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Features

• Introduces the main seismic concepts and the performance and response of structures
to earthquakes

• Reviews the effect of the use of dampers on dynamic characteristics of building
models with respect to shear wave velocity on the Soil-Structure Interaction (SSI)
systems, the available modal analysis methods for SSI systems and their application
to Multi Degree of Freedom (MDOF) modal response history analyses

• Presents a formulation of MDOF adjacent buildings used for analytical study of the
book

• Offers the optimum design, using genetic algorithm, NSGA-II and Pareto optimal
solution, having discussed control algorithms
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Preface

While introducing important concepts in the study of earthquakes related to retrofitting of 
structures to be made earthquake resistant. The book investigates the pounding effects on 
base-isolated buildings, the soil-structure-interaction effects on adjacent buildings due to 
the impact, the seismic protection of adjacent buildings and the mitigation of earthquake-
induced vibrations of two adjacent structures. These concepts call for a new understanding 
of controlled systems with passive-active dampers and semi-active dampers. The passive 
control strategy of coupled buildings is investigated for seismic protection in comparison 
to active and semi-active control strategies.
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1
Effects of Earthquake on 

Structures

1.1 Preview

In the context of structural design, optimisation is essential to create structural systems 
that maximise the levels of safety and economise on the limited resources available in 
computerised structural design methods. Residential buildings, which are located in 
seismically-active regions, are often built close to each other due to the economics of land 
use or architectural reasons. Pounding refers to a building hitting an adjacent building 
due to lateral loading, for example, an earthquake, which is one of the main causes of 
severe building damages. Non-structural damage means movement across seperation joints 
between adjacent buildings. Due to the closeness of structures, the pounding problem is 
especially widespread and dangerous since a maximum land use is required. The simplest 
way to reduce or avoid pounding is to provide adequate separation distance between the 
buildings. The required separation distance is not always easy to provide. Thus, a minimum 
separation distance is desired between adjacent buildings. This book describes a range of 
pounding reduction devices, and a comprehensive literature review of topics that form 
the background. The problem is complicated by the fact that adjacent buildings with 
different owners are built at different times with different building code specifications. 
These buildings can be designed with different dynamic characteristics. Seismic pounding 
between adjacent buildings with different dynamic characteristics can occur because of the 
lack of an essential gap between the buildings. Further, the book shows the effect of the 
use of dampers on the dynamic characteristics of the building models, with respect to shear 
wave velocity on the soil-structure interaction (SSI) systems, the available modal analysis 
methods for SSI systems and their application to Multi Degree Of Freedom (MDOF) 
modal response history analyses. The main differences and advantages are pointed out 
in addition to the optimal design of passive, active and semiactive devices in structural 
control optimisation and design approaches. 
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1.2  Objectives and Limitations

Investigation of both the pounding response, including soil-structure interaction (SSI) and 
pounding of seismically isolated buildings, without considering the presence of adjacent 
buildings is very limited. By considering the recent developments in the structural control 
methods, the concept of control system for adjacent buildings plays an important role. 
Thus, this book develops a methodological framework that is applicable to various 
types of structural engineering projects. These projects can be a design and/or retrofit of 
structures with some control devices in the scope of structural optimisation problems. In 
addition, according to a certain performance index, the designed control system needs to 
be optimum in some sense. Optimum dampers, parameters of passive control devices, 
command voltage of semi-active dampers and stable controllers of active control systems 
are obtained according to the chosen performance index.

Some assumptions have been adopted during the calculations for highlighting the important 
features of damper devices connected to neighbouring buildings and investigating the 
effect of soil-structure interaction on the response of fixed-base isolated buildings. The 
rigid diaphragm of the floor is assumed. A linear multi-degree of freedom system where 
the mass of each level is lumped in the floors is provided for each building. The stiffness 
is provided in terms of columns. Moreover, the friction coefficients between the sliding 
surfaces are taken as constant while the base isolated buildings are investigated. Spatial 
difference of the ground motion can be neglected because the total plan dimensions of the 
buildings in the excitation direction are not large. Pounding forces are calculated by the 
Coulomb friction model. Hence, in the y planer and z vertical directions, the coefficient 
of friction and coefficient of restitution for energy dissipation are assumed to be constant 
during the impact. 

The SSI forces are modelled in the form of frequency-independent soil springs and 
dashpots with modelling the coupled buildings resting on the surface of an elastic half-
space. An investigation is carried out in three parts for the specific objectives of this book. 
Firstly, the investigation is done to analyse the earthquake-induced pounding between two 
insufficiently separated buildings, considering the inelastic behaviour of the structures’ 
response. Secondly, the seismic response history analysis of multi-storey inelastic adjacent 
buildings of different sizes with SSI systems during the impact is investigated. After the 
first two parts, the specific objectives of this book continue to focus on the reduction 
of displacement, acceleration and shear force responses of adjacent buildings, using 
supplemental damping devices. Further, the optimal placement of the damper devices, 
instead of placing them on all the floors in order to minimise the cost of the dampers, is 
investigated. Various earthquake records are used to examine the seismic response of two 
buildings under different ground motions. A formulation of the equation of motion for two 
different buildings is presented for each numerical example used in this book. The resulting 
systems of second-order constant coefficient equations are reformulated as a system of first-
order ordinary differential equations and solved, using the ordinary differential equation 
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solver of MATLAB. The coupled multi-degrees of freedom modal differential equations 
of motion for two-way asymmetric shear buildings are derived and solved, using a step-
by-step solution by the fourth-order Runge-Kutta method with and without any impact in 
this book. 

A conventional optimisation approach is combined with multiple objective functions 
into a single-objective function by use of arbitrary weights. The three objectives of 
this book are to minimise the number of MR dampers for economical benefits, the H∞ 
norm transfer function from external disturbance to the regulated output and the peak 
displacement or storey drift responses non-dimensionalised by related responses of 
the uncontrolled system. Numerical results of adjacent buildings controlled with MR 
dampers and the corresponding uncontrolled results are examined and compared with 
non-linear control algorithms. The optimal design of semi-active dampers placed 
between adjacent buildings is investigated in two different parts. The binary coded GA 
automatically employs and optimises the controllers used in this book in accordance with 
the fitness function that reflects the multi objective. In the first part, an adaptive method 
for design of a Fuzzy Logic Control (FLC) system for protecting adjacent buildings 
under dynamic hazards using MR dampers is proposed in single GA. Design of the  
Genetic Adaptive Fuzzy (GAF) controller is conducted in the first part of this book. 
Minimisations of the peak interstorey drift and displacement related to ground responses are 
the two objectives. A global optimisation method which is a modification of binary coded 
genetic algorithm adopted by Arfiadi and Hadi (2000, 2001) is used. Binary coded GA is 
used to derive an adaptive method for selection of fuzzy rules of the FLC system. The fuzzy 
correlation between the inputs (structural responses) and the outputs (command voltages) 
of the controller is provided by adding, changing and deleting the rules of the FLC system. 
Inputs are taken as top-floor displacements of both the buildings. Nevertheless, the multi 
objectives combined with single genetic algorithm and NSGA-II are also directly used 
as controllers to determine the vectors of both the number of dampers and the command 
voltage for each floor. 

The responses of the adjacent buildings are compared with the corresponding uncontrolled 
individual buildings. Further, three proposed controllers are compared under the other 
controllers. The other controllers are passive (on zero or maximum command voltage), 
and semi-active controllers based on LQR and H2/LQG (command voltage governed 
by the clipped optimal control law). In the last part, this book concludes that the main 
objectives of the optimal damper design are not only to reduce the seismic responses of 
the adjacent structures but also to save the total cost of the damper system. Therefore, the 
peak inter-storey drift response and the total number of non-linear dampers constitute the 
objective functions of the optimisation problem. The influence of damper location and the 
regulated outputs to be minimised on the control performance are studied. In short, the 
main objectives of the book are as follows:

	 •	 Investigation of seismic response analysis for the behaviour of inelastic adjacent 
buildings for comparison of fixed-base and base-isolated buildings modals under 
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two-directional ground motions considering the impact effects, using a modified non-
linear visco-elastic model 

	 •	 Identification of the key structural parameters influencing the pounding response of 
buildings and investigation of the effect of varying one parameter under earthquake 
excitations

	 •	 Development of an efficient approximate model that can fully describe the seismic 
response history analysis of elastic and inelastic multi-storey adjacent buildings of 
different dimensions with SSI effect during the impact due to earthquake excitations 
based on conventional modal response history analysis

	 •	 Presentation of total response histories of the various SSI systems, using MDOF 
modal equations of motion and comparing with the equation of motion for the whole 
SSI system obtained by the direct integration method

	 •	 Improvement of application of the structural control concepts for linking coupled 
buildings by Fluid Viscous Dampers (FVD) with or without the actuator to obtain the 
parameters or controller gains to achieve the best structural performance

	 •	 Identification of optimal placement of the damper devices instead of placing them on 
all the floors in order to minimise the cost of dampers using genetic algorithm

	 •	 Development of application of new structural control concepts for adjacent buildings, 
using MR dampers between the adjacent buildings with different controllers for 
optimising the parameters in single genetic algorithm and Non-Sorting Genetic 
Algorithm-II (NSGA-II).

1.3  Review of Literature

The literature review is carried out in four main parts. The first two parts concentrate on the 
effect of pounding on adjacent buildings with and without base isolation, considering the 
historical earthquakes. In the last two parts, several control strategies that were proposed 
by researchers are discussed. Studies in conjunction with the Soil-Structure Interactions 
(SSI) systems, using either frequency-dependent or frequency-independent for soil springs 
and dashpots, are investigated in this section. 

1.3.1  Earthquakes

Earthquakes have always been important to structural engineering in terms of the 
dynamic response of building structures. The damage reports after strong earthquakes 
show that the effect of structural pounding is often one of the reasons for the damage. 
Examples of serious seismic hazards due to pounding were reported during the Alaska 
(1964), San Fernando (1971), Mexico City (1985), Loma Prieta (1989) and Kobe  
(1995) earthquakes. Recent damaging earthquakes, such as at Northridge (1994), Kobe 
(1995), Turkey (1999) and Taiwan (1999) showed that the vibration of structures was so 
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severe that it led to the collapse of buildings (Kasai et al. 1996). In order to understand 
and prevent poundings, some measures at pounding locations (Anagnostopoulos and 
Spiliopoulos 1992, Jankowski et al. 1998) can be minimum separation distance between 
structures (Kasai et al. 1996, Penzien 1997, Lopez-Garcia and Soong 2009) and using 
some damper devices (Westermo 1989, Luco and Debarros 1998, Yang et al. 2003, Hadi 
and Uz 2009, Uz and Hadi 2009). In order to mitigate the structural systems response, 
control devices and schemes are being considered and commonly used in modern structural 
design. In order to reduce the seismic response of buildings, control devices have been 
utilised as supplement damping strategies. 

Building complexes have often impacted each other under earthquake-induced strong 
ground motion. A sudden movement of the ground caused by an earthquake can be 
transferred to the structure through the foundation. Chopra (1995) determined a time 
history of the ground acceleration usually defined by ground motion during an earthquake. 
Nowadays, various types of base isolation systems in coupled buildings are being proposed 
by several researchers in order to reduce the response of each structure during earthquake 
excitations. One approach is to modify the foundation of a superstructure by inserting a 
layer of material that has very low lateral stiffness, thus reducing the natural period of 
vibration of the structure. This approach is common in retrofitting structures by using a 
discrete number of friction bearings located between the foundation and the superstructure. 
Moreover, the existing space between buildings may not be enough to avoid pounding if 
either historic restoration or seismic rehabilitation for existing fixed-base buildings is done 
with the use of base isolation systems. 

1.3.2  Seismic Behaviour of Adjacent Buildings

Based on the above facts, there is a need to study the effect of base isolation on pounding 
of buildings as well as on pounding of these base-isolated buildings. The characteristics 
of pounding were evaluated on existing building configurations to provide guidance for 
future building designs by Maison and Kasai (1992). The installation of friction bearing 
allows the structure to slide on its foundation during ground movement. Hence, Agarwal et 
al. (2007) studied the use of friction bearings to reduce the base shear force transferred to 
the structure. Moreover, the use of friction bearings reduces the displacement of floors with 
respect to the base and the internal forces created in the structure. They can also be designed 
to permit sliding of the structure during very strong earthquakes. Hence, an investigation 
of the effect of base isolation can become a need to further explore the pounding of 
buildings. The differences in geometric and material properties of adjacent buildings can 
lead to significant differences in their response to the external forces. Spatial variation of 
the ground movement in case of an earthquake can also cause the adjacent structures to 
respond differently. As a result, adjacent buildings may vibrate quite differently during an 
earthquake and may impact each other at various times during their movement. Due to the 
huge mass of buildings, the momentum of vibrating structures increases, causing a lot of 
local damage during an impact. 
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In addition, large impact forces can significantly change the response behaviour during 
an impact or building pounding. The pounding phenomenon which occurs in multi-frame 
bridges, where the decks of the bridge impact each other during an earthquake, was 
investigated by DesRoches and Muthukumar (2002). The Mexico City earthquake (1985) 
is a good example of the degree of damage the pounding causes. Many cases of structural 
damage owing to mutual pounding between adjacent buildings during a major earthquake 
have been reported over the last two decades. Thereby, Lin and Weng (2001) determined a 
numerical simulation approach to estimate the probability of seismic pounding on adjacent 
buildings, using provisions of the 1997 Uniform Building Code. In order to determine 
the required distance between buildings, the International Building Code (2000) specifies 
the distance to be maintained between adjacent buildings as the square root of the sum of 
squares of their individual displacements. Kasai et al. (1996) used the spectral difference 
(SPD) method to calculate adequate building separation distance. Jankowski (2008) found 
that simulation errors in pounding force histories were equal to 12.7 per cent for the linear 
viscoelastic model, 33.5 per cent for the non-linear elastic model and 11.6 per cent for the 
non-linear viscoelastic model.

Another method to study the pounding problem is the ‘equivalent static force’ method 
in which equivalent static horizontal forces are applied to the building to simulate an 
earthquake. Matsagar and Jangid (2003) studied the seismic response of multi-storey 
building supported on different base isolation systems during an impact with adjacent 
structures. The step-by-step iteration method in the Newmark formulation for the coupled 
differential equations of motion in the isolated system is used and solved in an incremental 
form. With the difference of main system characteristics, such as the distance of gap, 
stiffness of impact element, superstructure flexibility and number of storeys of base-isolated 
building, the impact response of isolated building is studied. It is concluded that the effects 
of impact are found to be severe in a system with flexible superstructure, increased number 
of storeys and bigger stiffness in the adjacent structure.

1.3.3  Structural Control Optimisation

In the design of structures using control systems, the objective of this section is to 
provide an overview of research studies in the development of optimisation methods. 
Use of dampers for structures is reviewed under three approaches in this section. They 
are analytic formulations for design of dampers with parametric studies, optimal control 
theory and genetic algorithm approaches. Despite high-rise buildings being constructed 
in close proximity to each other, various methodologies for analytical formulations of 
interconnecting adjacent buildings have been examined for seismic hazard mitigation. 
Kim et al. (2006) investigated the effect of installing Visco-Elastic Dampers (VEDs) in 
places, such as building–sky-bridge connections, to reduce earthquake-induced structural 
responses. In order to investigate the effectiveness of the proposed scheme, a parametric 
study was undertaken, using single-degree-of-freedom systems connected by VEDs and 
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subjected to white noise and earthquake ground excitations. Dynamic analyses were 
carried out with 5-storey and 25-storey rigid frames. According to their analysis results, 
the use of VEDs in sky-bridges can be effective in reducing earthquake-induced responses 
if they are designed in such a way that the natural frequencies become quite different. This 
difference can be achieved by connecting with VEDs having different structural systems. 
Qi and Chang (1995) described the implementation of viscous dampers possessing several 
inherent and significant advantages, including linear viscous behaviour; insensitivity to 
stroke and output force; easy installation; almost-free maintenance and reliability and 
longevity.

Richard et al. (2006) mentioned coupled building control as an effective means of 
protection in flexible building structures. They studied the effects of building configuration 
and the location of connector on the overall system performance. They also examined 
the efficacy of passive and active coupled building control for flexible adjacent buildings.  
Zhu and Xu (2005) determined the analytical formulae for determining optimum  
parameters of Maxwell model-defined dampers to connect two coupled structures, using 
the principle of minimising the average vibration energy of both the primary structure and 
the two adjacent structures under white-noise ground excitation. A dynamic analysis shows 
that the damper of optimum parameters can significantly reduce the dynamic responses 
of the adjacent structures under white-noise ground excitation. Hadi and Uz (2009) 
investigated the importance of viscous fluid dampers for improving the dynamic behaviour 
of adjacent buildings by connecting them with fluid viscous dampers.

Kageyama et al. (1994) proposed a method to reduce the seismic response of a double-
frame building by connecting the inner and outer structures with dampers. Iwanami et al. 
(1996) investigated the optimum damping and stiffness values of the connecting damper 
by assuming each of the linked structures as a single degree of freedom system. Luco and 
Debarros (1998) examined the optimal distribution of the connecting dampers by modelling 
the neighbouring floors. Sugino et al. (1999) and Arfiadi and Hadi (2001) calculated the 
optimal parameters of the connecting dampers in conjunction with the genetic algorithm.  
Ni et al. (2001) analysed the seismic response of two adjacent buildings connected with non-
linear hysteretic damping devices under different earthquake excitations and demonstrated 
that non-linear hysteretic dampers are effective even if they are placed on a few floor 
levels. A parametric study also shows that optimum damper parameters and numbers are 
significantly important parameters in order to minimise the random seismic response. They 
also investigated the effect of variation of placement and the number of dampers on the 
seismic response of a structure. 

Moreover, using dampers with optimal parameters to link the adjacent buildings can 
increase the modal damping ratios. Thus, optimal parameters of the passive element, 
such as damping and stiffness under different earthquake excitations, can influence the 
structural parameters of the system (Yang et al. 2003). Ying et al. (2003) investigated a 
stochastic optimal coupling-control method for adjacent building structures. In a reduced-
order model for control analysis, the coupled structures with control devices under random 
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seismic excitations are modelled in their study. With structural energy control, both the 
seismic response mitigation for adjacent building structures and the dimension of optimal 
control problem are reduced. For a random response, non-linear controlled buildings and 
uncontrolled buildings are predicted by using the stochastic averaging method to evaluate 
the control efficacy. They also conducted a numerical study to demonstrate the response 
reduction capacity of the proposed stochastic optimal coupling-control method for adjacent 
buildings.

Mitigation of the seismic response of adjacent structures connected with active control 
devices has been investigated by Seto and Mitsuta (1992), Luco and Wong (1994), Yamada 
et al. (1994), Arfiadi and Hadi (2000) and Kurihara et al. (1997). Various control strategies 
were investigated by a number of researchers and full-scale applications are beginning 
to appear. Spencer et al. (1998) studied a scale model of a three-storey building with 
active mass driver and active tendon system, using various active control algorithms. In 
the optimal control theory approach, optimising the use of dampers to mitigate seismic 
damage has hitherto not been investigated in spite of enhancing structural control concepts 
in structural vibration control through the application of optimisation. Luco and De Barros 
(1998) investigated the optimal damping values for distribution of passive dampers 
interconnecting two adjacent structures. In general, analytical and experimental studies 
investigated the dynamic responses of the structures before and after installing a damping 
device to understand their effectiveness. However, very few studies have been done with 
regard to the effect of non-uniform distribution of dampers (Yang et al. 2003, Bhaskararao 
and Jangid 2006a, Ok et al. 2008, Bharti et al. 2010). None of these studies show a clear 
comparison in order to indicate the quality of their proposed arrangement/solution. For 
example, Bhaskararao and Jangid (2006a) proposed a parametric study to investigate the 
optimum slip force of the dampers in the responses of two adjacent structures. The authors 
also showed that the response reduction is associated with optimum placement of damper.

Yang et al. (2003) showed that in order to minimise the loss in a performance, the number 
of dampers can be decreased. The authors confirmed that it is not necessary to equip every 
single floor with a viscous damper based on their trial-and-error solution, but no solution for 
the optimal arrangement was provided. A similar study for semi-active magnetorheological 
(MR) dampers was conducted by Bharti et al. (2010) who proposed that the placement of 
damper is not neccessary for every single floor. They also confirmed the results obtained by 
Ok et al. (2008) in a performance for adjacent buildings equipped with MR dampers by use 
of genetic algorithms. In the study by Ok et al. (2008), an optimal design method of non-
linear hysteretic damper as an example of passive type magnetorheological (MR) damper 
was conducted based on multi-objective genetic algorithm and nonlinear random vibration 
analysis with the stochastic linearisation method. It was found that the building parameter 
and damper parameters influence the response of connected buildings (Bharti and Shrimali 
2007, Dumne and Shrimali 2007). In an attempt to devise a clear method to provide the 
optimal arrangement, Bigdeli et al. (2012) introduced optimisation algorithms to find the 
optimal configuration for a given number of dampers. For the purpose of comparison, the 
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authors also used the highest relative velocity heuristic approach based on the work of Uz 
(2009). Hadi and Uz (2009) and Uz and Hadi (2009) proposed placement of fluid viscous 
dampers in floors where the maximum relative velocity occurs. This work was repeated by 
Patel and Jangid (2009).

During the last two decades, a procedure was developed in order to analyse three-
dimensional buildings utilising passive and active control devices, in which two types of 
active control devices—an active tuned mass damper and an active bracing system—were 
taken into account by Arfiadi and Hadi (2000). The passive parameters of the dampers as 
well as the controller gain were then optimised, using a genetic algorithm based on the 
LQR, H2, H∞ and L1 norms of the objective function. Although a passive control technique 
is adopted due to its simplicity, semi-active and active control systems receive considerable 
attention now. Arfiadi and Hadi (2001) improved a simple optimisation procedure with 
the help of GAs to design the control force. They used a static output feedback controller 
utilising the measurement output. In this case, the control force is obtained by multiplying 
the measurement with the gain matrix (Arfiadi and Hadi 2001). 

In the genetic algorithm approach (GA), which was initially developed by Holland (1975), 
was used as an optimisation tool in designing control systems (Hadi and Arfiadi 1998, 
Arfiadi 2000, Arfiadi and Hadi 2000, 2001, 2006, Bigdeli et al. 2012, Sun et al. 2013). 
Control algorithms developed for passive, semi-active and active control have been 
directly useful for developing other recent control strategies. The most common optimal 
control algorithms, such as Linear Quadratic Regulator (LQR), H2/LQG (Linear Quadratic 
Gaussian), H2, H∞ and fuzzy control can be chosen by combining the GAs. The objectives of 
minimising peak inter-storey drift and the total floor acceleration response of the structure 
were combined into a single function to find the optimal distribution and size of PED devices 
under earthquake excitation in the seismic design of shear frame structure by Dargush and 
Sant (2005). Ahlawat and Ramaswamy (2003) proposed an optimum design of dampers, 
using a multi-objective version of the GA. Application of the Multi Objective Genetic 
Algorithm (MOGA) in determining the design and retrofitting of non-linear or linear shear 
frame structures with passive energy devices was recently proposed by Lavan and Dargush 
(2009). In their study, the maximum inter-story drift and the maximum total floor acceleration 
were simultaneously minimised by using the MOGA. The optimal size, location and type 
of dampers were determined to achieve their objective in the study. However, this method 
has been applied only to a specific optimisation problem. Therefore, this study presents 
different types of single and multi-objective optimisation problems by using global and 
local objective function measures and applied for optimal design of passively, actively and 
semi-actively-controlled adjacent buildings. For obtaining the best results in the reduction 
of structures, combined application of GAs and fuzzy logic was proposed to design and 
optimise the different parameters of active dampers by Pourzeynali et al. (2007).

