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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.   
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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. 
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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 

(CSI 2012). 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. 
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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.  
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Chapter 6 summarizes the research and provides recommendations for future 

studies. 
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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 
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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). 

 

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, 
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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 
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 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).  
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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).   

 

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).  

 

 

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).  
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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. 

 



 

 

16 

 

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). 

 

 

Figure 2-8: The behavior of ADAS damper during earthquake (all dimensions in 
centimeter) (Alehashem, Keyhani and Pourmohammad 2008) 

 

 

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

(Calado, et al.).  

 

 

(a) Buckling-restrained unbonded steel brace 

 

(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). 

 

 

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).   

 

 

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) 
 

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).   

 

 

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). 

 

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). 

 

 

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).  

 

 

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).  

 

 

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). 

 

 

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 



 

 

29 

 

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. 

 

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).   

 

 

 
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). 

 

 

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). 

 

 



 

 

44 

 

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 

 

 

Figure 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). 

 

 

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



 

 

47 

 

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). 

 

 

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

	
Abbreviation  System Description 

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

and high‐damping rubber sandwich damper 

HPCD‐VFD 
Special moment frame with a multi‐phase passive control device utilizing a BRB 

and linear viscous fluid damper 

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

HYFR 
Special moment frame with a multi‐phase frame configuration utilizing an BRB 

and compressed elastomeric device 

HYFR‐VFD 
Special moment frame with a multi‐phase frame configuration utilizing a BRB 

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. 
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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.     

 

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.1 The 

short period, SS, and the 1 s period, S1, accelerations reported by the program are 2.423 g 

and 0.849 g, respectively. The spectral response acceleration parameters for the short 

period, SMS, and the 1 s period, SM1, 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, SDS, and 0.849 g for the 1 s period, SD1. 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. 

                                                 

1 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, Ω0, equals 2.5, and 

Deflection Amplification Factor, Cd, equals 5. By using equation 12.8-7 of ASCE 7-10, 

the approximate fundamental period, Ta, 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, Cu, from Table 12.8-1 in ASCE 7-10. Cu 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, Vx, 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 

Vx is multiplied by the vertical distribution factor, Cvx, of each story. The total base shear, 

Vx, 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 

 

Event Year Station  Name Direction Magnitude Duration (s) 
Time step 

(s) 

3-Story 
Scale 
Factor 

6-Story 
Scale 
Factor 

Northridge, CA  1994 
Beverly Hills-
Mulholland 

MUL009 6.69 29.94 0.01 2.15 1.41 

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 2.36 

Loma Prieta, CA  1989 Capitola CAP000 6.93 39.97 0.005 2.06 2.21 

Chi-Chi, Taiwan  1999 CHY101 CHY101-N 7.62 90.00 0.005 2.91 1.52 

San Fernando, 
CA  

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 

Imperial Valley, 
CA  

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 



 

 

59 

 

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). 

 

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.  
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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, Pyc, is used as 

107% of the tension force, Pyt. 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*hsx), where hsx 

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, 50M50B, 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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(a) 
 

 
(b) 

 

 
(c) 

 
Figure 4-3: The Final Prototypes of the 3-Story Steel Frames: (a) 40M60B System 

(b) 50M50B System (c) 60M40B System 
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(a) 

 

 

(b) 
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(c) 
 

Figure 4-4: The Final Prototypes of the 6-Story Steel Frames: (a) 40M60B System 
(b) 50M50B System (c) 60M40B System 

 

 
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. (CSI 2011). 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  

(CSI 2006). 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. 

  

 
(a) 

 

 
(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 (FU0) 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. 

 

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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Figure 4-8: Gap Backbone Curve 

 

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 4-9: Model for Panel Zone Component (CSI 2006) 

 

 

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 
First Mode 
Period (s) 

Second Mode 
Period (s) 

M
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3-Story Building 

40M60B 1.253 0.26 

50M50B 1.191 0.248 

60M40B 1.057 0.225 

6-Story Building 

40M60B 2.242 0.702 

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.   

