_h__%rd:_ 0.9-fy cn]'le}cam_b_.?rd = 5985-kip-in

. Prhcam b 3rd 8 [ Mibeam b 3rd | .. Ffbeam b 3rd =
(‘hGCkbeam_b_Brd = — if 202

¥
Pepeam b 3rd 9 | Mheam b 3rd Peheam b 3rd

Pr M
beam b 3rd beam b 3rd
e =20 | otherwise
2Peheam b 3rd MCheam b 3rd
Checkpoam b 3rd = 0737 < 1.0 Then it's okay
For Braces: ;
For 1st floor Braces with WA2x53: Arp p= 13600
.2
For 2nd floor Brsces with W12x50: ATowpda= 14.6m
.2
For 3rd floor Brsces with WA12x40: ATapian= 11:7100
HTr_b:z 4N Q=15
From SAP file:
234 0
233 0
199 0
Erre e e Maasiaieet
130 0
129 0
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8775

8.738
Py, | 7462 5
li""'i‘r_hmc:: e K = 7 462 *m
4.875
4.837
Design of BRBs:
B = 0 Bppp = 23.43 assumed as diagonal brace
Erom SAP file:
3534 4]
196 0
P 38516
BRE
Fppp = ———————— = | 32805 |-kip
™
CO{HBRB-%) 213.61
9.629 10
F RB 2 2
Apgp = ——— =| 8201 |-in” Apmg.= | 85 |in”
Yo | 534 55
1244.545 o
AprpE Y kip -multiplied by ¢os 8 to account for
Kppp = ——¢cos| Bgppg-—— | = 1057.863 | — _ )
L 18 in diagonal bracing
684.5
14 ]..m\\'S(FBRB)
L'FBRB-l L'FBRBJ- (0.312? 400
8, = - ﬁy= 0.3133 |:in P, = fyp A =1 340 p-kip
%" ApppE = S-ApppeB A R
BRB; BRB; 0.3153 220
563.428
. . K (155, — 5 |ki
15 ﬁyi PYH' Pff’i+ 0.03 RBRBi (158yi Syi) Py =| 479.19: kip

. 310.639
-1
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4.699

4,729
602.867
B:=0.07 Poo=(1+ Bi]'P}’T 512,739 |-kip
332.384

CHECK COLUMN-BEAM MOMENT RATIO FOR MOMENT FRAME
Columns W18x158

2 3
Ag_col = 46.3in" (Icol: 19.7n If_col = 1.44in IW_GO] = 0.8lin 7ﬁ}\._col 1= 356in"
bf‘_col :=11.3in
Beams W18x65
A i 1‘)]'2 1 = 1841 t = 0.75 Z '—1?3'3

¢ beam = 171110 peam = 18NN I pagy = oM ‘s beam = 13310
Matenal Properties for all beams and columns: £, = 50ksi F, := 65ksi
ki kip

Gravity loads on all beams:  wp : ey wy = 0.75—
B ft L, fi

For Grade 50 steel Ry:=11

Bay length: A= 36010

Calculate the sum of the moments in the column above and below the joint at the

intersection of the beam and column centerlines:

Ppw=wpL=45kip P = w-L=225kp Pg=0 By =12 assumed

In order to calculate P, we remove joint constrains between the moment frame & braced frame anc

find the max. load on columns due to earthquack loads.

Seismic Loads From SAP:

Joint 1 Joint 2 Joint 3 Joint 4

PQEI] = 263klp IJQE?.?. = 22klp
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Determine the factored loads on the columns:

From ASCE7-10, seismic design category is D
Spg = 1615 p:=1.0 it should be 1.3 but in this case we will assume it's 1.0

Montranslation forces due to dead and live loads:

Py = (12+ 0.28pg)-Pp + 0.5P, + 0.2:Pg = 79.785-kip

Lateral-Translation forces due to seismic load:

Joint1 Py i= p-Poyp + 0.2Pg = 41-kip Join®2 Py, = p-Poypy + 0.2:Pg = 32kip
Joint3 pyyi= p-Pops + 0.2:Pg = 11-kip Joint4 py, = P-Popg + 02Pg = 13-kip

The factored loads on the columns:
Joint1 P =P+ ByPy =128985kip  JOIN2 P =P + By = 83.625-kip
Py1q = Pyt + BoPpyq = 111.345:kip Py 1= Py + ByPjyoy = 82.425°kip

i

Joint3 P 3:=P + ByPyz=92985kip  Joint4 P = P+ ByPyy = 81345-kip

The flexural strength of the columns at the beams centerlines:

Pul 2 Plll]. For the ioints with
Mpep = (Z);_col)'[ % } | [Zx_cm)'[fy " J = 33752-kip-in two columns & one

g_col g col beam connected
(Joint 1)
P Pinn For the joints with
Mpeo = Ze oot & s [z‘{ col)' g s 34323-kip-in two columns & two
P - Ag col o= As gol beams connected
(Joint 2)
l)
Mpc"i = Zo col’ f}, e = 17085 -kip-in For the joints with one column & one beam
s Ag ol connected (Joint 3)
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Puq

= 17175.kip-in For the joints with one column & two beams
connected (Joint 4)

M‘pc-’l =2y cul'[ry A

g col

Determine the probable moment at the plastic hinge for joints with W18x65 beam:

f)__ + Fu _
Cpr? ok 115 C,=1.2 then it's ok
24,
Minimum plastic section modulus at the reduced beam section:
Zim B s 133-in”

So the moment at the plastic hinge is:

S G o 2.25.kip-1
Mpr' “pr R,V L} Zo=8412.25-kip-in

Calculate the expected shear at the plastic hinge:

First calculate the factored uniform gravity load:
b
wy = 12w + 0.5:w = 2.1?5-%
? i

The distance between plastic hinges:
d

col dbeam
L':=L-2. S — 2

321.9.in

The required shear strength at the plastic hinge due to gravity loads:

VgH: l'}.S-wu-],' 29.172.kip

So the expected shears at the plastic hinge is:

E-Mp]. Z-MPI.
V= T + Vo= 81.438-kip V= T VgH = 23.094-kip

VH max = max(Vy. V') = 81.438-kip VH min = min(Vy. V') = 23.094-kip

Calculate the sum of the moments produced at the column centedine by the shear at the plastic
hinges for W18x65:

. dpeam  eol st
My max = (VH max)‘ & b = 1551-kip-in

. " peam  eol i
My min ™= (\H min]' 5 e 440-kip-in
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So the expected flexural demands of the W18x65 beam at the column centerline are:

M M+ M

pb_max = M = 9963.652-kip-in

v_max

Mpb, min = Mpr + My min = 8852.192:kip-in

Finaly find the Column-Beam Moment Ratio:

At Joint 1 At Joint 2.

M M, o~

Bl 338 >12okay pes 1.824

Mpb_max Mph_max ' Mph_min
At Joint 3. At Joint 4.