The fuzzy logic control (FLC) theory has attracted the attention of engineers during 
the last few years (Symans and Kelly 1999, Yan and Zhou 2006), but there are some 
drawbacks in FLC systems. The fuzzy sets and rules that require a full understanding of 
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the system dynamics must be correctly pre-determined for the system to function properly. 
Furthermore, in order to mitigate the responses of seismically-subjected civil engineering 
structures, multiple MR dampers distributed between the adjacent buildings should be used 
(Yan and Zhou 2006). Zhou et al. (2003) successfully applied an adaptive fuzzy control 
strategy for control of linear and non-linear structures. The authors found that the adaptive 
feature of a fuzzy controller has various advantages in the control of a building, including 
an MR damper system. GA optimisation of FLCs related to structural control applications 
was recently investigated by Kim and Roschke (2006). They proposed minimisation of 
four structural response objectives utilising a non-dominated sorting genetic algorithm  
(NSGA-II) in each of these application control of a hybrid base isolation system by MR 
dampers.

Another trend in the development of FLC system is to combine genetic algorithms (GA) 
as an optimisation tool in designing control systems (Hadi and Arfiadi 1998, Arfiadi 
2000, Arfiadi and Hadi 2000, 2001, Kim and Ghaboussi 2001, Kim et al. 2006, Bigdeli 
et al. 2012). Optimising the dampers to mitigate seismic damage to adjacent buildings 
has hitherto not been investigated in spite of enhanced structural control concepts in 
structural vibration control through the application of optimisation in an integrated GA-
FLC. Ahlawat and Ramaswamy (2003) proposed an optimum design for dampers using a 
multi-objective version of the GA. Arfiadi and Hadi (2001) improved a simple optimisation 
procedure with the help of GAs to design the control force. They used a static output 
feedback controller utilising the measurement output. For obtaining the best results in the 
reduction of structures, combined application of GAs and FLC was proposed to design and 
optimise the different parameters of active dampers by Pourzeynali et al. (2007). 

1.3.4  Soil-Structure Interaction

Interactions between inadequately separated buildings, soil-structure or bridge segments 
was repeatedly observed during severe ground motion. An accurate structural model 
has to be built to effectively represent the dynamic characteristics of real structures for 
investigating the response of structural systems under severe earthquake excitations  
(Wu et al. 2001). An efficient methodology was given in detail to systematically evaluate  
the dynamic responses of irregular buildings with the consideration of soil-structure 
interaction in the study of Wu et al. (2001) (see Fig. 1.1). Realistic structural models by 
incorporating the modelling complexities, such as pounding-involved response (Jankowski 
2008, Hadi and Uz 2010b), soil-structure interaction (SSI) (Gupta and Trifunac 1991, 
Sivakumaran et al. 1992) and torsional coupling (Hejal and Chopra 1989) have recently 
been developed in various analytical approaches based on the progress made in structural 
dynamics and earthquake engineering. It is also recognised that SSI and torsional coupling 
may result in substantial damage or even lead to a structure’s collapse during earthquakes 
owing to the fact that these interactions can drastically alter the seismic response of 
structures. In the past two decades, research studies elucidated that the reduction of natural 
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frequency due to soil flexibility, the partial dissipation of the vibration energy of a structure 
through wave radiation into the soil and the modification of actual foundation motion from 
the free field ground motion can be observed on foundation structure systems (Gupta and 
Trifunac 1991, Sivakumaran and Balendra 1994, Wu et al. 2001). However, the common 
practice usually does not account for the effects of earthquake-induced SSI on the seismic 
behaviour of adjacent buildings of different dimensions. The effect of SSI on structure 
response had not been seriously taken into account until the beginning of nuclear plant 
constructions. The earthquake response analysis of linear symmetric buildings with SSI 
has been investigated well enough (Novak and Hifnawy 1983a, Seto 1994, Spyrakos et al. 
2009). In these studies, multistorey buildings resting on the surface of an elastic half space 
were modelled as a planar building for the interaction system.

Many researchers have investigated the issue of seismic analysis of two-way asymmetric 
buildings with soil-structure interaction under two-directional ground motions (Balendra 
et al. 1982, Balendra 1983, Balendra et al. 1983, Novak and Hifnawy 1983b, Sivakumaran 
and Balendra 1994). In these studies, to deal with non-proportional damping of the SSI 
systems, equivalent modal damping was calculated to facilitate the modal response history 
analysis. The equivalent modal damping was estimated by either quantifying the dissipated 
energy in the soil (Novak and Hifnawy 1983a, Novak and Hifnawy 1983b) or matching 
the approximation approaches normal mode solution with rigorous solution of a certain 
structural location (Balendra et al. 1982). For engineering applications without the need 

Fig. 1.1 Illustration of an asymmetric building with the soil-interaction model.
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for calculating the complicated equivalent modal damping, a simple and real valued modal 
response history analysis has been developed (Tsai et al. 1975, Jui-Liang et al. 2009). 
In these studies, the modal response histories of a single building resting on the surface 
of an elastic half space were investigated by solving the multi-degree of freedom modal 
equations of motion, using the step-by-step integration method.

The aim of this book is to conduct a comparative research study to investigate the SSI 
effect on adjacent buildings, considering the effect of pounding. Based on the fourth order 
Runge-Kutta method, a MATLAB program was developed to solve the equations of motion 
for SSI systems of coupled buildings subjected to pounding effects under excitations of 
earthquake ground acceleration.

1.4  Classification of Seismic Isolation Devices

Figure 1.2 shows the classification of damper devices in the mitigation of seismic response 
of buildings. Adjacent high/medium-rise buildings with control devices to mitigate the 
seismic or wind response have been an active research subject in recent years. The aim 
of passive response-control systems, in which a kind of energy dissipation or damping 
mechanism is installed, is to mitigate the effects of earthquakes and/or wind induced 
vibration of buildings for improving and enhancing the performance of individual buildings 
(Kitagawa and Midorikawa 1998). Many types of energy dissipation or damping devices 
have been developed, such as a hysteretic damper (HD), a friction damper (FD), a tuned 
liquid (sloshing) damper (TLD), a tuned mass damper (TMD), an oil damper (OD), a fluid 
viscous damper (FVD) and a visco-elastic damper (VED) as shown in Fig. 1.2.

Fig. 1.2 Classification of seismic isolation devices.
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The methods mentioned above can be classified as structural devices used to control the 
seismic movements of structures, where the mechanisms of structural response can be 
activated by motion of the structure itself or by motion of the control forces applying 
devices. The mechanisms of structural response are enhanced by using improved control 
devices in buildings. 

1.5  Efficiency of Control Devices

Nowadays, the use of control devices in buildings has become inevitable to mitigate 
the structural vibration. Moreover, for improving the dynamic behaviour of adjacent 
buildings, control devices are connected between adjacent buildings as active, semi-active 
and passive devices. In order to ensure maximum safety of structures, today’s modern 
concepts highlight the use of added damping, base isolation and mass damper as alternative 
methods for mitigating the total displacement and inter-storey drift of the structure. The 
concept of linking adjacent buildings using the above mentioned dampers has thus been 
proposed to improve their both seismic-resistant and wind-resistant performances. Passive 
devices are quite simple to design and build. However, the performance of passive control 
is sometimes limited. Therefore, for achieving a relative performance of passive control 
devices, optimum damper properties are implemented to protect against one particular 
dynamic loading. Active control strategies are generally effective, but they have some 
disadvantages while needing large amounts of power in action. Further, they may result 
in instabilities in controlled structures. Semi-active devices have been shown to possess 
the advantages of active control devices without requiring the associated large power 
sources. If power fails, they behave like a passive device. For these reasons, they have a 
promising future in structural control. A design system based on a performance function 
is utilised to obtain the damper parameters resulting in the best overall system response. 
The control parameters of devices, such as the damping capacity, number and location of 
a device in each of the adjacent buildings, have a significant effect on response mitigation. 
Further, these control parameters are important to achieve the desired design objectives 
while satisfying the constraints. In the context of structural design, optimisation is used 
to describe the progress of new structural systems in a manner that maximises safety and 
minimises the cost while satisfying certain constraints. Optimum design of structures with 
installed control devices was conducted for not only defining size, type and location of 
devices but also in choosing the cost function to be minimised. 

1.6  Lumped Mass Systems

The response of older buildings adjacent to the site also needs to be considered. Several 
models of closely spaced adjacent buildings have been developed. These models can be 
categorised as lumped mass systems, which, being the most basic idealisation of a structure 
and relatively straightforward to analyse, are most popular. A three-dimensional model of 
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MDOF system using finite element models was developed by Papadrakakis et al. (1996). 
They used the Lagrange Multiplier Method to study the response of two or more adjacent 
buildings located in a series or in a orthogonal configuration with respect to one another. 

As shown in Fig. 1.3, the adjacent buildings have been modelled at two degree of freedom 
(2-DOF) systems with lumped masses m11, m12, m21 and m22. The stiffnesses of the two 
buildings are k11, k12, k21 and k22 and their linear viscous constants are c11, c12, c21 and c22 
respectively. Two buildings have been modelled by introducing a spring and a linear 
viscous dashpot between the adjacent buildings. The stiffness of the spring between the 
first floors in adjacent buildings is k11,21 and that between the second floors is k12,22. The 
corresponding viscous constants are c11,21 and c12,22.

Dynamic equations for adjacent buildings connected by a damper in two degrees of freedom 
systems can be written by drawing the free body diagrams for the lumped masses as shown 
in Fig. 1.4, Fig. 1.5, Fig. 1.6 and Fig. 1.7. The equilibrium equations can be written as 
follows:

The equation of equilibrium of the first floor in Building 1 that is connected with the first 
floor in Building 2 is as follows:

	
( ) ( ) ( ) ( )

( ) ( ) ( )
11 11 11 11 1 11 11 1 12 12 11 12 12 11

11 21 11 1 21 2 11 21 11 1 21 2 11

B B

, ,B ,B , ,B ,B

m y c y y k y y c y y k y y

c y y k y y F t

+ − + − − − − −

+ − + − =

    

 

	 (1.1)

Fig. 1.3 Schematic diagram of the two adjacent 2-DOF fixed base systems.
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Fig. 1.4 Free body diagram for lumped mass m11 of first floor of Building 1.

k11(y11 – yB1) + c11(ẏ11 – ẏB1)

k12(y12 – y11) + c12(ẏ12 – ẏ11)

k11,21(y11,B1 – y21,B2) + c11,21(ẏ11,B1 – ẏ21,B2)

m11 ÿ11
m11 F11 (t)

Fig. 1.5 Free body diagram for lumped mass m12 of second floor of Building 1.

m12 ÿ12
m12 F12 (t)

k12(y12 – y11) + c12(ẏ12 – ẏ11)

k12,22(y12,B1 – y22,B2) + c12,22(ẏ12,B1 – ẏ22,B2)

Fig. 1.6 Free body diagram for lumped mass m21 of first floor of Building 2.

k22(y22 – y21) + c22(ẏ22 – ẏ21)

m21 ÿ21 m21 F21 (t)

k21(y21 – yB2) + c21(ẏ21 – ẏB2)

k11,21(y11,B1 – y21,B2) + c11,21(ẏ11,B1 – ẏ21,B2)

Fig. 1.7 Free body diagram for lumped mass m22 of second floor of Building 2.

m22 ÿ22 F22 (t)m22

k22(y22 – y21) + c22(ẏ22 – ẏ21)

k12,22(y12,B1 – y22,B2) + c12,22(ẏ12,B1 – ẏ22,B2)
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Here, 11 11 1 1,B By y y= +    = absolute acceleration
11 1 11, 1B By y y− =    = relative velocity with respect to base

11 1 11, 1B By y y− =  = relative displacement with respect to base

Substituting for the above relations in Eq. (1.1) and rearranging

	
( ) ( ) ( ) ( )

( ) ( ) ( )
11 11 1 11 11 1 11 11 1 12 12 1 11 1 12 12 1 11 1

11 21 11 1 21 2 11 21 11 1 21 2 11 11 1

,B ,B ,B ,B ,B ,B ,B

, ,B ,B , ,B ,B B

m y c y k y c y y k y y

c y y k y y F t m y

+ + − − − −

+ − + − = −

   

  

	 (1.2)

Similarly, for the second level in Building 1, the equation obtained is:

	
( ) ( ) ( )

( ) ( )
12 12 12 12 11 12 12 11 12,22 12, 1 22, 2

12,22 12, 1 22, 2 12

B B

B B

m y c y y k y y c y y

k y y F t

+ − + − + −

+ − =

    

	 (1.3)

By substituting for absolute acceleration and relative velocity and displacement before 
rearranging, the equation of motion can be rewritten as

	
( ) ( ) ( )

( ) ( )
12 12, 1 12 12, 1 11, 1 12 12, 1 11, 1 12,22 12, 1 22, 2

12,22 12, 1 22, 2 12 12 1

B B B B B B B

B B B

m y c y y k y y c y y

k y y F t m y

+ − + − + −

+ − = −

    



	 (1.4)

The equation of motion for adjacent building models is obtained from the equilibrium 
equations of the free body diagram of each of the lumped mass of buildings. Thus, for each 
of the buildings, Eqs. (1.2) and (1.4) can be written in matrix form. The dynamic equation 
in matrix form for Building 1 is as follows:

	 ( ) ( )
( )

11 1 11 1 11 111 11 12 12 11 12 12

12 1 12 1 12 112 12 12 12 12

11 21 11 1 21 2 11 21 11 1 21 2

12 22 12 1 22 2 12 22 12 1

0
0

,B ,B ,B

,B ,B ,B

, ,B ,B , ,B ,B

, ,B ,B , ,B

y y ym c c c k k k
y y ym c c k k

c y y k y y

c y y k y

+ − + −          
+ +          − −          

− + −
+

− +

 

 

 

  ( )
11 11 1

12 12 122 2

0
0

B

B,B

F m y
F m yy

         = −      −       





	 (1.5)

The equation of equilibrium of the first floor in Building 2 is similar to that in Building 1. 
In these equations, y11, y12, y21 and y22 denote the absolute displacements of the lumped mass 
in Buildings 1 and 2, respectively. Here, the first subscript denotes the building number 
while the second denotes the nth lumped floor of the building. The y11,B1, y12,B1, y21,B2 and 
y22,B2 in these equations are the relative displacements of floors with respect to the base of 
Buildings 1 and 2, respectively; ӱB1 and ӱB2 denote the acceleration of the base or the ground 
acceleration which each of the two buildings is subjected to. Since the spatial variation of 
the earthquake is not considered, these accelerations will be equal. A convenient matrix 
form can be developed by first combining these equations that lead to the expression:

www.TechnicalBooksPDF.com



17

Effects of Earthquake on Structures

	

11 1 11 111 11 12 12

12 1 12 112 12 12

21 2 21 221 21 22 22

22 2 22 222 22 22

11 12 12

12

0 0 0 0 0
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0 0 0 0 0
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0 0
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k k k
k k

+ −      
      −      +
      + −
      

−         
+ −

−
+

 

 

 

 

( ) ( )
( ) ( )
( )

11 1

12 112

21 221 22 22

22 222 22

11 21 11 1 21 2 11 21 11 1 21 2

12 22 12 1 22 2 12 22 12 1 22 2

11 21 11 1 21 2 11 21 11 1 21

0 0
0 0
0 0

,B

,B

,B

,B

, ,B ,B , ,B ,B

, ,B ,B , ,B ,B

, ,B ,B , ,B ,B

y
y
yk k k
yk k

c y y k y y

c y y k y y

c y y k y y

  
  
  
  + −
  

−     

− + −

− + −
+

− − − −

 

 

  ( )
( ) ( )

2
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21 21 2
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 
 
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 






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	 (1.6)

Finally, for collecting stiffness and damping contributions, the equation of motion for 
adjacent building systems as illustrated in Fig. 1.3 can be rewritten as:

	

11, 111
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In a two-degree of freedom model, the equation of motion for adjacent building systems at 
both the floor levels is seen in Eq. (1.7). As in the case of two-degree of freedom system, the 
equation of motion for adjacent buildings which are modelled as multi-degree of freedom 
systems can be obtained by writing the equilibrium equations from the free body diagram 
of each of the lumped mass of the building.

1.7  Equations of Motion

Building A and Building B have n + m storeys and n storeys, respectively, as shown in 
Fig. 1.8. The mass, damping coefficient and shear stiffness values for the ith storey are 
mi,1, ci,1, ki,1 for Building A and mi,2, ci,2, ki,2 for Building B, respectively. The stiffness of 
viscous damper and the coefficient of damping on the first floor are represented as kd,i and 
cd,i, respectively.

The dynamic model of coupled buildings is taken to have a 2n+m degree of freedom 
system. The equations of motion for this system are expressed as

	 MŸ + (C + Cd )Ẏ + (K + Kd )Ẏ = –MIŸg 	 (1.8)

where M, C and K are the mass, damping and stiffness matrices of the coupled buildings, 
respectively; Cd and Kd are the additional damping and stiffness matrices consisting the 
installation of the fluid viscous damper; Y is the relative displacement vector with respect 
to the ground and consists of Building A’s displacements in the first n + m positions and 
Building B’s displacements in the last n positions; I is a unity matrix with all its diagonal 
elements equal to unity and the rest equal to 0; ӱg is the earthquake acceleration at the 
foundations of the buildings. The details of each matrix are shown as follows:
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Fig. 1.8 Structural model of coupled buildings with joint dampers.
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Fig. 1-8Structural Model of Coupled Buildings with Joint Dampers 
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And 0 in Eqs. (1.9) and (1.10) is described as a zero matrix. For time-domain analysis, the 
above equations can be used directly for any given time history record of ground motion. 
For the frequency domain analysis, the traditional random vibration-based SRSS (the 
square root of the sum of the squares of modal responses) method is used because of the 
classical damping properties of the damper-building system.

1.8  Outline of the Book

This book investigates the pounding effects for base-isolated buildings, the soil structure 
interaction effects on adjacent buildings considering impact effect and the seismic 
protection of adjacent buildings and the mitigation of earthquake-induced vibrations of the 
two adjacent structures. The passive control strategy of coupled buildings is investigated for 
seismic protection with comparison to active and semi-active control strategies. To achieve 
these objectives, this book is divided into twelve chapters (including the introduction), 
which are organised as follows:

Chapter 1 presents the potential of pounding reduction devices, providing a comprehensive 
review of topics that form the background of this book. In order to understand the effect 
of dampers on the dynamic characteristics of building models, with respect to shear wave 
velocity on SSI systems, the available modal analysis methods for the SSI systems and its 
application to MDOF modal response history analyses are critically reviewed. The main 
differences and advantages are pointed out. Optimal design of passive, active and semi-
active devices in structural control optimisation and design approaches are also reviewed. 

Chapter 2 contains a formulation of multi-degree-of-freedom adjacent buildings used 
for analytical study of the book. Formulations for the base-isolated buildings and fixed 
buildings with SSI systems under the effect of impact are introduced in equations for 
adjacent buildings modelled under inelastic and elastic systems. The reference buildings 
without the SSI effects are described in order to investigate the effect of SSI on the 
behaviour pounding of the system. 
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Chapter 3 shows the principles and dynamics of controlled passive-active and semi-active 
control concepts introduced along with the state-space concept, feedback control systems 
and stability of the active and semi-active control structures.

Chapter 4 provides the control algorithms to design control systems. The basic components 
of some control algorithms, such as H2, H∞, H2/LQG, LQR with output feedback, clipped 
optimal control and Fuzzy Logic Control (FLC) are described here. 

Chapter 5 contains the optimum design using genetic algorithm, NSGA-II and Pareto 
optimal solution, having discussed control algorithms. Basic mechanisms, components 
and advantages of genetic algorithms (GAs) and multi-objective genetic algorithm as a 
structural optimisation method are defined in this section. 

Chapter 6 shows a numerical study of two adjacent buildings on damping control, solving 
two different methods for the equation of motion, such as the rigorous method using direct 
integration method and the proposed approximation method, using MDOF modal response 
history analysis. The response histories of the eight degrees of freedom for each vibration 
mode shapes of the adjacent buildings modelled in various SSI effects are described, 
including the applications and enhancements of particular adjacent building models. 

The results for response analysis and time-history analysis are shown in Chapter 7. 
Additionally, the benefits of installing passive, active and semi-active control systems are 
evaluated for adjacent buildings. This chapter summarises the findings of this book, which 
includes the coupled buildings connected by passive dampers evaluated through the values 
of changing shear wave velocity on the behaviour of coupled buildings under various SSI 
systems in two-directional seismic ground motions. Additionally, several cases are defined 
in Chapter 7. The results of a number of these cases are presented to demonstrate the 
approach and the potential effectiveness of this methodology. 

Chapter 8 proposes discussions and conclusions. A list of References and Appendices sum 
up the chapter.
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Mathematical Modelling of 
Adjacent Buildings under 

Earthquake Loading

2.1 Introduction

Successful studies have been undertaken to investigate the pounding effect on buildings 
and to develop engineering solutions regarding the behaviour of buildings under different 
soil effects. However, since the last two decades, the pounding effect of adjacent buildings 
considering the soil-structure effects is yet to be understood fully. This chapter has two 
parts describing the proposed system models—firstly, the behaviour of the symmetric 
adjacent buildings having base isolations is investigated with pounding effects, ignoring 
the soil structure interaction (SSI) system and torsion effect; next, in order to consider the 
effects of the large and small SSI systems, two-way asymmetric coupled buildings are 
modelled in Section 2.5. The objective of the first part is to validate the equation of motion 
for the SSI system compared to the multi-degrees of freedom modal equations of motion.

2.2 Calculation of Building Separation Distance

The required distance between two adjacent buildings in order to reduce the risk of seismic 
pounding was determined by Valles and Reinhorn (1997), as shown Fig. 2.1. For adjacent 
buildings, the seismic pounding problems, which have received increasing attention, were 
considered by many researchers. The International Building Code (2003) calculated the 
required distance between two adjacent buildings in terms of the square root of the sum 
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of squares (SRSS) of the individual building displacements due to the risk of seismic 
pounding. D1 and D2 in Fig. 2.1 are displacements of the adjacent buildings as shown 
at δM1 and δM2. The following standard is the concept of specification from International 
Building Code (2003).
The aforementioned research studies focus on avoidance of mutual pounding between 
adjacent buildings, which are spaced very closely. In this book, the alleviation of earthquake 
responses of coupled buildings, spaced with a definite distance by using fluid dampers 
to connect them, is presented. Previous studies demonstrate the effectiveness of passive 
energy-dispersing systems to develop seismic performance of connected buildings observed 
through extensive analytical and experimental investigations. However, the performance 
of fluid viscous dampers in terms of the reduction of displacement, acceleration and shear 
force responses of adjacent buildings, determining the optimal design parameters of 
dampers for adjacent buildings of the same stiffness ratios and different heights have not 
been investigated fully. A formulation of multi-degree of freedom equations of motion for 
viscous dampers connecting adjacent high-rise buildings under earthquake excitations is 
separately presented. A time history analysis and response spectrum analysis are performed 
for two adjacent buildings to find out the dynamic response of the structures.

