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ABSTRACT 

 

Seismic resilience and performance design approach for concrete moment resisting 

frame buildings equipped with yielding restrained braces 

 

Ali Naghshineh, Ph.D. 

Concordia University, 2021 

 

Advanced structural dissipation devices can be classified into three major groups including 

passive, semi-active and active control energy dissipations. While all of these technologies play 

an important role in structural design, passive energy dissipation devices are the most common 

types of control systems which can be classified into six types including Metallic Dampers, 

Friction Dampers, Viscoelastic Dampers, Viscous Fluid Dampers, Tuned Mass Dampers, and 

Tuned Liquid Dampers. The primary purpose of this research is to decrease structural damage by 

minimizing the demand for main structural elements through the use of passive energy dissipation 

devices, particularly, in the form of Yielding Restrained Braces (YRBs) or Inline Friction Dampers 

(IFDs). Friction dampers dissipate energy through friction and emerge due to the sliding of two 

solid elements relative to one another. For instance, solid friction can control earthquake-induced 

vibration, another example on a smaller scale is automotive brakes which dissipate the kinetic 

energy of motion. The friction damper (brake) is commonly used to extract kinetic energy from a 

moving body, when a major earthquake occurs, conventional braces buckle which leads to 

unsymmetrical hysteretic behaviour and loss of stiffness, while the friction damper slips at a 

predetermined load before yielding occurs in members of a frame, which dissipate a major part of 

energy. It saves the initial cost of a new construction or retrofitting of an existing building, where 

the dampers provide a very high energy dissipation.  

Even though damping devices can provide supplemental damping to mitigate vibration in 

buildings due to wind or earthquake effects, integrating them in the design is not often 

straightforward. For example, building design with inline friction dampers is not directly provided 

in the Canadian code. The NBCC 2015 contains recommendations for supplemental energy 

dissipation in general, but no specific provisions are available for friction dampers. In the National 
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Building Code of Canada (2015), the minimum earthquake lateral force in a Seismic Force 

Resisting System(s) (SFRS) is divided by a reduction factor. This factor, known as the response 

modification factor, can be calculated by multiplying the overstrength factor (Ro) and the ductility-

related force modification factor (Rd). As the 2015 NBCC does not provide the overstrength factor 

(Ro) and the ductility factor (Rd) for friction-damped systems, engineers usually work with the 

factor for the closest equivalent system, ductile buckling-restrained braced (BRB) frames (Rd=4, 

Ro=1.2). This practice is already conservative in nature mainly because the non-damage-based 

modification factor for a Yielding Restrained Braced (YRB) system has been found to be 

substantially higher, and because the system can be tested at Maximum Considered Earthquake 

(MCE) ground motion forces and displacement in contrast to the equivalent systems that cannot 

avoid uncertainty in their actual behaviour.  

The objectives of the present research are to (i) investigate the life safety performance of 

different concrete moment resisting frames (CMRFs) considering supplemental damping to 

estimate seismic response factors, (ii)  evaluate seismic design parameters of concrete moment 

resisting frames (CMRFs) equipped with different energy dissipation systems to understand the 

relative performance of YRBs, (iii)  collaborate experimental work with simulation to investigate 

dynamic performance and reliability of YRBs under real earthquakes, (iv) develop a set of 

guidelines for the use of yielding restrained braces in concrete frame buildings. 

In order to achieve the above goals, a set of buildings with concrete moment resisting frames 

have been considered. These frames were designed for high seismic locations in Canada and the 

equivalent locations in the US. The design YRB systems for these frames have been adapted from 

ASCE/FEMA guidelines and contextualized for Canada. The results show that such an approach 

could be beneficial for designing buildings with inline friction dampers and could provide not only 

cost savings but also, enhanced seismic safety and maintainability.  
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CHAPTER 1 

Introduction  

1.1 Background and Problem Definition 

Performance-Based Seismic Design (PBSD) is increasingly being adopted in various 

jurisdictions around the world. Based on the owner's expectations, the acceptable levels of dynamic 

loadings and performance objectives for structural and non-structural elements can be determined. 

Seismic design codes presently in use are prescription-based and they focus on the strength and 

capacity of structural members, but the structureôs overall performance during a given seismic 

event cannot be clearly described. Performance-based design differs from this in that it is 

objective-based with a specific level of structural behaviour during a seismic event. With this 

approach, different methods of analysis were used here depending on the performance level 

chosen. Structural and non-structural damages were computed to determine the structureôs overall 

performance. Because of this, the structural engineer, architect, owner, and contractor can all 

provide input in the determination of the performance level required as well as the achievement of 

that level. Steel concentrically braced frames have been widely used to protect buildings against 

lateral loads as they are simple both in design and fabrication. They dissipate energy by yielding 

in tension and by bending/buckling in compression. However, their performance during past 

earthquakes has been adversely impacted by several factors including limited ductility, buckling 

failure, fracture of connections, and unsymmetrical behaviour in tension and compression. In 

recent years, the fundamental of dissipation systems has been evolving and used within the 

structural elements. In general, the damage energy can be reduced by supplemental damping, 

which can be added by incorporating passive/active/semi-active energy dissipaters. In this regard, 

the passive control system can be more reliable than the active system and they do not need 

sophisticated sensing equipment or external power. Base isolation tuned mass dampers, friction 

dampers, viscous dampers, viscoelastic dampers, and hysteretic dampers shall be categorized as 

this group. Understanding the system and dynamic characteristics and ensuring the stability of the 
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structures with supplemental dampers may require the application of the concept of the control 

theory. The thesis will focus on these aspects, particularly in the context of buildings with concrete 

moment-resisting frames. 

1.2 Research Significance and Motivation 

A comparison of structural control systems by Soong and Spencer (2002) showed that semi-

active control systems are a better option without the limitations associated with the passive and 

active control systems. Experimentally tested semi-active control systems include stiffness control 

devices, electrorheological dampers, magnetorheological dampers, friction control devices, fluid 

viscous dampers, and tuned liquid dampers were explained, and it was observed from the 

experimental testing that the semi-active control method can improve the seismic behaviour of 

structures. Similar results were obtained (Soong and Spencer 2002; Fisco and Adeli 2011; Yanik, 

and Aldemir 2019), these researchers study the active and semi-active control systems from 1997 

to 2018. Moreover, Yanik and Aldemir (2019) did not find any study on the review of the new 

active and semi-active control approaches. This entire technology is still evolving, further 

experimental and analytical studies are required to understand these systems better, and to include 

their realistic performance as well as long-term operation as they are integrated into the structural 

systems. 

 Different types of devices that dissipate energy through friction are including Limited Slip Bolt 

Joint (Pall et al., 1979), Three-stage Friction Grip Elements (Roik et al., 1988), Friction-Damper 

in X-Bracing, Friction-Damper in Chevron-Bracing, and Friction-Damper in Single Diagonal (Pall 

et al., 1996), Sumitomo Friction Damper (Aiken and Kelly, 1990), Energy Dissipating Restraint 

(Nims et al., 1993), and Slotted Bolted Connection (Popov et al. 1995). The Idealized behaviour 

of LSB Joint which was presented by Pall et al. (1979), was further investigated by Roik et al. 

(1988) for three-stage friction grip elements. It was shown the mechanical properties of the bolts 

and the limited geometrical of slotted holes play an important role in lateral stiffness, slip force, 

and the amount of dissipated energy per cycle. Moreover, friction grip connections can reduce 



3 

 

horizontal forces and displacements by their energy dissipation capacity, however, the proposed 

model was not able to capture additional force-displacement. The effectiveness of slotted bolted 

connections with steel brass surface was verified by Popov et al. 1995, more investigations are 

required to investigate the effects of different surface treatments. Galvanic corrosion and the 

effects of different coating, as well as large-scale tests, need more investigations.  

Pall friction dampers consist of treated plates in a series that develop resistance when sliding 

against one another. Pall and Marsh (1982), Patil et al. (2015), and Tirca et al. (2018) proposed a 

combination of moment-resisting frames with friction devices.  Colajanni et al. (1997) discussed 

hysteresis characteristics of friction damper and Morgan et al. (2007) presented their effectiveness 

of friction dampers. Significant savings in the construction cost of friction dampers were discussed 

by Chang et al. (2006), Vail et al. (2003). Constantinou et al. (1998), Tirca (2009), Haider et al. 

(2012), Chen et al. (2001), and Kiran et. al., (2016) showed a reduction in seismic demand using 

friction devices. Nonlinear static pushover and time history analysis analyses were performed to 

assess the over strength, ductility, and response modification factors for steel buckling restrained 

braced frame. It was observed the response modification factor decreased when the story height 

and span length increased (Moni et al. 2016).  Sarjou and Shabakhty (2017) showed improved pall 

friction dampers in concentric steel bracing frames, reduced the base shear, and relative 

displacement. 

Modeling of yielding restrained braces including Coulomb friction and Bouc-Wen models are 

discussed. The method proposed by Baber and Noori in 1985 and 1986, is discussed in detail, they 

added a general degradation model to smooth the hysteresis model of Bouc and Barber and Wen 

1981, to capture the pinching effect. It was revealed the sliding mechanism was subjected to 

different parameters including types of loading, friction coefficient, temperature, velocity as well 

as the contact treatment, material, pressure, and size (Pall 1979; Constantinou et al. 1990; Sextro 

2007). Therefore, to avoid discontinuity between stick-slip and slip phases Makkar et al. (2005) 

proposed a new friction model with a combination of the stribeck effect, Coulomb friction, and 

viscous dissipation.  
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The critical review of the literature reveals that most of the researchers focused on retrofitting 

of steel structure by seismic dissipater devices and concrete structure by using fiber-reinforced 

polymer (FRP) composites materials and very few studies have been conducted in case of the 

performance-based seismic design for concrete structures utilizing supplementary dampers such 

as yielding restrained braces. Moreover, yielding restrained braces have been used to improve the 

dynamic characteristics and stability of structures, the 2015 NBCC recommendation is for 

supplemental energy dissipation in general, and not for friction dampers in particular. Buildings 

designed and constructed in accordance with earlier codes and standards often do not meet the life 

safety criteria based on the current seismic criteria objectives as earthquake requirements changed 

over time (NBCC 2015 commentary L). There is a need to provide a design guideline, retrofitting, 

and methodologies to improve the seismic performance of concrete structures and to create a more 

optimal and economical design by incorporating energy dissipation devices in the seismic force 

resistance systems. In summary, the seismic performance of different types of concrete moment 

resisting frames equipped with yielding restrained braces needs more investigation. Moreover, 

seismic design factors of concrete moment resisting frames equipped with yielding restrained 

braces are required to be examined. The current study aims to partially address this by using both 

numerical analyses and simulation of available experimental tests. 

1.3 Objectives and Scope of Work 

The objectives of the present research are to: 

(i) Investigate the life safety performance of different concrete moment resisting frames 

(CMRFs) considering supplemental damping to estimate seismic response factors, 

(ii)  Evaluate seismic design parameters of concrete moment resisting frames (CMRFs) 

equipped with different energy dissipation systems to understand the relative 

performance of YRBs, 

(iii)  Collaborate experimental work with simulation to investigate dynamic performance 

and reliability of YRBs under real earthquakes, 
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(iv) Develop a set of guidelines for the use of yielding restrained braces in concrete frame 

buildings. 

In order to achieve the objectives of this research, the scope of research is identified as follows: 

- Evaluating the effects of Inline Seismic Friction Dampers (ISFDs) on different concrete 

moment resisting frames (CMRFs) including ductile, moderately ductile, and elastic 

frames and comparing them with bare frames as well as the assessment of their 

economical aspects. 

- Conducting a comparison between the effects of conventional and FEMA procedures on 

the overall response of the structure and evaluating the damping properties. 

- Conducting nonlinear static analysis to evaluate the seismic force reduction factors of 

concrete structures with different heights and span lengths equipped with inline seismic 

friction dampers including the overstrength, ductility, and response modification factors 

as well as performing a nonlinear response history analysis to assess the overall structural 

performances. 

- Conducting a comparative study between the design procedures of American and 

Canadian standards for a fourteen-story ductile concrete moment resisting frames using 

ETABS software, and investigate the effects of six passive energy systems on the overall 

response of the structure including Ductile Concrete Moment Resisting Frame (DCMRF), 

Ten-Co Seismic Brake (TCSB), Fluid Viscous Damper (FVD), Triangular Metallic 

Yielding Dampers (TMYD), as well as two seismic isolators including Lead Rubber 

Bearing Isolator (LRBI) and Triple Pendulum Isolator (TPI) to define a proper frame of 

reference for Ten-Co Seismic Brakes. 

- Collaborating, experimental studies (this joint work was performed by an MSc student at 

the California State University, Fresno Lyles College of Engineering, 2020) on the 

seismic response of Inline Seismic Friction Dampers (ISFDs). 

- Simulation of the experimental test using ETABS, OpenSees software to compare their 

acceleration, damping ratios, drift, and displacement. 
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1.4 Thesis Layout 

This thesis is structured in a sandwich thesis format, which is divided into various chapters such 

that except chapters 1, 2, and 6, all other chapters can be converted to manuscripts of articles to 

peer-reviewed journals. The thesis is divided into six chapters as follows: 

¶ Chapter 1 is an introduction to the proposal which includes background and problem 

definition, research significance, motivation, objective, and scope of work. 

¶ Chapter 2 is the literature review and covers performance base design and evaluation, 

common strengthening techniques, various types of seismic protection control systems, 

history and types of friction dampers, and a background of the Coulomb and the Bouc-

Wen models of friction dampers as well as the methodology.  

¶ Chapter 3 is the explanation of seismic performance levels and analysis procedures; 

Seismic performance of three code designed concrete moment-resisting frame buildings 

evaluated considering FEMA 356 and ATC 72 procedures; enhancing seismic safety 

and performance of different Reinforced Concert moment-resisting frames including 

ductile, moderately ductile as well as elastic frames quipped with/without yielding 

restrained braces are discussed, moreover the behaviour of inline seismic friction 

dampers of reinforced concert moment-resisting frames as well as the procedures of 

determining the damping properties are discussed.  

¶ Chapter 4 is the investigation of the seismic design parameters of four-, eight-, and 

fourteen-story ductile concrete frames with inline friction dampers, designed as per the 

2015 national building code of Canada. Moreover, the effects of building height and 

span length for single diagonal braces (SBD) are discussed. In addition, a comparative 

study of design procedures of American and Canadian standards is discussed and the 

effects of five passive energy systems including Ten-Co Seismic Brake (TCSB), Fluid 

Viscous Damper (FVD), Triangular Metallic Yielding Dampers (TMYD), Lead Rubber 

Bearing Isolator (LRBI) and Triple Pendulum Isolator (TPI) on the overall response of 

the structure were evaluated.  
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¶ Chapter 5 consists of two phases; the first phase is the collaborating experimental work 

of a dual system moment resisting frame and a single leg braced frame and an inline 

friction damper. The second phase is the simulation of experimental work to evaluate 

the effectiveness of the inline friction damper. The discussion covers a comparison of 

acceleration, damping ratios, drift, and displacement.  