M M, ..
—P3 1715 >120kay pod = 0913
I\"Iph_max NIIJ')_T['[H_\ ¥ NII]}}_ITJ';I'[
PANEL ZONE DESIGN-DOUBLER PLATE FOR SMF
Minimum thickness of doubler plate is: dh=09

o [dcal il 2'rf'_c{:l) 35 (dhcam i 2"‘f‘_l*:c:am)
min 90

= (.375-in

The expected flexural demands of the VW18x65 beam at the column face are:

. dpeam
Mf mayx = Mpr f VH max’

] = 9161 483 -kip-in

d
. beam T
My 1nin = Mpr + Vi r“i“{T] = 8624.715-kip-in

The shear forces at the column faces:

Mg max _ . ) Mf min
= 519.064-kip Fppi= (

¥
fl
dheam ~ Tt'_beam)

- [dbeam - 'f_beam]

Fp = max{Fq .Fpp) = 519.064-kip
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according to
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members.
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The available shear strength of the panel zone in joints with one beam is:

Column hight: h=13f

M
f max i ; : S
Vel = T = 58.727-kip Va1 = Fp — V1 = 460.337-kip

Capacity determined of the web panel zone:

Rn1= ¢"U'6'{y'dcol'tw col = 430.839-kip Since Rn < Vu, a doubler plate is reguired

The required column panel zone thickness is found as follows
Vul

L g i m——
pl L0.6.F -
G061,

= 0.865-in * ty col = 0.81-in
col =

The extra thickness or the reguired thickness of the doubler plate is:

T'dp] = tpl tW ol = 0.055-in

oruse L= max(tg,).025m) = 0.25-in

The available shear strength of the panel zone in joints with two beams is:

M + M :
£ max * Mg
a3 % 114.014-kip Vip = Fpy + Fpy — Vo = 893.703-kip

\_.l'

Capacity determined of the web panel zone:

R 7= $-0.6 %-"]col'Lw_col = 430.839-kip Since Rn < Vu, a doubler plate is required

The required column panel zone thickness is found as follows

Vu?

Tom = —
pa $-0.6£-d,

col

1.68.in = t 0.81.in

w_col

The extra thickness or the required thickness of the doubler plate is:

ldpz: T‘p2 Ly col = 087-n

oruse o nmx(ldpz,ﬂ.zsin) 0.87-in

138



Panel-Zone Support Link Calculations by Using the Scissors Model:

Shear Modulus of steel: G := 11500000psi = 11500.ksi

Calculate the ratios of the effective depth of the column to the span length and the effective depth
of the beam to the column height, respectively:

dcnl ~ 1 col dbc:am = If beam
(= —= ()05] .&J: ——— = 0,113
L h
For joints with one beam:
The volume of the panel zone is:
Ti"l i= lw_coi + tdpl = 1.06-in
Vpy = ﬂ-].-ﬁ-h-tpl = 341.62ﬁ-in3
The properties for the Scissors Model:
PAMNEL
G-V
Pl G
Kpg = —2 = 5619« 10 -kip-in
(l-a-pP
0.6.L -V,
VP
MPSI = f}_ = 12257 313-kip-in
(1-a-@)
Mpg
5] = = 000218
P51
Kpg)
ELANGES
2
0.78-G-bp -t
f col™ col 5
K] = = = 3.006 x 10 -kip-in
(1 -—0o-— 3'!2
18761 #
M STEDF ol M gol SRR R
] T ——————————— 2020.22-k1p 10
Fsl (1-o-P) P
Mpea
Fs51
E)-Fql = = 000872
i Kie
F51
TOTAL
Mpg
Madad1 = ©psr- = 655.756-kip-1n Kiot] = Kpgy + Kpg = 5920095.896-kip-in

OFsi

Mp toq1 = Mpgy + Myqqy = 12913.069-kip-in with  ©pg; = 0.00218

My gt = Mps) + Mpg) = 14877.533 kip-in with ©pg) = 0.00872 extendto 10.0pg,; = 0.022
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For joints with two beams:

The volume of the panel zone is:
boai= tw ool T "dp2 = 1.68-1n

Vpo = {);-L-ﬁlll-tpa = 541.513-i.l'13

The properties for the Scissors Model:

PANEL:
G-V, "
. | B
Kpgp = — 8907 » 10 -kip-in
(1-oa-p3)
U'ﬁ'fy'vl:'Z o
Mpgs = —————— = 19429.089-kip-in
i (1-oa-8)
M
Ps2
E')-qu = = 000218
Kps2
FLANGES:
: s
0.78-G-by -+t
f col™f col 5
Kpgp = = = 3,006 x 10" -kip-in
(1-a-0)

2
_ 1'8?'fy'bf col''f col

Mpg; : = 2620.22-kip-in

Fs2 (1-a-8) ¥

Mp

Opgy = —n = 0.00872

7

Fs
TOTAL
Mps2

]\f{addz: GPSQ' 655.756-kip-in K1.01_7: KPSZ + KF32 9208051.472.kip-in

Ops2
M]-’_tmgf Mpgs + My qp = 20084.844-kip-in with ~ Opgy = 0.00218

My (o2 = Mypgn + Mpgy = 22049308 kip-in with  Opgy = 0.00872 extendto 10.0pg, = 0.022

BEAMHINGES:

Add hinges for each beam at the locations below:
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dyanm + de
RelativeDistance, := M = 0106

RelativeDistance, := 1 — RelativeDistance; = 0.894

Gap Elements' Backbone Curve Calculations:

kp
Kintial = 09—
m
Gap = 0.0045h = 0.7-in -Less than brace frame yielding limit=0.005*h
_kinlial'Gap 0351 kin[ial'Gap 01.351 )
3, = Ga 0.7-m A kit P, . : ki
g=oE BT | -125By, [ ?04.284) g0 1:25-Pye 753584) ¢

Gap2:= 0.003:h = 0.47an

882:_ Gap2 = 0.47-in

-k k

intial'93P2 ( —0.234
P

g2 | _125.p

intial’ GapP2 0,234
) kip
b

‘kip P~
?04.284) T e 1asey | (753584

Gap3:= 0.0015:h = 0.23-mn

3?.-3 = (ap3 = 0.23-in

k

ki i Gap3 e intial' Gap3 0.117
. ey = | Ly g [P Poc3 = 125Py, = 753.584 )P
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Frame Design:
40 MOMENT FRAME: 60 BRACED FRAME

fy o) := S0ksi Y, -= A0ksi E = 29000ksi

Moment Frame:

- ’ ta 2 .3
For 1st & 2nd floors Columns with W18x283: Agol m 1st:= 83.3in Zxgsl i 15¢= 676in
0:= 90
From SAP file:
104 10085
466 11313
460 11355
457 11361
Sa0 1O9FS |- -
Preol m 1st™= 9 ‘kip Mgl mo1st= sag% -kip-in
388 6320
384 6082
381 6090
286 4813
Pccul_m_lsL = 098y op Acol_rn_lsl = 3748.5-kip
Meeol m 18t = 9% ool 2ol m 15t = 30420-kip-in
i=1.10
Prcol m_lst; Mreol m Ist; Prool m 1st;
Check, = —_| if =02
col m 1st. 1 =
A P'::cr:;l_m_lst 9 | Megg) _m_lst Pccol_m_l st Checkeol m Isty
Prcu]_m_lsl col m_ lb 0.345
e otherwise 0.434
2Pc
col_m_lst Ieeol _m_lst 0.435
0.434
0.407
0.092
0.26
0.251
0.251
0.196
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. ; i i -
For 3rd & 4th floors Columns with W18x192: A - 56.4in 7"\:01 m 2nd = #2in

Erom SAP file:

col m 2nd*

82 1910
310 4907
307 4905
305 4944
20| 3003 |
Prool m 2nd = €9 kip Mreol m 2nd = 1724 kip-in
253 4804
230 4760
229 4814
157 3998

Peol m 2nd = 09 WeorAcol m 2nd = 2538-kip

Mccol_m_?ud = n'g'fycol'y‘xcol_m_ﬁui = 19890-kip-in

ix=1.10
Preol m 2ncl1 g Mreol m 2|1di Prool m Endi
Check, = = if =02
col m 2nd.
! P ®col m_2nd 9 Ii"lcc::ol_m_an Pccol_m_Eud
Prco!_m_?rldi I\‘{rml_m_2m‘li
+ otherwise