2.3  Torsional Response of Asymmetric System

The torsion irregularity existing in multi-storey or buildings is generally caused due to 
hinged links used to connect two neighbouring floors or non-symmetric form of the plan 
geometry or the load-carrying member’s rigidity distribution. In previous studies, the lumped 
mass models were categorised into models that either include or neglect the consideration 
of building torsion. Some researchers have ignored the rotation of the building even though 

Fig. 2.1 Definition of gap International Building Code (2003).

D1 Gap D2

www.TechnicalBooksPDF.com



25

Mathematical Modelling of Adjacent Buildings under Earthquake Loading

torsion occurs due to damper devices used for interconnecting two buildings. The rotation 
of buildings is generally quite small when compared to the lateral components. Westermo 
(1989) investigated the dynamic implications of connecting closely adjacent structures by 
a hinged beam system for the purpose of reducing the risk of pounding under earthquake 
excitations and also suggested use of hinged links to connect two neighbouring floors, if 
the neighbouring floors were in alignment. It is understandable that use of damping devices 
between two adjacent buildings can reduce the chances of pounding, but it changes the 
dynamic characteristics of the separated buildings, augments undesirable torsion action 
due to non-symmetric form of the plan geometry or the load-carrying member’s rigidity 
distribution, and increases the base shear of the stiffer building. 

Uz and Hadi (2009) showed that fluid viscous dampers located in one direction are not 
very effective in reducing the earthquake responses of the adjacent buildings when selected 
earthquakes are applied in two directions. Thereby, in this study of Uz and Hadi (2009), 
in order to carry out the use of dampers for two directions under strong earthquakes, the 
analysis is investigated in both directions in the structural responses of two neighbouring 
buildings, which have the same stiffness ratios and different heights, connected with two 
different damper parameters under various earthquake excitations in each model. Although 
two buildings are assumed as symmetric buildings in their plane of alignment, torsion 
effects can occur because of linked viscous dampers between them. However, symmetric 
adjacent buildings with torsion effects are considered in Section 2.5. 

2.4  Equation of Motion for the Effect of Pounding

As shown in Fig. 2.2, the adjacent buildings have been modelled as four- and three-storeyed 
buildings. In order to investigate the behaviour of colliding base-isolated buildings, a 
three-dimensional model with the help of each storey’s mass lumped on the floor level 
was conducted. The dynamic equation of motion for the two base-isolated buildings is 
expressed in Eq. 2.1, including the pounding involved responses of base-isolated buildings 
modelled with inelastic systems at each floor level as:

z

S P
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 (2.1)

It is assumed that the two buildings may not remain in the linear elastic range and the 
buildings may reach the storey yield strength to be inelastic under the considered earthquake 
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excitation (Catal 2002). Hence, an elastic-plastic approximation of the storey drift-shear 
x) and transverse (y) directions, whereas 

the two buildings are assumed to be in the linear elastic range for the vertical direction (z). 
A and 

Building B in Fig. 2.2 in the longitudinal (x) and transverse (y) directions are shown as mxi, 
cxi, kxi, myi, cyi, and kyi, respectively. The mBi (i = 1, 2) denotes the mass of the base of both 
the buildings, respectively.   

Fig. 2.2 Three-dimensional model of colliding base-isolated adjacent buildings.
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	 (2.3a–f)

Here ẍ i, ẋ i, xi, y∙∙i, ẏi, yi, z∙∙ i, z∙ i and zi (i = 1, 2, 3, 4, 5, 6, 7) are the relative acceleration, 
velocity and displacement of a single storey with respect to the base of the structure in the 
longitudinal, transverse and vertical directions, respectively. The ẍg, y∙∙g and z∙∙g in Eqs. 2.3a–f 
are earthquake accelerations in the longitudinal, transverse and vertical directions. The 
El-Centro (1940) and Turkey (1999) earthquake records are used to examine the seismic 
response of two buildings under different ground motions in this part of book.
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	(2.5a–b)

Here mi (i = 1, …, 7) denotes mass of a single storey of both buildings, whereas mass of the 
base of two buildings is shown as mBi (i = 1, 2). Then a1 and a2 (ai (i = 1, 2)) are defined to 
account for sliding in Building A and Building B in the longitudinal direction, respectively. 
Its value equals 0 for no sliding and 1 for sliding. When ai equals zero, it implies zero 
sliding velocity and acceleration for the related building.
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	 (2.6a–c)
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z1 z2 z2

z2 z2 z3 z3

z3 z3 z4 z4

z4 z4

z z5 z6 z6

z6 z6 z7 z7

z7 z7

c c c 0 0 0 0 0 0 0
c c c c 0 0 0 0 0 0
0 c c c c 0 0 0 0 0
0 0 c c 0 0 0 0 0

C 0 0 0 0 c c c 0 0 0
0 0 0 0 c c c c 0 0
0 0 0 0 0 c c 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0

+ − 
 − + − 
 − + −
 

− 
 = + −
 

− + − 
 − 
 
 
 

Here cxi, cyi and czi (i = 1,…,7) are the elastic structural damping coefficients in the 
longitudinal, transverse and vertical directions, respectively.
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	 (2.7a–c)
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Fs
xi and Fs

yi (i = 1,…7) in Eqs. 2.7a–c are the inelastic storey shear forces for both  
elastic range and plastic range. If the storey shear forces are in the elastic range, Fs

xi and 
Fs

yi are equal to kxi(xi – xi–1) and kyi(yi – yi–1), respectively. When the storey yield strengths 
Fy

xi, Fy
yi are reached, Fs

xi and Fs
yi are equal to �Fy

xi(t)  and �Fy
yi(t) for the plastic range in  
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the longitudinal and transverse directions, respectively. In Eqs. 2.8a–c and 2.9a–c, the 
pounding force in the longitudinal direction, Fp

xij(t) (i = 1, 2, 3, 4; j = 5, 6, 7), is arranged 
with the help of non-linear visco-elastic model according to the formula (Jankowski et al. 
1998, Jankowski 2006, Jankowski 2008) as follows:
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	 (2.10a–d)

Here δij(t) is the total relative displacement between the two buildings with respect to the 
foundation, u i(t) and u j(t) are the relative displacement of the ith floor of Building A and 
jth floor of Building B with respect to the foundation, respectively (Hadi and Uz 2010a, 
Uz and Hadi 2010). D is the initial gap between the buildings exposed to different ground 
motion excitations, which is verified to investigate the effect of different gap distances in 
the book; δ∙ ij(t) is the total relative velocity between both the buildings; β– is the impact 
stiffness parameter while c–ij(t) is the impact element’s damping; ξ

–
 is the damping ratio 

related to a coefficient of restitution, e, which accounts for energy dissipation during the 
impact (Jankowski 2008). On the other hand, the pounding forces in the transverse direction 
Fp

yij(t), in the vertical direction, Fp
zij(t), are calculated by the Coulomb friction model in  

Eqs. 2.11a–c and 2.12a–e (Chopra 1995, Wriggers 2006a).
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Fp
yij(t) = 0 for δij(t) ≤ 0

Fp
yij(t) = –μf F

p
xij(t) for δij(t) > 0 and ẏi (t) – ẏj (t) > 0	 (2.11a–c)

	Fp
yij(t) = +μf F

p
xij(t) for δij(t) > 0 and ẏi (t) – ẏj (t) < 0

	Fp
yij(t) = 0 for δij(t) > 0 and ẏi (t) – ẏj (t) = 0

Fp
zij(t) = 0 for δij(t) ≤ 0

Fp
zij(t) = –μf F

p
xij(t) for δij(t) > 0 and z∙ i (t) – z∙ j (t) > 0	 (2.12a–e)

Fp
zij(t) = +μf F

p
xij(t) for δij(t) > 0 and z∙ i (t) – z∙ j (t) < 0

Fp
zij(t) = 0 for δij(t) > 0 and z∙ i (t) – z∙ j (t) = 0

Here μ f is the friction coefficient during pounding. Based on the sliding bearings analysed 
by Mokha et al. (1990), a sliding base-isolation system is provided by using Teflon sliding 
bearings between each superstructure and its foundation and consists of Teflon-steel 
interfaces.
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Here Fxi(t) (i = 1,…, 7) are the wind forces in the longitudinal direction in Eqs. 2.13 
a–c; Fyi(t) in the transverse direction is similar to Fxi(t); and Ffi (i = 1, 2) is the limiting value 
of the frictional force during sliding. The direction of friction force will depend on the 
velocity of the base of structure with respect to the foundation and will be in the opposite 
direction; sign (ẋBi) (i = 1, 2) is the signum function which is used to establish the particular 
direction of friction force. The value of the frictional force during sliding is expressed as 
shown in Eq. 2.14.

	
4

fi i Bi j
j 1

F u m m g
=

 
= µ +  

 
∑  (i = 1, 2) 	 (2.14)

Here μui is the friction coefficient of the sliding bearing and g is acceleration due to  
gravity. 

2.5  Equation of Motion of the Soil-Structure System for Adjacent 		
Buildings

A simplified model for the SSI problem was used considering the pounding force on the 
behaviour of adjacent buildings. The interaction forces at the soil-structure interface are 
simulated, using a frequency-independent spring and dashpot set in parallel (Richart et al. 
1970). The rectangular dimensions of foundations for both the buildings are converted as 
circular footings in order to adopt the frequency-independent spring and dashpot set. The 
simplified model of N- and S-storey coupled buildings resting on the surface of an elastic 
half-space is shown in Fig. 2.3. 

Here i = (1,2,.,N) and j = (1,2,.,S), mi, kxi, cxi, kyi, cyi, Ixi and Iyi are the mass, the elastic 
structural stiffness, damping coefficients and moments of inertia of the related floor about 
the axes through the centre of mass (CM) and parallel to the x and y axes for Building A 
and Building B, respectively. The subscripts i and j in Fig. 2.3 are the storey number of the 
buildings that denote 1, 2,., N for Building A and 1, 2,., S for Building B. Moreover, either 
subscripts or superscripts of a and b symbolise Building A and Building B, respectively. 
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For the horizontal component of ground motion assumed to be uniform over the base of 
the buildings, the total number of degrees of freedom is 3N + 5 for N-storey building and 
therefore 3N + 5 and 3S + 5 equations are required for both Building A and Building B, 
respectively. Equations for Building B are same as shown below for Building A associated 
with the number of storey (j) of Building B. Hence, only the equations of Building A are 
expressed here. With reference to Fig. 2.4, translation in the longitudinal (x) and transverse 

Fig. 2.3 Elevation of dynamic model for asymmetric adjacent shear buildings.

 
 

26

simulated using frequency-independent spring and dashpot set in parallel (Richart et al. 
1970). The rectangular dimensions of foundations for both buildings are converted as 
circular footings in order to adopt the frequency independent spring and dashpot set. The 
simplified model of N- and S- story coupled buildings resting on the surface of an elastic 
half-space is shown in Fig. 2-3.  

 
Fig. 2-3 Elevation of dynamic model for asymmetric adjacent shear buildings 

For i= (1,2,.,N) and j=(1,2,.,S),  i xi xi yi yi xim ,k ,c ,k ,c , I and yiI   are the mass, the elastic 
structural stiffness, damping coefficients and moments of inertia of the related floor about 
the axes through the centre of mass (CM) and parallel to the x and y axes for Building A and 
Building B, respectively. The subscripts i and j in Fig. 2-3 are the story number of the 
buildings that denote 1, 2,., N for Building A and 1, 2,.,S for Building B. Moreover, either 
subscripts or superscripts of a and b symbolize Building A and Building B, respectively. For 
the horizontal component of ground motion assumed to be uniform over the base of the 
buildings, the total number of degrees of freedom is 3N+5 for N-story building and therefore 
3N+5 and 3S+5 equations are required for both Building A and Building B, respectively. 
Equations for Building B are the same as shown below for Building A associated with the 
number of story (j) of Building B. Hence, only the equations of Building A are expressed 
here. With reference to Fig. 2-4, translation in the longitudinal (x) and transverse (y) 
directions and rotation about the CM of these equations may be expressed as shown in Eqs. 
(2-15a-c). 
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(y) directions and rotation about the CM of these equations may be expressed as shown in 
Eqs. 2.15a–c.

As an example, for N-storey Building A, the total numbers of degrees of freedom, 3N + 5 
are obtained as 3N equations of dynamic equilibrium of each floor of the superstructure 
for translation in x and y directions and rotation about the centre of mass and 5 degrees of 
freedom due to interaction at the foundation. The 3N equations of dynamic equilibrium of 
each floor of Building A may be expressed as

{ } { } { } ( ) { }pt
a ic ax i ax i xijM x C x K x F t 0 + + + =            
 

	 { } { } { } ( ) { }pt
a ic ay i ay i yijM y C y K y F t 0    + + + =        
  	 (2.15a–c)
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   − + θ + =     

 

 

where Ma, Cax, Kax, Cay, and Kay are the N × N sub-matrices of mass, damping and 
lateral stiffness in x and y directions of Building A, respectively; xt

ic, y
t
ic, and θt

i are the 
total displacements of the centre of mass of the floors in the longitudinal and transverse  
directions, and the total twist of the floors about the vertical z axis in Building A, 

Fig. 2.4 Plan of two-way asymmetric adjacent shear buildings.
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respectively; Fp
xij(t) denotes the pounding forces in x direction with the help of the non-

linear viscoelastic model (Jankowski 2006, Jankowski 2008); Fp
yij(t) and Fp

θij(t) and  are 
considered by the Coulomb friction model (Chopra 1995, Wriggers 2006b) and xi, yi, and 
θic are the displacement vectors with respect to the base in x and y directions of the centre 
of resistance (CR) and the twist of the floors with respect to the base.

Moreover, two-way asymmetric buildings are modelled with CR not being coincident 
with CM along the two horizontal plane axes. The static eccentricities of the centre of  
resistance from the centre of mass (e and f) in the x and y axes are same for each floor deck, 
although the CR may vary from storey to storey. Hence, the CR associated with adjacent 
buildings is assumed to lie at eccentricities ea, fa for Building A and eb, fb for Building B. 
The radii of gyration (ra and rb) of any rigid floor deck are about the centre of mass for each 
building; Ka

θR and Ka
θM in Eqs. 2.15a–c and 2.16a–d are the torsional stiffness matrix defined 

about the CR and CM, respectively. Furthermore, Cax, Cay and Ca
θR, in Eqs. 2.15a–c are the 

damping matrices for Building A, assumed to be proportional to the stiffness matrices as 
defined in Eqs. 2.16a–d (Clough and Penzien 1993).

	

a a 2 2
M R a ay a axK K e K f Kθ θ

     = + +         

ax axC K= α       , ay ayC K   = α    , a a
R RC Kθ θ

   = α     

 

	 (2.16a–d)

where α is a constant value in terms of the ratio of the coefficient and stiffness of the 
buildings. The dashpot constants for adjacent buildings using this damping can be written 
and simplified as shown for each building in Eqs. 2.17a–b

	 ax
ax 2

αω
ξ = , ay

ay 2
αω

ξ = 	 (2.17a–b)

and where ξax, ξay, ωax and ωay denote the damping ratios of Building A and the natural 
frequencies in the longitudinal and transverse directions, respectively. By assuming 5 
per cent damping in the first mode, a damping ratio in the second mode can be found in  
Eqs. 2.17a–b. The displacement vectors in related directions of Building A without SSI 
effects can be defined by Eqs. 2.18a–f:

	
{ } { } { }ic i a icx x f= − θ ,{ } { } { }ic i a icx x f= − θ  ,{ } { } { }ic i a icx x f= − θ   
{ } { } { }ic i a icy y e= + θ ,{ } { } { }ic i a icy y e= + θ  ,{ } { } { }ic i a icy y e= + θ   

 

 	 (2.18a–f)

where xic and yic are displacement vectors of degrees of freedom of superstructure about  
the CM. The xt

ic, yt
ic and θt

ic can be expressed in view of the following relationship of  
x'

ic and y'
ic vectors, which are the degrees of freedom of the superstructure defined as in  

Eqs. 2.19a–e: 
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{ } { } { } { } { }ici

a
og

a
o

t
ic xh1x1xx +φ++= ,{ } { } { } { }ici

a
o

a
o

'
ic xh1xx +φ+=  

{ } { } { } { } { }ici
a
og

a
o

t
ic yh1y1yy +ψ++= , { } { } { } { }ici

a
o

a
o

'
ic yh1yy +ψ+=  

{ } { } { }ic
a
o

t
i 1 θ+θ=θ  

 

	 (2.19a–e)

where  xa
o, ya

o, Ψ
a
o and ϕa

o are the degrees of freedom at the base associated with translations 
and rocking about the x and y axes, respectively; θa

o is the twist about the z axis. After 
substituting Eqs. 2.16a–d, 2.18a–f and 2.19a–e and rearranging into Eqs. 2.15a–c, a more 
concise form for the 3N × 3N sub-matrices of the superstructure resting on a rigid base of 
the left upper corner of M a, C a and Ka can be written as matrices.

2.6  Interaction Forces

With reference to Fig. 2.3, the equation of motion for the whole foundation system for 
Building A can be written for translation in the x and y axes, twist about z axis and rocking 
about the x and y axes, respectively as shown in Eqs. 2.20a–e (Richart et al. 1970).

	

( ) { } [ ]{ } ( ) 0tPxM1xxm xa
t
ica
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og

a
o =+++   
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a
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2
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{ } [ ]{ } ( ) 0tQyMh
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0i
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t
ica

T
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a
oxi =++ψΙ∑

=

  

{ } [ ]{ } ( ) 0tQxMh
N

0i
ya

t
ica

T
i

a
oyi =++φΙ∑

=



  

 

	 (2.20a–e)

where Ixi and Iyi are moments of inertia of the ith floor about the axis through the CM  
and parallel to the longitudinal and transverse directions, respectively. The ma

o is the mass 
of the foundation of Building A. The hi and hj are the column vector composed of the  
storey heights of Building A and Building B throughout the foundation to each floor, 
respectively. Earthquake ground accelerations in the x and y directions are shown as ẍgand 
y∙∙g, respectively. The Pxa(t), Pya(t), Ta(t), Qxa(t) and Qya(t) are the interaction forces of Building 
A based on frequency-independent soil springs and dashpots as shown in Eqs. 2.21a–e  
(Balendra et al. 1983). 

Pxa(t) = C T ẋa
o + K T xa

o

Pya(t) = C Tẏa
o + K Tya

o

	 Ta(t) = Cθθ
∙ a

o + Kθθ
a
o 	 (2.21a–e)

Qxa(t) = Cψ ψ∙ a
o + K ψψ a

o

Qya(t) = Cϕ ϕ
∙ a

o + K ϕϕa
o
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where KT, Kθ, Kψ, Kϕ, CT, Cθ, Cψ and Cϕ are the spring and dashpot coefficients of 
translations about both the x and y directions, torsion and rocking movements about the x 
and y directions, respectively. To begin with, assume that the two buildings remain in the 
linear elastic range and hence do not yield under earthquake excitation. The definitions 
of spring and dashpot constants of the static impedance functions are clearly presented in 
Table 2.1 with various subscripts (Richart et al. 1970).

where MT, Iθ and Iψϕ are total mass, polar moment of inertia and moment of inertia of the 
rigid body for rocking, respectively; G, ρ, υ and vs are the shear modulus, mass density 
of half space, Poisson’s ratio and shear velocity of the elastic medium, respectively  
(G = v2

sρ); and ro is the radius of the massless disc on the surface of an elastic homogeneous 
half-space. 

2.7  Rigorous Method

In such a case, the equation of motion for couple buildings with whole interactions, such 
as the SSI, torsional coupling and the pounding involved responses of adjacent buildings 
modelled with elastic systems at each floor level, is as: 

	
 ( )

( )
( )
( )

( )
( )

( )
( )

( )
( )

Pa a a aa a a

b b b bb b b P

F tU t U t U t P tM 0 C 0 K 0

U t U t U t P t0 M 0 C 0 K F t

                           + + + = −         
      −                      

 

 

	(2.22)

where Ma, Ca, Ka, Mb, Cb and Kb are the (3N + 5) × (3N + 5) dimensional of the mass, 
damping and stiffness matrices of adjacent buildings, respectively. Moreover, Fp(t), Pa(t) 
and Pb(t) are vectors containing the forces due to impact between floors with masses mi, 
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Table 2.1 Spring and Dashpot Constants for Rigid Circular Footing Resting on Elastic Half-space (Richart  
et al. 1970).
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mj and loading of the adjacent buildings in that order (see Eqs. (2.23), (2.24a–b) and  
(2.25a–c)); U∙∙ a(t), U∙  a(t), Ua(t), U∙∙ b(t), U∙  b(t) and Ub(t) and are the vectors of acceleration, 
velocity and displacement of the system respectively.

	

 [ ]
[ ]

[ ]
{ } [ ] { } { }
{ } { } [ ] { }
{ } { } { } [ ]

{ } { } [ ] { }

{ } [ ] { } { }

a

a
2
a a

T T T a
a o

T T T aa a o
T T T2 2 a

a a a o
NT T T

i a xi
i 0

NT T T
i a yi

i 0

M
M

r M

1 M m 0 0 0 0

1 M 0 m 0 0 0M
r 1 M 0 0 r m 0 0

h M 0 0 0 0

h M 0 0 0 0

× ×

× ×

× ×

=

=

 
 
 
 
 
 
 
 

=  
 
 
 

Ι 
 
 
 Ι
  

∑

∑

N N N N

N N N N

N N N N

0 0 0 0 0 0 0
0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0

0 0

0 0

0 0

0 0

	(2.23)

where 0 and 1 are the N × 1 column vectors whose elements are equal to zero and one, 
respectively.
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where Pa(t), Ua(t) and FP(t) are (3N + 5) × 1 vectors in Eqs. 2.25a–c. If the two buildings 
are assumed to be inelastic under the considered ground motion, the coupling equation 
of motion can be expressed in Eq. 2.26. For the sake of completeness, the equations of 
pounding forces in the following matrices are briefly presented herein:

	
 ( )

( )
( )
( )

( )
( )

( )
( )

( )
( )

Pa a aa a
a

b b bb b P
b

F tU t U t F t P tM 0 C 0

U t U t F t P t0 M 0 C F t

                       + + + = −         
    −                    

 

 

	 (2.26)

	

( )

( )
( )
( )

( )

( )
( )
( )

( )

( )
( )
( )

( )

( ) ( ) ( ) ( ) ( )

y1 y2x1 x2 1 2

y2 yix2 xi 2 i

a xi xN i Nyi yN

xN NyN

a a a a a
xo yo o o o

F t F (t)F t F (t) F t F (t)

F t F (t)F t F (t) F t F (t)
; ;

F t F t F (t) F t F (t)F t F (t)

F t F tF t

;F t ;F t ;F t ;F t ;F t

θ θ

θ θ

θ θ

θ

θ ψ φ

  −   − −      −   − −        = − −−              




 
 
 


 
 
 
   	 (2.27a–b)

( )

( )
( )
( )

( )

( )
( )
( )

( )

( )
( )
( )

( )

( ) ( ) ( ) ( ) ( )

y1 y2x1 x2 1 2

x2 xj 2 jy2 yj

b xj xS j Syj yS

xS SyS

b b b b b
xo yo o o o

F t F (t)F t F (t) F t F (t)

F t F (t) F t F (t)F t F (t)
; ;

F t F t F (t) F t F (t)F t F (t)

F t F tF t

;F t ;F t ;F t ;F t ;F t

θ θ

θ θ

θ θ

θ

θ ψ φ

     −− −     
    − −−
    
    = − −−     
    
     




 
 
 


 
 
 
  

where Fa (t) and Fb (t) are (3N + 5) × 1 and (3S + 5) × 1  vectors consisting of the system inelastic 
storey restoring forces for both Building A and Building B, respectively; Fxi = kxi ((x

'
ic – xa

o) + fa 
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(θt
i – θa

o) – hi ϕ
a
o), Fxj = kxj ((x

'
jc – xb

o) + fb (θ
t
j – θb

o) – hj ϕ
b
o) for the elastic range and when up to the 

storey yield strengths, Fy
xi(t), F

y
xj(t) are reached; Fxi = ±Fy

xi(t)  and Fxj = ±Fy
xj(t) for the plastic range. 