¶ Chapter 6 includes the summary of the research project, the main contributions and 

conclusions, limitations, and recommendations for future work. 
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CHAPTER 2 

Literature Review and Methodology 

2.1 Background 

 Recent earthquakes all around the world have provided performance data demonstrating 

that large losses can result from the inadequate performance of Buildings and bridges moreover 

building codes in various jurisdictions are moving towards performance-based design approaches 

where a structure is designed not only to have adequate strength but also for the required 

performance attributes, such as adequate deformability (Mousavi Azad Kasmaei, 2011). Typical 

problems that have caused extensive damage and collapse in the previous earthquake may be 

summarized as underestimation of seismic deflection demands, with possibly catastrophic 

consequences related to unseating of spans and insufficient rotation capacity in plastic hinges and 

underestimation of seismic forces and inappropriate application of capacity design principles 

(Sullivan and Calvi,  2013, Calvi et al., 2013).  

In 1988 Uang and Bertero proposed the energy relationship with equation 2.1. 

Ὁ Ὁ Ὁ Ὁ Ὁ (2.1) 

In which, Et, is the total energy input, Eh, is the residual energy, Ed, is the dissipated energy 

by damping, Ek, is the kinetic energy, and Es is the elastic strain energy. Seismic load and damage 

relationship was defined by equilibrium energy in which the total seismic inertia is equal to the 

summation of elastic vibration energy plus cumulative inelastic strain energy and the energy 

absorbed by damping, therefore the energy induces to the structural damage is equal to the total 

seismic inertia minus energy absorbed by damping (Akiyama 2000). In other words, damping and 

damage of a system have a direct effect on one another.  

Understanding the system and dynamic characteristics and stability of structures are the 

concepts of the control theory. In general, the damage energy can be reduced by supplemental 

damping, which can be added by incorporating passive/active/semi-active energy dissipaters. 
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Moreover, dampers have been used to improve the dynamic characteristics and stability of 

structures.  In this regard, the passive control system can be more reliable than the active system 

and they do not need sophisticated sensing equipment or external power. Base isolation tuned mass 

dampers, friction dampers, viscous dampers, viscoelastic dampers, and hysteretic dampers shall 

be categorized as this group. Since most of the buildings in Canada were designed and constructed 

according to earlier codes, retrofitting techniques are essential to improve seismic performance.  

Moreover, dampers have been used to improve the dynamic characteristics and stability of 

structures. There is a need to provide retrofitting and methodologies to improve the seismic 

performance and to create an optimal design of structures by incorporating dissipater devices in 

earthquake resistance systems. 

The objective of this thesis is to propose methods for the optimal design of supplemental 

damping in structures subjected to seismic loads and to employ passive energy dissipation devices 

to control the dynamic response of structures. Hence, the following literature focuses on 

performance-based seismic design and retrofitting techniques, various types of control systems 

including advanced friction dampers, as well as structural damage control.   

2.2 Performance-based design and evaluation  

Performance-Based Seismic Design is deemed a performance method of seismic design in 

many jurisdictions. Engineers can evaluate realistic seismic motions and performance target 

criteria for both structural and non-structural elements, as per the owner's expectations. 

Performance-based seismic design concepts are increasingly being adopted in various codes. 

While the National Building Code of Canada (NBCC 2015), as well as Euro Code-08, are not fully 

performance-based, they provide some features of a performance-based code, such as 

displacement control and objective-based solutions. Performance evaluation is an important part 

of a performance-based design. Seismic design codes presently in use are prescribed-based and 

focus on the strength and capacity of structural members, but the structureôs overall performance 

during a given seismic event cannot be clearly described. Performance-based design differs from 
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this in that, it is objective-based performance is concerned with a specific level of structural 

behaviour during a seismic event as demonstrated in Figure 2-1 (Lateral deformation a seismic 

event versus base shear demand). 

 

Figure 2-1. A schematic view of selecting a performance level (FEMA 273/356, 

Hamburger and Holmes 1998); Photo Credits: F. M. Tehrani, Buildings in Rasht and 

Manjil after the 1990 Manjil-Rudbar Earthquake (Tehrani 1990) 

 

The results of a series of vibration tests conducted on tall reinforced concrete shear wall 

buildings located in Downtown Vancouver, British Columbia, Canada with the buildings range in 

height from 15 to 45 stories and ambient vibration tests were performed on each building to obtain 

its dynamic characteristics, vibration levels, mode shapes, modal frequency, damping, rocking 

behaviour, and soil-structure interaction of the raft foundation (Turek et al., 2008). It was observed 

that the fundamental natural period increased from 0.81 to 3.57 seconds. These results showed that 

the NBCC 2005 is more conservative for taller buildings and by using the predicted period from 

FEM, lower design forces can be used for response spectrum analysis. Regarding the micro-tremor 

and base analyses results, there was a significant correlation between the movement of the 

foundation and the behaviour of the vibration modes of the structure, which showed a strong 

potential for soil-structure interaction effects due to foundation rocking. Since modal updating 
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studies dealt with many parameters and became a mathematical problem, it is limited to translate 

these changes into a real structure.  

The 8.8 magnitude Mauel earthquake in 2010 caused strong ground motion, the majority of 

the buildings were reinforced concrete structures. It was observed that the majority of structural 

damages were in multi-story and high-rise buildings due to the poor performance of slender RC 

shear walls, without confined boundary elements, that caused crushing of concrete and buckling 

of vertical wall reinforcement at the end and throughout of the entire length of the wall. Since 

Chilean code didnôt provide any restrictions in designing irregular structures, hence, soft and weak 

stories and discontinued shear walls were created that resulted in an increased force and 

deformation demand and global and local failures. Moreover, the interaction of nonstructural 

components with the seismic force-resisting system resulted in damages, such as the presence of 

masonry walls provided forces on columns around window openings created short columns and 

therefore, resulted in diagonal tension failures, there was also a lack of proper connections in 

precast structures. More study in seismic detailing practice of RC shear walls and effects of 

irregularities and a comprehensive study of comparison design of RC buildings according to CSA 

and Chilean Code are required to find out the weakness of design and RC detailing in CSA 

(Saatcioglu et al., 2013). Soft story failure, plastic hinge formation, and ductile detailing problems 

are shown in Figure 2-2 (EERI, 2020). 

 

(a)         (b)            (c) 

Figure 2-2. (a) Soft story failure, (b) plastic hinge formation, and (c) ductile detailing 

problems (EERI, 2020) 
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Four ductile steel moment-resisting frame buildings with heights of 5, 10, 15, and 20 stories, 

were designed in Vancouver, Canada, and their performances were studied to determine the level 

of seismic protection implied in the code (Yousuf and Bagchi, 2009). For the seismic load, the 

equivalent static load (ESL) procedure as provided in NBCC 2005 (NRCC 2005) was used in the 

preliminary design of the buildings, and this was followed by modal and dynamic analysis. The 

pushover analysis of the buildings was performed by applying estimated equivalent seismic lateral 

forces in an inverted triangular shape, as defined in NBCC 2005 (NRCC 2005), and monotonically 

increasing these forces. Synthesized and scaled real ground motion records were used to evaluate 

the nonlinear dynamic response of these structures.  Both pushover and dynamic analyses indicated 

that building frames designed according to the seismic provisions of NBCC 2005 achieved the 

expected performance level of collapse prevention or better. From the pushover analysis, it can 

also be observed that a building frameôs system-level ductility capacity reduces with building 

height. While the ductility capacities of the 5- and 10-story frames studied were more than five, as 

was assumed in the calculation of the design lateral forces, the ductility capacities of the 15- and 

20-story buildings were much lower. Infill panels were found to reduce dynamic drift demand and 

damage, while also reducing the ductility capacity of the structural system. In addition, building 

performance was found to be affected by the presence of the nature of selected ground motion 

records (Yousuf and Bagchi, 2009). 

Strengthening techniques are available in a variety of types such as concrete Jacketing, an 

integrated shear wall with steel plate, dissipation dampers in the bracing system, seismic isolation, 

and FRP wrapping. As the most common retrofitting technique, several researchers have 

investigated the FRP strengthening upgrade in concrete structures. Most of them indicate that the 

externally bonded FRP improves the deformability and/or strength capacity of members 

remarkably. The strengthening techniques, depending on the role of the member, upgrade the 

shear, bending, or confining capacity of the members. There are three main applications for the 

use of FRPs as external reinforcement of reinforced concrete structures (ISIS 2004): 
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Flexural Strengthening: In this method, FRP materials are bonded to the tension and/or side 

faces of a concrete beam to provide additional tensile reinforcement and to increase the strength 

of the member in bending as is shown in Figure 2-3. 

 

 

Figure 2-3. Externally bonded FRP reinforcement-Flexural strengthening (ISIS 

2004) 

 

Shear Strengthening: In this method as it is presented in Figure 2-4, FRP materials are bonded 

to the side faces of a concrete beam to provide shear reinforcement which supplements that 

provided by the internal steel stirrups. 

 

Figure 2-4. Externally bonded FRP reinforcement- Shear strengthening (ISIS 2004) 

 

Confining Reinforcement: In this method, columns are wrapped in the circumferential 

direction with FRP sheets. Under a compressive axial load, the column expands laterally and the 

FRP sheets develop a tensile ñconfiningò stress that places the concrete in a state of triaxial stress 

as shown in Figure 2-5. 
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Figure 2-5. Externally bonded FRP reinforcement- Axial strengthening (ISIS 2004) 

 

(Davalos et al., 2012) investigated a ñcomprehensive study on using externally bonded FRP 

composites for the rehabilitation of reinforced concrete T-beam bridgesò. First concrete T-Beam 

bridges were classified into three categories for repair with FRP, then two non-destructive tests 

were performed, the results showed that the quality of some beams was unacceptable, and 

retrofitting would require major removal and replacement. Moreover, Concrete cylinders were 

obtained as deck core samples and tested in compression, which was 40 MPa, the cylinders 

indicating that the deck concrete was not carbonated. Then by applying tandem trucks on one or 

two lanes, the field test was conducted, also ABAQUS program was used for finite element 

analysis it was concluded that there is a good correlation between Test and FE under the most 

critical load case when the rear axle of the truck was at mid-span. After beams were strengthened 

by FRP according to AASHTO (2002), and a finite element model was built according to as-built 

drawing and field information and the same test field applied to assess the performance by the 

verification of the model permitted its confident use in designing FRP reinforcement. Overall, the 

stiffness of the repaired bridge did not change much which was also verified by the lab-scale 

studies.  

(Hamed et al., 2014) presented Strengthening of Reinforced Concrete Arches with Externally 

Bonded Composite Materials in this paper an experimental and analytical study that includes 

testing to failure of fiber-reinforced polymer (FRP) strengthened medium-scaled reinforced 

concrete shallow arches and the application of a specially tailored high-order finite element for 

their analysis was presented. The experimental study was included testing to failure of three 

medium-scaled RC arches, two of them strengthened with FRP and one tested as a control 
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specimen. All arches had been tested under six nonsymmetric point loads equally spaced along the 

arch. The theoretical model had been based on a specially tailored multilayered finite element 

along with modeling the arch as a polygon with inclined segments. The test results had shown that 

the FRP system can effectively increase the load-carrying capacity of RC arches. In contrast, the 

application of the FRP had shifted the location of the critical crack to the weakest section that has 

fewer or no bonded FRP strips. Among the two strengthened arches, the stronger one included 

FRP-end anchoring and additional FRP strips bonded to the arch sides at two spandrel columns. 

This structural layout contributes to the continuity of the force taken by the FRP strips. Based on 

that, the consideration of such overlapping patterns over critical sections was found positive.  

2.3 Control systems for seismic protection of structures  

The prediction of structural behaviour subjected to seismic excitation is a challenging task for 

civil engineering. The strength capacity design of a structure is a traditional approach, but newer 

concepts are including both passive and active control systems. A comprehensive comparison and 

explanation of passive, active, and semi-active control systems for protecting structures against 

earthquakes was presented in order to define a reference for semi-active control systems (Symans 

et. al., 1997). 

Supplemental energy dissipation is also presented by (Soong and Spencer 2002), the passive 

systems which enhance damping, stiffness, and strength of the structure, as well as active structural 

control systems which include active, hybrid, and semi-active systems, were reviewed, their 

advantage and limitation were discussed, and their basic concepts are explained. This entire 

technology is still evolving, further experimental and analytical are required including their 

realistic performance as well as long-term operation for these devices to be integrated into 

structural systems. 

Active and semi-active control systems were reviewed from 1997 to 2011 by (Fisco and Adeli 

2011). Tuned mass dampers, distributed actuators, active tendon systems, and active coupled 

building systems are included in active control systems, while semi-active control systems are 
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including, magnetorheological (MR) fluid dampers, semi-active stiffness dampers, semi-active 

tuned liquid column dampers, and piezoelectric dampers were discussed in this paper. During these 

years researchers moved from active control to semi-active and hybrid vibration control systems. 

The state-of-the-art of the new active and semi-active approaches during 2008 and 2018 was 

evaluated (Yanik, and Aldemir 2019), due to the latest technology and computational advances, 

there is the numerical evaluation of some developed algorithms. However, there is not any 

implementation of these control algorithms in the structural system. They did not find any study 

on the review of the new active and semi-active control approaches. Therefore, there is a need for 

experimental evaluation and validation of these new active and semi-active control approaches. 

The full-scale 5-story building was examined with steel damper, oil damper, viscous damper, 

and viscoelastic damper using E-Defense three-dimensional shake table (Kasai et al. 2007). Most 

of the major Japanese buildings were designed and constructed after the Kobe earthquake in 1995 

using either base isolator or passive control systems. Since these systems were never tested under 

a major ground motion, their performance is validated using a full -scale shake table test at the E-

Defense. The JR Takatori motion, noise excitation as well as free vibration tests were performed, 

strain, deformation, displacement, and acceleration were measured. The recorded damper 

deformation was used for analytical prediction, it was observed damper force is in the same range 

as the recorded data. Viscous, oil, and viscoelastic dampers were predicted by analysis except the 

steel damper using a bilinear model. From the vibration periods and damping ratios, the steel 

dampers showed the shortest period and smallest damping ratio while oil dampers experienced the 

largest damping ratio of about 17% and viscous and viscoelastic dampers had a damping ratio of 

about 10%. The reason is the oil dampers were oversized compared with the other dampers. Due 

to the limitation of budget the building size decreased; and also, the friction dampers performance 

was not investigated.  

Shape memory alloys (SMAs) have the ability to undergo large deformation and recover their 

initial configuration, this paper investigated the performance of steel moment-resisting frames 

using shape memory alloys (Sultana and Youssef 2016). Further research is required to examine 

the optimum use of SMAs in connections as well as bracing elements. This paper examined the 
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effects of SMAs at identified parts of the frame for reducing the residual inter-story drift as well 

as the associated costs. Incremental dynamic analysis using five different ground motions was used 

to identify the floors with severe damage of a ten-story building during earthquake excitations. 

Then the rigid connections were replaced by SMA connections and nonlinear response history 

analysis was performed using the same records. It was observed the number of SMA connections 

influenced the maximum inter-story drift (MID) and its location effect on the maximum residual 

inter-story drift (MRID). It was also concluded the overall seismic performance of the SMRFs can 

be improved using SMA with a high reduction in the maximum residual inter-story drift. A large-

scale test, as well as a time history analysis of at least seven ground motions, is required to 

investigate the numbers and locations of SMA in more detail. 

  There are three major classes of the control system including passive control system, active 

control system, and semi-active control system. The combination of these control systems is a so-

called hybrid control system consisting of combined passive and active devices or passive and 

semi-active devices. 