2P “col m 2nd Mc(:c:l_m_an

Checkgol 2nd; =

0.112
0.308
0.307
0.309
0.24
01
0.287
0.285
0.287
0.232

< 1.0 Then it's okay
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; 5 i . o
For 5th & 6th floors Columns with W18x192: Acul_m_Srd = 56.4in ;‘xcul_m_.'ird:: 442in

Erom SAP file:

33 1282

155 3506

154 3721

153 1523

| 3651 |
Plool m 3rd™= | o ' Mrool m_3rd* | 104 [KP1R

8 3329

77 3094

7 2972

46 3681

Pccnl_m__'*lrd = 0.9 fy::0l"'\cﬂl_ln_i\rd = 2538-kip

l“d‘cc:(:]_m 3rd” 084yl 'Z‘xcol_m 3rd 19890-kip-in
1:=1.10
Preol m 31'(]]- g Mrcol m Srdi Preol m 3“11
Checkogl m 3rd.* 5 : ; - if 5 =02
e ®col m 3rd Mol m 3rd Ccol m 3rd
Prcol_m_.?rdi Mrcol_m_31'r1i
3 otherwise
2Peeol m 3rd Meeol m 3rd
C}"’Ckcnl_m__'irdi
00751 . 1.0 Then it's okay
0.211
0.217
0.222
0.203
0.059
0.183
0.171
0.165
0.194
For 1st & 2nd floors Beams with W2 1x83: Plyaaoi oid 24_3m2 X fmainty o l%i113
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Erom SAP file:

10 6876
2.3 6717
3 6700
7.5 6845
Prhcam m*= 27 “kip Mrpeam m = 2320 -kip-in
18 7182
10 7152
3 7348

Peheam m= 09Fcol Mpeam m = 1093.5kip

M Cheam m* 0.9y o1 ZX e am_m 8820-kip-in
i=1.8
Prb\'.‘i!lﬂ_ll‘ﬁ 8 Mrbeum_rr& P]-bemu_mi

Checkpoam m. + = if
i Pepeam m 2 \ Mheam m Peheam m

z02 Checkpoam m.
i |

0.784
otherwise 0.763
ZPepeam m | Mbeam m 0.761

0.78
0.842
0.823
0.815
0.834

Prheam my Mrpeam
+

. 2
For 3rd & 4th floors Beams with W21x73; Apeam m 2nd = 21.5in° ZXpeam m 2nd = 1?2'..13

Erom SAP file:

31 6670

23 6578

15 6560

651 . 6737 |
Prpeam m 2nd = 47 kip Mrpgam m 2nd = 6082 -kip-in

33 Go27

20 6002

7 6165

Pcbeu.m_m_lud = 0.9 fycul'Abemn_m_ﬁm = 967.5-kip
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M“l:)eam_m_Zru:l : l}'g'fjf'col"'Z""beam_m_Zud 7740-kip-in
i:=1.8
Prheam m nd, o Mrpeam m 2nd, Prheam m 2nd,

Check = fo - if =202
beam_m_2nd. > >
= lobcm‘n_m_znd b Mchcam_m_’-_‘nd lcbcam_m_’-_‘nd

Prpcam m 2nd Mrbeam m 2nd
1 i 3 Check
¥ otherwise beam_m_2nd;

2P'abea.m_m_Eud Mcbeanu_m_?nd 0.878
0.862
0.855
0.874
0.81
0.796
0.786
0.8

) 3
For 5th & 6th Floor Beams with W21x57: Apgiicw 3pdi= 15_?i,12 ZXpeam m 3rd:= 129107

From SAP file:
(51 4686
40 4669
25 4610
Prheam m 3rd*= : kip Mripoam m 3rd™= 93 -kip-in
110 4033
81 3864
55 3800
30 3681

Plheam m 3rd = (]'g'fycoi'Abemll m 3rd~ 751.5-kip

Mob:arn_lll_3rnl =05 fycol'le'x:arn_m_.ird = 5805-kip-in

i=1.8
Prpcam m 3rdi 8 Mpeam m 3rdi Prpeam m 31‘di
Checkbemu m d = P i ; M if P =02
2 Cbeam m 3rd Cheam m 3rd Cheam m 3rd
PrI’x:am_m__'i.rdi Mrh:mn_m_.’%rdl
+ otherwise
21"":“heam_m_Sra:‘l Mcheam_m_ird
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Checkpeam m E‘u‘di =

0.841
0.831
0.811
0.803
0.768

0.72
0.691
0.654

Braced Frame:
For 1st & 2nd floors Columns with VW18x283:

For 3rd & 4th floors Columns with W18x192:

For 5th & 6th floors Columns with VW18x192:

Hcol_h =90

From SAP file:
448 0
908 0
299 4]
682 0
167 0
474 0

Pool b= & -kip Mool b= 0 Jap-in
291 0
11
143
38 0
385 0
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1 8.96
2 18.16
J 5.98
4 13.64
Pral b 5 3.34 5
“eol brace = ool =16 9.48| -in
7 1.22
8 5.82
9 0.22
10 2.86
11 0.76
12 0.77
1
1 1.325-106
2| 2.686'106
3| 8.844:10°
4| 2.017-106
Acol brace'E " 2 5| 4939105 1 kip
Kool brace = (801 b) =[ 6| 1.402106| ==
7 1.804:105| ™
8 8.607'105
9| 3.254104
10 4.23:10°
11| 1.124-105
12| 1.139-105
For 1st & 2nd Floors Beams with W21x83: Abcam_h: 24.3i112 lemm_h:
IHIheam_h =0
238 3427
Prhcam_b = [236}kip Mrhcam_h == (342?)'“?'{“

Pepaam b= 09 ool Apeam b= 1093.5-kip

M “beam_b = (}'g'f}’co]'?‘xlvcam_h = 8820-kip-in

1:=1.2
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Plheam b, ¢ [ Mbeam b, Plheam b,
Check; = - if =202
beam_b. y s >
=1 ] cl)’.:ﬂ'['['l l) 9 MG})CHT" 1') I Clx.‘.am E) i
== = o (_,hﬂ(:khean] b- =

Prieam |J]- Mrpeam bi -1

‘ otherwise 0.563
2Pheam b MCheam b 0.561

For 3rd & 4th Floors Beams with W21x73: Mg % o= GBS By oot gom TR

ebeam b 2nd* 0
From SAP file:

" 27 " 3427 o
T = ki Ar, = -kip-in
beam_b_2nd 207 P beam_b_2nd 3427 p

Pepsam b 2nd*= @9 Feol Abeam b 2nd = 967-5°kip
Mcpeam b 2nd = 09 ol ZXbeam b 2nd = 7740-kip-in
im=1.2
Prhc:am_i‘;_?m‘i-l MIhcam_h_an]- Prha::am_b_Zm*l-l

Checky, snd, = + if =02
eam b 2nd.
: Pepeam b 2nd 9 \ Meheam b 2nd Pheam b 2nd

8

Procam b 2nd, [ Mfbeam b 2nd, _ i
- otherwise Checkpoam b 2nd. =
2P¢heam b 2nd Mepeam b 2nd :

0.628
0.608

: : il o ¥
For 5th & 6th Floors Beams with W21x37: Apearn b 3rd = 16707 ZXpean b 3pg = 1290

ﬂbcam_h_.'i-rd =0
Erom SAP file:

178 .. a7y
Prpcam b 3rd™ | 155 [MP  MTbeam b 3rd = | 44, |KiP-i0

Plheam b 3rd = 09 Weol Mbeam b 3rd = 751.5-Kip

Mopeam b 3rd = 2ol ZXpeam_b_3rd = 3805-kip+in

1:=1.2
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Prheam b Id, ¢ Mrpeam b 3rd, Proeam b 3rd,
Checkpyaam b 3rd. = = + = v if =3 =02
2 Cbeam_b 3rd “beam_b 3rd “beam_b 3rd

Checkpeam b 3rd ’

=
Prpeam b 3rd]- {M’-beum b 3rtl-l
+

= otherwise
2k “heam b 3rd Mchcam_b__ird 0.762
0.727
For Braces: ,
For 1st floor Braces with W12x65; ATy p= 1811
. 2
For 2nd floor Braces with W12x53: ATeatas= 13-610
2
For 3rd floor Braces with W12x53; Aladas= 13-60
2
For 4th floor Braces with WA2x50; ATowadan= 1460
.2
For 5th floor Braces with W12x40: ANTatas= 11.70
-
For 6th floor Braces with W12x40: ATapday= 11710
By pi= 41 0y=1.5
Erom SAP file;
355 0 1
354 0 1| 13313
286 0 2 13.275
286 0 3 10.725
260 0 4| 10725
259 | . Ol o Pr, h'n’c) 3 9.75 )
P pi= kip My = kip-in ATy brace = o =16 9,712 "1
o 221 ?] 0 . s,
e 5 7| 8287
. 0 8 8.25
9 6.3
167 0
100 0 10 9.8
11 3.75
1
o @ 12| 375
Design of BRBs:
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assumed as a diagonal

3] = 30.96
BRB
brace for 1st story

assumed as a diagonal

8 = 2343
BRE1 :
brace for all other stories

Erom SAP file:
454 0
433 0
393 0
PpRp = i kip Mprp = 6 kipein
254 0
152 0
494,798
o 471.911
FERE = = 529.43kip FprB] = . Tomg _|emats kip
m{HHI{B'l CUS(GBRBI 1) oo
180 180 276.825
165.659

Ll:= J(lsn)2 ¢ (30f1)” = 419.829-in

L] =
2 2 ;
L2:= Ju3m F(30f)° = 392347-in Ly
F F
BRB 2 BRBI
A 1= — = 13.236-mn A =
BRB BREBI
bt Fbrb
A -E 2
" BRB, O{GT m ] i e
SRp = ————«¢ —_— 71.466.—
BRB I RB 50 in
1680.149
1493.466
- AprpE 4 x 2| 1369.011
BB 1 'C%[ BRB1’ 130) 1182.327
871.189
560,05

151

0.5-L1 = 209.914-in

0.5L2 =196173-in

kip

diagonal brace for the1st story

diagonal brace for all other

stories
12.37 135
11.798 12
10,708 | 1 11 | 2
= - Bil m:— g% n
6.921 7
4141 4.5
-Multiplied by cos 8, 5 to account
for diagonal bracing.
-This is for the 1st story only.

-Use the stiffness for all stories
except the 1st story.
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i) rows(FBRB])

Li'¥ere  L1°'ERB , ;
8), = - + - 5), = (0.3406-in 15-8), =511-in
Appp;E  oprp, B
0.2975
Ly TgrB1. L2Fgrai. 019
5, 1= 1, 1 03161 | s
i .E % .E 1= -1 . =
i ABRBih SABRBi-b 5)1 0.311 vl
0.321 4.463| -in
0.2988 4.7%
4.741
4.666
4.815
4.482
540
480
P, = fyp A ol L 3:= 0.0
% . kip B:= 007
vy Ybib *BRB 180 F
280
180
Py P},]+ O.OS-KHRH-(IS-BY—S},] Pye=T736216kip  Pyoi= (1 + B)-Pyy = 787.751 kip

Pytl o

P, + 0.03-K (1584 =8,
; HRB1i( 81, Syli)

749.949
680.238
621.74
534.456
397.461
250.291

-kip

802.446
7217.855
665.262
Pyc] =(1+ B_'J-P}rtl " | 571 868 e
425283

267.812
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CHECK COLUMN-BEAM MOMENT RATIO FOR MOMENT FRAME

Columns W18x283 for Joints 1& 2
A

2
G ] 833" dml = 21.9n tr col b 2 5in te col’ 1.4in 7,’: Gl 67‘6i113
o L o =

bf_cal = 11.%in

Columns W18x192 for Joints 3& 4

2
o ool? = 96.4m° d

A col2 = 20.4in tf ool = 1.751n Ly col2 = 0.96m Zy col2 ¢ 442i113

bf o1z = 11.5n

Columns W18x192 for Joints 5. 6, 7 & 8
56.41’112 d

3
.f\g col3 col3 = 204in tf ooz i= 1.75n Lw col3 = 096 Ly o]z = 200

bf o3 = 11.5m

Beams W21x83 for Joints 1 & 2

.3 ; ; ; ) - 5
Ag_hcam = 24.31n dlmam = 21.4in "f_huam = (.835n /Lx_l)cam = 196in
Beams W21x73 for Joints 3 & 4

h 2 .2 =21 N TA4; e e 3
Ag_beamZ = 21.5m dpeam2 = 21.2in 'f_beamZ:: 0.74in /t\;_beamE = 172in

Beams W21x57 for Joints 5. 6, 7 & 8

) . . , a3
Ag beam3 = 16.7in dpheam3 = 21.1IN  tf peam3 = 0.65in Zy beam3 = 129In

Matenal Properties for all beams and columns: fy = 50ksi F, = 65ksi
Gravity loads on all beams:  w, = 1_5m wp = U.?ﬁﬂ

L fi = it
For Grade 50 steel H‘y — 1.1 Bay length: M: 360in

Calculate the sum of the moments in the column above and below the joint at the
intersection of the beam and column centerlines:

Ppi=wpL=45kip Pp = wy-L=225kp Pg=10 B~ = 1.2 assumed

In order to calculate P o we remove joint constrains between the moment frame & braced frame anc
find the max. load on columns due to earthquack loads.
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Seismic Loads From SAP:

Joint 1 Joint 2 Joint 3 Joint 4
PoEl & 98 1kip PQHZZ = 5kip PoE3s: 45kip PQHM: 2.23kip
Joint 5 Joint 6 Joint 7 Joint 8

Pogs = 23.1kip PoEG = 1.23kip PQH? = 10kip PQES = lkip

PQESS = l0kip PQEGG: 1kip

Determine the factored loads on the columns:

From ASCE7-10, seismic design category is D
Spg = 1615 p:= 1.0 itshould be 1.3 but in this case we will assume it's 1.0

Nontranslation forces:

Poei= (12+ 0.28pg)-Ppy + 0.5Pf + 0.2-Pg = 79.785-kip

Lateral-Translation forces due to seismic load:

Joint1 Py := pPop + 02Pg=124kip  JOINZ Py, = p-Pop,y + 02-Pg = 6-kip

Py = "'PQEII + 0.2Pg = 98.1-kip P1t22 i |"PQE22 + 02Pg = 5-kip
Join3  Pys:= pPopz + 0.2Fg= 70-kip Jointd Py, := p-Popy + 0.2Pg = 332kip
Plaz = p-PQE33 + 0.2Pg = 45-kip Plaq = p-PQE44 + 0.2-Pg=223-kip