For simulating the pounding force during impact Fp
xij, F

p
θij (i = 1,2, ..N; j = 1, 2, ..S), the nonlinear 

viscoelastic model is used between the storey levels of the two adjacent buildings based on the 
following formula in Eqs. 2.10a–d as both approach period and restitution period of collisions 
(Jankowski 2006, Mahmoud and Jankowski 2009, Hadi and Uz 2010b, Jankowski 2010):

	 ( ) ( ) ( )' '
ij ic jct x t x t Dδ = − − , ( ) ( ) ( )' '

ij ic jct x t x tδ = −

  	 (2.28a–b)

where δij(t) and δ∙ ij(t) in Eqs. 2.28a–b are the total relative displacement and velocity 
between both buildings with respect to the foundation, respectively. On the other hand, 
the pounding forces in the transverse direction FP

yij are calculated by the Coulomb friction 
model in Eqs. 2.11a–c.

2.8  Multi-Degrees of Freedom Modal Equations of Motion

The right-hand side of Eq. 2.22 modified to show the spatial distribution of the effective 
forces over both the buildings can be represented based on the studies by Chopra and Goel 
(2004) and Jui-Liang et al. (2009) as follows:

	 ( ) ( )3N 5a a a a
n xn g yn g

n 1
P t s x y

+

=
= Γ + Γ∑   , ( ) ( )3S 5b b b b

n xn g yn g
n 1

P t s x y
+

=
= Γ + Γ∑    	 (2.29a–b)

where sa
n and sb

n are vectors of the nth modal inertia force distribution equivalent to Maφa
n 

and Mbφb
n respectively. The φa

n is the nth un-damped mode shape obtained from Ka and 
Ma. The φb

n is also obtained the same way as φa
n; Γ

a
xn, Γ

a
yn, Γ

b
xn and Γb

yn in the longitudinal and 
transverse directions of each building are nth modal participation factors, respectively. 
The subscript n stands for the nth mode. The subscripts x, xo, y, yo,θ, θo, Ψo and ϕodenote 
sub-vectors relating to translations in both directions, rotations of both superstructure and 
foundation and rocking degree of freedoms (DOFs) in both the directions, respectively. 
The nth modal participation factor equals 

	

T

T

Ta a
na

xn a a a
n n

M 1 0 0 0 0
,

M

 ϕ × ×  Γ =
ϕ × ×ϕ

T T T1 0 0
T

T

Ta a
na

yn a a a
n n

M 0 1 0 0 0

M

 ϕ × ×  Γ =
ϕ × ×ϕ

T T T0 1 0
 

T

T

Tb b
nb

xn b b b
n n

M 1 0 0 0 0
,

M

 ϕ × ×  Γ =
ϕ × ×ϕ

T T T1 0 0

T

T

Tb b
nb

yn b b b
n n

M 0 1 0 0 0

M

 ϕ × ×  Γ =
ϕ × ×ϕ

T T T0 1 0

 
 

	 (2.30a–d)
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where 1 and 0 are N × 1 column vectors with all elements equal to one and zero, respectively. 
Eqs. 2.30a–d show evidently that the nth modal participation factors depend on the direction 
of the horizontal seismic ground motions. For the 1940 El Centro earthquake motion, this 
book assumed that only the nth modal displacement responses of the whole system of each 
building, Ua

n and Ub
n will be excited as defined in Eqs. 2.29a–b by the time variation of ẍg(t) 

and y∙∙g(t). The vertical ground motion is not considered in the modal analysis. The force 
distribution can be expanded as a summation of modal inertia force distributions as shown 
in Eqs. 2.29a–b. Hence, Eq. 2.22 can be rewritten as follows:

	

( )
( )

( )
( )

( )
( )

( )
( )

( )
( )

a a a Pa a a
n n n n
b b b Pb b b
n n n n

a a a
n xn g yn g

b b b
n xn g yn g

U t U t U t F tM 0 C 0 K 0

U t U t U t F t0 M 0 C 0 K

s x y

s x y

                        + + +       
      −                   

 Γ + Γ = − 
 Γ + Γ
 

 

 

 

 

	 (2.31)

where Ua
n and Ub

n are the nth modal displacement response of Building A and Building B, 
respectively. The FP

n in Eq. 2.31 is the nth modal pounding force between adjacent buildings 
while Da

n and Db
n are the nth generalised modal coordinates of both the buildings.

	

T T T

o o o o o

T
a a a a a a a a a a a a
n n n xn yn n nx n y n n n nU D Dθ θ ψ φ

 = ϕ × = ϕ ϕ ϕ φ φ φ φ φ ×  
 

T T T

o o o o o

T
b b b b b b b b b b b b
n n n xn yn n nx n y n n n nU D Dθ θ ψ φ

 = ϕ × = ϕ ϕ ϕ φ φ φ φ φ ×    
 

	(2.32a–b)

where φa
xn, φ

a
yn and φa

θn are the N × 1 column sub-vectors of the nth natural vibration mode 
of the superstructure associated with translational in both directions and rotational DOFs, 
while the mode shapes of the SSI system consisting of five sub-vectors denote ϕa

xon, ϕ
a
yon, 

ϕa
θon, ϕ

a
ψon and ϕa

ϕon for Building A. The superscripts of a and b of mode shapes in Eqs. 2.32a–b 
symbolise the sub-vectors of Building A and Building B, respectively. The nth un-damped 
modal displacement responses, Ua

n and Ub
n cooperated with generalised modal coordinates 

for both buildings and can be redefined as:

	
T T T

o o o o o o o o o o

T
a a a a a a a a a a a a a a a a a
n xn xn yn yn n n x n x n y n y n n n n n n nU D D D D D D D Dθ θ θ θ ψ ψ φ φ

 = ϕ ϕ ϕ φ φ φ φ φ   	 (2.33a–b)

	
T T T

o o o o o o o o o o

T
b b b b b b b b b b b b b b b b b
n xn xn yn yn n n x n x n y n y n n n n n n nU D D D D D D D Dθ θ θ θ ψ ψ φ φ

 = ϕ ϕ ϕ φ φ φ φ φ   	
or
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a
nU =

o

o

o

o

o

a
xn

a
yn

a
n

a
x n

a
y n

a
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a
n

a
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0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0
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θ
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a
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D

θ

θ
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 
 
 
 
 
 

= 
 
 
 
 
 
 
 
  

 

(2.34a–b)
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b
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D
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D

D
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θ
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φ ×

 
 
 
 
 
 
 
 

= 
 
 
 
 
 
 
 
  

 

At proportionally damped elastic states, the elements of Da
n and Db

n are the same (Chopra 
and Goel 2004, Jui-Liang and Keh-Chyuan 2007, Lin and Tsai 2007, Jui-Liang et al. 2009), 
i.e. Dxn = Dyn = Dθn = Dxon = Dyon = Dθon= Dψon = Dϕon for each building, Eqs. 2.34a–b are 
same as the conventional definition of Da

n and Db
n in Eqs. 2.32a–b. 

	

( )
( )

( )
( )

a aa
n nn
b bb
n nn

U t D tT 0

U t D t0 T

        = 
        

 

 
	 (2.35)

2.9  Approximate Method

By substituting Eq. 2.35 into Eq. 2.31 and pre-multiplying both sides of Eq. 2.31 by 
Ta

n
b
n

T 0
0 T

 
 
 

, the result becomes
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 ( )
( )

( )
( )

( )
( )

( )
( )

( )
( )

a a a aPa a a
n n n nn n n
b b b bPb b b
n n n nn n n

a a a
n xn g yn g

b b b
n xn g yn g

D t D t D t F tM 0 C 0 K 0

D t D t D t F t0 M 0 C 0 K

M x y

M x y

                        + + +       
      −                   

 ι Γ + Γ = − 
 ι Γ + Γ
 

 

 

 

 

	 (2.36)

where Ma
n = Ta

n
T MaTa

n, C
a
n = Ta

n
T CaTa

n, K
a
n = Ta

n
T KaTa

n , M
b
n = Tb

n
T MbTb

n, C
b
n = Tb

n
T CbTb

n  and  
Kb

n = Tb
n

T KbTb
n are 8 × 8 matrices; ι is 8 × 1 column vector with all elements equal to one. 

If Ca and Cb in both the buildings are proportionally damped, i.e. Ca = αMa + βKa and  
Cb = αMb + βKb, the nth modal damping matrices for both buildings can be represented as:

	 ( )Ta a a a a a a
n n n n nC T M K T M K= α +β = α +β

	 (2.37a–b)( )b b b b b b b
n n n n nC T M K T M K= α +β = α +β

Here, α and β are constants determined by the damping ratios of two specific modes. As 
the original SSI system is non-proportionally damped, i.e. Ca ≠ αMa + βKa, Cb ≠ αMb + βKb  

Eqs. 2.37a–b becomes Ca
n ≠ αMa

n + βKa
n and Cb

n ≠ αMb
n + βKb

n
 (Jui-Liang and Keh-Chyuan 

2007). It implies that 3N + 5 and 3S + 5 non-proportionally damped the multi DOF (MDOF) 
modal equations of motion as shown in Eq. 2.36 in both Building A and Building B with 
the elements of Da

n and Db
n unequal to each other even in an elastic state will result in a non-

proportionally damped system. The actual condition will close in this case. 

	

( )p
xijnF t 0=  for ( )ijxn t 0,δ ≤  

( ) ( )( ) ( ) ( )
3p 2

ijxn ijn ijxnxijnF t t c t t= β δ + δ  for ( )ijxn t 0δ >  and ( )ijxn t 0δ > , 

( ) ( )( )
3p 2

ijxnxijnF t t= β δ  for ( )ijxn t 0δ >  and ( )ijxn t 0δ ≤  
 

	(2.38a–c)

	

( ) ( ) ( )a a b b
ijxn ijyn xn ixn xn jxnt t D t D D,δ = δ = ϕ − ϕ −

 

( ) ( )a a b b
ijxn xn ixn xn jxnt D t D ,δ = ϕ − ϕ    

( ) ( )a a b b
ijyn yn iyn yn jynt D t D ,δ = ϕ − ϕ  

 

( ) ( )a a a b b b
ij n n i n n j nt D t f D f D,θ θ θ θ θδ = ϕ − ϕ −

 

( ) ( )a a a b b b
ij n n i n n j nt D t f D f ,θ θ θ θ θδ = ϕ − ϕ  

 
( )

TaP aP aP aP
ijn xijn yijn ijn 3N 5 1

F F F F 0 0 0 0 0θ + ×
 =    

	 (2.39a–f)
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where Fap
θijn can be calculated as Fap

xijn using the related δijθn(t) and δ∙ ijθn(t); Fn
ap(t) = Ta

n
T Fap

ijn in  
Eq. 2.36 is 8 ×1 column vector in the calculation of pounding forces. The modal displacement 
histories of both the buildings, Da

n(t) and Db
n(t), are solved using the direct integration 

method of Eq. 2.36. Hence, the total response histories of the non-proportionally damped 
adjacent buildings resting on the surface of elastic-half space are obtained as:

	
( ) ( ) ( )

3N 5 3N 5a a a a
n n n

n 1 n 1
U t U t T D t

+ +

= =
= ≈∑ ∑

	 (2.40a–b)
( ) ( ) ( )

3S 5 3S 5b b b b
n n n

n 1 n 1
U t U t T D t

+ +

= =
= ≈∑ ∑

To obtain an agreeable output the same as the conventional modal displacement history 
analysis, only the first three modal responses need to be included in the summation in Eqs. 
2.40a–b. This will be shown in the next numerical examples by Jui-Liang et al. (2009)
and Sivakumaran and Balendra (1994). Figure 2.5(a) shows the front elevation of the 
lumped model of the SSI system for adjacent buildings considering the pounding effects.  
Equation 2.22 can be decomposed into 3N+3S+10 equations, each representing a single DOF 
(SDOF) modal system in Fig. 2.5(b) by calculating the corresponding modal damping for 
each vibration mode (Balendra et al. 1983, Novak and Hifnawy 1983b). The MDOF modal 
equation of motion shown in Eq. (2.36) can be represented by a MDOF modal system resting 
on the surface of elastic base as shown in Fig. 2.5(c), in contrast to the equivalent SDOF 

Fig. 2.5 Front elevation of a) the lumped model of the adjacent buildings resting on the surface of elastic base 
associated with pounding effects, b) the nth SDOF modal system for adjacent buildings with corresponding 
damping ratio and c) the nth MDOF modal system resting on an elastic half space for adjacent buildings  

(Jui-Liang et al. 2009).
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modal equation of motion represented by a SDOF modal system. With the corresponding 
elements of both Ma, Ca, Ka for Building A and Mb, Cb, Kb for Building B, the nth MDOF 
modal equations of motion, Ma

n, C
a
n, K

a
n, Mb

n, C
b
n, K

b
n can be arranged. Hence, Eqs. 2.23  

and 2.25 expressed in a similar form to those of the equations in Appendix I. Moreover, Ma
n, 

Ca
n, K

a
n are in the same form as that of Mb

n, C
b
n, K

b
n as shown in Appendix I, with superscript 

of b replaced by superscript of a. These matrices represent the corresponding modal 
properties of the superstructure and the impedance functions at the foundation of the SSI 
system of each building.

2.10  Summary

This chapter has the equation of motion for the base-isolated coupled buildings modelled 
for investigating the pounding effects without the SSI effects. Secondly, to investigate 
the effects of the SSI system on fixed coupled buildings, the equation of motion of the 
SSI system including the pounding effects are illustrated in this chapter. In order to make 
a simple and real-valued modal response history analysis for engineering applications, 
the proposed approximate method for single buildings used by Jui-Liang et al. (2009) is 
applied to the modal equations of the motion of the coupled buildings. Chapter 3 shows 
the modelling of passive and active dampers for seismic response mitigation of a coupled 
building connected to each other by either passive or active dampers. Before describing 
control strategies based on GA, non-dominated sorting genetic algorithm and pareto-optimal 
solutions in the following chapters, the modelling of MR dampers is investigated herein. 
One of the challenges in the application of MR dampers is use of an appropriate control 
algorithm to determine the command voltage of the MR damper. Many control algorithms 
are proposed to control the behaviour of MR dampers or other semiactive devices.
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3
Seismic Isolation and  

Energy-dissipating Devices

3.1 Introduction

In this chapter, control devices are introduced to provide insight into the effect of adjacent 
buildings on dynamics of the adjacent system. Some concepts of coupled building control 
in previous research studies noted that the concepts mentioned above are to add damping 
to the adjacent building system (Klein and Healy 1985, Christenson et al. 1999). After a 
brief overview of these concept studies, the passive damping devices which are one of 
the most important damping classes to reduce the response on the dynamics of the system 
are underscored on coupled building control. The second part of this chapter proves the 
efficacy of optimal passive and active dampers for achieving the best results in seismic 
response mitigation of a coupled building connected to each other by either passive or 
active dampers. Additionally, the studies of many researchers about passive devices are 
described in this chapter. Their parametric studies are presented for finding the effective 
passive devices on the dynamic response of damper-connected adjacent buildings under 
earthquake excitation, using hinged link based on the optimum damper stiffness and 
coefficient (Xu et al. 1999).

Finally, background material for models and algorithms used in semi-active control systems 
with MR dampers. Adequate modelling of the control devices is essential for predicting the 
behaviour of the controlled system. Here, the MR damper is modelled, using a modified 
Bouc-Wen hysteresis model. In controlling the MR damper, the desired control force cannot 
be directly commanded because the control force generated by the device is dependent 
on the local responses of the structure where it is installed. Only the voltage applied to 
the MR damper can be controlled. In this chapter, the model of the device and the semi-
active control algorithm used with the device, the clipped-optimal control algorithm, are 
discussed. A modified version of this algorithm is also proposed in this chapter.
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3.2  Damage Control under Earthquake Loading

The most common systems for structural damage control during earthquake events can 
be categorised under three aspects: traditional systems, innovative structural control 
and combination of both of these two. A large variety of energy dissipation devices can 
be used as pounding mitigation devices. After a brief description of energy dissipation 
devices in seismic control of building structures, this section reviews the various types 
of energy dissipation devices. Various types of control devices have been widely used as 
supplemental damping strategies in order to mitigate the effects of earthquakes and high 
wind load on civil engineering structures. Several types of dampers have been studied on 
to structures as paramount interest over the past two decades. These dampers include fluid 
visco-elastic dampers (Zhang and Xu 1999, Zhang and Xu 2000, Yang et al. 2003, Uz 
2009, Uz and Hadi 2009, Zhu et al. 2011), friction dampers (Zhang and Xu 1999, Zhang 
and Xu 2000, Yang et al. 2003, Zhu et al. 2011), active devices (Bhaskararao and Jangid 
2006a, 2006b, Ng and Xu 2006) and semi-active magnetorheological (MR) dampers (Xu 
and Zhang 2002, Ying et al. 2003).

3.3  Classification of Structural Control Devices

A great number of protective systems for structures have been invented because  
of the need to provide a safer and more efficient design. Control devices on earthquake 
zone have been improved since the 1970’s. The purpose of structural control is to absorb 
the energy due to dynamic loadings, such as winds, earthquakes and vehicle loads.  
Modern structural protective systems can be categorised into three classes as shown 
graphically in Fig. 3.1.

Fig. 3.1 Control classes and control devices.

SEMI-ACTIVE
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The first class of damping devices is passive. They are uncontrollable. The basic function 
of passive damping devices is to consume a part of the input energy, reduce energy 
dissipation on structural members and minimise damage on structures. Contrary to, semi-
active or active devices, there is no need for an external supply of power. The second class 
of damping devices is active. The active damping devices are controllable and require 
significant power. The displacement of structures is controlled or modified by action of the 
active damping devices through an external supply of power. The third class of damping 
devices is semi-active. The semi-active damping devices combine the aspect of active 
and passive damping devices, which involve the amount of external energy to adjust their 
mechanical properties, unlike fully active systems. The semi-active devices cannot add 
energy to the structure.

Over the past decade, many conferences have been organised on structural control for 
civil structures. One of them is the First World Conference on Structural Control that was 
held in Pasadena, California (Housner et al. 1994). The World Conferences on Structural 
Control were held in Kyoto, Japan in 1998 and Como, Italy in 2002. These conferences 
highlight the importance of continued studies on structural control for civil structures. 
Nowadays, the use of control devices in buildings has become important in order to alter 
or control the dynamic behaviour of buildings. Additional guidelines and design provisions 
for energy dissipation systems are provided in NEHRP Commentary on the Guidelines for 
the Seismic Rehabilitation of Buildings (FEMA 274). An example of each of these control 
devices is shown in the thesis of Uz (2013). The following sections focus on these systems 
before providing a detailed review of these control systems.

3.4  Passive Control Systems

Housner et al. (1994) mentioned that passive control devices consume energy which 
comes from dynamic loadings. Passive control devices are obtained by insertion to the 
civil structure. All passive control devices have both the stiffness and damping in order to 
achieve a limitation in the shift of buildings towards the other and to consume the energy. 
Thereby, passive devices are characterised by their control forces and fixed characteristics 
of the devices. Another important advantage is the reinstalment of the system after the 
earthquake for use of the structure. Soong and Dargush (1997) determined their passive 
control devices include metallic, friction, visco-elastic and viscous fluid dampers, tuned 
mass dampers and tuned liquid dampers. Passive devices are loaded in terms of protecting 
the structure from dynamic loading. 

One of the most important damping devices in passive control is base isolation. Warnotte 
et al. (2007) emphasised that base isolation systems cannot be placed either to diminish 
the individual displacement of one structure or to connect two adjacent structures. Base-
isolation systems placed at the foundation of a structure can be used to absorb and reflect 
some of the earthquake input energy which can be transmitted to the structure (Warnotte 
et al. 2007). Another passive energy device is the tuned mass damper (TMD). The energy 
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transfer from the primary structure to the TMD by means of the motion of TMD can be 
placed between story levels in a passive system. Figure 3.2 shows examples of various 
passive control systems. Passive control devices are popular and are widely employed. 
Passive devices are quite simple to design and build. However, their performance is 
sometimes limited. Therefore, for achieving better performance of passive control devices, 
optimum damper properties are implemented to protect against one particular dynamic 
loading.

Qi and Chang (1995) described the implementation of viscous dampers that have several 
inherent and significant advantages including linear viscous behaviour, insensitivity to 
stroke and output force, easy installation, almost free maintenance, reliability and longevity. 
Currently, fluid dampers to attain more performance during seismic events has been used 
by more than 110 major structures. The new Arrowhead Regional Medical Centre in 
Colton, California, installing 186 dampers and the new fifty-five floor Torre Mayor Office 
building in Mexico City, Mexico, using 98 dampers are some of these projects (Taylor and 
Constantinou 1998). Specifications for these dampers are provided in Table 3.1.

The horizontal flexibility to move the fundamental period of the structure away from the 
ground excitation components can be provided by using base-isolation systems. Using 
various devices, such as isolators and dissipater dampers (vibration absorbers), passive 

Fig. 3.2 Examples of various passive control systems (Christenson et al. 1999).
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control systems which can deform and yield during external loading help in dissipation 
of large amounts of input energy. Because of the high energy-absorbing capacities of 
hysteresis elements, damage to other elements of the building or buildings is reduced. This 
chapter mainly focusses on base isolation systems and visco-elastic dampers in passive 
energy dissipation (PED) devices.

3.5  Active Control Systems

One important structural control system is the active control device. Yao (1972) 
recommended the active control devices for civil structures. These control devices create a 
force in the structure to counteract the energy of dynamic loading. Thus, different loading 
conditions and different vibration modes are controlled or accommodated by means of 
the active control devices (Housner et al. 1994). The feedback from sensors measuring 
the amplitude of a structure to manage the properties of structural members throughout 
mechanical actuators is used by active control devices. Figure 3.3 shows some different 
types of active control devices in use, some of which are as follows: active mass driver, 
active base isolation and active bracing. A controller (computer) collects records from the 
sensors to activate devices for amending the structure’s amplitude continuously during 
excitation. Active devices can increase the performance over passive control devices, 
determining appropriate control forces. For example, a passive tuned mass damper must 
provide control forces based on the response of the floor. In contrast, active control devices 
can measure the response using a controller. One problem here is that since the mechanism 
of these devices depends on external power supply, the latter must not be interrupted during 
an earthquake, otherwise, the whole system can remain idle at the time when the supply is 
required. 