2.3.1 Active control systems 

Active control systems require a large power source for operation, the control forces are 

generated by electrohydraulic or electromechanical actuators based on feedback information from 

measured response of the structure or external excitation. These measurements are monitored by 

a controller which determines the control signal for the operation of actuators presented in Figure 

2-6. 

 

Figure 2-6. Active control system (after Symans et al. 1997) 
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A common type of active control system is active mass damper (AMD) which is shown in 

Figure 2-7, which was used to enhance the comfort of people inside the building during strong 

motions. 

 

Figure 2-7. Active mass damper (AMD) (Yamamoto and Sone, 2014) 

 

2.3.2 Semi-active control systems 

Semi-active control systems require a small external power source for operation and a controller 

that observes the feedback and produces an essential signal for the devices and utilizes the motion 

of structure to develop the control forces as demonstrated in Figure 2-8. 

 

Figure 2-8. Semi-Active control system (after Symans et al. 1997) 

 



19 

 

 In this part, those systems that were experimentally evaluated were reviewed are including 

stiffness control devices, electrorheological dampers, magnetorheological dampers, friction 

control devices, fluid viscous dampers, tuned mass dampers, and tuned liquid dampers. 

The main function of Stiffness control devices is to modify the stiffness and thus natural 

vibration characteristics. Figure 2-9 showed the semi-active stiffness device in a chevron bracing 

arrangement, the device composed of a hydraulic cylinder with solenoid control valve, when the 

valve is closed the beam locks to braces below and when it is open it disengaged the beam and 

brace connections, at each time step the stiffness configuration was determined and appropriate 

command signals were sent to the stiffness control devices. The results showed that the lower 

magnitude earthquake (4.9) had a 70% reduction of roof acceleration, and the higher magnitude 

(5.7) had a 40% reduction of roof acceleration, which showed the feasibility of semi-active 

stiffness control technology. 

 

Figure 2-9. Stiffness control device (a) installation detail and (b) configurations within full-

scale test structure, (after Kobori 1993) 

 

Electrorheological (ER) dampers consist of a hydraulic cylinder containing micron-sized 

dielectric particles suspended within a fluid, when a strong electric field happens, the particles 

polarize and become aligned and increase the resistance to flow. The behaviour of ER dampers 



20 

 

can be modulated by changing the electric field. A large-scale capacity ER was developed 

(McMahon et al., 1997) as demonstrated in Figure 2-10. 

 

Figure 2-10. Schematic of small-scale damper and hysteresis loop for a large-scale damper 

for two different electric field strengths (after McMahon et al., 1997) 

 

It was observed that the elliptical shape of the hysteresis loop for the case of no applied electric 

field may be modeled as a linear viscous dashpot. Similar results reported by Gordaninejad et al. 

(1994), a hybrid ER damper with two separate compartments, one containing a viscous oil and the 

other containing an ER fluid was developed and utilized to control the vibration of a simple 

cantilever beam subjected to sinusoidal excitation, it was shown that increasing the zero-field 

viscosity may be desirable. 

Magnetorheological dampers are the magnetic analogs of ER dampers with similar behaviour 

but with a control effect of magnetic instead of electric. MR dampers consist of a hydraulic 

cylinder containing micron-sized, magnetically polarizable particles suspended within the fluid. 

Its behaviour is controlled by subjecting the fluid to a magnetic field. 

Semi-active friction control devices are used as energy dissipaters within the lateral bracing or 

as components within sliding isolation systems. The idealized hysteresis loop of friction damper 

is presented in Figure 2-11, as the force is increased, the hysteresis loop expands in the vertical 

direction, thus the amount of dissipated energy per cycle of the harmonic motion is controlled by 

the normal force.  



21 

 

 

Figure 2-11. Hysteresis loop of idealized Coulomb friction damper (after Feng 1993) 

An isolation system was described by Feng et al. (1993), to limit the sliding displacement and 

minimize the transfer of seismic force to the superstructure, the friction force on the sliding 

interface between the superstructure and the foundation is controlled. Figure 2-12 demonstrated a 

cross-sectional and plan view of the semi-active friction control bearing.  

 

Figure 2-12. Friction controllable bearing (after Feng 1993) 

As shown in this Figure, each bearing has a fluid chamber a pressure control system composed 

of a servo valve, an accumulator, and a computer that is used to modify the pressure. 

Semi-fluid viscous dampers consist of a hydraulic cylinder with a piston head to separate the 

two sides of the cylinder. When the piston is cycled, the fluid is forced to pass through small 

orifices at high speed and the pressure differential across the piston head, and the output force is 

modulated by an external control valve, this control valve is in the form of a solenoid valve for on-
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off control or a servo valve for variable control. Two different semi-active damper systems were 

tested by   Symans et al. (1997), two-stage and variable dampers utilizing solenoid and servo valve 

respectively. It consists of a stainless-steel piston rod, a bronze piston head, a piston rod make-up 

accumulator, and is filled with thin silicone oil as shown in Figure 2-13. 

 

Figure 2-13. Schematic view of damper and hysteresis loops for seven different command 

voltage levels, subjected to harmonic motion, (after Symans et al. 1997) 

The dynamic behaviour of fluid dampers was generated through extensive cyclic testing over a 

wide range of frequencies. It was observed that the damper behaviour can be described by a linear 

viscous dashpot with a voltage-dependent damping coefficient. As for a two-stage damper, the 

damping coefficient can be adjusted between two values of high and low as demonstrated in the 

above Figure, which also demonstrated that dissipated energy per cycle of motion was very large 

when voltage is 0V, thus it resulted in fail-safe operation mode. 

2.3.3 Passive Energy Dissipation Devices 

Passive control systems are a system that does not require an external power source for 

operation, and it is used to modify the dynamic properties of a structure, thus reducing the demand 

on the structural system. The response of the structure at the location of the passive control system 

is used to formulate the control forces as presented in Figure 2-14. 
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Figure 2-14. Passive control system (after Symans et al. 1997) 

 Supplemental energy dissipation devices may take many forms and use a different mechanism 

to dissipate energy including the yielding of mild steel, viscoelastic action in rubber-like materials, 

shearing of viscous fluid, orificing of fluid, and sliding friction. A specific shape of passive control 

systems are seismic isolation systems, in which a flexible isolation system is placed between the 

foundation and superstructure to increase the natural period of the system; this results in reducing 

acceleration in the superstructure and increasing the displacement in the isolation level. Passive 

energy dissipation devices minimize the structural damage by reducing demands on the primary 

structural members.  

Passive energy dissipation devices can be divided into six groups which are: Metallic Dampers, 

Friction Dampers, Viscoelastic Dampers, Viscous Fluid Dampers, Tuned Mass Dampers, and 

Tuned Liquid Dampers (Soong and Dargush 1998). Figure 2-15 shows major types of dampers. 

The main function of viscous and oil dampers is to resist the flow of polymer liquid and low 

viscosity oil. The hysteresis of the Viscous damper is a combination of ellipse and rectangle and 

can be modeled in a series combination with nonlinear dashpot and elastic spring. While the series 

combination of linear dashpot and elastic spring is used to model the oil damper. The inclined 

elliptical shape is developed by a viscoelastic damper which dissipates energy by using the 

molecular motion of polymer. Energy in steel and friction dampers are dissipated by yielding steel 

material and through the friction between two solid bodies sliding off next to each other (Kasai et 

al. 2007).  
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Figure 2-15. Major types of damper technology (after Kasai et al., 2013) 

 

With a comparison of structural control systems (i.e., passive, active, and semi-active), it was 

observed that semi-active control systems are a better option without passive and active 

limitations. Experimentally tested semi-active control systems include stiffness control devices, 

electrorheological dampers, magnetorheological dampers, friction control devices, fluid viscous 

dampers, and tuned liquid dampers. It was observed from the experimental testing that the semi-

active control method can improve the seismic behaviour of structures. However, the large-scale 

semi-active control systems for seismic response reduction need more investigations. Similar 

results were obtained (Soong and Spencer 2002; Fisco and Adeli 2011; Yanik, and Aldemir 2019), 

these researchers study the active and semi-active control systems from 1997 to 2018. Moreover, 

Yanik and Aldemir (2019) did not find any study on the review of the new active and semi-active 

control approaches. 

2.3.3.1 Seismic Isolators 

Seismic isolators are used for decoupling the swimming movement of the structure from 

horizontal movement of the structure, and they are categorized as either sliding or elastomeric. 

Elastomeric isolators are including elastomeric bearing consist of natural rubber in the form of thin 

layers bonded to steel plates with a combination of viscoelastic and hysteresis behaviour; lead-

bearing behaviour might be presented as a bilinear hysteretic model, which is constructed of low-
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damping rubber with a central hole, in which the lead core deforms in pure shear. In the elastomeric 

isolator's design, it is important to reduce the height of a bearing when lateral deformation is 

increased (Kelly, 1993). Sliding isolators including sliding bearing, reduce the transmission force 

to a desired level of structure, although the peak displacement can be increased due to the absence 

of critical restoring force. To avoid this phenomenon, the solution would be a combination of a 

restoring force mechanism with sliding bearings. The siding bearings idealized hysteresis curves 

with flat, spherical, and conical surfaces are presented in Figure 2-16. 

 

Figure 2-16. Idealized force-displacement curves (ASCE 41-13) 

Su et al. 1989, simplified the mathematical models for several isolation systems namely as pure 

friction (P-F) with friction mechanism, laminated rubber bearing (LRB) with parallel dashpot and 

spring, resilient friction base isolator (R-FBI) with the parallel mechanism of friction, restoring 

spring and damping, Electricite de France (EDF) uses elastomeric and friction plate in series, New 

Zealand (NZ) with hysteretic spring-damper, and sliding resisting friction base isolator (SR-F) in 

which R-FBI is replaced by a friction plate as shown in Figure 2-17. 
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Figure 2-17. Schematic plots of designated base isolation systems (after Tehrani et.al. 2020, and  

Su et al. 1989) 

 

2.3.3.2 Viscoelastic Dampers 

Copolymers or glassy substances are the most common viscoelastic materials, which dissipate 

energy through shear deformation. Due to the structural movement, the relative motion between 

steel flanges and the center plate is simulated, which results in shear deformation and energy 

dissipation. A typical view of a viscoelastic damper is illustrated in Figure 2-18.  

 

Figure 2-18.Schematic view of viscoelastic damper (Soong and Dargush 1999) 
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2.3.3.3 Viscous Fluid Dampers 

The primary operating system of viscous fluid dampers is based on a high velocity of fluid that 

flows through orifices, and they have numerous applications in isolation, aerospace, and defense 

systems. A typical fluid damper is shown in Figure 2-19. 

 

Figure 2-19. A typical fluid damper (Taylor devices inc., 2020) 

The fluid damper presented in the figure above consists of two clevises for attachment to the 

structure, and a cylinder that is full of fluid. This fluid is forced to move through the orifices in the 

piston head, and to maintain the preservation of the fluid volume, one end of the piston rod moves 

into the cylinder and another one moves out. The clevis, the piston rod, and the piston head work 

as a component, while the other parts remain stationary.  

2.3.3.4 Tuned Mass and Liquid Dampers 

Tuned mass dampers consist of a single degree of freedom (mass-spring-damper) which is 

mounted on the top floor of a multi-story structure and the dynamic characteristics of the system 

are tuned to control the motion of the structure. Tuned liquid dampers are similar to tuned mass 

dampers except that the mass-spring-damper system is replaced by a container filled with fluid. A 

semi-active tuned liquid damper was proposed by Lou et al. (1994) and the behaviour of the semi-

active damper the natural frequency of the sloshing fluid were controlled by the length of a 

hydraulic tank, and by adjusting the position of rotatable baffles in the tank respectively which 

demonstrated the effectiveness of different tank lengths for controlling the response of the mass. 
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2.3.3.5 Metallic yield dampers 

The first concept of metallic yield dampers was discovered by (Kelly et al., 1972; Skinner et 

al., 1975). Metallic yield dampers dissipate energy through the inelastic deformation of metals. 

Added damping and stiffness (ADAS) elements are other sorts of MYD that improve the stiffness 

and strength as well the energy dissipation capacity of the system, a typical ASAS device is 

presented in Figure 2-20. New Zealand and Japan have experienced the first implementation of 

metallic devices, the seismic upgrade using ADAS energy dissipation was discussed by (Soong 

and Dargush, 1999; Tena-Colunga, 1997; Whittaker et al., 1999).  

 

Figure 2-20. Added damping and stiffness (ADAS) element (Dimensions are in inches, 

Whittaker et. al. 1991) 

 

2.3.3.6 Friction Dampers  

Friction dampers dissipate energy through the friction between two sliding solid elements.  For 

instance, solid friction can control tectonic movement and earthquake generation. Another 

example on a smaller scale is automotive brakes which dissipate the kinetic energy of motion.  To 

extract kinetic energy from a moving body the friction brake is widely used pall et al. (1996). 

When a major earthquake occurs, the friction damper slip at a predetermined load before yielding 

occurs in members of a frame, which dissipates a major part of energy. It saves the initial cost of 

a new construction or retrofitting of existing buildings, with very high energy dissipation. The 

concept of a semi-active frictional damper as an adjustable frictional damper, using hydraulic 
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pressure to secure the clamping force was introduced (Samani, Mirtaheri, and Zandi 2015). 

Hysteresis behaviour of adjustable friction damper was studied using analytical and experimental 

methods. Dynamic and static loadings were used for the experimental test, the hysteric behaviour 

of adjustable frictional damper was examined statically using three hydraulic pressure (0.1 Hz) 

and dynamically using different frequencies (0.5 Hz, 0.7 Hz, 1 Hz). Slippage load, dissipated 

energy, effective stiffness as well as equivalent viscous damping were calculated and qualified 

based on the ASCE/SEI 41-06. Close agreement between numerical and analytical was reached 

for hysteretic force-displacement. Due to the limitation of the testing machine the hydraulic 

pressure was taken as 70 bars with a 20mm stroke. Large experimental tests and analytical 

evaluation are required to examine the real performance of the proposed devise as well as its costs 

compared to other types of friction dampers.  

Several devices have been developed to dissipate energy through friction including Limited 

Slip Bolt Joint (Pall et al., 1980), Three-stage Friction Grip Elements (Roik et al., 1988), Friction-

Damper in X-Bracing, Friction-Damper in Chevron-Bracing, and Friction-Damper in Single 

Diagonal (Pall et al., 1996), Sumitomo Friction Damper (Aiken and Kelly, 1990), Energy 

Dissipating Restraint (Nims et al., 1993), and Slotted Bolted Connection (Popov et al., 1995). The 

following literature provides a brief explanation of some friction devices. 

2.3.3.6.1 Limited Slip Bolt Joint 

In large panel structures, the damage is usually along the joints during an earthquake, therefore 

the joints are the only locations where dissipate energy and based on the concept of energy 

dissipation (Pall, 1979) maximized their capacity and developed a dissipated joint for seismic 

control of large panel structures which is shown in Figure 2-21.  
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Figure 2-21. The LSB joint: Wall-to-wall joint (left) and Corner Wall-to-wall joint (right), 

(after Pall 1979) 

In order to provide a consistent force-displacement response, the LSB design, the ñbrake lining 

padsò was incorporated between steel plates. To obtain basic design data and realistic structural 

response Pall conducted several experimental tests under static and dynamic cyclic tests on a 

variety of simple sliding elements having different surface treatments including mill scale, 

sandblasted, inorganic zinc-rich paint, metalized, brake lining pads, and a polyethylene coating. 