Joint5  Pys:= pPops+ 02Pg=231kip Joint6 Pygi= pPopgs+ 0.2:Pg = 1.23:kip

Puss = p'pQESS +0.2-Pg = 10-kip Plss = IJ-FQE% + 02-Pg=1-kip

Joint7  Py; = pPops + 0.2-Pg = 10kip Joint8 Pyg:= p-Popg + 0.2Pg = 1-kip
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The factored loads on the columns:

Joint 1 Py = P + BoPy = 228.585-kip
P11 =Pyt BZ'PItll = 197.505-kip
Join 3 PU3: Pllt + BE'PIG 163?35]\][)
P33 =Py + BaPyaz= 133.785-kip
Joint 5 Pus 5 Pnl + BZ'PIL‘? 107.505-kip
PUSS = IJm + ]‘32"]‘,55 = 91?85!(1])
Joint 7 Pu,}. = Pnl + BE_PIU = 91.785-kip

Joint2 Py2 = Py + BoPpp = 86.985-kip

P asi= P

022 't + Ba-Plion = 85.785-kip

Joint 4 PU4 H Pl’lt -+ B?.Ph4 837691\11)

F.

w4 = P + Bo-Flqq = 82461 -kip

Joint 6 Pué: Pm+ BE'pllé £1.261 -kip

IJUGG = Pm =+ HE}JlthG: 8(}98‘Sk:p

Joint 8 PuS = Pul + HE'PILS = BO.985-kip

The flexural strength of the columns at the beams centerlines:

P Pu11 For the joints with
Mpe1 = (Zx_col)| fy = + (Zx_col)]| fy - = 64142-kip-in two columns & one
Ag col Ag ol beam connected
(Joint 1)
P2 ) Pu22 fcr thE1 imms:ﬁo
2= Ly col'| fy = +Zy col)| & — = 66198-kip-in wo columns
s ool y Ag_col oot} 5 Ao col beams connected
(Joint 2)
. PUS 1 p1133 e g
Mpe3 = (‘;‘x cc:l?]' fy T i {/-x 3012)‘ f} A [ 41868-kip-in (Joint 3)
- g _col2 . g col2
P P
; ud 7 ud4 = 5
Mpc-'l =Zy ool ry kT v— + (‘{'x col?)‘ fy g e— 42897 kip-in  (Joint 4)
- g col2 - g col2
. Pus X Pyss . L _
Mpes = (z.x colj)' L= (Z,; coIS)' fy = ———| = 42638-kip-in (Joint 5)
A?.- col3 Ag col3
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}.) i)
N u : u66 - .
Mpes = Zg culS'[ly A 'J + (Zx 0013){1}( A_] = 42928 kip-in  (Joint 6)

‘g col3 g_col3
Pu7 ioi i
M-pc? = Zy col3| By = 21381 -kip-in For the joints with one column & one beam
e 7 Ag col3 connected (Joint 7)
Mg =7y oal3'| Ty W8 g 465-kip-in For the joints with one column & two beams
Al Ag_cul3 connected (Joint 8)

Determine the probable moment at the plastic hinge for Joints 1 & 2 with W21x83

beam:
" fy + By
T g
2 f},
Minimum plastic section medulus at the reduced beam section:

115 C,<1.2 then it's ok

Z,=L 196-iu3

e x_beam

So the moment at the plastic hinge is:

My = CppRy £ Z, = 12397 -kipein

Calculate the expected shear at the plastic hinge:

First calculate the factored uniform gravity load:
ft

217

wy, = 1.2wpy + 05w = 2.175

The distance between plastic hinges:

d d
L'i=T1-2 ic’l _ g,

316.7.in

The required shear strength at the plastic hinge due to gravity loads:

VgH = 0.5-w,-L'= 28.701-kip

So the expected shear ar the plastic hinge is:
M 2M

; B : . 32 : &
Vipi= TRt Vg = 106.99-kip V= ~ Vg = 49.588-kip
VH max = 111a.\;[\f'H,\-"H] = 106.99-kip VH min = min( ’Ilv\"u] = 49,588-kip

Calculate the sum of the moments produced at the column centedine by the shear at the plastic
hinges for W21x83:
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dpeam

col -
My max = (VH max)'[T ' T] = 2316-kip-m

dbeam | deol

Mv_mi.u = (VII_min]'[ 5 A J_ 1074-kip-in

So the expected flexural demand of the W21x83 beam at the column centerline is:

Myt max = Mpr + My may = 14713324-kip-in

M M+ M

pb_min = pr v_min = 13470.573-kip-in

Determine the probable moment at the plastic hinge for Joints 3 & 4 with W21x73
beam:
Minimum plastic section modulus at the reduced beam section:

¥
ze_Z: zx_beam? 172-in

So the moment at the plastic hinge is:

Mpr o= CprRy-fZg 5= 10879 kip-in

¥
Calculate the expected shear at the plastic hinge:

The distance between plastic hinges:

d ., d
L'2=L- 2-%[‘ - :-% 318.4-in

The required shear strength at the plastic hinge due to gravity loads:

Vgl—l 2= 05w, L' 2= 28855kip

So the expected shear ar the plastic hinge is:

2M 5 2M,, 5
; - Pr_. e . i __ pr_- ¥ _ .
\u'H i _[l' - = VgH 2= gf.lg-klp V H2= _]' 5 =5 \'gH 2= 39.‘18‘!(11']
VH max2 = max(Vy 2.V'y 2) = 97.19-kip VH min2 = min{Vyg 2. V' 2) = 39.48-kip

Calculate the sum of the moments produced at the column centerine by the shear at the plastic
hinges for W21x73:
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dpeam2  deol2

My max2 = (VII ma.x?)'( 5 s TJ = 2022:kip-in

dpeam2  Yeol2

Mv_min." = (VII_mmI]'[T = ] = 821-kip-in

&

So the expected flexural demand of the W21x73 beam at the column centerline is:

Mob max2i= Mpr 2+ My maxa = 12900561 -kip-in

Mot min2:= Mpr 2+ My _ming = 11700.193-kip-in

Determine the probable moment af the plastic hinge for Joints 5, 6, 7 & 8 with
W21x57 beam:

Minimum plastic section medulus at the reduced beam section:

Z, 3= Zy beam3 12‘3‘vi113|

So the moment at the plastic hinge is:

My, 3= CpeRyfyZ, 3= 8159.25-kip+in

Calculate the expected shear at the plastic hinge:

The distance between plastic hinges:

deol3 5 dpeam3
2 2

L'3:=L-2 = 318.5in

The required shear strength at the plastic hinge due to gravity loads:

Vg 3= 05w, L' 3= 28864-kip

So the expected shear ar the plastic hinge is:
2M . 4 2M

o s BB Ly ; T o . R B
\H 3= T + \"gH 1= 80.]‘}(113 V H 3= T = \'gH = 22_371'1\113
VH max3 = max(Vy 3.V'y 3) = 80.1-kip VH min3 = min(Vyy 3.V'g 3) = 22.371kip

Calculate the sum of the moments produced at the column centerine by the shear at the plastic
hinges for W2 1x57:
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Ibeams3 |

My max3 = (VII mM)(T

d
beam3
Mv_min.'i = (\!11_1111'113)'[ 5

So the expected flexural demand of the W21x57 beam at the column centerline is:

) = 1662-kip-in

] = 464-kip-in

h‘{pb_ma.\.?: :Mpr_3 t I'\"1\.'_1111-1)(3

Mpb min3 = Mpr 3+ My min3

Finaly find the Column-Beam Moment Ratio:

At Joint 1

M
Pl _ 4350 >1.2okay
Mph max

At Joint 3.

M
P 3045 >120kay

Mpb_max?