As a result, active control devices are more complex than passive devices, requiring sensors 
and controller equipment (Warnotte et al. 2007).

Displacement                     =  1.2 m
Max Damping Force =  145 tonnes
Max Operating Velocity =  1.6 m/s
Power Dissipation =  2,170,000 watts
Length =  4.5 m extend
Diameter =  0.36 m
Weight =  1360 kg
Quantity Required =  186 units

Table 3.1 San Bernardino County Medical Centre Damper Specifications (Taylor and Constantinou 1998).
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3.6  Semi-active Control Systems

Semi-active control systems combine the aspect of active and passive damping devices, 
which involve the amount of external energy to adjust their mechanical properties, unlike 
fully active systems. A schematic configuration of the structural control methods described 
above is shown in Fig. 3.4. When the control actuators do not supply mechanical energy 
directly to the primary structure, semi-active control systems can absorb only the energy 
of the input excitation. Once the control actuators supply, the mechanisms of semi-active 
control systems act as active control systems, directly providing a force to the structure 
from the control actuator or vise-versa. The control forces are improved in conjunction 
with adjustment of damping or stiffness characteristics of the semi-active control systems 
(Spencer Jr et al. 1997, Dyke et al. 1998, Symans and Constantinou 1999, Cheng et al. 
2006, Warnotte et al. 2007).

As examples of semi-active control devices, variable-orifice fluid dampers, variable-
stiffness control devices, semi-active tuned mass dampers, semi-active tuned liquid 
dampers, controllable friction dampers, electrorheological dampers, magnetorheological 
dampers, controllable impact dampers and controllable fluid dampers can be given (Cheng 
et al. 2008).

Fig. 3.3 Examples of various active control systems.

 
 

40 

to other elements of the building or buildings is reduced. This chapter mainly focusses on base 
isolation systems and visco-elastic dampers in passive energy dissipation (PED) devices. 

3.5 Active Control Systems 
One important structural control system is the active control device. Yao (1972) recommended 
the active control devices for civil structures. These control devices create a force in the 
structure to counteract the energy of dynamic loading. Thus, different loading conditions and 
different vibration modes are controlled or accommodated by means of the active control 
devices (Housner et al. 1994). The feed-back from sensors measuring the amplitude of a 
structure to manage the properties of structural members throughout mechanical actuators is 
used by active control devices. Fig. 3.3 shows some different types of active control devices in 
use, some of which are as follows: active mass driver, active base isolation and active bracing. 
A controller (computer) collects records from the sensors to activate devices for amending the 
structure’s amplitude continuously during excitation. Active devices can increase the 
performance over passive control devices, determining appropriate control forces. For example, 
a passive tuned mass damper must provide control forces based on the response of the floor. In 
contrast, active control devices can measure the response using a controller. One problem here 
is that since the mechanism of these devices depends on external power supply, the latter must 
not be interrupted during an earthquake, otherwise, the whole system can remain exactly at the 
time when the supply is required.  

 
Fig. 3.3: Examples of various active control systems 

As a result, active control devices are more complex than passive devices, requiring sensors and 
controller equipment (Warnotte et al. 2007). 

3.6 Semiactive Control Systems 
Semiactive control systems combine the aspect of active and passive damping devices, which 
involve the amount of external energy to adjust their mechanical properties, unlike fully active 
systems. A schematic configuration of the structural control methods described above is shown 
in Fig. 3.4. When the control actuators do not supply mechanical energy directly to the primary 
structure, semi-active control systems can absorb only the energy of the input excitation. If the 

Control actuator 

Civil structure 

Active Bracing System 

Civil structures 

Active Base Isolation 

Sensors 

Mass

Control 
actuator 

Control actuator Base isolators

Control computer 

Active Mass Driver 

www.TechnicalBooksPDF.com



52

Earthquake Resistant Design of Buildings

Fig. 3.4 Various control schemes for adjacent buildings, a) conventional design, b) structural control with passive 
systems, c) with active systems, d) with semi-active systems and e) with hybrid systems.

www.TechnicalBooksPDF.com



53

Seismic Isolation and Energy-dissipating Devices

3.7  Dynamics of Controlled Adjacent Buildings

In this section, two adjacent buildings with n and m stories (n > m) are shown herein, 
coupled by na active control devices with hydraulic actuators and MR dampers. Equations 
of motion of adjacent buildings are shown in Eqs. (3.1) and (3.2). Adjacent buildings that 
have flexible columns and mass concentrated at the rigid slabs can be obtained by writing 
the equilibrium equations from the free body diagram of each of the lumped mass of the 
building.
	 •	 Equation of motion of Building A:

	 1 1 1 1 1 1 1 1 gM X C X K X M E X+ + = −   	 (3.1)

	 •	 Equation of motion of Building B:

	 2 2 2 2 2 2 2 2 gM X C X K X M E X+ + = −   	 (3.2)

Equations 3.1 and 3.2 should be solved simultaneously. When the related control is 
considered, a convenient matrix form can be developed by first combining these equations 
that lead to the expression
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	(3.3)

Equations of motion in Eq. 3.3 which is explained in Appendix I can be transformed  
into first order state equations. The cd(m,m) and kd(m,m) are (m × m) diagonal matrix of the 
additional damping and stiffness matrices due to the instillation of the related dampers. 
The subscript s in Eq. 3.3 denotes the (n – m) difference of the number of storeys of both 
buildings. Note that Fmr (t) in Eq. 3.3 denotes the control force for MR dampers while the 
control force for active dampers is shown as U(t).

3.8  State Space Equations

By defining the state vector, X = {X 1 X 2 Ẋ 1 Ẋ 2}T, noting that Eq. 3.3 may be rewritten as

	 ( )1 1 1 11 1 1 11 1
g mr

2 2 2 22 2

X M E PX X
M C M K M X M F t

X M E PX X
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	 (3.4)
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From Eq. (3.4) the velocity of the state vector can be obtained as
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	 (3.6a–e)

where E1 and E2 are n × 1 and m × 1 unity matrices, respectively. The P1 and P2 are given 
in Appendix I. Here, I is an identity matrix and 0 in Λ matrix is a (s × na) matrix containing 
zero. The Fmr = [ f l

mr ...  f i
mr f m

mr ]
T is control input vector. The equation of motion in  

Eq. 3.5 can be arranged as

	 Ẋ = AX + BFmr(t) = E ∙∙Xg(t)	 (3.7)

Since only earthquake loading is considered, the equations of motion can be written as

	 Ẋ  = AX + E ∙∙Xg(t)	 (3.8)

Equation (3.8) helps the investigation of the uncontrolled adjacent buildings system in 
order to understand the efficiency of MR dampers between both buildings.

3.9  Feedback Control

The measurement output ym in a standard feedback control system usually needs a full state 
feedback measurement in the form (Arfiadi 2000)

	 w w mr

m m m mr

x C X D F
y C X D F
= +

= + + v
	 (3.9a–b)

In which ym is the vector of measured outputs, x is the regulated output vector and v is the 
measurement noise vector. Note that displacements, velocities and absolute accelerations 
of adjacent buildings can be included to the controlled output defined. By choosing 
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the appropriate entry in the regulation matrix, certain regulated output that needs to be 
minimized can be imposed. For example, if the regulated output in Eq. 3.10 is taken as the 
relative displacement of the floors with respect to the ground, the matrix Cw can be chosen 
as:

	 w (N M) (N M) (N M) (N M)C I 0+ × + + × + =   	 (3.10)

For feedback control in Eqs. 3.9a–b, the control force for active control systems  
(Fmr (t) substitutes with U(t) in this case) in Eq. 3.7 can be written by

	 U(t) = –GX	 (3.11)

Hence, the closed loop system in Eq. 3.7 can be rearranged, using Eq. 3.11

	 Ẋ  = (A – BG) X + E ∙∙Xg(t)	 (3.12)

Equation 3.12 becomes a form of standard feedback to be used for classical control 
method. As some cases clearly stated by Meirovitch (1992), the measurement of all the 
states can be impractical. So that the feedback control having only a certain measurement 
can be preferable. For this case, two types of output feedback control can be conducted. 
The first which is given in detail in the thesis of Arfiadi (2000) is known as the observer 
based controllers or dynamic output feedback controllers by estimating the state from the 
measurement output in Eqs. 3.9a–b. With the available measurement to be chosen, the 
control force is regulated as:

	 U(t) = –G  ̑ X	 (3.13)

where  ̑  X is the observer state vector that estimates the actual state X. Herein, without going 
into a detail description until the discussion of H2/LQG control algorithm, the observer 
state vector may be assumed to have the form (Meirovitch 1992)

	  ̂̇ X =A  ̑ X + BU(t) + Lg (ym – Cm ̑ X)	 (3.14)

where Lg is the gain matrix for state estimator with the state observer technique, which 
is determined by solving an algebraic Riccati equation in control toolbox in MATLAB 
(R2011b). The observer state vector  ̑ X defined in Eq. 3.14 helps to regulate the feedback 
control system in Eq. 3.13. As can be seen that the system needs an online computation 
whether the observer state is in good agreement with the actual state or not. For further 
details about the error dynamic the reader is referred to Arfiadi (2000). In a direct (static) 
output feedback, without constructing an observer to estimate the actual state, the system 
can directly utilize the measurement output. When Dw in Eqs. 3.9a–b is considered as zero 
matrices, the control force in direct output feedback can be obtained by multiplying the 
measurement with the gain matrix as
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	 U(t) = –Gx = –GCwX	 (3.15)

So that the closed loop system can be taken by substituting Eq. 3.15 into Eq. 3.12 as

	 Ẋ = (A – BGCw) X + Eẍg	 (3.16)

In output feedback controllers, the regulated output x can be included with the absolute 
acceleration of the structure based on the requirement of the system.
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where Gd, Gv and Ga are the gain matrices and if there is no feedback from the  
corresponding measurement output, the element of these gain matrices contains zero (i.e. 
see Eqs. 3.20a–c).

	
1 1

sa cl cl cl cl

cl a cl d cl v

C M K M C

M M G ,K K G ,C C G

− − = − − 
= + Λ = + Λ = + Λ

	 (3.18a–d)

Rearranging Eq. 3.17, the control force can be shown as U(t) = –G zX. Here, X is a state 
vector in Eq. 3.7. 

	 Gz = [Gd  G
v
] + GaCsa	 (3.19)

According to the chosen feedback, the gain matrix can be written for example as:

	
d

v
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G 0 0 0 0 0 0 0 0 0 0
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G

	 (3.20a–c)

where Gd1, Gd2, Gv1 and Ga1 are gains to be determined. The closed loop system can be 
obtained as

	 Ẋ = AclX + Eẍg	 (3.21)

where Acl = A – BGz and the feedback is the top floor of displacement of both buildings, the 
velocity of top floor of Building A and the absolute acceleration of the top floor of Building 
B as shown in Eqs. 3.20a–c. Regulated output Cw can be chosen as inter-storey drifts, 
the top floor displacement of both buildings and the control force to obtain the optimum 
controller gains.
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3.10  Stability of Active and Other Control Systems

Active control system may cause instability if not designed properly. To avoid the instability 
of the structure, the simplest way is to ensure that the eigen-values of the closed loop 
system are placed in the left plane of the s-plane. This constraint is incorporated to the 
fitness function by simply setting the fitness of the individual having positive real-part 
eigen-values to a very small positive value that can still be accepted by the computer. If the 
system has negative real part of the eigen-values then the system is called asymptotically 
stable (Meirovitch 1992, Michalewicz 1996). In this book, Routh-Hurwitz criterion and the 
system matrix in the equation of motion of adjacent buildings are used as stability criterion 
in classical control design. Detailed discussion of these criterion is not the purpose of 
this research study. To perform Routh-Hurwitz test and the eigenvalue of the closed loop 
system for direct output feedback control systems, the reader is referred to Arfiadi (2000).

3.11  Modelling of Viscous Dampers

As an energy dissipation device, viscous dampers have been used to diminish earthquake 
damage to trade structures in many construction projects in current years (Hou 2008). For 
each displacement degree of freedom, independent damping properties may be specified. 
The damping properties are based on the Maxwell model of viscous damper having a linear 
or nonlinear damper in series with a spring. The cyclic response of a fluid viscous device 
is dependent on the velocity of motion. As recommended by Seleemah and Constantinou 
(1997) and by seismic design guidelines such as FEMA 273 (BSSC 1997), the linear 
damper behaviour is given by 

	 11
d d d

22

XX
F C K

XX
    = +   
    





e

	 (3.22)

where Fd is total output force provided by the damper, Cd and Kd are the damping coefficient 
and the spring constant matrices, arranging the velocity across the damper and the 
displacement across the spring, respectively. The e is the damping exponent. The damping 
exponent must be positive. The practical range between e = 0.5 and 2.0 is determined by 
Hou (2008) and Tezcan and Uluca (2003). In the numerical data of this book, e is taken  
as unity. Equation 3.22 consists of two parts. The first is the damping force which is proportional 
to e; while the second is the restoring force (Hadi and Uz 2009, Uz and Hadi 2009).

3.12  Modelling of Magnetorheological Damper

The magnetorheological (MR) damper is one of the most promising semi-active devices 
that uses MR fluid in order to provide controllable devices that employ MR fluids (Dyke 
et al. 1996a, Spencer Jr et al. 1997, Dyke et al. 1998, Yang et al. 2002). The MR fluids that 
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were initially discovered by Rabinow (1948) can be the property of a specific class of smart 
materials with rheological properties controllable rapidly by an applied magnetic field.  
Figure 3.5 shows the schematic of MR damper. For civil engineering applications, 
MR dampers are considerably attractive in terms of large force capacity, high stability, 
robustness and reliability. In addition, they are relatively inexpensive to manufacture and 
maintain. The MR dampers have also stable hysteretic behaviour over a wide temperature 
range that makes them suitable for both indoor and outdoor applications.

Because of their mechanical simplicity, high dynamic range and low power requirements 
(only a battery for power), have been studied by a number of researchers for seismic 
protection of civil structures (Dyke et al. 1996b, Spencer Jr et al. 1997, Jung et al. 2006, 
Ok et al. 2007, Shook et al. 2008, Bitaraf et al. 2010, Bitaraf et al. 2012) are considered 
as good candidates in terms of reducing the structural vibrations. As an example of Dyke 
(1996), the peak power required is less than 10 watts, which would allow the damper to be 
operated continuously for more than an hour on a small camera battery. The current for the 
electromagnet is supplied by a linear current driver of 120 volts AC and generating a 0 to 
1 amp current that is proportional to a commanded DC input voltage in the range 0–3 V. 
As a summary of the design parameters for the large-scale MR damper, Table 3.2 is given:

Forces of up to 3000 N can be generated. To summarise, the following three types of 
dynamic models are given herein. In this book, the modified Bouc-Wen model is only 
considered for modelling MR fluid dampers.

3.12.1  Bingham Model

The Bingham model consists of a Coulomb friction element in parallel to a viscous damper 
as shown in Fig. 3.6 (Stanway et al. 1987, Spencer Jr et al. 1997). 

Equation 3.23 gives the force generated by means of the MR damper:

	 ( ) ( )i y
mr mr i n i 0 i n ix x c x x+ += − + −   f f sgn 	 (3.23)

where f y
mr is the yield force, ẋ i+n and ẋi are the velocities of adjacent buildings; subscript 

n denotes the total number of storeys of one of the adjacent buildings and c0 is damping 

Fig. 3.5 Schematic diagram of MR damper.
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coefficient of the MR damper. In this model, there is no flow in the pre-yield condition 
because the material is rigid. 

	 f y
mr = f y

mra + f
y
mrbu , c0 = c0a + c0bu	 (3.24a–b)

The yield force and damping of the device in Eqs. 3.24a–b must be determined based on 
the applied voltage in order to provide a dynamic model having fluctuating magnetic fields 
(Jung et al. 2003).

Fig. 3.6 Bingham model of controllable fluid damper (Stanway et al. 1987).

Stroke ± 80 mm
FMR(max)/FMR(min) 101@100 mm/sec
Cylinder bore (ID) 203.2 mm
Max. input power < 50 W
Max. force (nominal) 200000 N
Effective axial pole length 84 mm
Coils 3 × 1050 turns
Fluid 2 × 10–10 sec/Pa
Apparent fluid 1.3 Pa sec
Fluid τ0 max 62 kPa
Gap 2 mm
Active fluid volume ~ 90000 mm3

Wire 16 gauge
Inductance ~ 6.6 henries
Coil resistance (R) 3 × 7.3 ohms

Table 3.2 Design Parameters of the Large-scale MR Damper (Yang et al. 2002).
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3.12.2  Bouc-Wen Model

The Bouc-Wen model (Wen 1976) is numerically tractable and is used extensively for 
modelling hysteretic systems as shown in Fig. 3.7. The force created by the damper is 
shown as:

	 f i
mr = αzdi + c0 (ẋ i+n – ẋi)	 (3.25)

where the evolutionary variable, zdi accounts for the history dependence of the response. 

	 ( ) ( )d dn 1 n
di n i i di di n i i di c n i iz x x z z x x z A x x−

+ + += −γ − −β − + −       	 (3.26)

Some model parameters depend on the command voltage to the current driver. Hence, the 
relations between damping constants and voltage are proposed as follows:

	 α = αa + αbu, c0 = c0a + c0bu	 (3.27)

The viscous damping parameters are linear manner to the applied voltage. Varying the 
constants in Eq. 3.26 can provide the smoothness of transition from the pre-yield to post-
yield region to be controlled.

Fig. 3.7 Bouc-Wen model (Wen 1976).

3.12.3  Modified Bouc-Wen Model

The modified Bouc-Wen model as shown in Fig. 3.8 is used to simulate the dynamic 
behaviour of the MR damper that involves voltage-dependent parameters to model 
fluctuating magnetic fields.

	 f i
mr = c1ẏi

 + k1 (x i+n – xi – x0)	 (3.28)
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where the internal pseudo-displacement, yi and the evolutionary variable, zdi are given by

	 ( ) ( ) ( ){ }i di 0 n i i 0 n i i i
0 1

1y z c x x k x x y
c c + += α + − + − −

+
    

( ) ( )d dn 1 n
di n i i i di di n i i i di c n i i iz x x y z z x x y z A x x y−

+ + += −γ − − −β − − + − −         
 

 

	(3.29a–b)

where xn+i and xi are the displacement of the ith floor of Building B and Building A, 
respectively. Displacement of the MR damper Δxi is computed, using relative displacement 
between two inline adjacent floors (i).

The x
0 
is the initial displacement of spring of the accumulator stiffness k1; k0 is the stiffness 

at large velocities; c0 and c1 are viscous damping at large velocities and for force roll-off 
at low velocities, respectively; α is the evolutionary coefficient. Other shape parameters 
of the hysteresis loop are shown as γ, Ac, nd and β in Eqs. 3.26, 3.27 and 3.29a–b. In this 
model, the following three model parameters depending on the command voltage u to the 
current driver are expressed as follows:

	 α = αa + αbu, c1 = c1a + c1bu, c0 = c0a + c0bu	 (3.30a–c)

Equation 3.31 is necessary to simulate the dynamics involved in reaching rheological 
equilibrium and driving the electromagnet in the MR damper. The dynamics are accounted 
for through the first-order filter

	 u∙  = – η (u – vi)	 (3.31)

where u is given as the output of a first-order filter which delays the dynamics of the current 
driver and of the fluid to reach rheological equilibrium; vi  is a command input voltage 
supplied to the damper at ith floor; f i

mr is the damper force at ith floor level between the 

Fig. 3.8 Modified Bouc-Wen model for MR damper (Spencer Jr et al. 1997).
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buildings. Parameter variables by optimal fitting of their model to test data are obtained 
by Spencer Jr et al. (1997). The optimised parameters for the three dynamic models that 
were determined to best fit the data derived from the experimental results of a 20-ton MR 
fluid damper in the study of Yang et al. (2002) are used herein. In order to find the data of 
a 100 ton (i.e. 1,000 kN) damper considered in this book, the experimental data of the 20 
ton damper have been scaled up five times in the damper force and 2.5 times for the stroke 
of the device in a linear manner. 

Chapter 4 deals with the active control system with actuators and semi-active strategies 
that are proposed to control the response of the structure after describing the dynamic 
model of the viscous and MR damper herein.

3.13  Summary

This chapter conducted the modelling of passive and active dampers for seismic response 
mitigation of a coupled building connected to each other by either passive or active 
dampers. Before describing the control strategies based on GA, non-dominated sorting 
genetic algorithm and pareto-optimal solutions in the following chapters, the modelling 
of MR dampers is investigated herein. One of the challenges to the application of MR 
dampers is use of an appropriate control algorithm to determine the command voltage of 
the MR damper. Many control algorithms are proposed to control the behaviour of MR 
dampers or other semi-active devices. Chapter 4 shows the control strategies for dampers 
that are proposed to control the response of the structure. 
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4.1  Introduction

In order to design optimal control force, several optimisation methods based on the chosen 
objective function have been synthesised in this chapter. Typically, active and other control 
forces can be determined by using some control strategies, such as the Linear Quadratic 
Regulator (LQR), Linear Quadratic Gaussian (LQG), H2, H∞ norms, Fuzzy Logic Control 
(FLC). These control systems can be considered as objective functions for optimisation of 
passive and active control problems between adjacent buildings. This chapter includes a 
summary of the control strategies used in this book.

4.2  Linear Quadratic Regulator with Full State Feedback

This algorithm is one of the classic performance index used for active and other control 
devices of structures in the modern control theory. The optimal LQR method requires that 
all values of the state variables are available. Due to limitation in the number of sensors that 
could be installed in large structures for measuring the state variables, the use of this system 
is restricted for economical reasons. Firstly, an LQR algorithm with full state feedback is 
employed in this book. In order to construct the desired force in semi-active system, this 
research study is based on an LQR approach (Kirk 1970) which uses all states for feedback. 
For designing an LQR controller, the aim is to minimise the quadratic performance index 
subject to state Eqs. 3.9a–b without external excitation taken as the constraint (Levine and 
Athans 1970).

T T
mr mr t

0

1J x x F F d
2

∞
 = + ∫ Q R (4.1)
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Here, both Q, the positive semi-definite state and R, the positive define control input are 
weighting matrices in order to impose the importance of each term in Eq. 4.1. Hamiltonian 
can be formed by using the vector of regulated responses x in Eqs. 3.9a–b and control forces 
Fmr. By means of the help of the state and co-state vectors, Riccati differential equation in 
Eq. (4.2) can be obtained by the method discussed in Meirovitch (1992)

	 PA + ATP + CT
w QCw – PB R–1 BTP = 0	 (4.2)

where P is the solution of the algebraic Riccati equation. Optimal control force vector can 
be written as (Lewis and Syrmos 1995, Motra et al. 2011)

	 fd = –BT R–1 PX = –KX	 (4.3)

For multiple MR dampers, the control input is a vector, i.e. fd = [ fdl  ...  fdi  fdm] T and  
R = [R]; K is the full state feedback gain matrix for the deterministic regulator problem. As 
can be seen in Eq. 4.3, the resulting controller gain is time invariant. With all X measurements 
of the adjacent buildings, the control force is in the form of full state feedback controller.