The resulting load-displacement response under monotonic loading is shown in Figure 2-22, while 

Figure 2-23 is the hysteresis behaviour under constant amplitude displacement-controlled cyclic 

loading. Although metalized surfaces showed the highest static slip coefficient and energy 

dissipation, their performance was far from predictable. The best behaviour was shown by brake 

lining pads located between steel plates with mill scale surfaces. 

 

Figure 2-22. Load-displacement Response of Limited Slip Bolted Joints (Pall 1979) 
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Figure 2-23. Hysteresis Loops of Limited Slip Bolted Joints (Pall 1979) 

 

Based upon the behaviour obtained by Pall et al. (1979), the Idealized behaviour of LSB Joint 

is shown in Figure 2-24, stage one is the elastic phase, the slipping phase, is shown in stage 2 and 

simulated by a plateau, bearing phase is stage three and stage four is the failure which depends on 

the slot length due to shear force. Cyclic tests subjected to reversal load did not perform and SLB 

ideal ñelasto-plasticò behaviour needs more investigation. 

 

Figure 2-24. Idealized behaviour of LSB Joint (after Pall et al., 1979) 
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2.3.3.6.2 Three-stage Friction Grip Elements 

Roik et al. (1988) discussed seismic control of structures under earthquake loading by three-

stage friction-grip elements, the energy dissipation of each story can be designed according to 

serviceability, medium- and strong-motion earthquake based on the friction joints that was verified 

by Pall (1982). The idea was created from braking by friction, for instance, to avoid high forces 

by sudden braking the driver can push on the pedal softly. 

 Tests were performed on a single joint were investigated for simple concrete-steel-/steel-steel-

friction-grip connections in order to show the mechanism of energy dissipation (SFB A51) as 

demonstrated in Figure 2-25 and Figure 2-26 which shows the behaviour of the hysteresis loops 

under repeated loading with the same amplitude and period. The durability of this type of 

connection under high short-term dynamic loading was very satisfactory. 

 

Figure 2-25. Test specimen on the left is concrete-steel- and on the right is steel-steel-

friction-grip connections (after Roik et al.,1988) 
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Figure 2-26. Hysteresis Loops of a) concrete- steel- and b) steel-steel-friction-grip 

connections (after Roik et al.,1988) 

Using nonlinear spring elements with the bolts can control the loss of prestressing, therefore 

friction grip joints can resist high dynamic loading and their hysteresis depends on the prestressing 

of the bolts as demonstrated in Figure 2-27. 

 

Figure 2-27. Detail of steel-concrete friction grip by nonlinear disc spring (after Roik et 

al.,1988) 

They observed that coupling in parallel as shown in Figure 2-28(a), avoids vibration by 

transition phase from elastic behaviour to slipping stage. The component behaviour and the 

predicted performance of a three-Stage Stiffening Element as well as hysteresis loop were 

presented in Figure 2-28(b, c, d). Stage one is the serviceability limit state for linear structural 

behaviour and small displacement, stage two is the transition stage with no damage and larger 

displacement under medium earthquake to obtain the required smooth transition from stage 1 to 
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stage 3, stage 3 is the ultimate design limit state under the maximum strong motion with minor 

damage and large displacement. 

 

Figure 2-28. a) Principal behaviour of one stiffening element: Ci: stiffness; i: frictional 

displacement; Ti: frictional force (level of friction), b) Three displacement coupled parallel 

stiffening elements, c) Three-Stage Stiffening Element, d) Hysteresis loops of a three-stage 

stiffening element (after Roik et al., 1988) 
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A seven-story building was chosen for the three-system investigation namely a ductile frame, 

three-stage truss, and stiff core which is shown in Figure 2-29. The truss system with three-stage 

elements was modeled by the girders hinged to columns. All three models were calculated by 5 

percent damping and the P-ȹ effect. 

 

Figure 2-29. Seven story building and with three different versions (after Roik et al., 1988) 

 

As demonstrated in Figure 2-30, the elastic concrete core had a small maximum displacement 

and the three-stage truss limited both the horizontal displacement and the story shear due to energy 

balance versus time. Since the internal forces of both the three-stage truss and the ductile frame 

are similar they showed the same energy balance with the frame having higher kinetic and viscous 

energy. The three-stage truss showed the highest percentage of energy dissipation which allows 

economical design.  
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Figure 2-30. a) Roof displacement vs time, b) Maximum horizontal displacement and shear 

force, c) hysteresis loop for the first story of the three systems (after Roik et al., 1988) 

An online earthquake was also simulated to verify the behaviour of a three-stage truss, the 

specimen was scaled down with the available testing facility as given in Figure 2-31. 

 

Figure 2-31. Specimen setup for a three-stage truss and the simulation of one degree of freedom 

(Roik et al., 1988) 
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The hysteresis loop tested under the N-S component of the E1centro record revealed the 

smoothing effect of three-stage elements by a transition from sticking to sliding and the force 

overshoot was due to the bolt impact, as it was shown the proposed model was unable to capture 

additional force-displacement Figure 2-32. 

 

Figure 2-32. Computed measured and calculated (Star symbol) hysteresis response (Roik et 

al., 1988) 

The mechanical properties of the bolts and the limited geometrical of slotted holes play an 

important role in lateral stiffness, slip force, and the amount of dissipated energy per cycle. It was 

concluded that friction grip connections can reduce horizontal forces and displacements by their 

energy dissipation capacity. The experimental test was limited to one story and the effect of the 

whole structure was not considered, moreover three-stage elements using steel concrete friction 

grip required further study. 

2.3.3.6.3 Slotted Bolted connection (SBC)  

Slotted bolted connections dissipate energy by moving two surfaces against one another and 

through friction mechanism as presented in Figure 2-33. Different slotted bolted connections, as 

well as their performance in the structure, were examined separately and in a system (Popov et al., 

1995).  Two different SBCs with steel-steel and steel-brass surfaces were examined individually 

and subjected to sinusoidal and artificial earthquake displacements.   
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Figure 2-33. Schematic view of slotted bolt connections (after Nikoukalam et al. 2017 and Popov 

et al. 1995) 

 

Although SBCs with steel-steel showed unacceptable behaviour, this behaviour was modified 

by brass shim plates. Effects of various A325 bolts were examined for SBCS with steel-brass. 

Figure 2-34 presents the hysteresis loop of SBCs with steel-steel with one A325 bolt and diameter 

of ½ inch on the left with higher static slip force which may cause an extra shock, however, when 

SBCs examined with steel-brass and two A325 bolts on the right the slip force had a plateau with 

lower static slip force with smaller differences between kinetic and static forces compare with 

steel-steel SBCs.    

 

Figure 2-34. SBCs with steel-steel on the right and using brass shims on the left (after Popov et 

al. 1995) 

 

They found out the use of shims with mill scaled steel surfaces and high strength bolts, resulted 

in stable behaviour of slip forces. Although the brass shims were insensitive to washers, they were 

useful in reducing the loss of bolt in tension. The results of SBCs on the chevron braces of the 

three-story structures on a shake table showed the effectiveness of SBCs in controlling damage as 
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well as story drifts. This study was limited to SBCs with brass shims as a frictional treatment, more 

investigations are required for different surface treatments such as shims materials. Galvanic 

corrosion and the effects of different coating as well as large-scale SBCs to simulate industrial 

structures and the extra slip force in chevron bracings causes vertical forces at intersections of 

beams to braces need more investigations. More experimental and analytical works and developing 

a design method for using SBCs in a practical sector such as nonlinear dynamic analysis as well 

as non-intensive methods, and considering possible torsional forces caused by braces with not in 

line SBCs within the stiffness of structure in a specified floor need more studies. 

The behaviour of slotted bolted connections under dynamic loads was performed by (Law et 

al., 2006), the shear deformation was proposed by an analytical model. SBC can be used to shift 

the natural frequency of a structure by changing initial stiffness and slippage load. Slotted bolted 

connections with modified bolts have been in the 1980s in the bracing systems. Then rotational 

slotted bolted connections (RSBCs) were developed by Yang and Popov in 1995 in order to 

integrate them into the moment-resisting frame system. The behaviour of RSBCs is limited to 

flexural behaviour, however, in some cases, shear is dominated by flexural behaviour such as 

eccentrically braced frames (EBFs). Therefore, Nikoukalam et al. 2017, developed Shear slotted 

bolted connections (SSBC), which dissipate energy through the friction activated by sheer force 

as is presented in Figure 2-35.  

 

Figure 2-35. Installation of SSBC (Nikoukalam et al., 2017) 
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The applications of SSBC in eccentricity brace frame, moment-resisting frame, and coupled 

concrete shear walls are presented in Figure 2-36.  

 

Figure 2-36.  SSBC applications in EBF, MRF, and CCSW (Nikoukalam et al., 2017) 

The effectiveness of SSBC was examined in an existing eccentricity braced frame using finite 

element software, and the results were compared with a conventional EBF, additionally, its effect 

on a one-story moment resisting frame with three different span lengths was studied. It was 

observed SSBC can improve the energy dissipation capacity of EBF compared to the traditional 

one. SSBC can be acted as a mechanical shear fuse in MRFs, and its capacity to dissipate energy 

was better in lower span length. Large scale and component tests and their comparison with 

simulated work required further studies. Additionally, its effectiveness in different applications, as 

well as SSBCsô residual displacements, required further investigations. 

2.3.3.6.4 Pall Friction Dampers 

Based on the development of LSB, Pall and Marsh (1982) proposed a system with a 

combination of friction dampers in a moment-resisting frame, during severe earthquake 

excitations, a large portion of the energy is dissipated by the friction when the device slips. Pall 

friction dampers can be grouped as (Pall et al., 1996): Friction-Damper in X-Bracing, Friction-

Damper in Chevron-Bracing, and Friction-Damper in Single Diagonal as shown in Figure 2-37.  
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Figure 2-37. a) Friction damper in X-Bracing, b) Friction damper in Chevron-Bracing, 

and c) Friction damper in Single Diagonal (Pall et al., 1996) 

 

Pall Friction Dampers hysteresis loops are similar to an ideal elasto-plastic behaviour having a 

wide rectangular shape, and their performance is independent of velocity. The forces on the 

individual members can be adjusted based on their capacity by an appropriate slip load. The Pall 

Friction Dampers in line and cross bracing were used to upgrade the Boeing commercial airplane 

factory, reduced the lateral deflection, the exerted force, and the strengthening of existing members 

(Vail et al. 2003). Chevron brace with two friction dampers was used in Sharp Memorial Hospital. 

The results of the nonlinear analysis showed an economical performance-based design (Soli et al. 

2004). 

Colajanni et al.(1997) examined the hysteresis characteristic of one-story friction damped brace 

frames in order to evaluate the role of the period of vibration, the lateral stiffness ratio, and the 

global slip load calibration of the dissipative device. It was observed that the frequency of the slip 

excursions depends on the period of the system vibration and the average amplitude of the 

normalized slip excursions is independent of the period and increases by lateral stiffness ratio. The 

optimization of the response of friction-damped multistory frames can be further studied on the 

distribution of the global slip load of the devices along with the structure's height. 

Friction dampers have been utilized as a practical and cost-effective energy dissipation 

mechanism in many constructed structures. Chang et al. (2006) examined the application of 

friction dampers for seismic retrofit of a 3-story steel structure which didnôt satisfy the current 

building code seismic requirement. Since the third floor was used by the court, 48 friction dampers 

were used at the ground and second levels. The FEMA 351,356 were used in the analysis, the 3-D 
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model was used by ETABS, the story shear and displacement were reduced by friction dampers as 

demonstrated in Figure 2-38. 

 

Figure 2-38. Story Displacement and Shear comparison, (Chang et al., 2006) 

It was observed that the friction dampers significantly improve the structural performance and 

with this reduction in story displacement and shear, the seismic force was reduced above the 3rd 

floor. 

A performance-based plastic design for a 21-story steel moment-resisting frame with friction 

dampers was examined by Patil et al. (2015). In order to achieve a uniform target drift compatible 

with peak inter-story drift limits, nonlinear static pushover analysis, and nonlinear response history 

analysis were performed. It was observed using friction dampers can specify a certain inelastic 

displacement for a given earthquake, moreover, there was a reduction of almost 85% in the peak 

inter-story ratio and the flexural moment at columns. 

    The use of friction dampers in the seismic design of unbounded post-tensioned precast 

concrete frame structures was investigated by Morgan et al. (2007). In order to determine the 

friction damper slip forces and post-tensioning steel areas and selected damper distribution, a 

nonlinear reversed cyclic analysis under lateral load was conducted. It was shown that friction-

damped precast concrete frames can dissipate energy levels while maintaining a large level of self-

centering capability due to the post-tensioning force. 



43 

 

A tall cylindrical tower which is used in industrial processes is called a process column, during 

its seismic assessment, it was found that anchor bolts were not meeting the code requirement. 

Therefore, a retrofitting scheme using passive control devices was used (Kiran et. al., 2016). 

Various passive control devices are including viscoelastic damper, elasto-plastic damper, tuned 

mass damper, tuned liquid damper, and friction which can be easily replaced after an earthquake. 

Since viscoelastic dampers are affected by temperature and stiffness degradation and also the 

limitation of tuned dampers is required the tuning the natural frequency, double sliding friction 

dampers were used as they donôt possess many of these limitations. Figure 2-39 showed the one 

end of the damper is fixed rigidly through the bracket and another end is connected to the hydraulic 

actuator. 

 

 

Figure 2-39. Friction dampers on the left and its test setup used for characterization  

(Kiran et. al., 2016) 

The cyclic load was repeated for ten cycles by considering various torque values, a stable 

hysteretic behaviour was obtained, and the variation of slip load was linear with respect to the 

applied torque. After retrofitting the seismic demand was reduced to 15% of the capacity of 

existing foundation bolts and was qualified for MCE condition. 

The damping mechanisms combination of a non-linear Reid damper and a viscous damper 

showed that the PFD can significantly reduce the response of the structure, Chen et al. (2001). 

Numerical simulations also showed that the friction dampers driven by the proposed control logic 

can substantially reduce the peak acceleration and story drift of the building structure under 

earthquake excitations. The same results were obtained by Haider et al. (2012), the effects of 

friction dampers were studied subjected to several seismic excitations and it was revealed that the 
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effectiveness of friction dampers at dissipating the largest amount of energy. A semi-active 

electromagnetic friction damper and was proposed by Agrawal et al. (2004) and the proposed 

damper and the control method were investigated for a base-isolated building which showed that 

the SAEMFD was effective in protecting rubber-bearings of the base-isolated buildings under the 

strong ground motions.  The small scale of one and two-story steel models with a pair of parallel 

friction devices at each floor was performed on a unidirectional shaking table subjected to artificial 

and real ground motions as well as the sine-dwells (López-Almansa et al., 2012). There was a good 

agreement in the experimental and numerical works, reduction in resonance, and response peaks 

of the structure were observed. The behaviour of steel frames equipped with concentric steel 

bracing with improved pall friction dampers compared with concentric steel bracing frames with 

no dampers  (Sarjou and Shabakhty, 2017).  The study parameters were displacement, capacity 

percentage to observe energy, and base shear. Two different methods can be used for modeling 

pall friction dampers including simple which was suggested by pall and used in this study as well 

as an accurate method. The simple bracing system is considered a damper that yields in pressure 

and tension with a full elasto-plastic material and rectangular hysteresis curve as the simple 

method. In this method bracing yields in slip load which is the same as damper slip load. In the 

accurate method, the stress-strain curve of linear elements is used to define the bracing and damper 

link. Improved pall friction dampers are similar to pall friction dampers with a central core of the 

T-shape. It was observed IPFD reduced the base shear and relative displacements, however, the 

changes in dissipated energy by a damper dependent on the location and the load, and in the 

absence of dampers, frames experience damages. This study is limited to the simple method, more 

accurate methods are required to model the friction dampers as well as their verification in 

experimental tests for practical use. Further study is required to consider the effects of various 

bracing configurations in structural frames with different heights and the appropriate number of 

ground motions.  