At Joint 5.

M, .5
- 4341

Mpb_m ax3

=12 okay

At Joint 7.

M
— 7 _ 5177 >1.20kay

M pb_max3

9821.315-kip-in

8623.457 kip-n

At Joint 2.

M

pe2

+ M,

2349

Mph_max pb_min

At Joint 4.

Moy
Pe 1.744

Mpb_m‘d.xﬂ : M‘pb_rninl

At Joint 6.

Mo

Mph_maxS ¥ M-pb_min_?

= 2.327

At Joint 8.

Mg
M

= 1.164

M

pb_max3 " ““pb_min3

PANEL ZONE DESIGN-DOUBLER PLATE FOR SMF

=09
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For 1st & 2nd stories:

Minimum thickness of doubler plate is:

_ [dcol 2'tf‘_u’:.ol) ' [dhcam 2'tf‘_l'n::am)

P
min 90

= (.407-1n

The expected flexural demands of the W21x83 beam at the column face are:

d
5 beam e e
My e Mpr rVy max{T] 13541.788 kip-in

d
i beam N I
Mg min® Mpr + Vy mm{T] 12927.588 -kip-in

The shear forces at the column faces:

3 . Mf_max = ; . ) Mf_min = 2

Fi max = T = 638487 -kip  Fy i T = 628.621 kip
( beam ~ Lf‘_l’:-cat‘n) ( beam ~ lf_hcam)

Fg i= max(Fg e Ff min) = 638487 kip

The available shear strength of the panel zone in joints with one beam is:
Column hight: h:= 18ft
Ml‘ max

= 62.693-kip V b one = 595.794-kip

Ve one™ h I i

Capacity determined of the web panel zone:

Rl s 4= ¢.(J_().fy.dcul.tw col = 827 82-kip Since Rn = Vu, doubler plate is not required

The reguired column panel Zone thickness is found as follows
\;U one

p_one b-0.66,dgg)

t = 1.008-in =ty ool =14in

The available shear strength of the panel zone in joints with two beams is:
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Ve two = f = 122.543.kip Vi two ™= Fr max * Ff min— Ve two = 1164.565-kip
Capacity determined of the web panel zone:
Ry two = $:0.6Ldegty ool = 827.82:kip Since Rn < Vu, a doubler plate is required
The required column panel zone thickness is found as follows
\I?
u two

t. o= —————=1.96%-in
P $-0.64,dyy
The extra thickness or the required thickness of the doubler plate is:
po_rwo: rp_twn = 1w_col 0.569-in
Briise Hl"__""” x m""‘(ldp_twoflmin] (.569-in
For 3rd & 4th stoties:
Minimum thickness of doubler plate is:

(dmIZ 2 co|2) a (dhcamﬂ 21 hcamZ) :
Lnin2 | — = 0,407

= 90
The expected flexural demands of the W21x73 beam at the column face are:
dhc,ﬁm"

- | ———=1=11909.219-kip-in
Mf max2* Mpr 2+ VH max2 5 1 ] I

. dheam2 A
Mg mim2 = Mpr 2+ VI min2 — = 11297.493-kip-in
The shear forces at the column faces:

Mt‘_maxZ Mf_m n2

Ff_maxz L ( = 582.073-kip

————————————eeeeee. F. - —
f min2
dbeam? Lf_bcam’.!) B (

Fip 1= max(Fg paxo:Ff ming) = 582.073-kip

dheam? ' beam 2)

= 552.175-kip

The available shear strength of the panel zone in joints with one beam is:

Column hight: h, == 13ft
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Mf max2

I

\‘!

o = 76,341 kip Vy one2 = Fp — Ve onea = 505.732:kip

Capacity determined of the web panel zone:

Rn_om2 = ¢-O.6-f},-dm,2-tw_m|2 = 528.768-kip Since Rn > Vu, doubler plate is not required

The reguired column panel zone thickness is found as follows

i
v u_one2

L o e —
POne2™ 061,

= 0918in <ty gojp= 0.96in
cols

The available shear strength of the panel Zone in joints with two beams is:

Mf_mux? i Mf_min?

llz

vV 148.761 -kip

¢ two2*

Vu_l.wnE : Ff_ma:(Z x Ff'_minZ T Vc_t.wnZ 985.487-kip

Capacity determined of the web panel zone:

Ry twoz = $-068-degiaty golp = 528.768kip Since Rn < Vu, a doubler plate is required

The reguired column panel zone thickness is found as follows

\'11_tw02

t = = 1.78%-in
p_twoz 0.6

col2

The extra thickness or the required thickness of the doubler plate is:

tdp two2 = Ip two2 ~ bw col2= 0.829-in

max( 0.829.in

or use tdp wo2 tdp lwuZ"rninE)

For 5th & 6th stories:
Minimum thickness of doubler plate is:

(dcoH B 2"f_col_?\) [d (dhcamﬁ N 2'rf‘_bcan13)

T = 0.408-in
min3 an

t

The expected flexural demands of the W21x57 beam at the column face are:
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d
- beam3 oy
My max3 = Mpr 3+ Vi 111&1.\3'[ 3 ]: 9004.3-kip-in

dheam3

My min3 = Mpr 34 \»'H_mhﬁ-[T] = §395.268-kip-in

The shear forces at the column faces:

M M .
£ max3 £ min3
e = 440308kip Fp .oai= [ e

— LI 410.527:kip
a3 — U beam3)

F  —
f max3
= (dbcaml:i = tf_bcamli)

Fpz:= '““"‘(Ff'_maxi’Ff_milﬂ) = 440.308-kip

The available shear strength of the panel zone in joints S & 7 with one beam is:
Column hight:

M ’
{ max3 A - :
Vc_m‘lc_"i 3 ;1’, 57.72-kip Vu_cm.:S =Fp - Vc_:mc_’i 382.588-kip

Capacity determined of the web panel zone:

R 528.768-kip Since Rn > Vu, doubler plate is not required

$-06£,.d

n_one3 * col3'w_col3

The reguired column panel zone thickness is found as follows

Vu_omﬂ

s 0 1
'p_one3’ ¢-0.6£d R

0.695.m < t col3

col3

The available shear strength of the panel zone in joints 6 & 8 with two beams is:

Mt maxs * Mf min3

Vo twos=——— = 111.536kip
2

Vi two3 = Fr max3 * Ff min3 = Ve twe3 = 739.299-kip

Capacity determined of the web panel Zone:

R $-0.6-£,-d 3 = 528.768-kip Since Rn < Vu, a doubler plate is required

n two3 = col3'tw col

The reguired column panel zone thickness is found as follows
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v
u twol

L (o S — = ] 3421

P03 §.06,dooy "

The extra thickness or the required thickness of the doubler plate is:

Ldp two3 = I two3 ~ tw _col3 = 0-382-m

OF USE Lo iwmadei™ mux.(l(u)_rwo3.lmin3) = 0.408-in

Panel-Zone Support Link Calculations by Using the Scissors Model:
Shear Modulus of steel: & -~ 11500000psi

For 1st story:

Calculate the ratios of the effective depth of the column to the span length and the effective depth
of the beam to the column height, respectively:

dgol = tf_c()] dpeam ~ tf_heﬁm

= — = 0,054 G- 0,095
L *3"( h

For joints with one beam:
The volume of the panel zone is:

1i o= b 001+U 1.4in

;3
= o-L-3-h-t = 558.545-in

7
Vp p_cne

_one”

The properties for the Scissors Model:

PANEL
G'VP_cmc i (R
KI’S_me = 72 = 8871 » 10 -kip-in
(1 -a-pP)
0'6'5"\’:]’ one 4
M = —————=— = 1.969 x 10 -kip-in
PS one a-a-B) I P
M
PS one o
G)PS one -~ Kf = 0.00222
P5_one
FLANGES
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. 2
0.78-G-bp oo1°tp gol

s S
I\FS_m-m - 3 9.214 = 10 -kip-m
1-a->3
5
1876, b¢ oortp col
M}-’S_cnc = W = 8172.57 kip-in
M
F5 one ”
GFS_onc: I\— 0.00887
FS_one
TOTAL
Mps one

. Brzs s
Madd_cmc: GPS_onc' 2,045« 107 kap-m

OFS one
Kiot one ™ ®pS§ one * s one = 9792911 A-kip-in

Mp tot one = Mps one * Madd one = 21737.78'kipin  with  Opg o = 0.00222

M tot one ™ MES one + Mpg gne = 27865.022:kip:in -~ with  ©pg e = 0.00887 extend to
o ) . ) 10-Opg_ope = 0.022

For joints with two beams:

The volume of the panel zone is:

Aﬁm: "w_col+ Ldp two 1.969-in

g ¢
VP two = L-B-het = 785.753-in

p_two

The properties for the Scissors Model.

PANEL.:
. G'VP_two . T
Kps two = P— 1.248 % 10 -kip-in
(1o~ @)
M 0% twe 27703.042-kip-i
75 === 27703.042-kip-m
P35 _two (1-0-B) P
. MPS_two
Ops twoi= o = 0.00222
P35 _two
ELANGES:
2
0.78-Gebp co1'tf gl A
KFg two = ——————— = 9214 % 10 kiprin

(i o= B
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. 2
'-’“'%ﬁbr col'™f col

MT"S_hvu: d-a-0) 8172.57 kip-m
M

: FS two
OFS two = T = 0-00887

i FS two
TOTAL

M
TS t

M, WO _ 2045 x 10 kip-in

add two = BPS_F“«'(!. )
F5 two
Mp (ot two ™™ MpS, two + Madd two = 2974837 kipin  with  @pg = 0.00222

M}-‘_rm_twn i MFS_[WO + NIPS_T.WO 35875.612-kip-in with QFS_I.WQ 0.00887

extend to 10-0pg tyo = 0.022

Kiot two = KPS two * KES two = 13401697.6-kip-in

For 2nd story:

Calculate the ratios of the effective depth of the column to the span length and the effective depth
of the beam to the column height, respectively:

deol 'f col dbeam Lf beam

T 0.054 'Q‘: 0.132

}12
For joints with one beam:
The volume of the panel zone is:

I3 o 1.44n

AR w col ™ 0

P
f = oL [3-hot = 558.545-in
2" p_one

The properties for the Scissors Model:

PANEL
GV,
K pwomar’™ —— 2 = 0,687 x 10°-kip-in
3
(1-a-p
MRS aaey i 2,058 x 10" kip-i
= ——— — 2058 « 10 -kip-in
(1-o—B)
Mpg
PS one
O Pana= ———— = 0.00212
Kl’S_Olle
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ELANGES

27 2
0'?3'”'‘t"i'_c;ol'tf.’_t.:ol

K =
(1-a-3
" 2
 L8T-Lbp oo1tf ol
= d-a-3
My
. ... O
i E‘FS_L)Iu:
TOTAL
Mpe
FS_one
Maddwanei~ ©ps one"g
FS_one

Mli_ﬁi‘t_ilﬂi 1= Ml’S_oue + Madd_one = 22715.334-kip-in

Misovmonai~ MFS one * MPS one

1.006 + 10°-kip-in

8540.093-kip-in

2137 % 103-1-;ip-iu

with

29118.12-kip-in with

Kiatwonor= KPS one + KES one = 10693495 8-kip-in

For joints with two beams:

The volume of the panel zone is:

mt \ = hy ol * tclp» two = 1:96%+in

e
\ B = (1-I,-|3-|1’_,-H) two = 183.753-in

The properties for the Scissors Model:

PAMNEL:
_GVp o
M‘M_ g 2
(1-a-pf)
N 0.66yVp o
 l-a-8)
Mpg
PS two
Qm‘ = — = (),00212
- Kl’f‘}‘._two

y
=1.363 x 10 -kip-in

= 28948.856-kip-in
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FLANGES:

2
B O'?g'G'hf_cﬂl'lf_Gﬂl

[SuES = = 1.006 =« 10 -kip-in
X o Kipis
(l-a- B'Jz
2
1‘8?'5/'bf col''f col i
M = —(] e = 8540.093-kip-in
M-
FS tw
O St = ———— = 0.00849
}‘FS two
TOTAL
MFS_I.WQ

Mk = Bpg ‘wo-g— =2137x I{JS-kip-in
- = F5 two

Moo= MPS two * Madd two = 31086.162-kip-in with  Opg 1y, = 000212

Miniotsimons= MFS two * MPS two = 37488948 kip-in  with  Opg 4 = 0.00849

extend to 10-Opg (o = 0021
K = Kpg two * Kpg two = 14634156.4-kip-in =

For 3rd & 4th stories:

Calculate the ratios of the effective depth of the column to the span length and the effective depth
of the beam to the column height, respectively:

dp—t d —te
ol2 ' col2 beam2 ~ 'f_beam2
O = —e—aC 0,052 B e O a1

i L 2 hq
For joints with one beam:

The volume of the panel zone is:

E" sagan— tw col2 * 0= 0.96-m

. 3
VP onez = %21 ﬁﬂ'h"l"p_om’l 366.316.in

The properties for the Scissors Model:

PANEL
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G VP one2

N e h
Kps one2 = e 6.311 x 10 -kip-in
(1-02-8)
0.6-f -V
P one2 y
MPS_orlcE . (lfyttﬁ 1.345 x 101-kip-in
M
PS_one2
Ops one2 '__une 000213
= Kps one2
FLANGES
2
0.78-Gebp it
f col2’lf col2 5
KFS one2 * — ;" 4732 x 10" kip+in
(l o, [32]
2
1.87-£. b -t
Pf col2’tf col2
MES onez = (? — ﬁ—)m = 4080.342-kip-in
- =0 =P
Mps s
Opg oz = —om2 = 0,00852
- KF‘S_()an
TOTAL
MFS one2 3
Madd_cch: GPS_()HGZ'W_') 1.009 = 107 .kip-in
'S_one2

Mp 1ot one2 = MpS onez * Madd onez = 14459.005 kip-ir with

M}-'_tm._oncﬁ = MFS_nle ¥ T\'TPS_('mcE = 17480.684-kip-in with

Kiot one2 = KPS onez + Kps onez = 6783773.691 kip-in

For joints with two beams:

The volume of the panel zone is:
Mﬂ&:: b col2* tdp two2 = 1.789-in

i
Vl—, twod = t!2-T,-B2-h2-lp two2 = 682.718-in
The properties for the Scissors Model:
PANEL:

s iq
5 =1.176 % 10 -kip-in
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O'ﬁ'fy' VP two2

Mps two2 = Tog—)) 25067.96-kip-in
M 9]
PS twol2
Ops twozi= T = 0:00213
PS two2
FLANGES:
2
0.78-G-b P
- f col2'f col2 T
L‘I"S_twnz - 7 = 4732 » 107 -kap-in
(1-ay-6)
- 2
M 1.8 "’'f)u"bl‘_(.:('ﬂft f col2 4030.345-Kiow:
2° " L 342-kap-in
F3 two (l ay 52)
M
FS two2
OFs twoz= g = 0-00852
E FS two2
TOTAL
M}"S_r\m’.l