4.3  Linear Quadratic Gaussian Regulator with Output Feedback

The H2 optimal control theory is in the term of frequency domain interpretation of the 
cost function associated with time-domain state-space LQG control theory (Spencer et al. 
1994, Dyke et al. 1996a). In this book, for semi-active control system, the H2/LQG control 
algorithm is used through the reduced order model of adjacent buildings (Abdel Raheem 
et al. 2011). In many control algorithms, the aim is minimisation to a performance index 
based on the system variables with trading off regulation performance and control effort. 
The damper force in Eq. 4.3 can be found by minimising the performance index, subject to 
a second order system in Eqs. 4.4a–b.

Herein, the normal force of damper is used as the control input. The level of normal 
force required is determined by using an optimal controller based on an infinite horizon 
performance index form as:

( ) ( )T T
m m mr m m mr mr mr t

t 0

1J E C X D F C X D F F F d
τ

→∞

  = + + +   τ   
∫ Q Rlim  

or 

T T
m m mr mr t

0

1J E y y F F d
τ

τ→∞

  = +  τ   
∫ Q Rlim  

 

or		  (4.4a–b)

( ) ( )T T
m m mr m m mr mr mr t

t 0

1J E C X D F C X D F F F d
τ

→∞

  = + + +   τ   
∫ Q Rlim  

or 

T T
m m mr mr t

0

1J E y y F F d
τ

τ→∞

  = +  τ   
∫ Q Rlim  

 
Both Q and R weighting matrices are for the vector of measured responses ym in  
Eq. 3.9a–b and of control forces Fmr, respectively. Here, every element of the state vector 
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is used in the feedback path (Cw = Cm). On the other hand, the number of sensors should 
be limited for economical reasons; the need of the output feedback, where not all states 
are available, is more pronounced (Arfiadi 2000). Many states in realistic systems are not 
easily measurable. The optimal controller in Eq. 4.3 is not implemental without the full state 
measurement (Levine and Athans 1970, Abdel Raheem et al. 2011). Hence, in this book a  
H2 /LQG controller is also employed as a nominal controller and the results are compared 
with the corresponding LQR controller. A state estimate can be formulated as  ̑  X that  
fd = –K X̑ remains optimal based on the measurements (Levine and Athans 1970, Abdel 
Raheem et al. 2011). Further, in the design of the H2 /LQG controller, the ground acceleration 
input, ẍg is taken to be stationary white noise. For design purposes, the measurement noise 
is statistically independent Gaussian white noise processes with Sẍgẍg

/Svivi
 = γg where Sẍgẍg 

and Svivi
 are the auto-spectral density function of ground acceleration and measurement 

noise, respectively. The nominal controller is represented as (Yoshida et al. 2003)

	
 ( ) ( )

( )
g m g m g m mr

T
g m

X A L C X L y B L D F

L C S

= − + + −

=

 



	 (4.5a–b)

where S is the solution of the algebraic Ricatti equation given in Eq. 4.6;  X̑ is the optimal 
estimate of the state space vector, X; Lg is the gain matrix for state estimator with the 
state observer technique, which is determined by solving an algebraic Riccati equation in 
control toolbox in MATLAB (R2011b). 

	 SAT + AS – SCT
mCmS + γgEET = 0	 (4.6)

Based on selected displacement and velocity measurements, a Kalman filter is used to 
estimate the states. In order to produce an approximately desired control force fd a force 
feedback loop is appended for inducing the MR device. A linear optimal controller Kc(s)
is designed to provide the desired control force fd based on the measured responses ym and 
the measured force Fmr as follows:

	
 

( ) m1
d c

mr

y
f

F
−     = −         

L K s L 	 (4.7)

where L(.) is the Laplace transform. Although the controller Kc(s) can be obtained from 
a variety of synthesis methods, the H2 /LQG strategies are conducted herein due to the 
stochastic nature of the earthquake ground motions and because of their successful 
application in other civil engineering control applications (Spencer et al. 1994, Dyke et al. 
1996b, Abdel Raheem et al. 2011). 

	 Kc(s) = K [sI – (A – LC)]–1   ̑ B	 (4.8)

www.TechnicalBooksPDF.com



66

Earthquake Resistant Design of Buildings

where  B̑ = [L  B – LD]. K is shown in Eq. 4.3 using the algebraic Ricatti equation given 
by Eq. 4.2 in the control toolbox in MATLAB (R2011b). The H2 optimal control criteria 
defined in Section 4.4 can be numerically equivalent to the LQG optimal control criteria 
defined herein with appropriate selection of design weights in Eq. 4.4a–b (Lu 2001).  
Note that the damper is driven by the applied command input voltage (v). The states  
(x, y, zd, u) are obtained via integration of Eqs. 3.9a–b, 3.29a–b and 3.31 using MATLAB 
module ode 45 based on 4th/5th order Runge-Kutta method. Then, the available damper 
force, Fmr = [ f l

mr  ...  f i
mr f m

mr ]
T and desired force fd are obtained via Eqs. 3.28 and 4.3, 

respectively. The schematic block diagram for implementations of LQR combined with a 
clipped voltage law (CVL) and H2/LQG – CVL is illustrated in Fig. 4.1. 

The conventional semi-active control strategy for an MR damper can be divided into two 
steps—primary and secondary controllers (Symans and Constantinou 1999). While the 
primary controller determines the best optimal force required for the MR damper, the input 
voltage of the MR damper is determined by secondary controller. The optimal force is 
clipped by the secondary controller in a consistent manner. This step is referred as the 
clipped optimal control strategy (Jansen and Dyke 2000) in Fig. 4.1.

Inverting the damper dynamics to obtain command voltage for a desired force is not 
possible from Eqs. 3.29a–b, 3.30a–c and 3.31. Hence, two methods—one LQR – CVL and 
the other based on H2/LQG – CVL are used to obtain the voltage v based on desired and 
measured damper forces as described in Section 4.6.1.

Fig. 4.1 Semi-active control block diagram of LQR – CVL and H2/LQG – CVL.
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4.4  H2 Control

The use of H2 optimisation procedure for the structural response under earthquake loading 
has been considered by many researchers in civil engineering application (Holland 1992, 
Spencer et al. 1994, Dyke et al. 1996b). The objective of H2 methods is to minimise the 
transfer function of the closed loop system from external disturbances to a certain controlled 
output. The H2 norm can be determined by 

	
 

( ) ( )( )
1 2

xw xw xw2

1G tr G j G j d
2

/
*ˆ ˆ ˆ

∞

−∞

 
= ω ω ω  π 

∫ 	 (4.9)

where║  Ĝxw║2 is H2 norm transfer function from external disturbance w = ∙∙Xg to the controlled 
output x. While ω and j are frequency and imaginary, * and tr represent complex conjugate 
transpose and the trace, respectively. By Parseval’s theorem, Eq. 4.9 in order to perform a 
physical interpretation of the H2 norm is equal to the H2 norm of impulse response 

	
 

( ) ( ) ( ) ( )( )
1 2

xw xw xw xw22
G s g t tr g g d

/
*ˆ

∞

−∞

 
= = τ τ τ  

 
∫ 	 (4.10)

where gxw(t) is the impulse response matrix given as 

gxw(t) = 0 when t < 0

	 gxw(t) = CweAtE when t ≥ 0	
(4.11a–b)

The regulated output x as the response to be kept small is chosen in relation to the 
performance index to be minimised.

	 x = CwX	 (4.12)

Substituting Eq. 4.11a–b into Eq. 4.10, the H2 norm of impulse response can be obtained as 
given in detail in the study of Lu (2001). 

	
 T2 At T A t T

xw w w2 0
G tr C e EE e C dˆ

∞
 = τ 
 ∫ 	 (4.13)

Rearranging Eq. 4.13 with defining Lc = ∫
t

0
eAτEETeATτdτ Leibniz’s rule on the order of 

differentiation and integration, the controllability Gramians Lc can be obtained from 
the form of ∙ Lc = EET + ALc + LcA

T with Lc(0) = 0. Since A is asymptotically stable,  
the controllability Gramians Lc converges to a constant matrix. For infinite-horizon case  
(t → ∞), Lc is a constant matrix and ∙ Lc is zero. Because of the fact that the trace has the 
property trace (AB) = trace (BA) (see (Lu 2001)), the term ∫

∞

0
tr(EeAtCwCw

TeATtET)dτ can 
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also equal to ║  Ĝxw║
2

2
 (see Eq. (4.15a–b)). The H2 norm transfer function from w to x can be 

computed, using (Lublin et al. 1996)

	 ( ) ( )1 2 1 2T T
xw w c w o2

G tr C L C tr E L E
/ /ˆ    = =      

	 (4.14)

where Lc and Lo which can be determined from the Lyapunov equations are the controllability 
and observability Gramians, respectively.

	
 T T

c c
T T

o o w w

AL L A EE 0

A L L A C C 0

+ + =

+ + =
	 (4.15a–b)

Note that displacements, velocities and absolute accelerations of adjacent buildings can be 
included to the controlled output defined in Eq. 4.12. By choosing the appropriate entry in 
the regulation matrix, certain regulated output that needs to be minimised can be imposed. 
For H2 optimal feedback control,

	

 

( ) ( )

cl g

m m z

w
1/2 1/2T T

w c w o

T T
cl c c cl
T T
cl o o cl w w

cl m z

X A X Ex

U(t) Gy GC X G X
x C X

J C L C E L E Min.

A L L A EE 0 or

A L L A C C 0
A A BGC A BG

= +

= − = − = −
=

   = = ⇒      

+ + =

+ + =

= − = −





tr tr 	 (4.16a–g)

Further, for feedback control system in active control systems, A matrix in Eqs. 4.15a–b 
will be replaced with Acl in Eqs. 4.16a–g.

4.5  H∞ Control

To quantify the transfer functions, H2 and H∞ norms are usually used. In H∞ controllers, the 
objective is to minimise the infinity norm of the transfer function from external disturbances 
to the regulated outputs. The H∞ norm can be cast in the iterative manner. In this case, 
Hamiltonian matrix can be defined as:

	
 

( ) ( )
1 T 1 T

w
TT 1 T 1 T

w w w

A ER D C ER E
=

C I DR D C A ER D C

− −

− −

 +
 
 − + − +  

H 	 (4.17)
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where R = γ2I – DTD. In this book, eigen values of this matrix in Eq. 4.17 are symmetric 
about the real and imaginary axes with D = 0; H∞ norm can be computed in the following 
bisection algorithm: 

	 (a)	 Select γu, γl so that γl ≤ ║ ̂ G∞║≤ γu

	 (b)	 If (γu – γl)/γl ≤ specified level (Tol.) 

		  Yes Stop ( ( )u l
1Ĝ
2∞ ≈ γ + γ )

		  Otherwise, go to Step (c)

	 (c)	 Set γ = (γu + γl)/2 and test if ║ ̂ G∞║≤ γ using λi (H)

	 (d)	 If λi (H) jR, then set γl = γ, otherwise set γu = γ and go to Step (b)

The resulting γ is the H∞ norm to be determined. In the numerical solution, the computation 
of H2 norm in Eq. 4.10 and H∞ norm in bisection algorithm can be obtained by using lyap 
and norm commands in the MATLAB Control System Toolbox. In the graphical methods, 
the peak value is the singular value plot of the transfer function. The controller gains are 
then solved by using genetic based optimiser. In the clipped optimal controller, for each 
MR damper, the approach is to produce approximately a desired control force which is 
determined by means of H2/linear quadratic Gaussian (LQG) and linear quadratic regulator 
(LQR) strategies. The next section describes the semi-active fuzzy control strategy for 
adjusting the MR dampers based on the input voltage of the MR damper after determining 
the ideal optimal force required for the MR damper.

4.6  Clipped Optimal Control

The clipped-optimal control method is used to solve an optimal control problem and to 
calculate the optimum force. Figure 4.2 illustrates the hysteretic behaviour of the MR 
damper model according to the input voltage. Non-linear force of damper is not directly 
controllable and applied voltage to the current driver can only be adjusted to reach the 
desired control force at each time step. Damping force produced by MR damper has also 
limited capacity and mostly cannot satisfy the calculated optimal control force. 

Thus the applied voltage is set after computation of the optimal control force by a 
predefined control algorithm according to feedback data and measurement of damper force 
at each time in order to approach the MR damper control force to the desired optimal force. 
In other words, only the control voltage vi can be directly controlled to adjust the force 
obtained by the device.
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4.6.1  Clipped Voltage Law

The input voltage, v, to the damper is obtained by using the CVL (Dyke et al. 1996b) 
and is described below. If these two forces are equal, then the applied voltage does not 
change. The applied voltage to the damper remains at present level. If the absolute of MR 
damper force is less than the absolute of the calculated optimal control force and both of 
them have the same sign, the applied voltage should be increased to its maximum value. 
Otherwise, the input voltage is set to zero. Clipped-optimal method can be summarised in 
the following equation: 

	 v = VmaxH{(fd – Fmr)Fmr}	 (4.18)

where Vmax shows the maximum applied voltage that is associated with saturation of 
magnetic field in MR damper and H{.} is the Heaviside function. Voltage applied to the 
MR damper should be Vmax when H{.} is greater than zero; otherwise, the command 
voltage is set to zero. Figure 4.3 indicates the schematic representation for implementation 
of control law block for CVL.

As a summary, in the clipped-optimal control algorithm, the command voltage varies to 
the value of either zero or the maximum value. In some cases, the effect of large changes 
in the forces applied to adjacent buildings to avoid high local acceleration values can be 
controlled by means of the time lag in the generation of the control voltage obtained by 
Eq. 3.31. 

Fig. 4.2 Hysteretic behaviour of an MR damper.
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Fig. 4-2 Hysteretic behavior of an MR damper 

Thus the applied voltage is set after computation of the optimal control force by a predefined 
control algorithm according to feedback data and measurement of damper force at each time in 
order to approach the MR damper control force to the desired optimal force. In other words, 
only the control voltage iv  can be directly controlled to adjust the force obtained by device. 

4.6.1 Clipped Voltage Law 
The input voltage, v, to the damper is obtained using the CVL (Dyke et al. 1996b) is described 
below. If these two forces are equal then the applied voltage is not changed. The applied 
voltage to the damper remains at present level. If the absolute of MR damper force is less than 
the absolute of the calculated optimal control force and both of them have the same sign, the 
applied voltage should be increased to its maximum value. Otherwise, the input voltage is set to 
zero. Clipped-optimal method can be summarized in the following equation.  

  d mr mrv V f F Fmax H  (4-18) 

where Vmax shows the maximum applied voltage that is associated with saturation of magnetic 
field in MR damper and H . is the Heaviside function. Voltage applied to the MR damper 

should be Vmax  when H . is greater than zero. Otherwise, the command voltage is set to zero. 
Fig. 4-3 indicates the schematic for implementation of control law block for CVL. 

 
Fig. 4-3 Graphical representation of control voltage selection in the clipped optimal control 

algorithms 

As a summary, in the clipped-optimal control algorithm, the command voltage varies on the 
value of either zero or the maximum value. In some cases, the effect of large changes in the 
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Although the modified clipped-optimal control algorithm to reduce this effect is developed 
by Yoshida and Dyke (2004), the original clipped-optimal control algorithm is used in 
this book. Although significant studies have been made, based on active and semi-active 
control of building vibrations in seismic zones (Singh et al. 1997, Arfiadi and Hadi 2001, 
Yoshida et al. 2003, Aldemir 2010), the applications for intelligent controller, such as 
neural networks based control (Xu and Zhang 2002) and fuzzy logic control (Zhou et al. 
2003), have not been addressed extensively. Algorithms for intelligent control have the 
advantage of not requiring a model of the system.

4.7  Fuzzy Logic Control Theory and Applications

Zadeh (1965) developed the fuzzy set theory in order to accommodate imprecision and 
uncertainty often presented in specific applications. Fuzzy logic control has been the  
focus of structural control engineers during the last two decades because of its sufficient 
inherent robustness to the closed loop system and ability to handle the non-linear dynamics 
of an MR damper (Battaini et al. 1998, Symans and Kelly 1999, Schurter and Roschke 2001). 
An optimal fuzzy logic controller to monitor the command voltage is also investigated 
in this book. The progress of the fuzzy controller is a more difficult and sophisticated 
procedure than that used in conventional control algorithms which are employed in this 
book, although fuzzy logic performs in the design of simple control algorithms (Kim  
and Kang 2012). For this reason, researchers are still faced with challenges when the  
fuzzy logic system is investigated for reduction of the structural vibrations. Fuzzy sets  
and rules require a good understanding of how to handle the non-linear dynamics of  
an MR damper. 

Fig. 4.3 Graphical representation of control voltage selection in the clipped optimal control algorithms.
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Fuzzy set theory defines the way an input mapping to an output using verbose statements 
rather than mathematical equations for human reasoning (Nguyen et al. 1995), which involves 
terminology different from traditional mathematics (Symans and Kelly 1999). Because of the 
difficulty of establishing an accurate mathematical model, FLC can offer a simple framework 
for non-linear control laws. Using the clipped optimal, H2/LQG and LQR control techniques, 
the change in command voltage sent to MR damper is not gradual or smooth. Furthermore, 
swift changes in voltage supply lead to a sudden rise in the external control force (Ok et al. 
2007, Ali and Ramaswamy 2009, Kim and Kang 2012). Therefore, a fuzzy logic controller 
used in conjunction with MR damper is investigated to cover all voltage values in the range 
of zero and maximum MR damper voltages. The previous studies of FLCs mainly focused 
on various design parameters related to selection of membership functions and definition of 
the rule base to perform at the desired level (Yan and Zhou 2006, Pourzeynali et al. 2007). 
The membership functions and control rules of a fuzzy controller are usually determined 
by trial and error which is a tedious and time-consuming task. Because of the difficulty in 
determining the correlation  between the structural responses and the command voltages, 
especially for a multi input multi output (MIMO) system, the design of the fuzzy controller 
requires optimally into GA. Figure 4.4a shows the proposed control strategy for integrated 
fuzzy logic and genetic algorithms.

As can be seen from Fig. 4.4b, the fuzzy logic has four modules: fuzzification, rule base, 
inference mechanism and defuzzification (Park et al. 2005, Ok et al. 2007). The detail of 
encoding fuzzy logic structure is given in the following chapter. As a summary, the basic 

Fig. 4.4 Conceptual diagram of a) semi-active fuzzy logic control b) FLC components.

a)

b)
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structure of a typical FLC is illustrated in Fig. 4.4b in which the components are defined 
as follows:

	 •	 Fuzzifier: takes the form of a crisp value which is then converted into fuzzified inputs 
using the input membership functions

	 •	 Fuzzy rules: constructed to achieve the control goal by specifying a set of if-premise-
then-consequent statements

	 •	 Fuzzy interference engine: uses the fuzzy rules in the rule base module to infer 
fuzzified outputs from the fuzzified inputs

	 •	 Defuzzifier: operates on the fuzzified outputs obtained from the inference mechanism 
by converting into the required crisp control value

The most widely used fuzzy control inference Ri is the ‘‘if-then’’ rule, which can be  
written in Fig. 4.5 when two input data are used in their antecedent parts (Ahlawat  
and Ramaswamy 2003).

Fig. 4.5 First three steps of fuzzy logic controller.
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An optimal design of fuzzy control rules and membership functions of the fuzzy controller 
is desired for efficiency. In this book, the shape and distribution of the defined membership 
functions are kept constant when the selection of fuzzy rules of the FLC system employs 
an adaptive method in GA. First, the input and output space of the system to be controlled 
are divided into fuzzy regions and the membership functions are defined for the design of 
an ordinary fuzzy controller. The integrated GA-FLC uses GA to derive proper rules from 
the initial rules (however, the initial rules are not necessarily needed in this book). 

4.7.1  Integrated Fuzzy Logic Control Procedures

An adaptive method for selection of fuzzy rules of the fuzzy logic control system is conducted 
in GA in this section. Multi-input multi-output system can be complicated to combine for the 
adaptive method. A fuzzy correlation between the selected structural responses is optimally 
established, using GA. The foundation of this correlation is established for determining the 
corresponding command voltages for MR dampers according to the structural displacement 
responses of the highest floors for each building. Other parameters of the fuzzy controller, 
such as the shape and distribution of the membership functions are unchanged once defined. 
First, the input and output space of the system to be controlled is divided into fuzzy regions 
and the membership functions are defined for design of an ordinary fuzzy controller. The 
integrated GA-FLC architecture uses GA to derive proper rules from the initial rules (however, 
the initial rules are not necessarily needed in this study). Figure 4.6 shows graphically the 
conceptual diagram of the proposed fuzzy control strategy.

Fig. 4.6 Flowchart of semi-active fuzzy logic control system.
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As can be seen from Fig. 4.7, the proposed fuzzy control strategy does not require a primary 
controller. The input voltage to the MR damper as input information from the response 
of the MR damper as output information can be obtained by the FLC. Composition of 
the fuzzy logic has four modules—fuzzification, rule-based, inference mechanism and 
defuzzification (Ok et al. 2007).

In order to be controlled into fuzzy regions and define the membership functions, the 
design of the fuzzy controller begins with selection of a range of input values. Here, a 
fuzzy controller has been defined, using a total of five membership functions for each of 
the inputs. A fuzzy set in this study is defined, using five abbreviations—NL (Negative 
Large), NS (Negative Small), ZO (Zero), PS (Positive Small) and PL (Positive Large). 
For the input membership functions, a reasonable range for each input value is selected. 
For example, the outermost membership functions can be rarely utilised if the range is 
too large. Conversely, if the range is too small, the innermost membership functions are 
rarely utilised. Utilising either the outermost or the innermost membership functions limits 
variability of the control system (Symans and Kelly 1999, Yan and Zhou 2006). In order to 
avoid this limitation, 70–80 per cent of the maximum uncontrolled displacement responses 
of the corresponding floors is taken as a reasonable range for each input in this study. 
The definition of the fuzzy output membership function abbreviations are as follows: ZO 
(Zero), S (Small), M (Medium) and L (Large) as shown in Fig. 4.8.

The crisp input is converted into fuzzified inputs using the input membership functions. 
After all the fuzzy rules are evaluated, the results of the rules are combined and defuzzified 
to a single number output. Figure 4.9 shows this process more clearly. The expansion and 
contraction of the horizontal axis in the input membership function directly influence to 
define whether the output of the fuzzy logic is large or small. The rule-base module is 
constructed by specifying a set of if-and-then-consequent statements. A fuzzy logic control 
system with two inputs and a single output represents each damper between adjacent 
buildings to be designed. This two-input-single-output case is chosen to simply clarify the 

Fig. 4.7 Fuzzy control inference algorithm.
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Fig. 4.8 Membership functions used for input and output variables.

Fig. 4.9 Fuzzy logic controller in five steps.
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basic ideas of how to represent a fuzzy rule base using bit-strings. Each input is divided 
into five fuzzy sets in this study.