A combination of moment-resisting frames with friction-based frames was used initially to 

reduce the structural damage since friction brace frames have very limited lateral stiffness when 

the connection slides, this may result in excessive story drifts and residual displacement, this 
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behaviour can be lessened by providing secondary lateral resistance (Tirca et al., 2018). Therefore, 

the application of FBF in 4- and 10-story as secondary steel moment-resisting frames for extra 

stiffness and recentring capacity were conducted using nonlinear response history analysis. A 

conventional force-based method was used to design the frame as well as pall friction devices. In 

addition, harmonic loading signals and real-time seismic displacement histories were used for full-

scale testing on brace sub-assemblages and braces equipped with friction dampers. Nonlinear 

response history analysis confirmed the extra story drift and residual displacement were dissipated 

by MRFs. The experimental test verified the performance of pall friction dampers with stable slip 

resistance under displacement demand from analytical simulation. This study was limited to two 

different steel frames, more parametric studies are required to examine the effectiveness of the 

proposed method as well as 3-D experimental tests to examine the real capacity of dissipated 

energy by MRFs as a secondary dissipation system incorporated with pall friction devices.   

2.4 Common types of friction dampers 

Friction dampers are among the hysteretic systems in which the energy is dissipated within a 

mechanism that does not depend on the rate of load application (Constantinou et al., 1998). Pall 

friction dampers consist of treated plates in a series that develop resistance when sliding against 

one another. Staggered pall friction dampers were proposed by (Tirca, 2009) to optimize the 

seismic performance of an existing steel moment frame. Staggered pall friction dampers can 

improve structural performance even for ductile structures. The yielding restrained brace (YRB) 

and rotational friction damper are among the most popular passive energy dissipation devices 

currently employed for practical approaches. 

2.4.1 Yielding restrained brace (YRB) 

A yielding restrained brace is also known as a friction-damped brace. When the axial forces 

increase the slip load, the energy will be dissipated by an inline tension and compression seismic 

friction damper. In this yielding mechanism, the force is constant, therefore stiffness and yielding 

are differentiated.  The idea is to equip the structure with a consistent stiffness brace that does not 
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enter in a ductile mode. YRB consists of a brace attached in-line with a Ten-Co as shown in Figure 

2-40 (Galindo et al. 2019, Quaketek Inc.). As it can be seen the hysteretic curve has a rectangular 

shape, when a force activates an inline tension-compression seismic brake, under dynamic load, 

tension or compression has the same behaviour. 

 

Figure 2-40. A schematic view of yielding restrained brace (YRB) and its force-displacement 

relationship (Galindo et al. 2019, Quaketek Inc.) 

2.4.2 Rotational Friction Damper (FRD) 

A rotational friction damper dissipates energy utilizing friction produced by rotating jointsô 

friction and constant torque, they can be in the form of a single or x bracing system. A single 

friction damper was developed by Mualla and Belev in 2002 and presented in Figure 2-41, when 

the damper is subjected to a lateral force, it dissipates energy by the frictional forces developed 

between the steel plates and friction pads. 

 

Figure 2-41. Component and typical action of RFD (Mualla and Belev, 2002) 
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2.5 Modeling of yielding restrained braces 

As previously discussed, there are three major stages of energy dissipation through the friction 

of two surface pall (1979) namely as stage 1 is in the elastic zone or stick-slip and before yielding, 

stage 2 is when the slipping occurs, and stage 3 is bearing or slip-lock. 

2.5.1 Attached Damping 

A simple example of attached damping (Coulomb friction) is a block moving on a rough surface 

in the horizontal direction is presented in Figure 2-42, therefore the created frictional force is 

proportional to normal force in Equation 2.2. 

Ὂ ‘ὔ (2.2) 

Where ɛk is the dynamic friction coefficient or kinetic energy and N is the normal force. 

 

Figure 2-42. Fiction characteristics a) free body diagram, b) idealized dynamic friction, C) static 

friction, d) actual friction (Roberts and Spanos 1990) 

Idealized dynamic friction presented in Figure 2-42b frictional force is plotted versus velocity, 

in which Ffriction and ɛk remain constant during sliding, this model is named as Coulomb friction.  
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If static frictional force, Fstatic is greater than kinetic frictional force Ffriction or Fk, the static force is 

proportional to normal force in equation 2.3. 

Ὂ ‘ὔ (2.3) 

In this equation, ɛs is the static friction coefficient,  Figure 2-42c shows two discontinuities, 

from zero to Fs before the motion and from Fs to Fk after the motion. A more realistic of this 

transition is presented in Figure 2-42d, however, this demonstrated a sharp peak starting from zero 

velocity, and slightly beyond critical velocity (Roberts and Spanos 1990). Frictional damping 

devices subjected to cyclic loading dissipate energy in the form of a non-elliptical hysteretic loop, 

this can be presented by a single degree of freedom in a simple form of mass, spring, and friction 

as an ideal Coulomb damper presented in Figure 2-43. 

 

Figure 2-43. Mass-spring Coulomb damping and hysteresis loop (Roberts and Spanos 1990) 

If the mass has a displacement of q, and Ft is lower than the Coulomb friction force, Fk, there 

is no slipping in the system and the characteristics of  F1-q is shown with the straight line of AB 

and the slope of (1-Ŭ)k, when F1 is equal to Fk and displacement passes the critical displacement 

of q* then the slipping occurs and the characteristics of the loop is the straight line of BC. When 

the mass moves in the reverse direction then Ft is lower than Fk, therefore slipping in the system 

stops and the force decreased along the line CD with the slope of (1-Ŭ)k. At point D the 

displacement is qc-2q*, and compressive force is equal to Fk, therefore it slips along the line DE. 

At E the mass moves in the opposite direction therefore the force follows the line EF, and it 

continues.  
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 Lukkunaprasit et al. 2004, investigated the behaviour of slotted-bolted connections when the 

slip exceeded the accessible slip length. To avoid severe damage which considerably deteriorates 

the friction force of the damper, the restraining approach addressed by Roik et al. in 1988 was 

modified and presented in Figure 2-44. The restrained system will be excited when the activation 

slip force is greater than the slip distance, therefore the hysteresis loop consists of four major 

parameters including Fs is the predetermined slip force, ȹg is the slip distance, Fmax is the maximum 

restraining force below the buckling capacity of the brace, and Kr is the restraining stiffness and 

equal to an axial stiffness of the inline brace.  

 

Figure 2-44.Proposed Hysteresis curve with restrains (Lukkunaprasit et al., 2004) 

Lukkunaprasit et al. 2004 found that higher base shear is caused by restraining force which has 

a direct effect on the capacity of foundations. Their investigation was limited to displacement 

dependent; more parameters are required to study the connections with friction-grip. Moreover, 

the sliding mechanism is subjected to different parameters including types of loading, friction 

coefficient, temperature, velocity as well as the contact treatment, material, pressure, and size (Pall 

1979; Constantinou et al. 1990; Sextro 2007). Makkar et al. 2005 proposed a new friction model 

to avoid discontinuity between stick-slip and slip phases based on velocity, this friction model is 

presented in equation 2.4 and its characteristics are presented in Figure 2-45. 

Ὂ ‎ ÔÁÎÈ ‎ὼ ÔÁÎÈ ‎ὼ ‎ÔÁÎÈ ‎ὼ ‎ὼ (2.4) 
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Where ɔ is positive slope constants, the first part (I) of the equation captures the stribeck effect, 

the second part (II) describes the Coulomb friction, and the last part (III) is the viscous dissipation 

condition. 

 

Figure 2-45. Different effect of friction model (Makkar et al., 2005) 

2.5.2 BOUC-WEN MODEL  

For a smooth hysteresis system under different excitation an equivalent linearization was 

proposed (Wen, 1980). Various classes of Bouc-Wen models regarding their bounded input/output 

stability properties as well as physical properties related to true data were investigated by 

(Ikhouane et al., 2007). Ismail et al. 2009, presented a background of the Bouc-Wen model for 

hysteresis modeling of nonlinear structures subjected to dynamic loads. 

Baber and Noori 1985 and 1986, proposed and added a general degradation model to smooth 

the hysteresis model of Bouc and Barber and Wen 1981, to capture the pinching effect. A nonlinear 

single degree of freedom and slip lock hysteresis curve are presented in Figure 2-46. 
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Figure 2-46. Proposed single degree of freedom and slip lock hysteresis loop (Baber and Noori, 

1985) 

This nonlinear system is presented with the differential equation of motion with equation 2.5.  

ὼ ς‒‫ὼ
‌Ὧ
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ὼ
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Ὂὸ (2.5) 

In which Ŭ is the post-/pre-yield stiffness, and z is the hysteresis restoring force which represents 

the nonlinear hysteresis loop. The modified smooth system is shown with equation 2.6. 

ᾀ
ὼ

–
 Ὤᾀ ὃ ‡‍ȿᾀȿ ᾀ ‎ȿᾀȿ  (2.6) 

In this equation h(z) is associated with pinching effects, A is the tangent stiffness, ɓ, and n are 

the shape factors, ɖ, and ɜ represent the strength, and stiffness in the system. These variables can 

be determined from equations 2.7 to 2.9.  

ὃ ὃ  ὸ (2.7)‐‏

’ ρ  ὸ (2.8)‐‏

– ρ  ὸ (2.9)‐‏

Where Ů(t) is the dissipation of energy from equation 2.10, the pinching effect in Figure 2-46 is 

added by an element with time-dependent slip lock with equation 2.11.  

‐
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ό Ὢᾀᾀ  (2.11) 
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h(z) is equal to one when there is no pinching effect, the other parameters can be defined 

accordingly, however, if the pinching effect is considered, it can be calculated from equation 2.12.  

Ὤᾀ ρ ‒Ὡ   (2.12) 

In this equation, ɕ1 and ɕ2 control the magnitude and the slop changes and can be determined 

from equations 2.13 to 2.14 (Foliente 1993). 

‒‭ ‒ ρ Ὡ   (2.13) 

‒‭ ‪ ‐‏ ‗ ‒  (2.14) 

Where ɣ0, is the control the amount of pinching, ŭɣ, is the defined change if the slope, p, is the 

constant value of the drop in initial slope ɕts, is the total slip, and,ɚ, is to control the changes in the 

magnitude and the slop.  

  A sample of the Bouc-Wen hysteresis loop is presented in Figure 2-47, to construct the model 

the following parameters shall be defined: initial curve stiffness and hardening ratio, ɖ, the 

transition from linear to nonlinear, ɔ and ɓ define the basic hysteresis shape, and A, is the hysteresis 

amplitude (Seismosoft Ltd, 2020). 

 

Figure 2-47. Bouc-Wen Curve (Seismosoft Ltd, 2020) 
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2.6 Literature Summary  

In this chapter, performance-based design methods, as well as common FRP-strengthening 

applications, are explained briefly, different seismic control systems including active, semi-active, 

and passive as well their different types and some of the previous works of energy dissipaters and 

their performance are discussed. A comparison of structural control systems showed that semi-

active control systems provide a better option without the limitations of the passive and active 

systems. Experimentally tested semi-active control systems include stiffness control devices, 

electrorheological dampers, magnetorheological dampers, friction control devices, fluid viscous 

dampers, and tuned liquid dampers were explained, and it was observed from the experimental 

testing that the semi-active control method can improve the seismic behaviour of structures. 

Different types of devices that dissipate energy through friction are presented. The Idealized 

behaviour of LSB Joint which was presented by Pall et al. (1979), was further investigated by Roik 

et al. (1988) for three-stage friction grip elements. It was shown the mechanical properties of the 

bolts and the limited geometrical of slotted holes play an important role in lateral stiffness, slip 

force, and the amount of dissipated energy per cycle. Moreover, friction grip connections can 

reduce horizontal forces and displacements by their energy dissipation capacity, however, the 

proposed model was not able to capture additional force-displacement. 

Modeling of yielding restrained braces including Coulomb friction and Bouc-Wen models are 

discussed. It was revealed that the sliding mechanism was subjected to different parameters 

including types of loading, friction coefficient, temperature, velocity as well as the contact 

treatment, material, pressure, and size (Pall 1979; Constantinou et al. 1990; Sextro 2007). 

Therefore, to avoid discontinuity between stick-slip and slip phases Makkar et al. 2005 proposed 

a new friction model with a combination of stribeck effect, Coulomb friction, and viscous 

dissipation. Then, the method proposed by Baber and Noori in 1985 and 1986, are discussed in 

detail, they added general degradation model to smooth hysteresis model of Bouc and Barber and 

Wen 1981, to capture the pinching effect.  
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The critical review of the literature reveals that most of the research focuses on retrofitting of 

steel structure by seismic dissipater devices and concrete structure by using FRP materials and 

very few studies have been conducted in case of the based seismic design for concrete structures 

utilizing supplementary devices i.e. friction dampers, friction dampers are among the passive 

energy devices, they are reliable and not sensitive to temperature, which makes them suitable for 

retrofit of existing structures as well as new structures subjected to dynamic loadings. Therefore, 

the objective of future studies are as follows: 

¶ Most of the tests are on steel frames and the effects of friction dampers on concrete frames 

and their behaviour are not clear. 

¶ The behaviour of friction dampers under real earthquakes is largely unknown, and their 

long-term performance and reliability are unclear, which need to be investigated further. 

¶ The effects of different surface treatments of friction dampers need more investigation. 

¶ In some cases, more sophisticated methods are required for performance-based design in 

that the damage state corresponding to each performance level of the concrete structure 

utilizing friction dampers must be quantified.  

¶ The development of performance-based seismic design provisions for reinforced concrete 

structures utilizing friction dampers requires further investigation to develop analytical 

models and appropriate design methodologies. 

¶ The effects of conventional and FEMA procedures on the overall response of the structure 

are unclear. 

¶ The response modification factors for concrete structures equipped with friction dampers 

are unknown. 

¶ Comparative study of different passive energy dissipation systems to place friction devices 

within a proper frame of reference. 

Further studies are required to characterize the capacities of the overall friction damper system 

in concrete structures, as well as experimental studies to examine their actual behaviour, therefore 
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numerical and experimental studies need to be conducted to evaluate the long performance and 

reliability of yielding restrained braces underground motions. 

2.7 Methodology 

2.7.1 Analysis Procedures 

In this study, the following two main types of analysis namely linear procedures including 

Linear Static procedure (LSP), Linear Dynamic procedure (LDP), and nonlinear procedures 

including Nonlinear Static procedure (NSP), Nonlinear Dynamic procedure (NDP) are used and 

described in this section.  