< Facy o
M, 4d twoz = ©ps two g 1.009 » 10" -kip-in
= = TS two2

Mp 1ot two2 ™ Mps two2 + Madd twoz = 26076.624-kip with  @pg u0on = 0.00213
ME tot two2 = MFS_two2 * Mps_twoz = 29098303-kip-inwith  ©pg 5 = 0.00852

extend to m'@PS_tch = 0021

Kiot two2'= KPS two2 + KBS two2 = 12234445.947 kip-in

For 5th & 6th stories:

Calculate the ratios of the effective depth of the column to the span length and the effective depth
of the beam to the column height, respectively:

deol3d ~ tf col3 dpheam3 ~ ' beam3
g ;= ———— = (0,052 By 1= —— (131
3 3
L 11')

For joints with one beam:

The volume of the panel zone is:
w:= tW col3 + 0=0.96in

4 gD
VP one3 = Q3 LeBahpt, gpe3 = 36613710
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The properties for the Scissors Model:

PAMNEL
, G‘VP_onc_'i 6.. . .
RPS_OI’IG.’]- 5 7’2 6.306 = 10" -kip-in
(-2a-)
O'G'g!'VP one3 4
Mpe = —— = 1344 % 10 kip-in
P5_one3 (l - o5 - 33) P

M PS5 one3

Ops one3 ™ T 0.00213
PS8 _one3
FLANGES
= 2
0'fS'G'}’f_col_'i"'f_coIS 5
KFS_oneB o = = 4.732 » 10" -kip-in
(l ay [33]'
2
187-0y-bp oo]3f ool »
MES ones = = =" 4030.026-kip-in
E (1 oy (53}
~ Mpg one3 "
Ors one3 = ——— 0.00852
FS_one3
TOTAL

M F5_one3

3. .
Madd oned = F‘)PS 01163.@— = 1.009 x 10 'klp'll’]
FS one3

MP_Lol._one3 = MPS_oue3 + Madd_om:i = 14451.297-kip-ir with GPS_UI].U.?! = 0.00213

ME 1ot ome3 = MFS one3 + Mps one3 = 17472.739:kip-in with  ©pg .3 = 0.00852 extend to

10-Opg = 0.021

Kiot one3 = Kps one3 + KFS one3 = 6779625.502-kip-in one3

For joints with two beams:
The volume of the panel zone is:

m: tw_c:o].'?a ) tdp_twu.'i = 1.368-in

- i
VP_two3 = oyl [33 “hQ'tp_twofi = 521.66-1n

The properties for the Scissors Model:
PAMNEL:
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Kps two3 =

Mps two3*

Ops two3’

ELANGES:

KFs two3*

M S two3
OFs twos*

TOTAL

Madd two3

M}-‘_rm_rwcﬁ

ME tot two3

GVp wo3

= 8.985 x ]OG-kip-in

2

(1 - 0.3 - 133)
0.6-f -V

P twod
O Ve wa3 19152754 kip-in
(1 -3~ 8s)
Mpg two3 e
Kps two3

2

0.78.Gbp .t
f col3'Yf col3 5
S - 4732% 10 Kipin

: MPS_twn3 * 7\’fra(‘l{'l_t‘.\h:ﬁ

= MES two3 * Mps two3

(105 85)°

- 2

1.87£,bp o013t col3
(l — 0y - 63)

Mps twos

= 4030.026-kip-m

0.00852
KFs two3

MES two3 3
QFS_MO.‘T; 1.009 < 107 -kip-in

OFS two3

20161 338-kip-in

23182.78-kip-in

Kiot two3 ™ Kpsg twos + KFS two3 = 9458412.15-kip-in

BEAMHINGES:
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For 1st & 2nd stories:

Add hinges for each beam at the locations below:

+ degl

=012

dpeam
L

RelativeDistancey :

RelativeDistance, = 1 — RelativeDistance; = 0.88

For 3rd & 4th stories:

Add hinges for each beam at the locations below:

B dbe'dm".-, + dculE

L
RelativeDistances = 1 — RelativeDistance; = 0.884

For 6th & 5th stories:

Add hinges for each beam at the locations below:

Apeam3 * eol3

RelsiieRinRIsSL~ — = 0115

WW&V: 1 — RelativeDistance, = 0.885

Gap Elements' Backbone Curve Calculations for 3 Different Gap Sizes:

= 5L
in

Kintial

For 1st Story:
Gap_lst := 0.0045-h = 0.97-in -Less than brace frame yielding limit=0.005"h

63, 1st*

. Kintial"Gap_lst 0486 Kintial"Gap_Lst 0486 \
2 =K1 : =K1
gL Int 125P, o2027 ) F gl 1258, 984.689)

Gap lst = 0.972-m
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For all cther stories:

Gap = 0.0045-h5 = 0.7-in

Bg = Gap = 0.7-in

Py =
g -1 _25-Pyu 5

P =
850,298 ge

For 1st Story:
Gap 1st2 = 0.003-h = 0.65-1n

8

o 1512 Gap 1st2 = 0.648-n

i KintialrGap_1st2 0324 k
Pot 1512= _195p | _on027 kip Poe 1s12=

yi

Eor all other stories:

Gap2:= 0.003-hy = 0.47-in

65:,2: Gap2 = 0.47-in
kit Gap2 034 Kintial- Gap2 0.234
P, -ki P
27| 1aspy |7\ esoes) ge2

Eor 1st Story:
Gap 1st3 = 0.0015:h = 0.32.mn

ﬁg_] o3 0= Gap_lst3 = 0.324.in
) “Kintial Gap_Lst3 [—(J.lt‘,’-_‘
t 1st3 5 :
gl ~1.25:Py
Ecr all cther stories:

Gap3 := 0.0015:hy = 0.23.in

833 1= (Jap3 = 0.23-in
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_920_2?}']‘113 ch_lsl_"’::

1.25.P,,
)L12

|

intial Gap_1st2

1'25'Py(:

Kintial'Gap_lst3

125y,

909818

Kintial 2P 0351 . Kintial Gap 0351 .
= ki 2= | e = -ki
P 25Py |~ o008 P

0324 )
|\ o84.6%0

)

J-kip

0162
984.689

. —lp

] kip



kinual'(}“pﬂ 0117 Kintia 3393 ¢ 6117
. [ ]-kip Poe3i= = ( }kip

P,i3=
13 125-P 2 1.25P 909 818
il J 850.298 yely o
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Appendix B: Analysis Results of Perform 3D
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Figure B-1: 3-Story_50M50B_Gap0.45% with Baseline System
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Figure B-2: 3-Story_50M50B_Gap0.30% with Baseline System
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Figure B-3: 3-Story_50M50B_Gap0.15% with Baseline System
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Figure B-4: 3-Story_60M40B_Gap0.45% with Baseline System
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Figure B-5: 3-Story_60M40B_Gap0.30% with Baseline System
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Figure B-6: 3-Story_60M40B_Gap0.15% with Baseline System
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Figure B-7: 6-Story_50M50B_Gap0.45% with Baseline System
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Figure B-8: 6-Story_50M50B_Gap0.30% with Baseline System
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Figure B-9: 6-Story_50M50B_Gap0.15% with Baseline System
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Figure B-10: 6-Story_60M40B_Gap0.45% with Baseline System
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Figure B-11: 6-Story_60M40B_Gap0.30% with Baseline System
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Figure B-12: 6-Story_60M40B_Gap0.15% with Baseline System