A fuzzy rule base consists of 25 fuzzy rules for two fuzzy inputs. A five-by-five table with 
each cell to hold the corresponding outputs can be categorised for these rules. There are 
four choices in the voltage output corresponding to each rule. For example, using ‘‘IF-
THEN’’ form, IF Input 1 is ZO and Input 2 is PL, THEN Output 1 is M, L, ZO or S. The 
if- part of the rule is called the antecedent which involves fuzzifying the input and applying 
any necessary fuzzy operators, while the then- part of the rule is called the consequent, 
known as implication. Each chromosome in the population consists of all the fuzzy rules 
and has the same input conditions but different output control signals assigned to bit-string. 
The bit-string is needed only to encode the output signals of the fuzzy rule.

There are totally 25 rules that form the fuzzy control rule base; thus 100 bits in a total can 
be used to represent a whole rule base for a single output. Each of the four consecutive bits 
are coded to represent the output for each rule. Each four bits from left to right represents the 
output linguistic variables—ZO, S, M and L, respectively. An output signal is selected by GA 
by setting the corresponding bit to 1 while the other three bits are 0s (Yan and Zhou 2006).

	 •	 IF Input 1 is NL and Input 2 is NL, THEN Output 1 is M
	 •	 IF Input 1 is NS and Input 2 is PS, THEN Output 1 is S
	 •	 IF Input 1 is ZO and Input 2 is ZO, THEN Output 1 is ZO
	 •	 IF Input 1 is PS and Input 2 is PL, THEN Output 1 is L
		  (25 rules in total)

For example, the following rules can be represented by a chromosome as

		 0  0  1  0  0  1  0  0  ...  1  0  0  0  ...  0  0  0  1  ...  0  1  0  0
		 (100  bits  in  total)

The current voltage obtained from the FLC combined GA is the same for all dampers 
installed between the buildings. The proposed integrated fuzzy logic and GA control 
strategy is especially suitable for designing an MIMO system. The multiple damper 
cases are similar to the single damper case, except that the bit number that represents the 
corresponding output voltages has a longer length. For example, while the same current 
voltages used for nj number of MR dampers at the j storey level, different current voltages 
can be used for different storey levels. If different current voltages are needed throughout 
10 storey levels, 250 rules are determined by GA using 1000 bits chromosomes. 

However, the problem in this coding strategy is that it is hard to perform a mutation 
operation since it may result in more than one choice for each output in one rule. Therefore, 
in this study, only the selection and crossover operators are used to perform GA operations 
while neglecting the mutation operator because crossover is the main evolution operator in 
GA and mutation is secondary. Figure 4.10 shows one such input-output surface obtained 
in FLC optimisation at the beginning of simulation.
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Producing fuzzified outputs from fuzzified inputs in the inference mechanism can be 
provided by means of fuzzy rules in the rule base module. All fuzzy statements are resolved 
in the antecedent to a degree of membership between 0 and 2.25. After the entered and 
fuzzified input values, the fuzzy operator is applied to the antecedent and two fuzzified 
results are obtained as a single number. In this study, the min function for the and fuzzy 
operator (implication method) is used to determine the certainty of the fuzzy output variable 
for each fuzzy output. The truncated fuzzy set is defuzzified to assign a single value to 
the output command voltage by using the max function. For defuzzification, the centroid 
calculation is used in this study as the most popular defuzzification method which is the 
last component of the fuzzy logic. This module operates on the fuzzified outputs that are 
provided from the inference mechanism. A certain interface is required in order to relate 
the fuzzified values to the crisp output. In this numerical example, the input voltages are 
taken between the range of 0–2.25 V for fuzzy logic controller. Hence, a maximum value 
of 2.25 V is shown in the output membership function. This study adopts the centre of 
gravity (COG) method from among the defuzzification methods (Park et al. 2002). The 
COG method is defined as follows:

	

 ( ) ( )

( )

A

A

N j j
Ai i

j 1
i N j

Ai
j 1

b
=

=

µ

=

µ

∑ ∫

∑ ∫
y 	 (4.19)

where NA is the number of rules activated from the inputs; μAi
( j) is the value of the output 

membership function in the consequent statement for jth rule for ith input; bi
(j) is the centre 

of the output membership function μAi
( j) and the integral of output membership function  

Fig. 4.10 FLC input/output surface.
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∫μAi
( j) represents the area of the output membership function. By means of the rule base in 

the inference mechanism, FLC determines the control voltage for the MR damper using 
the input functions.

4.8  Summary

Several control algorithms to design optimal control force and command voltage to MR 
dampers are discussed in this chapter. For seismic response mitigation, the objective of 
this book is to investigate the efficacy of the optimal additional damping and stiffness 
parameters due to instillation of the MR dampers using H∞ optimisation. At the same time, 
the aim is to obtain optimum outputs (command voltages and number of dampers) of the 
controller for MR dampers by using LQR optimisation. For optimisation of semi-active 
control problems between adjacent buildings, several optimisation methods based on the 
chosen objective function are being synthesised in this book. The H2 /LQG norm is used 
to obtain the desired control force vector in the modern control theory, respectively. The 
clipped-optimal control method is to solve an optimal control problem and to calculate the 
optimum force. In the LQR control, the ground motion does not appear in the formulation 
as it is usually neglected. In H2 and H∞ control the disturbance is conducted as parameters 
in optimisation. They are represented in the modern state space approach even though H2 
and H∞ controls are frequency domain controllers (Arfiadi 2000).

The fuzzy sets and rules that require a full understanding of the system dynamics must 
be correctly pre-determined for the system to function properly. Furthermore, in order to 
mitigate the responses of seismically subjected civil engineering structures, multiple MR 
dampers distributed between adjacent buildings should be used (Yan and Zhou 2006). 
Zhou et al. (2003) successfully applied an adaptive fuzzy control strategy for control of 
linear and non-linear structures. The authors found that the adaptive feature of a fuzzy 
controller has various advantages in the control of a building, including the MR damper 
system. To incorporate non-linearities in the model of the structure, the controller need not 
to be modified since the FLC can handle non-linearities. 

In the next chapter, a framework on how to solve optimal static output feedback controllers 
using genetic algorithm is presented. For challenging the design of fuzzy control rules 
to control the MR damper voltage, a simple GA and Multi-Objective Genetic Algorithm 
(MOGA) are applied to the optimal design of FLC in this book. A combined application 
of genetic algorithms and Fuzzy Logic Controller (GFLC) are presented in the following 
chapter. In addition, the application of active and semi-active control concept to optimisation 
of passive control problems is also presented. 
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Single and Multi-Objective 
Optimisation Problems

5.1 Introduction

In general, engineers tend to design efficient systems, i.e. optimum designs. Modern 
structural design is a crucial step for the engineer to design in the optimum system. Safety is 
considered one of the most important design criteria, requiring the engineer to manage and 
design the members of a structure so that the whole structure will provide sufficient safety. 
Cost and feasibility are the other concepts in the design of structures. For optimisation of 
damper coefficients and number of dampers, genetic algorithm is briefly proposed in the 
following section. The idea behind the mechanics of Genetic Algorithm (GA) is that it 
simulates the Darwinian principle of ‘survival of the fittest’ and it is a probabilistic search 
method in nature. The GA uses binary coding to represent the design variable at its early 
development (Holland 1975, Goldberg 1989). This chapter contains the optimum design 
using genetic algorithm, NSGA-II and Pareto optimal solution, having discussed control 
algorithms. Basic mechanisms, components and advantages of genetic algorithms and 
multi objectives genetic algorithm as a structural optimisation method are defined in this 
section.

5.2 Basic Mechanics of Genetic Algorithm for Single Objective

The GA, which is inspired by natural selection and genetic evolution, is an adaptive heuristic 
optimisation technique for solving optimisation problems in engineering applications. 
The GA is one of the most flexible and effective methods to solve optimisation problems 
because of its robustness, constraint independence and parallel computation. In GAs, natural 
evaluation terms (the solutions to the optimisation problem) are represented as analogies 
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(genetic strings) to real nature (chromosomes in nature). To understand the structure of 
GAs, a comparison between genetics terminology and the genetic algorithm terminology 
is given in Table 5.1. Binary string in GA can represent a candidate of a design variable. 
The GAs start off with a population of random candidates and advance towards better 
chromosomes by applying genetic operators in a specified coded string. After initialisation, 
the fitness of candidates is calculated to evaluate bit strings to each other according to the 
objective function. The genetic algorithm process is shown in Table 5.2. 

The GA does not need the gradient information to optimise the cost function as the measure 
of the optimality is described by the fitness of individuals. This advantage provides 
the GA to be used for hard and complex optimisation problems with the capability of 
obtaining global optimum solution in a straightforward manner. The candidates undergo 
the selection process based on the fitness of each individual. In the selection process, the 
better chromosomes generate higher values than others and place them in the mating pool. 
The design variable (gene) of every individual (chromosome) in the population undergoes 
genetic evolution through crossover and mutation by a defined fitness function. In this 
chapter, the roulette wheel selection procedure maps the population in conjunction with 
the elitist strategy.

By using the elitist strategy, the best individual in each generation is ensured to pass to the 
next generation. After selection, crossover and mutation, a new population is generated in 
both coding GAs. This new population repeats the same process iteratively until a defined 
condition is reached. With the use of binary string (Goldberg 1989, Holland 1992, Arfiadi 
and Hadi 2011) or real number (Michalewicz 1996, Herrera et al. 1998), a candidate of a 

Biological Name Definition with GAs
Bit Part of single variable
Chromosome Encoding of a solution for objective function
Gene Single variable encoding of a solution
Generation An iteration of the genetic algorithm
Individuals Feasible solutions
Population Set of feasible solutions
Fitness of the individual Fitness function for the quality of the solution
Evolution of population Application of genetic operators
Initialisation The progress by which a new generation of individuals is created randomly
Selection The process for choosing which individual will reproduce
Crossover A method of reproduction that combines the individual of multi parents to 

form a new individual
Mutation When individuals are represented as bit strings, it means reserving a 

randomly chosen bit

Table 5.1 Comparison of Nature and Genetic Algorithm Terminology (Mitchell 1998).
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design variable can be represented in GA. Not only does a GA provide an alternative method 
to solve problems, but it also produces results better than most of the other conventional 
methods. For a more thorough coverage of basic concepts of GAs, the reader is referred to 
Holland (1992), Goldberg (1989) and Arfiadi (2000). The details about the basic structure 
of genetic algorithms are briefly given as follows:

	 ▪	 Create a gene to find the potential solution for a particular problem
	 ▪	 Produce a method for an initial population of the potential solution
	 ▪	 Evaluate function in the role of the environment, evolving optimum solution by 

means of its ‘fitness’
	 ▪	 Adjust the best individuals (genotypes) during reproduction, based on genetic 

operators
	 ▪	 Determinate parameters for probabilities by which genetic operators are applied

5.3  Binary Coding

A candidate of a design variable in GA can be represented either by using binary or real 
coding. In this section, binary coding is used for adjacent buildings connected by dampers. 
In the initial part of GA, using a string containing 0 and 1 represents individual as design 
variable. Briefly, the binary coding is presented here. 

Start (1)
Generation: τ ← 0		  % τ is iteration number
Initialise G(τ)		  % G(τ): Population for iteration
Evaluate f (G(τ))		  %  f (G(τ)): Fitness Function 

while (not termination condition) do
start (2)

τ ← τ + 1  
Perform operation of selection
Determine the number of crossover based on crossover rate pc

Select the two parents G~, G– from G(τ – 1)
Perform crossover operation
Perform mutation operation for the whole population based on pm

Insert a number of new random individuals replacing old individuals
Evaluate f (G(τ))

end (2)
end (1)

Table 5.2 Structure of Genetic Algorithm.
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5.4  Chromosome Representation

By using a binary string having 1 or 0, the chromosome can be shown. The mechanics of 
GA start with creating an initial population of chromosomes as a set of candidates of initial 
design variables. The detail of the length of the individual is given in the thesis by Arfiadi 
(2000).

	 2(li – 1) < (Ui – Li) × 10pi ≤ 2(li)	 (5.1)

The length of sub-chromosome (n bits) can be calculated based on upper (Ui) and a 
lower (Li) bound values and the significant digit (Pi) of each design variable (ith). For 
example, Fig. 5.1 shows the total length of the chromosome, including the sum of the sub-
chromosome length of each design variable.

It is clear that the length of a sub-chromosome depends on the required precision (Pi) of the 
design variable, as shown in Eq. 5.1. The l i is the required length in bits used to represent 
the design variable. In binary coding, after initialisation, the conversion of binary strings 
into a real number of design variables is performed, using Eq. 5.2 (Hadi and Arfiadi 1998).

	
 ( )i i i

i i nbits
t U L

r L
2 1

× −
= +

−
	 (5.2)

where ri is the real number of a design variable; ti is an integer mapping of a binary string 
which can be obtained by using

	
 ml j

i j
j 0

t h 2
=

= ×∑ 	 (5.3)

in which the binary bit hj is as follows: [h r  hr–1  ...  h1  h0] and lm is the length of sub-
chromosome to represent a particular design variable.

Fig. 5.1 An specimen chromosome with 3 design variables.
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5.5  Selection Procedure

Chromosomes are selected by providing a higher probability of being selected for the 
mating pool to strings with a higher fitness value. For a single objective GA, the selection 
procedure used in this study is a roulette-wheel selection procedure in binary coding to 
select the individuals which pass for the next generation. Reproduction is processed in 
two stages. When the roulette wheel selection is used, the strings of the population are 
compared to the segments of a roulette wheel (Holland 1975). Each part of the wheel is 
sized proportionally to the fitness value of each individual as shown in Fig. 5.2. In the first 
stage, the fitness of each individual is evaluated and the sum of the fitness is calculated to 
determine the probability qs of selecting each chromosome.

	  
s

fitnessq
fitness

=
∑

	 (5.4)

The wheel is spun as many times as the total number of chromosomes in a population. In 
the second stage, the selection mechanism picks the highly-fitted chromosomes into the 
mating pool.

To perform this stage, the cumulative probabilities of selection of each individual are 
calculated (Hadi and Arfiadi 1998, Arfiadi and Hadi 2001, 2011). Each random number  
aj (j = 1, 2, ... popsize) between 0 and 1 is compared with the cumulative probability of selection 
of each chromosome qj and when the random number is aj ≤ qj, the jth individual will be selected. 

	 qj = ∑
j

i=1
qs,i	 (5.5)

where j = 1,2, ... popsize. Here, popsize is the number of individuals in the population. The 
best individual is always selected for the next generation, using an elitist strategy by simply 
passing the best fitness individual on to the next generation. After the selection, the crossover 
and mutation operations may be performed. Fundamental aspects of the evolutionary search 
process of a genetic algorithm are the concepts of crossovers and mutations that modify the 

Fig. 5.2 Example of roulette wheel selection procedure for population having individuals.
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chromosomes for the next generation of solutions. Simultaneously, these operators allow 
the exploration of new solutions while maintaining continuity of current solutions. For 
multi-objectives GA, the tournament selection is used to decide whether the chromosome 
in the population is to be selected or not in the mating pool.

5.6  Crossover

In this section, for reproducing new chromosomes, better features of solutions are 
transmitted to the optimisation problem. The crossover operator considers each individual 
in the mating pool taken by the selection operator to either perform upon the chromosome 
or not to recombine its genetic information into an offspring for the next generation. Some 
of crossover operators have been proposed and summarised into three types—one-point 
crossover operator, a two-point crossover operator and uniform crossover operator as 
shown in Fig. 5.3. For details of a simple crossover operation, refer to Holland (1975) and 

Fig. 5.3 Crossover a) single-point crossover operation b) two-point crossover, and c) uniform crossover operation.
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Michalewicz (1996). A simple crossover is used as the main crossover operator for binary 
coding. Simple crossover randomly picks two parents from the mating pool and exchanges 
genetic information for one random split point in the chromosomes, as shown in Fig. 5.3a. 
If it happens at two points or n points, this operation is called two or n point crossover, 
as shown in Fig. 5.3b. Figure 5.3c shows a uniform crossover technique. In this operator, 
a random mask is randomly chosen with binary values (0 or 1). For each position in the 
offspring, the gene is copied from the other parent, according to a randomly generated 
crossover mask. Figure 5.3c shows how uniform crossover works. For example, parent 
individual 1 and individual 2 are 10011 and 01110, respectively, including random mask 
with 01101. Then, the children will be as 11110 and 00011. In this section, two chromosomes 
in Fig. 5.3a are chosen for a simple crossover operation (single-point crossover operation) 
if the random number is smaller than the crossover rate Pc.

Then, two new individual strings are formed by swapping the chain of strings at the end 
of the third gene as the crossover point. It may be completely different from their parents. 
Thus, the individual can be investigated for different solutions. With a simple crossover 
operator, swapping the chain of strings provides the best solution from good solutions 
(Holland 1992). After a simple crossover in the binary coding, mutation is performed in 
this chapter.

5.7  Mutation

In order to maintain diversity in the population, the mutation operator is used after applying 
the crossover operator. The binary bit at a certain position is flipped by means of this 
module, as shown in Fig. 5.4.

Extinct bits, which were at specific positions in the selection and crossover processes, can be 
brought back via mutation. It is the simplest genetic operator that can operate on all bits of strings 
of the tentative population. Generally, a small probability rate, Pm for mutation at each position 
is assigned. While the probability rate should be held at l/p, where p is the number of decision 
variables for real coded GA (Deb and Agarwal 1995, Deb et al. 2002), according to Smith (1993), 
Pm should approach l/Lc, where Lc is the sum of sub-chromosome length of each string for binary 
coded GA, throughout the run (Smith 1993). Goldberg (1989) describes that lost points in the 
feasible search space may be regained for searching the search space. Thus, this genetic operator 
provides the algorithm from being stuck at local minima. Although the string will soon disappear 
when the mutated string has a low fitness, instead the mutation increases the individual’s fitness. 
It may spread through the population and eventually lead to a new best fitness value. Mutation 

Fig. 5.4 Mutation operation.
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is a random operator whereby values of elements within a chromosome are modified. The  
pm × (nt bits × popsize) bits will undergo a mutation operation if a random number nr from 
the range (0–1) < pm. Here, nt bits is the sum length of chromosomes (n bits). In this case, 
the mutation is run with the probability of mutation pm. In order to maintain the variability 
of the population, mutation in binary coding is the random changing of 0,s to 1,s and  
vice versa.

5.8  Unknown Search Space

Figure 5.5 shows the flowchart of a Single Objective Genetic Algorithm (SOGA). For 
discovery of the larger unknown domain of the search space, the genetic operators are used 
for real-coded GA in this research study. 

If the actual domain of the gain is unknown, this feature can be a benefit for optimal control 
problems. Multi-objective optimisation using evolutionary algorithms (MOEA) is popular 
and important from the point of practical problem solving. Although non-dominated sorting 
in genetic algorithms (Srinivas and Deb 1994) is very effective non-dominated based on 
genetic algorithm for multi-objective optimisation, it has been criticised because of its 

Fig. 5.5 The flowchart of single objective genetic algorithm.
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computational complexity, lack of elitism and for choosing the optimal parameter value 
for sharing parameter.

5.9  Solution of Algorithms

A modified version, NSGA-II (Deb et al. 2002) was developed while considering elitism 
and no sharing parameter needs to be chosen, which has a better sorting algorithm. Once 
the population is initialised, the population is sorted out based on non-domination into 
each front. The first front being completely non-dominant is set in the current population 
and the second front is dominated by individuals in the first front only and the front 
keeps continuing. Two methods for multi-objective optimisation are investigated as 
non-dominated sorting and Pareto-optimal sorting. In both methods, the Pareto-optimal 
individuals from the previous generation are added before obtaining the Pareto-optimal 
individuals for the current generation.

5.10  Pareto-optimal Solutions

These algorithms attempt to search the possible design space for optimal design. The GAs 
begin with one or more populations containing a number of possible designs associated 
with corresponding fitness values. The algorithm reproduces new generations of solutions 
that generally have better fitness values than the solutions in the previous generations. 
Having better fitness values can be accomplished by performing operations of selection, 
reproduction, crossover and mutation of the coded design variables. The GAs in structural 
control applications initially and typically are used for a single structural response objective. 
Pareto-based Non-Dominated Sorting Genetic Algorithm (NSGA) is employed to get a 
solution of a multi-objective structural control problem. Multi-objective genetic algorithms 
provide a set of alternative solutions that trade different objectives against each other, 
generally known as Pareto-optimal solutions. An n-dimensional design variable vector  
x = {x1, x2,..., xn} in the solution, space X can be given to define a multi-objective problem; 
f (x–) = {f1(x–),...,fK(x–)} is given as a set of K objective functions to be minimised by a 
vector x–. The solution space X is generally restricted by a series of constraints, such as  
g j(x

–) = bj for j = l,...,m and bounds on the decision variables. In order to define Pareto 
dominance and optimality for two-decision vectors x and y with objective vector f, the 
following mathematical expression can be defined for all the relative preference levels 
between solutions in the design space X:

x f y (x dominates y) if f (x) < f (y)
	 x ± y (x weakly dominates y) if f (x) ≤ f (y)	 (5.6)

x ≅ y (x is indifferent to y) if f (x)’ f (y) and f (y)’ f (x)

In Goldberg’s formulation (Goldberg 1989), the population of each generation is searched 
for non-dominated solutions. A solution x strongly dominates a solution y (x f y), if 
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solution x is strictly better than solution y in at least one objective. The solution x is no 
worse than a solution y (x ± y) in all the K objectives. In order to obtain the true Pareto 
front, trading off among different objectives forms a set of solutions in multi-objective 
genetic algorithms. No weighting is specified by the user before or during the optimisation 
process. The optimisation algorithm provides a set of efficient candidate solutions from 
which the decision-maker chooses the solution to be used. Decision makers select the 
solution from the resulting Pareto-optimal set. The decision maker should finally decide on 
the relative importance of each objective function in order to get a single unique solution 
to be used as a solution for its original multi-disciplinary decision-making problem. Pareto 
optimality for minimisation of objective functions, f1 and f2 is illustrated in Fig. 5.6. 

The set of all feasible non-dominated solutions in solution space is referred to as the Pareto 
optimal set, and for a given Pareto optimal set, the corresponding objective function values in 
the objective space are called the Pareto front. Solutions in the best-known Pareto set should 
be distributed uniformly and diversely over the Pareto front in order to provide the decision 
maker a true picture of the trade-offs. The ideal Pareto front should capture the whole spectrum 
of the Pareto front by investigating solutions at the extremes of the objective function space. 
An optimisation problem is considered for minimising two objective functions based on the 
vector of design variables. The Pareto front of non-dominated solutions on the Pareto curve 
are taken as optimal solutions since both the objective functions will increase as it leaves the 
surface. On the optimal surface, improvement in one objective function leads to degradation 
in the remaining objective function. 

	 f1(x1) > f1(x2)	 (5.7)
f2(x1) < f2(x2)

Fig. 5.6 Geometrical representation of the weight-sum approach in non-convex optimal curve case.
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Any one of them can be considered as an acceptable solution since none of the solutions 
on the optimal surface is absolutely better than any other. Pareto-optimal or non-dominated 
solution set calls are such a set of optimal solutions. For Pareto-optimal solutions, a sharing 
technique is adopted to a non-dominated sorting procedure (Goldberg 1989). A non-
dominated sorting genetic algorithm was presented in the study of Srinivas and Deb (1994). 