FEMA, NEHRP Guidelines for the Seismic Rehabilitation of Buildings (FEMA 1997), and 

ATC 40 Seismic Evaluation and Retrofit of Concrete Buildings (ATC 1996) were the first 

guidelines of the nonlinear analysis, with the main focus of nonlinear static analysis. Then, ASCE 

41 Seismic Rehabilitation of Existing Buildings (ASCE 2007), FEMA 440 Improvement of 

Nonlinear Static Seismic Analysis Procedures (FEMA 2005) and FEMA P440A Effects of 

Strength and Stiffness Degradation on Seismic Response (FEMA 2009a), the ATC 58 Guidelines 

for Seismic Performance Assessment of Buildings (ATC 2009) is the nonlinear dynamic analyses 

for seismic performance assessment of new and existing buildings have been introduced (Deierlein 

et al., 2010).  

2.7.1.1 Linear procedures 

2.7.1.1.1 Linear Static Procedure (LSP) 

In this method, a linearly elastic static analysis should be performed to determine the seismic 

forces and their distribution over the height of a building, internal forces, and system displacement, 

in another word the rule of elasticity applies. The fundamental period in this method can be 

calculated based on the Eigenvalue (dynamic) analysis, Empirical equation, and the approximate 

methods (ASCE 41-17).  
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2.7.1.1.2 Linear Dynamic Procedure (LDP) 

In this method, a linearly elastic static, dynamic analysis should be performed to determine the 

seismic forces and their distribution over the height of a building, internal forces, and system 

displacement.  Linearly elastic stiffness and equivalent viscous damping based on the components 

near or at yield level shall be used to model the building. In linear dynamic procedure or linear 

response history analysis, the time domain is used to calculate the response of the structure to the 

seismic events. The linear dynamic analysis shall be performed using the response spectrum 

method or response history method. 

2.7.1.2 Nonlinear procedures 

2.7.1.2.1 Nonlinear Static Procedure (NSP) 

The nonlinear static procedure of a building is the nonlinear load deformation of individual 

components of the structure which incorporating directly by a mathematical model and subjected 

to monotonically increasing lateral loads (ASCE 41-17, 2017). Figure 2-48 represents the 

nonlinear static procedure, first earthquake hazard is defined by elastic spectrum, then a nonlinear 

model of structural components is defined into a nonlinear model. When this model is subjected 

to either monotonically increasing force or displacements, it creates a capacity curve in terms of 

base shear versus roof displacement. Then ESDOF can be used to calculate the maximum roof 

displacement. Once component deformation and force action are known, force demands and 

component deformation shall be checked against the force as well as checking the component 

deformation based on the acceptance criteria.    
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Figure 2-48. Nonlinear static assessment procedure (FEMA 273/274/356, ATC 58) 

2.7.1.2.2  Nonlinear Dynamic Procedure (NDP) 

Nonlinear dynamic procedure or nonlinear response history analysis of a building is the 

nonlinear load deformation of individual components of the structure which incorporating directly 

by a mathematical model and subjected to ground motion acceleration histories (ASCE 41-17, 

2017). This method differs from NSP in which ground motions are used instead of response 

spectra, components force, and deformation shall be calculated based on nonlinear dynamic 

analysis. Component deformations for each degree of freedom can be estimated with a detailed 

model subjected to a ground motion, higher-level demands including story drift, roof displacement, 

and element distortions can be derived from the component action as illustrated in Figure 2-49.  
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Figure 2-49. Nonlinear dynamic process (FEMA 440, 2005) 

The relationship between the type of structural model and the characteristic of ground motion 

is presented in Figure 2-50. Depending on the parameters of interest some analysis options are 

better than the others, for instance, a single degree of freedom can represent a good uncertainty 

associated with global displacement demand when subjected to the variability of ground motions. 

The maximum global displacement can be calculated by a nonlinear static procedure, a multi-mode 

pushover analysis can provide inter-story drift that might not be available from SDOF dynamic 

analysis. 
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Figure 2-50. Seismic analysis procedures for various structural (FEMA 440, 2005) 

2.7.2 Damping devices in a building 

The seismic force-resisting system is distinct from the damping system, damping system 

composes of damping devices combined with structural elements. Damping devices can be 

categorized into three major groups including displacement-, velocity-dependent and force-

controlled elements. For the structures with the damping system, the response of the system can 

be determined using alternate procedures including response spectrum as well as equivalent lateral 

force procedures. In these methods design earthquake and maximum considered earthquake should 

be considered and applied to the system. The seismic base shear for response spectrum procedure 

is the square root of the sum of squares of modal components, whereas, in the equivalent lateral 

force procedures, the seismic base shear is the square root of the sum of squares of the fundamental 

mode and residual base shear. Then the design earthquake displacement and story drift shall be 

calculated and controlled for both design and maximum credible earthquakes, some of the major 

parameters for calculating ELFSD and RSPSD are shown in Figure 2-51and Figure 2-52.  
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Figure 2-51.Important parameters for calculating ELFSD 

 

Figure 2-52.Important parameters for calculating RSPD 

Next, the effective damping and ductility can be determined (ASCE 7, FEMA P-2082, FEMA 

450, FEMA 420), these factors are shown in Figure 2-53. These procedures are explained in detail 
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in section 3.7. These methods are limited to the height of the structure, therefore, to calculate the 

seismic parameters following sections are explained. 

 

Figure 2-53.Important factors in calculating the damping properties  

2.8 The structural response modification factor 

The conventional seismic design allows the reduction of forces below the elastic level. This 

inelastic action occurred in the beams or adjacent to the beam-column joints and is able to dissipate 

energy (Aiken et. al. 1992). The seismic force values are calculated by forces divided by a response 

modification factor, symbolized as R. Response modification coefficients including the response 

modification factor R and the deflection amplification factor Cd were introduced by ATC 3-06 

(1978) based on the well detailed seismic framing systems. The general performance of the system 

types during past earthquakes, toughness, and damping of the system was considered for the 

selection of R values (ATC 3-06, 1978). 

2.8.1 Components of response modification factors  

Depending on the performance level of the structure, the component of the response 

modification factor can be defined in several ways, the focus here is the life safety performance as 
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recommended in NBCC 2015.  There are two bilinear approximation methods that can be used to 

estimate yield force and yield displacement. The first approximation is the load or strength versus 

displacement method for reinforced concrete elements (Paulay and Priestley 1992). Hereby, the 

elastic stiffness is based on the secant stiffness of the frame and can be calculated from the force-

displacement curve corresponding to 0.75 Vy. The second method is the equal energy approach. 

Utilizing a bilinear approximation of the actual response curve (base shear Vs. displacement),  it 

is assumed that the area enclosed by these curves above the actual curve (i.e. area 1) is equal to 

the enclosed area below the actual response curve (i.e. area 2), presented in  Figure 2-54, where 

Vy is the yield force, ȹy is the yield displacement and ȹm and ȹu are the displacements 

corresponding to a limit state and prior to failure. The post-yield stiffness K1 can be calculated 

from equation 2.15.  

 

Figure 2-54. Bilinear approximation (based on ATC-19, 1995). 

 

ὑ
ὠ ὠ

Ў Ў
  (2.15) 

Ductility is the ability of a building frame to dissipate energy beyond the elastic level and can 

be calculated for equation 2.16. 

‘Ў
Ў

Ў
  (2.16) 

Analytical or experimental evaluation can be used to determine the force-displacement 

relationship. Displacement versus base shear of a braced frame was calculated based on the 

experimental data in the mid-1980s at the University of California at Berkeley. Using 

concentrically braced (Uang and Bertero, 1988) and eccentrically braced (Whittaker et. al., 1987), 
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the Berkeley researchers defined three factors for calculation of R from equation 2.17, namely as 

reverse strength, Rs, ductility, Rɛ, and damping, Rɕ. The calculations of ductility and strength factor 

are presented in Figure 2-55. 

Ὑ ὙὙὙ  (2.17) 

 

Figure 2-55. Ductility and strength factors (ATC-19) 

 

ATC-34 proposed an updated formula for calculation response modification factor present in 

equation 2.18. In this equation, Rs and Rɛ are ñthe period-dependent strength and ductility factorsò, 

and RR is the ñredundancy factorò. 

Ὑ ὙὙὙ  (2.18) 

The only distinction between equations 2.17 and 2.18 is the redundancy factor RR, which 

accounts for the quantification of several lines of a buildingôs vertical seismic frame system. The 

concept of over strength, and ductility factors are defined in sections 2.8.1.1 and 2.8.1.2. 

2.8.1.1 Overstrength factor 

Structural analysis under an earthquake in the elastic region can create the reverse strength in 

the structures, which are bigger than structural response. The seismic codes take advantage of the 

fact that structures can dissipate a large amount of earthquake energy by their overstrength and 

ductility (Asgarian et al., 2009 and Moni et al., 2016). The steps in the procedure of calculation 



64 

 

overstrength factor are including nonlinear static analysis and constructing the base shear versus 

roof displacement, the reserve strength can be calculated from the ratio of the actual lateral strength 

(Vy) to the design lateral strength (Vd) from equation 2.19 and as shown in Figure 2-56. 

Ὑέὶ Ὑ
ὠ

ὠ
 (2.19) 

 

Figure 2-56. Displacement versus Base shear (based on Alam et al. 2012) 

 

2.8.1.2 Ductility factor  

Rd is known as the ductility factor which is the capacity of the structure to dissipate energy in 

inelastic range by considering ductility µ which can be calculated by dividing the maximum 

displacement over the displacement at the yield point, which depends on the soil type, and the 

fundamental period of the structure. There are several relationships to estimate the ductility factor 

(Krawinkler & Seneviratna, 1998; Krawinkler & Nassar, 1992; Miranda & Bertero, 1994; 

Newmark & Hall, 1982). 

2.8.1.2.1 Newmark and Hall (1982) 

Newmark and hall (1982) estimated the ductility reduction factor Rµ based on the period of the 

structure presented in Table 2-1, Figure 2-57 shows the ductility ratios of 2, 4, and 6. 
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Table 2-1. Ductility reduction factor (Newmark and hall,1982) 
Period of Structure Ta (Sec)  Ductility reduction factor Rµ  

Ta<0.1 Ὑ ρȢπ 

0.12<Ta<0.5 Ὑ ς‘ ρ 

Ta>1 Ὑ ‘ 

 

Figure 2-57. Ductility reduction factor, ductility, and period relationship (based on Newmark and 

hall,1982). 

 

2.8.1.2.2 Krawinkler and Nassar (1992) 

Krawinkler and Nassar (1992) developed equation 2.20 based on the statistical study of fifteen 

ground motions with magnitude ranging from 5.7 to 7.7 assuming 5% damping on rock or stiff 

soil. 

Ὑ
Ὕ

ρ Ὕ

ὦ

Ὕ
‘ ρ ρ  (2.20) 

 

Herein, a and b are the regression parameters from Figure 2-58. 
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Figure 2-58. Ductility and period relationship on the left and modification factors on the right 

(based on Krawinkler and Nassar,1992) 

 

2.8.1.2.3 Miranda and Bertero (1994) 

Miranda and Bertero (1994) developed ductility reduction factor Rµ in equation 2.21. 

Ὑ
‘ ρ

•
ρ ρ (2.21) 

Where µ is ductility, T is the natural period of the structures, Tg predominant period of the 

ground motion, and ◖ is a function of ductility, fundamental period, and soil conditions and can be 

calculated from equations 2.22 to 2.24. 
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Figure 2-59 shows the ductility comparison of ductility factors for Nassar and Krawinkler and 

Miranda and Bertero, they can be ignored due to small differences.  
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Figure 2-59. A comparison of ductility factor (based on ATC-19) 

An overview of the analysis framework is presented in Figure 2-60.  

 

Figure 2-60. Overview of the analysis framework  
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2.8.2 Software tools used 

Following software tools have been used for modeling, analysis, and design. Some of the 

important features of these software packages are explained below: 

2.8.2.1 Integrated Building Design Software 

ETABS (CSI, 2016) is a program which is capable of both linear and nonlinear procedures and 

can be used to solve the most complicated tasks. some of its basic processes are presented in Figure 

2-61. ETABS (CSI, 2016) is user-friendly, a 3D model can be created simple and quick with the 

maximum precision and different graphical options; however, there is no direct editing of the input 

file, and the analysis consume more time and space and it is limited to built-in materials and 

elements. 

 

Figure 2-61. ETABS basic process 
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2.8.2.2 OpenSees Software 

OpenSees is an object-oriented finite element software developed by Francis Thomas McKenna 

at the University of California Berkeley in 1997 (McKenna 1997). It is open-source which allows 

users to create finite element models in sequential and parallel applications. The program's primary 

software is C++ and was developed by the contribution of many researchers during the last years 

and supported by the National Science Foundation (NSF), Network for Earthquake Engineering 

Simulation (NEES), and the Pacific Earthquake Engineering Research Center (PEER). It is a 

powerful software for linear and nonlinear numerical simulation as well as geotechnical systems. 

Analysis with OpenSees (OpenSees Berkeley, 2021) is quick and does not consume computer 

storage, it is fully programmable with different elements and materials and has different solution 

methods and algorithms; however, it lacks a user interface, and the input information is typically 

complex and lengthy. 

2.8.3 Details of the tasks  

The work of this thesis is performed in three parts to understand the effectiveness of damping 

systems in concrete moment resisting frames, comparative performance of different supplemental 

damping systems, and experimental validation of damper models, following subsections provide 

some details of this work, which are elaborated in subsequent chapters. 

2.8.3.1 Phase one: study of the effectiveness of supplemental damping systems in CMRFs  

In this phase, ETABS software was used for linear static, Nonlinear dynamic, and static 

procedures. First, the performance level as well as the nonlinear properties of four-, eight-, and 

twelve-story ductile CMRF were evaluated using FEMA 356 and ATC 72. The effectiveness of a 

friction damper was then examined on a fourteen-story CMRF with various framing systems 

including elastic, ductile, and moderately ductile. Following that, the seismic characteristics for a 

CMRF structure with a height restriction of a maximum of 30m were computed. Design loads of 

ASCE 7 and NBCC 2015 procedures for structures without damping systems were used and 

compared with equivalent lateral force and response spectrum procedures for structures with 
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damping systems. Damping properties, ductility, displacement, drift, and velocity were calculated 

and discussed based on ASCE 7, FEMA P-2082, FEMA 450, FEMA 420. Further details along 

with results and discussion are presented in Chapter 3.  

2.8.3.2 Phase two: seismic reduction factors 

Seismic performance and reduction factors including overstrength, Ro, and ductility, Rd, of four-

, eight-, and fourteen-story ductile CMRF with inline seismic friction dampers were assessed. Next 

CMRF without dampers and with different dissipation devices such as Ten-Co Seismic Brake, 

Fluid Viscous Damper, Triangular Metallic Yielding Dampers as well as seismic isolators 

including Lead Rubber Bearing Isolator and Triple Pendulum Isolator were studied to better 

understand the performance of Ten-Co Seismic Brake. The aforementioned studies were carried 

out with the help of the ETABS program. Chapter 4 presents the results and discussion of the 

findings. 

2.8.3.3 Phase three: simulation of the experimental work  

In this phase the collaborating experimental test with Quaketek Inc., and Lyles College of 

Engineering at California State University, Fresno was performed and simulated using ETABS 

and OpenSees software. The main purpose of this part of the study is to understand the actual 

behaviour of the inline friction damper under seismic excitation and validate the modeling 

techniques. The experimental test was conducted by an MSc student at CSU (Couch, 2020), and I 

was involved in the design of experimental; and the analysis of data including raw data processing. 

The behaviour of friction dampers and the simulation of the experimental work were validated in 

Chapter 5. 