 

 



 

 

81 

 

 
 
 
 
 

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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Figure 5-1: 3-Story_40M60B_Gap0.45% with Baseline System    
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Figure 5-2: 3-Story_40M60B_Gap0.30% with Baseline System    
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Figure 5-3: 3-Story_40M60B_Gap0.15% with Baseline System    
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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 50M50B system ratio 

compared to the 40M60B system ratio. However, the MF ductility response has 

decreased in the 50M50B 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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Figure 5-4: 6-Story_40M60B_Gap0.45% with Baseline System 
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Figure 5-5: 6-Story_40M60B_Gap0.30% with Baseline System 
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Figure 5-6: 6-Story_40M60B_Gap0.15% with Baseline System 
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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. 

	

	 	 	

	

	 	 	
∗    Equation 5-1  

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 

Response Quantity 
40M60B w/ 0.45% Gap  50M50B w/ 0.45% Gap  60M40B w/ 0.45% Gap 

MCE  DBE  SLE  MCE  DBE  SLE  MCE  DBE  SLE 

Drift   1.19  1.27  1.41  1.20  1.44  1.61  1.22  1.43  1.64 

Acceleration   2.03  2.11  2.36  1.75  1.92  1.74  1.64  1.76  1.48 

MF Rotation   1.15  1.23  1.20  1.17  1.46  1.45  1.21  1.44  1.46 

Cum. BRB Ductility   0.98  1.13  1.48  0.80  0.69  1.48  0.75  0.61  1.26 

DPI  1.07  1.18  1.34  0.98  1.07  1.46  0.98  1.03  1.36 

Response Quantity 
40M60B w/  0.30% Gap  50M50B w/  0.30% Gap  60M40B w/ 0.30% Gap 

MCE  DBE  SLE  MCE  DBE  SLE  MCE  DBE  SLE 

Drift   1.13  1.17  1.36  1.18  1.36  1.40  1.18  1.32  1.50 

Acceleration   1.92  1.94  4.31  1.75  1.96  1.69  1.77  1.58  1.56 

MF Rotation   1.08  1.16  1.17  1.16  1.36  1.26  1.18  1.34  1.27 

Cum. BRB Ductility   1.03  1.21  1.60  0.95  0.86  1.11  0.90  0.82  1.16 

DPI  1.05  1.18  1.39  1.05  1.11  1.19  1.04  1.08  1.21 

Response Quantity 
40M60B w/  0.15% Gap  50M50B w/  0.15% Gap  60M40B w/ 0.15% Gap 

MCE  DBE  SLE  MCE  DBE  SLE  MCE  DBE  SLE 

Drift   1.05  1.09  1.18  1.10  1.13  1.26  1.10  1.14  1.30 

Acceleration   1.70  1.85  2.26  1.75  2.08  2.52  1.66  1.73  1.97 

MF Rotation   1.03  1.07  1.20  1.08  1.16  1.13  1.09  1.16  1.16 

Cum. BRB Ductility   1.02  1.19  1.30  1.04  1.08  1.45  1.03  1.06  1.47 

DPI  1.02  1.13  1.25  1.06  1.12  1.29  1.06  1.11  1.32 
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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 

Response Quantity 
40M60B w/ 0.45% Gap  50M50B w/ 0.45% Gap  60M40B w/ 0.45% Gap 

MCE  DBE  SLE  MCE  DBE  SLE  MCE  DBE  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 

Response Quantity 
40M60B w/  0.30% Gap  50M50B w/  0.30% Gap  60M40B w/ 0.30% Gap 

MCE  DBE  SLE  MCE  DBE  SLE  MCE  DBE  SLE 

Drift   1.23  1.26  1.22  1.20  1.25  1.21  1.14  2.07  1.16 

Acceleration   2.47  2.21  2.34  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 

Response Quantity 
40M60B w/  0.15% Gap  50M50B w/  0.15% Gap  60M40B w/ 0.15% Gap 

MCE  DBE  SLE  MCE  DBE  SLE  MCE  DBE  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  2.13 

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 5-7: Roof Accelerations of Multi-Phase System and Baseline System  

 

 

Figure 5-8: 1st 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. 

 

 

Figure 5-9: 1st Floor Gap Displacements versus Nodal Accelerations 
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Figure 5-10: 1st Floor Gap Forces versus Nodal Accelerations 

 

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.   

 

 

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:  

 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.  

 Different types of dissipation devices need to be investigated such as 

friction damper or viscoelastic damper to find the best combination. 

 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. 

 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. 

 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.   

 Eleven 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 

responses.      
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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 

 



 

 

182 

 

     

     

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 

 