2.8.4 Summary 

The analysis techniques are discussed, including Linear and Nonlinear approaches. Next, the 

methods for calculating ductility, damping, displacement, drift, and velocity are described, 

followed by a brief history of seismic design factors and an outline of the methodology utilized in 

the thesis. Then, the rationale behind software tools and their capabilities are discussed. ETABS 
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is user-friendly and capable of handling complex problems, which has been used by many 

engineers for design purposes, whereas OpenSees is more sophisticated but not user-friendly, and 

it is mostly used for research. As a result, ETABS software is chosen where design and broader 

analysis were needed. The tasks are divided into three phases, the first phase is the effectiveness 

of supplemental damping systems in CMRF buildings in Chapter 3. Phase two is the seismic 

reduction factors, which are discussed in Chapter 4, and phase three, the simulation of the 

experimental work is explained in chapter 5. 
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CHAPTER 3 

Seismic Performance Assessment of Reinforced Concrete Moment-

Resisting Frames equipped with yielding restrained braces  

3.1 Introduction  

This chapter presents the detailed methodology used for Concrete Moment Resisting Frame 

(CMRF), the hazard levels, performance levels, and analysis procedures are described here. Then 

different seismic design procedures including the National Building Code of Canada (NBCC 

2015), and equivalent lateral force procedures based on ASCE 7 are discussed. 

The effects of the Tension-Compression seismic brakes at different types of concrete moment 

resisting frames including elastic, moderately ductile, and ductile are evaluated. Seismic 

performance of a set of code-designed 4, 8, and 12 story moment resisting concrete frames at 

different hazard levels namely, SLE (Service Level Event), DLE (Design Level Event), and MCE 

(Maximum Considered Event) with and without Ten-Co seismic brake are discussed. Finally, the 

damping properties design procedures of yielding restrained braces using FEMA 450 are 

examined. 

3.2 Performance-Based Design 

Building codes in many jurisdictions are moving away from the traditional prescription 

procedures towards performance-based seismic design methodology. The performance-based 

design allows the design teams to evaluate various seismic motions and the performance objectives 

for a building that is aligned with the owner's expectations (FEMA 349). Resilience-based 

performance is the next generation of building performance (Risk and Resilience Measurement 

Committee, 2019). 

Seismic design codes presently in use are prescribed-based and focus on the strength and 

capacity of structural members, but the structureôs overall performance during a given seismic 
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event cannot be clearly described. Performance-based design differs from this in that it is 

objective-based with a specific level of structural behaviour during a seismic event. With this 

approach, different methods of analysis were used depending on the performance level chosen. 

Structural and non-structural damages were computed into the structureôs overall performance. 

Because of this, the structural engineer, architect, owner, and contractor are all a factor in the 

determination of the performance level required as well as the realization of that level. When a 

building is subjected to lateral ground motions cause structural components respond nonlinearly, 

Figure 3-1 the structural response under different performance levels including ñImmediate 

Occupancyò (IO), ñLife Safetyò (LS), and ñCollapse Preventionò (CP). 

 

 

Figure 3-1. Performance-based earthquake engineering (Hamburger et. al. 1998, ATC 58, 2003) 

3.2.1 Hazard Levels 

Based on the ASCE 41-17, the seismic hazard produced by ground motion shall be defined as 

acceleration response spectra or ground motion acceleration histories and is based on the distance 

of the building to the faults, geologic and geotechnical characteristics of the regional and site-

specific, and the seismic hazard levels. The ground motion for a seismic hazard level using a 5% 
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damped response spectrum for short (0.2s) and long (1s) periods in the direction of maximum 

horizontal response. 

This standard categorized earthquake ground motions based on several probabilistic seismic 

hazard levels as presented in Table 3-1. These ground motions are defined as a probability of 

exceedance in a specific time-period, for instance, 50% in 50 years, or as a mean return period for 

exceedance of specific earthquake in 75 years. The four commonly used seismic hazard levels are 

namely 50%, 20%, 10%, and 2% in 50 years. 

Table 3-1. Hazard levels (ASCE 41-17, 2017) 

Earthquake probability of 

exceedance 
Mean return period 

Spectral Response 

Acceleration Parameters 

50 % in 30 years 43  

50 % in 50 years 75 - 

20 % in 50 years 225 BSE-1E 

10 % in 50 years 475 BSE-1 

5 % in 50 years 975 BSE-2E 

2 % in 50 years 2475 BSE-2N 
 

 

The Vision 2000 report outlined frequent, occasional, rare, and very rare as design levels. Each 

of these design levels is based on a specific mean recurrence interval or probability of exceedance 

as presented in Table 3-2. The recurrence interval is expressed as the average number of years 

between earthquakes with an intensity equal to or greater than the design intensity, for example, 

475 years is the average period between the occurrence of earthquakes. The probability of 

exceedance for example 10% in 50 years is the statistical estimate of the likelihood that a seismic 

event of that design level will take place within a given period or specified number of years. 

Table 3-2. Vision 2000 Earthquake Design Levels (SEAOC, 1995) 

Earthquake design level  Recurrence interval (years)  Probability of exceedance  

Frequent 43 50% in 30 years 

Occasional 72 50% in 50 years 

Rare 475 10% in 50 years 

Very rare 970 10% in 100 years 
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3.2.2 Target building performance levels 

Performance levels are defined based on the expected building behaviour, or how much 

damage, economic loss, and disruption may occur. These criteria are considered for both structural 

and nonstructural elements to define the performance levels, summarized performance levels for 

both Structural Engineers Association of California (SEAOC) Vision 2000 (1995) and NEHRP 

guidelines (1997), presented in Table 3-3. 

¶ Operational Level: Buildings are expected to sustain minimal or no damage to their 

structural and nonstructural components. After an earthquake, the building remains safe 

and suitable for its normal use. Although there might be a slightly impaired mode with 

power, water, and other utilities provided from emergency sources as well as some 

nonessential systems  

¶ Immediate Occupancy: Buildings are expected to sustain minimal or no damage to their 

structural components and minor damage to their nonstructural components. Although the 

building remains safe to occupy immediately after an earthquake, the nonstructural system 

might not function properly. Therefore, it might be necessary to perform cleanup and 

repair. 

¶ Life Safety:  Buildings are expected to experience moderate damage to structural and 

nonstructural components. Repairs may be required to reoccupy the building; however, it 

might not be justified from economical aspects. 

¶ Collapse Prevention: Buildings are expected to face extensive damage to structural and 

nonstructural components without total or partial building collapse. Extensive repairs may 

be required before occupancy; however, they may not be feasible due to extensive damage. 

and deemed economically impractical.  
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Table 3-3. Structural performance level (Krawinkler, 1997) 

Level of performance  

Description NEHRP Vision 2000 

Operational Fully Functional Both structural and non-structural are in the 

elastic zone. 

Immediate Occupancy Operational Structural remains in the elastic zone and non-

structural elements are functional. 

Life Safety Life Safe Structural members experience significant 

damage, and non-structural elements may not 

function. 

Collapse Prevention Near Collapse Substantial damage to both structural and 

non-structural elements. 

Figure 3-2 summarized the recommendation for three different occupancies and uses. Each 

box is a combination of the earthquake return period and the earthquake performance level 

represents a performance objective for safety (hazardous), essential, or basic (ordinary) buildings. 

The philosophy behind these categories is that the safety-critical facilities contain hazardous 

material and their release would result in an unexpected hazard to a wide range of the public, 

therefore they should have low-risk damage, their functionality for frequent, occasional, and rare 

earthquakes should be fully operational and for very rare earthquake should be operational (e.g. 

nuclear power plants). The essential facilities are critical to post-earthquake operations and their 

functionality for frequent and occasional earthquakes should be fully operational and for rare and 

very rare should be operational and life-safe (e.g. hospitals). The basic facilities are not classified 

as safety or essential buildings and should provide a low risk for life safety, their functionality for 

frequent, occasional earthquakes, rare and very rare should be fully operational, operational, life-

safe, and near collapse. The performance levels are expressed in quantities and presented in Table 

3-4. 
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Figure 3-2. Seismic performance objectives for buildings (SEAOC, 1995) 

Table 3-4. Performance level damage descriptions (SEAOC, 1995) 

Description 

Performance level 

Fully 

Operational 

Operational Life Safe Near Collapse Collapse 

Overall building 

damage 

Negligible Light Moderate severe Complete 

Permissible 

transient drift 

< ± 0.2% < ± 0.5% < ± 1.5% < ± 2.5% < ± 2.5% 

Permissible 

permanent drift 

Negligible Negligible < ± 0.5% < ± 2.5% < ± 2.5% 

Vertical load 

carrying element 

damage 

Negligible Negligible Light to 

moderate, but 

substantial 

capacity 

remains to carry 

gravity loads. 

Moderate to 

heavy, but 

element can carry 

gravity loads. 

Partial to total 

loss of gravity 

load support. 

Lateral load 

carrying element 

damage 

Negligible, no 

significant loss. 

Light, minor 

cracking/yieldin

g of structural 

components. 

Moderate, 

lateral system 

remains 

functional, but 

residual 

stiffness and 

strength were 

reduced. 

Negligible 

residual strength 

and stiffness, but 

large permanent 

drifts. 

Partial or total 

collapse. 

Primary 

elements may 

require 

demolition. 

Damage to 

architectural 

systems 

Negligible 

damage to 

cladding, glazing, 

partitions, 

ceiling, finishes, 

etc. 

Light to 

moderate 

damage to 

architectural 

system. 

Moderate to 

severe damage 

to architectural 

system. 

Severe damage to 

architectural 

system. 

Destruction of 

elements. 

Egress systems Not impaired. No major 

obstruction in 

exit corridors, 

elevators are 

functional. 

No major 

obstruction in 

exit corridors, 

elevators may 

be out of 

service. 

Egress may be 

obstructed. 

Egress may be 

highly or 

completely 

obstructed. 
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3.3 Seismic design provisions 

In this section, seismic design provisions based on NBCC 2015, and ASCE 7-14 are explained. 

3.3.1 National Building Code of Canada (NBCC 2015) 

3.3.1.1 Uniform  Hazard Spectra (UHS) based design  

In the NBCC 2015, six spectral acceleration parameters for periods of 0.2, 1.0, 2.0, 5.0, and 10 

seconds are presented to define spectra matching based on the uniform hazard spectrum. The 

horizontal Peak Ground Acceleration (PGA) and the horizontal Peak Ground Velocity (PGV) as 

explained earlier given a 2% probability of being exceeded in 50 years. These six spectral 

accelerations define spectra to match the shape of the Uniform Hazard Spectra (UHS). Ground 

Motion Prediction Equations (GMPEs) are revised and can be used for site-specific values of the 

spectral acceleration Sa(T) (Atkinson and Adams, 2013). 

The design spectral acceleration values of S(T) can be determined with the following 

expressions Sa(T), and straight-line interpolation can be used for intermediate values of T.  

S(T)   = F(0.2)Sa(0.2) or F(0.5)Sa(0.5), whichever is larger for T Ò 0.2 s 

           = F(0.5)Sa(0.5) for T=0.5 s 

           = F(1.0)Sa(1.0) for T=1.0 s 

           = F(2.0)Sa(2.0) for T=2.0 s 

           = F(5.0)Sa(5.0) for T=5.0 s 

           = F(10.0)Sa(10.0) for T Ó10.0 s 

3.3.1.2 Present methodology-NBCC 2015 

Different soil categories from hard rock, Class A, to soft soil, Class E as well Class F for 

liquefiable soil and sensitive, organic, and highly plastic clays are defined to characterize the soil 

effect on the amplitude of seismic waves arriving on the surface. NBCC 2015 allows short period 

structures to be designed for 2/3 the calculated base shear to have at least a limited amount of 

ductility, this accounts for reserve strength which undergoes small displacement in such structures. 

This can achieve by the greatest value of 2/3×S (0.2) or S (0.5). To have a better estimation of 
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equivalent static design base shear, the shear multiply by the higher mode factor, equation 3.1, 

which is based on the assumptions that the structure responds in its first mode (Humar, 2015). 

ὠ ὛὝ ὓὡ  (3.1) 

Where Ve is the elastic shear,  design spectral acceleration can be obtained from ὛὝ

ὛὝ ὊὝ , ὛὝ  can be obtained from the UHS, Mv is the higher mode factor which depends 

on the period of the buildings and W is the seismic weight. 

ὠ   (3.2) 

Design base shear Vd can be calculated with equation 3.2, Rd accounts for ductility and 

capability of a structure to dissipate energy in inelastic behaviour, Ro reflects the reserve strength 

in a structure and IE is the importance factor. The weight of the building W can be estimated from 

equation 3.3. 

ὡ В ὡ   (3.3) 

The fundamental lateral period, Ts, can be calculated from equations 3.4 to 3.8 depending on 

the height and Seismic Force Resisting System (SFRS).  

Ὕ πȢπψυὬ    ÆÏÒ ÓÔÅÅÌ ÍÏÍÅÎÔ ÆÒÁÍÅÓ    (3.4) 

Ὕ πȢπχυὬ    ÆÏÒ ÃÏÎÃÒÅÔÅ ÍÏÍÅÎÔ ÆÒÁÍÅÓ  (3.5) 

Ὕ πȢρὔ   ÆÏÒ ÏÔÈÅÒ ÍÏÍÅÎÔ ÆÒÁÍÅÓ  (3.6) 

Ὕ πȢπςυὬ   ÆÏÒ ÂÒÁÃÅÄ ÆÒÁÍÅÓ    (3.7) 

Ὕ πȢπυὬ    ÆÏÒ ÓÈÅÁÒ ×ÁÌÌÓ ÁÎÄ ÏÔÈÅÒ ÓÔÒÕÃÔÕÒÅÓ      (3.8) 

A portion of base shear is concentrated at the top of the building, which can be calculated from 

the equation 3.9 to 3.11. 
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Ὂ π                          Ὕ πȢχ   (3.9) 

Ὂ πȢπχ Ὕὠ           πȢχ Ὕ σȢφ  (3.10) 

Ὂ πȢςυὠ                  Ὕ σȢφ  (3.11) 

The remaining V-Ft shall be distributed along the height of the building, which is representative 

of the first mode from equation 3.12. 

Ὂ ὠ ὊὡὬ В ὡὬϳ    (3.12) 

Where Fx is the lateral force at level x, Wx is the seismic weight corresponds to level x, hx is 

the height, and n is the number of floors.  The overturning Mx can be calculated from equation 

3.13. Where Jx=1.0 for hx Ó 0.6hn, and Jx= J + (1-J)(hx/0.6hn) for hx < 0.6hn. 

ὓ ὐВ Ὂ Ὤ Ὤ    (3.13) 

Since the shear V, and Fx account for higher mode effect, the computed overturning moments 

produced by such modes are overestimated. Therefore, the code specifies the overturning moment 

reduction factor J, and Jx is the overturning moment reduction factor at each level. Methodology 

for estimating the shear adjustment factor Mv was explained by (Humar and Mahgoub, 2003), the 

structure was assumed to remain elastic, and the adjustment factor, Mv, was calculated from 

equation 3.14, and by assuming that the entire response is in the first mode.  

ὓ
В

   (3.14) 

Where S(Ti) is the site-adjusted spectral acceleration corresponding to the ith modal period, Wi 

corresponding to the modal weight, and W is the total weight of the building. The shear ὛὝ ὓὡ 

is distributed across the height to obtain the lateral forces and to calculate the base overturning 

moment Mbc and the story level moment Mxc. The corresponding moments obtained from response 

spectral analysis are Mbe, and Mxe. Therefore, the overturning moment can be calculated from 

equation 3.15. It is evident that Mv for a given spectral shape depends on only the modal periods 

and weights (Humar, 2015). 
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ὐ    ὥὲὨ  ὐ    (3.15) 

3.3.1.3 Equivalent Lateral Force Procedure (ASCE 7-16) 

This standard provides the minimum load requirements for the design of buildings, including 

strength design (load and resistance factor) in which the computed member forces by the factor 

loads do not exceed the member design strength and allowable stress design (working stress 

design) in which the elastically computed stresses in members by nominal loads do not exceed 

allowable stresses elastic zone.  The code specifies the site soil properties as site class A, B, C, D, 

E, or F as presented in Table 3-5.   

Table 3-5. Site classification (ASCE 7-16) 

 

3.3.1.3.1 Design Spectral Acceleration Parameters 

Based on the site classes, the maximum considered earthquake (MCER) spectral response 

acceleration parameter for a short period, SMS and at 1s period SM1 can be determined from 

equations 3.16 and 3.17. 

Ὓ ὊὛ   (3.16) 

Ὓ ὊὛ   (3.17) 
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Where SS and S1 are the mapped spectral response acceleration at a short period and a period 

of 1s. Fa and Fv are site coefficients. Design spectral response acceleration is categorized at a short 

period, SDS, and at one second period SD1, which can be determined from equations 3.18 and 3.19. 

Ὓ Ὓ    (3.18) 

Ὓ Ὓ    (3.19) 

Design response spectrum can be developed where site-specific ground motion procedures are 

not used as presented in Figure 3-3. The construction of the design response spectrum curve is 

based on equations 3.20 to 3.22. 

 
Figure 3-3. Design response spectrum (ASCE 7-16) 

 

Ὓ Ὓ πȢτ πȢφ    (3.20) 

Ὓ    (3.21) 

Ὓ    (3.22) 

Where Sa is the design spectral response acceleration, for T< T0, Sa shall be calculated from 

equation 3.20, Sa is equal to SDS for T0 Ò T Ò TS.  If Ts < T Ò TL, Sa shall be calculated from equation 

3.21, and for T >TL, Sa shall be determined from equation 3.22. SDS is the design spectral response 
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acceleration at short period, SD1 is the design spectral response acceleration at 1 second period, T 

is the fundamental period, T0=0.2(SD1/SDS), TS= SD1/SDS, and TL is the long period transition.  

3.3.1.3.2 Seismic base shear 

The seismic base shear, V, is calculated from equation 3.23. where Cs is the seismic response 

coefficient shall be determined in accordance with equation 3.24, and W is the seismic weight. 

ὠ ὅὡ     (3.23) 

ὅ      (3.24) 

Where SDS is the design spectral acceleration in the short period, R is the response modification 

factor, and Ie is the importance factor. The seismic response coefficient shall satisfy the equations 

3.25 to 3.28.  

ὅ   ÆÏÒ Ὕ Ὕ     (3.25) 

ὅ   ÆÏÒ Ὕ Ὕ     (3.26) 

ὅ πȢπττὛ Ὅ πȢπρ     (3.27) 

ὅ πȢυὛ ὙὍϳϳ  ÆÏÒ Ὓ  πȢφὫ         (3.28) 

Where SD1 is the design spectral response acceleration at a period of 1.0 second, T is the 

fundamental period, TL is the long transition period, and S1 is the maximum considered earthquake 

spectral response acceleration. The approximate fundamental period, Ta, shall be determined from 

equation 3.29. where Ct and x are coefficients from Table 3-6, and hn is the structural height. 

Ὕ ὅὬ   (3.29) 
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Table 3-6. Approximate period parameters Ct and x (ASCE 7-16) 

 

The distribution of the seismic force, Fx, along the height of the building can be estimated from 

equation 3.30.  Cvx is the vertical distribution factor and can be determined from equation 3.31. 

Ὂ ὅ ὠ   (3.30) 

ὅ
ύὬ

В ύὬ
 (3.31) 

Where V is the total design lateral force, wi and wx are the total effective seismic weight, hi and 

hx are the height and relates to the structural period, K=1 for T Ò 0.5s, K=2 for T Ó 2.5s, and 

structure having period between 0.5 and 2.5s, k is 2 or can be determined by linear interpolation.  

3.4 Design of Structural models 

The NBCC 2015 differ from the earlier versions, the life-safety performance based on the drift 

demand shall be limited to 1%, 2%, and 2.5% for post-disaster, high importance category, and 

other buildings. In the NBCC 2015, six spectral acceleration parameters for periods of 0.2, 1.0, 

2.0, 5.0, and 10 seconds are presented to define spectra matching based on the uniform hazard 

spectrum with different soil categories from hard rock, Class A, to soft soil, Class E as well Class 

F for liquefiable soil and sensitive, organic and highly plastic clays are defined to characterize of 

the soil effect on the amplitude of seismic waves arriving on the surface. The seismic load was 

calculated based on the equivalent static load procedure in equation 3.32 (NBCC 2015). 
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 ὠ    (3.32) 

Where Vd is the design base shear,  design spectral acceleration can be obtained from ὛὝ

ὛὝ ὊὝ  , ὛὝ  can be obtained from the UHS, Mv is the higher mode factor which depends 

on the period of the buildings, W is the seismic weight, Rd accounts for ductility and capability of 

a structure to dissipate energy in inelastic behaviour, Ro reflects the reserve strength in a structure, 

and IE is the important factor. 

In this section, the 2015 NBCC was used to design four-, eight-, and twelve-story ductile 

moment resisting concrete frames as presented in Figure 3-4. The buildings consist of 3-bay by 3-

bay ductile concrete moment-resisting frames (DCMRF), the height of each level is 4m with a bay 

length of 8m. Detailing followed the Canadian Standard for reinforced concrete buildings (CSA 

A23.3).  The buildings are assumed to be located in Victoria, BC, in the western part of Canada 

with site class ñCò. The 2015 NBCC prescribes ductility and overstrength factor 4 and 1.7 for 

ductile concrete moment-resisting frame.  The compressive strength fcô is 30 MPa, modulus of 

elasticity Ec is 24500 MPa, the design live and dead loads for all models are assumed to be 

1.5KN/m2 and 2.4 KN/m2, and the snow load acting on the roof is 1.64KN/m2, P-ȹ effect has been 

considered by leaning column concept. 
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                                 (a) plan of the buildings                                                 (b) 4-story 

 

                                            (c) 8-story                                                                     (d) 12-story 

 

 Figure 3-4. The elevation views and plan of the ductile moment resisting frames (4, 8, 12- 

story) 
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The leaning column concept was utilized to simulate the effect of gravity load (Lignos et al. 

2011), the presence of these columns is to capture the P-ȹ correlated with gravity loads, and to 

ensure that there is no axial deformation along with the component.  The leaning column was 

modeled using an elastic column element with a significantly larger cross-section area (around 100 

times the column cross-section area) and a stiff link, as they will not impact the lateral load 

resistance system as presented in Figure 3-5. The tributary area of the concrete moment resistant 

frame (Ptc) was not taken into account while calculating the gravity loads applied to the leaning 

column (PG). The design details of different frames are presented in Table 3-7, the nonlinear model 

for structural components is calculated and assigned to each column and beam as indicated in 

section 3.4.1. 

 

Figure 3-5. A schematic view of leaning-column concept (12-story) 
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Table 3-7. Design details for different models 

Story Level 

Columns Beams 

Interior 

(Cm) 

Exterior 

(Cm) 

Interior 

(Cm) 

4 4 60×60 55×55 50×45 

 3 60×60 55×55 50×45 

 2 65×65 60×60 50×50 

 1 70×70 65×65 50×50 

8 8 70×70 65×65 55×50 

 7 70×70 65×65 55×50 

 6 75×75 70×70 60×50 

 5 75×75 70×70 60×50 

 4 80×80 75×75 60×50 

 3 80×80 75×75 65×55 

 2 80×80 75×75 65×55 

 1 80×80 75×75 65×55 

12 12 75×75 65×65 55×55 

 11 75×75 65×65 55×55 

 10 75×75 65×65 55×55 

 9 80×80 70×70 60×55 

 8 80×80 70×70 60×55 

 7 80×80 70×70 60×55 

 6 85×85 75×75 65×55 

 5 85×85 75×75 65×55 

 4 85×85 75×75 65×55 

 3 90×90 85×85 70×60 

 2 90×90 85×85 70×60 

 1 90×90 85×85 70×60 

 

3.4.1 Nonlinear Model for structural components 

Plasticity can be distributed through the structural member where the Inelastic component can 

be identified. Figure 3-6 (a, b) are the simplest form of concentrated inelastic deformation such as 

plastic hinges and nonlinear spring hinges. The concentrated plasticity with moment-rotation 

parameters can be used to define hinges at the beginning and end of each element. The distributed 

plasticity can be presented by the finite length hinge model, fiber section, and finite element shown 

in Figure 3-6 (c,d,e) (Deierlein et al., 2010). By considering the expected behaviour of the 

structures, in this study concentrated hinge model was used to have better results in capturing the 

nonlinear degrading response of members.   
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Figure 3-6. Beam-Column idealized elements (Deierlein et al., 2010) 

 

A quasi-static member with inelastic concentrated hinges for a reinforced concrete flexural 

member is presented in Figure 3-7. These component modeling options are based on the 

deteriorating hysteretic response and backbone curve. These parameters and acceptance criteria 

are based on Elwood et al., 2007; Elwood and Eberhard, 2006; Haselton et al., 2007. 

 

Figure 3-7. (a) Idealized flexural element (b) hysteretic response and monotonic backbone curve 

(c) monotonic backbone curves (PEER/ATC 72-1) 
 

These component modeling parameters namely pre-capping, ʃ and post capping ʃ  plastic 

rotations as well as the cyclic deterioration ‗ are calculated based on FEMA 356 and ATC 72, the 

normalized moment-rotation component models for a sample calculation of beam and column of 

the 4-story building are presented in Figure 3-8. 
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Figure 3-8. Backbone curve for 4-story building beam and column based on ATC 72 

 

3.4.2 Modal Analysis 

The calculated natural modes from Eigenvalue analysis which provides the free-vibration mode 

shapes and frequencies of the system were performed to determine the natural periods of the 

friction damper frame system. Table 3-8 shows the fundamental period of the structure based on 

the modal analysis and the results obtained from the 2015 NBCC Empirical equation 3.33. 

Ὕ πȢπχυὬ  (3.33) 

Where Ta(s) is the fundamental lateral period and hn is the height of the structure in meters. It 

can be observed that the empirical equation is more conservative which is about -32% to -45% of 

the estimated fundamental period. 

Table 3-8. Fundamental period of the structures 

Story Fundamental period Ta (Empirical) 

4 0.888 0.600 

8 1.480 1.001 

12 1.869 1.367 
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3.4.3 Nonlinear Static Analysis 

Nonlinear static analysis involves pushing the structure under monotonically increasing lateral 

loads until a target displacement is exceeded. An idealized relationship between base shear and 

displacement shall be created to calculate the elastic lateral stiffness Ki, effective lateral stiffness 

Ke as well as effective yield strength Vy as presented in Figure 3-9. Idealized base shear-

displacement curve (FEMA 356, 2000). 

 

Figure 3-9. Idealized base shear-displacement curve (FEMA 356, 2000) 
 

The mean value of the Northridge spectral acceleration for 101 different stations was calculated 

based on the Pacific Earthquake Engineering Research Center (PEER) and considered as a design 

base earthquake as shown in Figure 3-10. 

 
Figure 3-10. Northridge spectral acceleration for 5% damping 
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Component force versus deformation curves is presented in Figure 3-11. Generalized 

Component Force-Deformation Relations (FEMA 356, 2000). Linear response is between Points 

A and yield point B, the slope from B to C represents the strain hardening, line CD shows the 

component strength at point C and the significant strength degradation. Point E is the reduced 

strength, and deformation greater than point C is zero. Figure 3-11a and b show the prescribed 

acceptance criteria in terms of deformation and deformation ratios. Figure 3-11c shows the 

acceptance criteria for primary and secondary members in accordance with the target performance 

levels of ñImmediate Occupancyò (IO), ñLife Safetyò (LS), and ñCollapse Preventionò (CP). 

 

Figure 3-11. Generalized Component Force-Deformation Relations (FEMA 356, 2000) 
 

The target displacement for building with rigid diaphragm was calculated based on FEMA-

356/ASCE-41 for SLE, DLE, and MSE from Equation 3.34 and presented in Table 3-9. The 

effective fundamental period, Te shall be calculated with Equation 3.35.  

‏ ὅὅὅὅὛ
Ὕ

τ“
 (3.34) 

Ὕ Ὕ
ὑ

ὑ
 (3.35) 

ὅ ρ
Ὑ ρ

ὥὝ
 (3.36) 

Ὑ
Ὓ

ὠ ὡϳ
ὅ  (3.37) 

ὅ ρ
ȿὥȿὙ ρ

Ὕ
 (3.38) 
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Where, C0 relate roof displacement of MDOF to spectral displacement of an equivalent SDOF, 

C1 relate linear elastic response to maximum inelastic displacement, and for a period greater than 

0.2 seconds shall be calculated with Equation 3.36, Ti is the elastic fundamental period,  a is the 

site class factor and R is elastic strength demand to yield strength ratio from Equation 3.37, Vy is 

the yield strength, W is the seismic weight and Cm is the effective mass factor. C2 considers the 

effect of pinch hysteretic shape and C3 represents the increased displacement due to the P-Delta 

effect in Equation 3.38. An idealized relationship between base shear and displacement was 

created for all three models and the elastic lateral stiffness Ki, effective lateral stiffness Ke as well 

as effective yield strength Vy was extracted from the equivalent bilinear envelope.  

Table 3-9. Target displacements 

 

Hazard 

Level 

(Cm) 

Number of Stories 

4 8 12 

‏ ὛὒὉ 13.387 51.37 73.81 

‏ ὈὒὉ 36.815 141.29 202.97 

‏ ὓὅὉ 60.243 231.20 332.14 

 

Figure 3-12 is the nonlinear static analysis curves for different hazard levels of SLE, DLE, and 

MCE with and without P-ȹ effects. The structure remains in the elastic part in the SLE zone and 

the P-ȹ effect can be ignored, whereas MCE the capacity of the structure was reduced when it 

accounts for the P-ȹ effect.  
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Figure 3-12. Normalized base shear vs. roof drift ratio for MCE (4,8,12-Story) 

The sequence of formation of plastic hinges for 4-story in DLE and MCE at step 47 is illustrated 

in Figure 3-13. The dark blue color represents immediate occupancy, and the turquoise color 

represents life safety for DLE, which is seismically safe; however, when MCE enters the inelastic 

zone, the damage mechanisms of the building are formed, as shown in red. 

 

Figure 3-13. Formation of plastic hinges for 4-story (DLE &MCE) 

 

3.4.4 Inelastic History Analysis 

The connections between the response of the structure and ground-motion parameters have been 

explored through different strategies (Gavin et al. 2011, Cordova et al. 2001, Baker 2007). Scaling 

and spectral matching are two approaches for adjusting time series to be consistent with the design 

response spectrum. 


























































































































































































































































