5.11  Non-dominated Sorting Procedure

The initialised population is sorted out based on non-domination. The fast sort algorithm 
(Deb et al. 2002) is described as below: 

	 •	 For each individual i in the main population |P| (i = 1, 2,..., |P|) do the following
	 Ø	Initialise Si. This set would contain all the individuals that are being dominated 

by i.
	 Ø	Initialise ni = 0. This would be the number of individuals
	 Ø	For each individual, j in |P| (j = 1, 2,..., |P|)
	 ▪	 If i dominated j, then (xi ≽ xj & j ≠ i)
		  Add j to the set Si, i.e. Si = Si ∪ {j}
	 ▪	 Else, if j dominated i, then (xj ≽ xi)
		  Increase the domination counter for i, i.e. ni = ni + 1
	 Ø	If ni = 0, i.e. no individual dominate i, then i belongs to the first front; set rank of 

individual i to one, i.e. irank = 1. Update the first front set by adding i to the front 
one, i.e. P1 = P1 ∪ {i}

	 •	 This procedure is carried out for all the individuals in the main population |P|. 
Initialise the front counter to one k = 1, while the kth front is non-empty, i.e. Pk ≠ ∅.

	 Ø	Initialise Q. This set would contain for storing the individuals for (k + 1)th front.
	 Ø	For each individual i ∈ Pk

	 ▪	 For each individual j ∈ Si

		  nj = nj – 1 decrease the domination count for individual j
		  If nj = 0, then none of the individuals in the subsequent fronts would 

dominate j. Hence set jrank = k + 1. Update the set Q with j, i.e. Q = Q ∪ {j}
	 Ø	Increase the front counter by one k = k + 1
	 Ø	Now the set Q is the next front and hence Pk = Q.

This algorithm is better than the original NSGA (Srinivas and Deb 1994) since it utilises 
the information about the set that an individual dominates Si and number of individuals that 
dominate the individual n i. The crowding distance is assigned when the non-dominated 
sort is completed.
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5.12  Elitism and Crowding Distance

In this chapter, NSGA-II, which was developed by Deb et al. (2002), is described as a 
popular and effective population-based heuristic search methodology for multi-objective 
optimisation. The operation of NSGA-II is shown in Fig. 5.7. A fast non-dominated sorting 
approach with elitism and diversity preserving mechanisms to enhance the performance of 
the evolutionary algorithm is used in this section. Firstly, a parent population Pt of random 
primal N chromosomes is formed. By using usual operators of GA, other N members are 
made. Then two populations are merged into one population of size 2N which is sorted, 
using a non-dominated sort algorithm (El-Alfy 2010, Fallahpour et al. 2012). The non-
dominated sort generates a set of non-dominated fronts.

The solutions in the first non-dominated front are better than those in the second non-
dominated front. After completing the non-dominated sort, non-dominated fronts are added 
sequentially to a new population of size N, starting with the best non-dominated front until 
the population is filled or reaches a non-dominated front that has more individuals than 
population. In the next section, another sort using a crowding distance metric is performed 
on this non-dominated front to select chromosomes which enhance the diversity of the 
solutions (El-Alfy 2010). Goldberg (1989) suggested a non-dominated sorting procedure 
in conjunction with a sharing technique. Consequently, Deb et al. (2002) presented the 
aim of crowding distance approaches to obtain a uniform spread of solutions along the 
best known Pareto front without using a fitness sharing parameter. For the multi-objective 
optimisation of MR dampers, this section adopts the NSGA-II (Deb et al. 2002) for a 
crowding distance method as follows (see Fig. 5.8).

	 •	 Step 1: Rank the population and identify non-dominated fronts. For each front, repeat 
Step 2 and Step 3

	 •	 Step 2: For each objective function, sort the solutions in the related front in an 
ascending order. Let x represents the ith solution in the sorted list with respect to the 
objective function. Assign 

Fig. 5.7 Illustration of the operation of NSGA-II. 
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	 •	 Step 3: In order to obtain the total crowding distance cd k(x) of a solution x, sum the 
solution crowding distances with respect to each objective in Eq. 5.9

	 Cd k(x) = ∑
k  

cd k(x)	 (5.9)

where f k is a goal function and f max
k   and f min

k   are maximum and minimum for this function 
as shown in Fig. 5.8. The main advantage of the crowding method described above is that 
a measure of population density around a solution is computed without requiring a user-
defined parameter. 

In NSGA-II, this crowding distance measure is used as a tie-breaker as in the selection 
phase. Two solutions x and y are randomly selected. If the solutions are in the same non-
dominated front, the solution with the higher crowding distance wins. Otherwise, the 
solution with the lowest rank is selected.

The selection is carried out by means of a crowded-comparison-operator using a  
relation ≺n as follows:

	 •	 The rank of i is better (less) than the rank of j, i.e. i and j belong to two different non-
dominated fronts

	 •	 The ranks of i and j are same and i has higher crowding distance than j solution. This 
means that if two solutions belong to the same non-dominated front, the solution 
situated in the less crowded region is selected

Fig. 5.8 Diversity methods used in multi-objective GA.
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The chromosomes are selected using a binary tournament selection with crowded 
comparison operator.

5.13  Simulated Binary Crossover

Simulated binary crossover which was proposed by Deb and Agarwal (1995) is given 
below:

	 •	 Initialise the children to be null vector with related to the probability perform crossover 
pc = 0.9. Select two different parents (≥ 1) and get the chromosome information for 
each randomly selected parent

	 •	 The offspring values C1,k, C2,k with kth component are calculated, based on the selected 
parent P1,k, P2,k with a random number generated in Eq. 5.11a–b.

	
( ) ( ) ( )

( ) ( ) ( )
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	 (5.11a–b)

where βk is a distribution factor with kth component; mu is distribution index for crossover 
as 20 (Deb and Agarwal 1995, Deb et al. 2002)

	 •	 Evaluate the generated element that is within the specified decision space, or else, 
set the offspring values to the appropriate upper or lower limit. Then evaluate the 
objective function of the offspring.

5.14  Polynomial Mutation

For real coded NSGA-II, mutation operator is based on polynomial mutation with a 
mutation rate of pm = 0.1. After selecting the random parent, the individual information is 
taken for the selected parent:

	 Ck = ck + δk	 (5.12)

where ck is the parent and Ck is the child with kth component. The δk is small variation 
calculated from a polynomial distribution by using
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	 ( ) ( )m1 1
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( )( ) ( )m1 1
k k1 2 1 r

η +
δ = − −  when kr 0 5.≥

  

	 (5.13a–b)

As done in Section 5.13, the generated element is evaluated to be within the decision space. 
As shown in Fig. 5.9, this section follows the flowcharts of NSGA-II developed by Deb  
et al. (2002).

5.15  Evaluation of Genetic Algorithms

There are four key differences between Genetic Algorithms and other traditional search 
methods. As Goldberg (1989) summarised, the first one is that with the help of encoding of 
a feasible set, GA can work rather than the solution set itself. Secondly, GAs converge from 
multiple points on to a solution rather than from a single point. As the GA uses a population 
of points to carry its search and evaluates the entire population in each generation, it 
provides an opportunity to generate a set of non-dominated designs in one run (Ahlawat 
and Ramaswamy 2002, Ahlawat and Ramaswamy 2003). The third is that GAs work with 
a fitness function that is not based on any assumptions knowledge of the search space. 
Finally, GAs work with the help of probabilistic rules. 

Fig. 5.9 Flowchart of NSGA-II.
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Fig. 5.10 Optimisation tool for pareto solutions in MATLAB.

5.16  Multi Objective Genetic Algorithm Procedures

Figure 5.10 shows the optimisation tool for Pareto solutions in MATLAB. The NSGA-II 
approach (Deb et al. 2002) additionally requires the ‘rank-based sorting’ after the fitness 
assignment progress. It ranks the non-domination of individuals in the population based 
on the vectors of multi-objective functions. Then the set of solutions corresponding to the 
most non-dominated set is saved during the elitism operation. In the present form of the 
proposed framework, the control procedure uses the discrete input variables to compute a 
discrete output.

Here, the multi-objective optimisation problem for the MOGA case is the minimisation of 
three objective functions: (1) the number or dampers (ndi), (2) expected voltage of damper 
(vdi) and (3) a measure of the normalised maximum floor displacement relative to the ground 
or the peak drift. Specifically, the MOGA optimisation problem is defines as follows:

	 ( ) ( )
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i i
3
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x t d t
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x dmax maxmax max

=
=
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Minimise 	 (5.14)

These objective functions are to use the MOGA to simultaneously minimise. A ‘niche-
based sorting’ procedure is performed to provide a diverse search direction along the 
Pareto-optimal surface by degrading the fitness of densely populated individuals. Based 
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on the fitness values, the next generation of the population is produced through selection, 
crossover and mutation operations.

5.17  MATLAB Program

The Fuzzy Logic Toolbox is an additional software for use with SIMULINK and MATLAB 
which permit a fuzzy logic controller to be placed within a SIMULINK model. Numerical 
examples for adjacent buildings in Chapter 6 are performed on i7-2630QM @2.9 GHz 
computer running MATLAB R2011b. The GA built on the MATLAB numeric computing 
environment is integrated into the SIMULINK block to simulate controllers.

5.18  Summary

The optimisation of structural control problems, using SOGA and NSGA-II in MOGA, are 
discussed in this chapter, where the binary as well as real coding GA are presented. The 
simple GA procedure is also slightly modified here. Some fresh individuals after selection, 
crossover and mutation are inserted into the population and inserting new individuals can 
help in exploring new candidates of the design points. Although a bad fitness individual 
can pass into the next generation with inserting new individuals, the average fitness of 
current population will be better than the average fitness of the previous population. As the 
optimum design, the best design points can be obtained in the final generation by copying 
the highest fitness value into the next generation. Chapter 6 shows the optimum design 
examples.
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6
Verification of the Approximate 

and Rigorous Models for Adjacent 
Buildings of Different Dimensions

6.1  Introduction

A four-storey two-asymmetric building used by Jui-Liang et al. (2009) is selected for 
the SSI system, which is a modification of the examples adopted by Thambirajah et al.  
(1982, 1983). The properties of the SSI system are briefly defined in this chapter.

6.2  Model Description

The rectangular building having dimensions of 12 m × 15 m with the larger side being 
parallel to the y axis is used. The rates of e/r and f/r are 0.3 for each storey and the total 
height of the building from the base to the top floor is 30 m. The ratio of mass of base to the 
mass of any floor is taken as 3.0. The masses and translational stiffness (in the x axis or N-S 
direction) of floors are listed in Table 6.1. Each floor has a loading intensity of 1.4 kN/m2.

The values of the translational stiffness in the y axis and torsional stiffness are given by: 

yj
y

xj

k
k

= β , j
t2

xj

k

r k
θ = β (6.1)

where βy and βt are constant values and the values of ratio are taken as 2.0 and 1.8, 
respectively (Jui-Liang et al. 2009). The damping ratio of the fundamental mode is 2 per 
cent herein.
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6.3  Selected Soil-Structure System

The properties of SSI system for the asymmetric building used by Thambirajah et al. (1983) 
and Jui-Liang et al. (2009) is the same with the properties of SSI system for the couple 
buildings as shown in Section 10.3.2. Two different SSI systems are used for the building 
with resting on the soft (Case I) and hard (Case IV) soils. Both systems were subjected to 
the 1940 El Centro earthquake. The impedance values of the SSI system for both the soft 
soil and hard soil are given in Table 6.2.

As can be seen from Table 6.2, Kψ and Cψ are the same as Kϕ and Cϕ respectively. The radius 
of base mass, ro, for the impedance values of SSI system calculated by Jui-Liang et al. 
(2009) was taken as the radius of a circle having the same area of the building dimension. 
The impedance values of the coupled buildings for the SSI system modelled in Section 
10.3.2 are determined with the radius of base mass for 5 DOF based on the calculations used 
by Richart et al. (1970) as given in this section. The proposed approximation method for 
modal response history analyses using MDOF modal equations and the direct integration 
method for the equation of motion for the whole SSI system are solved for the building by 
means of the ordinary differential equation solver of MATLAB. Furthermore, the findings 
of both the methods obtained by Jui-Liang et al. (2009) are compared with results obtained 
by current research study of this book.
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in which mi is the mass of the first floor of Building A; mj is the mass of the jth storey of 
Building B. Storey Stiffness and Eccentricities are given below.

	
 

a a a a
xi xji yi yji

j 1 j 1
k k ,k k

= =

= =∑ ∑ 	 (6.3)

	
 b b b b

xj xij yj yij
i 1 i 1

k k ,k k
= =

= =∑ ∑ 	 (6.4)

Properties 1st Floor 2nd Floor 3rd Floor 4th Floor

mj (kg) 24465 24465 24465 24465

kxj × 106 kN/m 0.262 0.255 0.240 0.219

Table 6.1 Mass and Translational Stiffness of the Four-Storey Building (Jui-Liang et al. 2009).
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where ka
xji and ka

yji are the lateral stiffness of the jth resting element of the ith storey in the 
longitudinal and transverse directions, respectively; ka

xi, k
a
yi, k

b
xj and kb

yj are the total lateral 
stiffness of the ith and jth storey, respectively.

	
 

a a 2 a 2
Mi xji j yji j

j 1 j 1
k k y k xθ

= =

= +∑ ∑ 	 (6.5)

	
 b b 2 b 2

Mj xij i yij i
i 1 i 1

k k y k xθ
= =

= +∑ ∑ 	 (6.6)

where xi, yi, xj and yj are the distances of the ith resting element from the centre of the mass 
in the x and y directions for Building B and of the jth resting element from the centre of 
the mass in the x and y directions for Building A respectively. Equations 6.5 and 6.6 show 
the torsional stiffness of the related storey in the buildings. The static eccentricities in the  
x and y directions are illustrated as: 

	

 
a

j yji
ja

a
yi

x k
e

k
=
∑

, 

a
j xji

ja
a
xi

y k
f

k
=
∑

 

(Error! No 
text of 
specified style 
in 
document.-1) 

 

	 (6.7)

6.4  Validation of Analytical Results of the Approximate Method

Another four-storey asymmetric superstructure resting on a rigid base modelled as the 
reference building (RB). As the benchmark, the reference building will indicate how the 
SSI affects the dynamic properties of the building. In order to investigate the validation of 
current study, first six periods of modal vibration are compared with those periods obtained 
by Jui-Liang et al. (2009) as shown in Table 6.3. 

As can be clearly seen from Table 6.3, the first six periods obtained by Jui-Liang et al. 
(2009) to the periods in the current study are very close to each other for both Case I and 
Case IV. It appears from Table 6.3 that the modal vibration periods of Case IV are almost 
unaffected when compared with Case I. While the ratios of Case I to the reference building 
associated with modal vibration periods range from 1.455 to 1.963, the range from 1.00 to 
1.045 is for the ratios of Case IV of the reference building. Table 6.4 shows that the first 
six natural frequencies of the 8-storey building-foundation system used by Thambirajah et 
al. (1982) are also same as compared with the current study. As a validation of the current 
study, Fig. 6.1(a–c) and Fig. 6.2(a–c) show the mode shapes of the reference building, 

Building types KT (kN/m) Kθ (kN m) Kψ, ϕ (kN m) CT (kN s/ m) Cθ (kN m s) Cψ, ϕ (kN m s)

Case I 3.03 × 105 1.88 × 107 1.41 × 107 2.03 × 104 2.52 × 105 4.61 × 105

Case IV 6.45 × 106 4.00 × 108 3.00 × 108 9.37 × 104 1.16 × 106 2.13 × 106

Table 6.2 Impedance Properties for Cases I and IV (Jui-Liang et al. 2009).
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Table 6.3 First Six Periods of Modal Vibration Obtained by Jui-Liang et al. (2009) and Current Study.

         Cases
 Periods Case I Case I* Case IV Case IV* RB RB* Case I*

RB*
Case II*

RB*

T1 (sec) 0.281 0.281 0.196 0.196 0.192 0.192 1.464 1.021
T2 (sec) 0.253 0.255 0.154 0.154 0.150 0.150 1.700 1.027
T3 (sec) 0.161 0.163 0.117 0.117 0.112 0.112 1.455 1.045
T4 (sec) 0.107 0.107 0.069 0.069 0.069 0.069 1.551 1.000
T5 (sec) 0.104 0.106 0.054 0.054 0.054 0.054 1.963 1.000
T6 (sec) 0.069 0.070 0.045 0.045 0.045 0.045 1.533 1.000
* Obtained by current study; RB: reference building

Table 6.4 First Six Natural Frequencies of 8-Storey Building-Foundation System Used by Thambirajah 
et al. (1982) and the Current Study.

           Cases 
Frequency Case I Case I* Case IV Case IV* RB RB* Case I*

RB*
Case II*

RB*

W1 (Hz) 0.698 0.685 0.788 0.787 0.794 0.792 0.865 0.994
W2 (Hz) 0.783 0.787 0.932 0.931 0.941 0.940 0.837 0.990
W3 (Hz) 1.120 1.107 1.224 1.222 1.233 1.231 0.899 0.993
W4 (Hz) 1.896 1.874 1.942 1.937 1.943 1.941 0.965 0.998
W5 (Hz) 2.227 2.175 2.301 2.297 2.306 2.303 0.944 0.997
W6 (Hz) 2.905 2.795 3.013 3.007 3.019 3.015 0.927 0.997
* Obtained by current study; RB: reference building

while Fig. 6.1(d–f) and Fig. 6.2(d–f) indicate the mode shapes of Case I obtained via the 
approximate method by both current study and Jui-Liang et al. (2009), respectively. It 
can be noted that the radius of the first six natural frequencies of Case I with those of the 
reference building is smaller than the radius of frequencies of Case IV to the frequencies of 
the reference building in Table 6.4.

The periods of the building resting on the hard soil are significantly close to the reference 
building resting on a rigid base. Referring to Fig. 6.1, the offsets and slopes of the thin 
lines representing the translations and rotations of the base are the same as those of the 
lines in Fig. 6.2, respectively. The first to the third mode shapes of the reference building 
and Case I (System I) obtained by Jui-Liang et al. (2009) in Fig. 6.2 are in agreement with 
those obtained via the approximate method in the current study in Fig. 6.1. Both Fig. 6.1 
and Fig. 6.2 show that the first three mode shapes of dominant motion are x-translation,  
y-translation and rocking in y-direction (Balendra et al. 1982, Jui-Liang et al. 2009).
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Fig. 6.1 First to the third mode shapes of the Case I obtained by current study.

The modal response histories in the first three modes of the building subjected to the 
El Centro 1940 earthquake are represented in Fig. 6.3 in order to compare the findings 
obtained by Jui-Liang et al. (2009) in Fig. 6.4. The modal displacement-time relationships 
of each eight degrees of freedom of Case I for each mode are clearly different because of 
the important soil structure effects in both Fig. 6.3(a–c) and Fig. 6.4(a–c).

On the other hand, it can be observed from Fig. 6.3(d–f) and Fig. 6.4(d–f) that the modal 
responses of Case IV for the eight DOFs are similar in manner. It implies that the modal 
displacement histories using the equivalent SDOF modal equations of motion represented 
by a SDOF modal system resting on a rigid base (see Fig. 2.5) can be same as the results of 
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Fig. 6.2 First to the third mode shapes of the reference building and Case I (System I) obtained by Jui-Liang 
et al. (2009).

response histories obtained by the MDOF modal equations of motion (Balendra et al. 1982, 
1983, Balendra and Koh 1991). 

Furthermore, the response histories of the elements of modal coordinate in Fig. 6.3(c)  
are slightly smaller than the response of those elements referred to in Fig. 6.4(c). The  
modal responses of Case I for the third mode in both Fig. 6.3(c) and Fig. 6.4(c) are  
mostly affected due to the SSI effects in conjunction with the phenomena of out-of- 
phase vibrations among the eight DOFs in each vibration mode (Jui-Liang and  
Keh-Chyuan 2007, Jui-Liang et al. 2009).

6.5  Validation of Analytical Results of the Rigorous Method

Figure 6.5 and Fig. 6.6 show the total response histories of Case I and Case IV for both 
the approximate method (App.) using the MDOF modal equations of motion in Eq. 2.36.
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The rigorous method (Rig.) using the equation of motion for the whole SSI system in  
Eq. 2.22 is illustrated in Fig. 6.5, compared with those obtained by Jui-Liang et al. (2009). It 
should be noted that only the first three vibration modes are considered for the approximate 
method as shown in Eq. 2.40a–b. 

Except Fig. 6.5(d–e), not only peaks but also the phase of the total response histories of 
Case I and Case IV obtained by the current study for both the methods are in agreement 
with those obtained by Jui-Liang et al. (2009). However, in Fig. 6.5(d–e), the peaks of total 

Fig. 6.3 Modal response time histories of the first to third modes for  both Case I and Case IV under the excitation 
of the 1940 El-Centro earthquake in current study.
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responses of Case I in the x and y directions at the foundation by the choice of rigorous 
method are slightly different as compared with responses obtained via the approximate 
solutions in the current study. By comparing Fig. 6.5 and Fig. 6.6, it is noted that the 
translation and twist motion of the foundation of Case IV are mostly unaffected due to 
the small SSI effects. Moreover, the response of the roof twist of Case I obtained by both  
Jui-Liang et al. (2009) and current study in Fig. 6.5(c) is notably reduced as compared to 
that of Case IV in Fig. 6.6(c).

Fig. 6.4 Modal response time histories of a) the first; b) the second; and c) the third mode for System I (Case 
I); d) the first; e) the second; and f) the third mode for System II (Case IV) under the ground motion of 1940 El 

Centro earthquake (Jui-Liang et al. 2009).
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Fig. 6.5 Total response time histories of Case I under excitation of the 1940 El Centro earthquake obtained by 
Jui-Liang et al. (2009) and current study for both approximate and rigorous solutions.
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Fig. 6.6 Total response time histories of Case IV under excitation of the 1940 El Centro earthquake obtained by 
Jui-Liang et al. (2009) and current study for both the approximate and rigorous solutions.
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6.6  Summary

As a summary of the validation of the current study, the findings of the single building 
using two methods are mostly consistent with the results obtained by Thambirajah et al. 
(1983) and Jui-Liang et al. (2009). The equation of motion of coupled buildings for the 
whole SSI systems using the direct integration method is solved considering the pounding 
effects. Although, the approximate method in the current study is validated for the building 
modelled by Jui-Liang et al. (2009), the approximate method used for the MDOF modal 
equations of motion is shown in Chapter 7 for the modal responses history analysis of the 
coupled buildings.
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7.1  Introduction

This study examines the displacement of adjacent building structures from an analytical 
perspective in consideration of the effect of fluid viscous dampers. A linear model of 
two adjacent buildings is improved, incorporating the effects of geometric and material 
linearity. A three-dimensional (3D) finite element model has been defined and the linear 
time-history analyses have been performed to examine the seismic behaviour of the 
following examples. While non-linear direct integration of time history analysis can be 
considered in SAP 2000n computer program, linear analysis of time history is preferred to 
understand clearly the effect of fluid viscous damper in this application due to use of the 
linear parametric values of fluid viscous damper. As a result, the governing equations of 
motion are solved in an incremental form using Newmark’s step-by-step method assuming 
linear variation of acceleration over a small time interval, Δt. The main aim of this study 
is to permit either two dynamically different buildings or the same buildings to use control 
forces upon one another to reduce the overall response of the system. Thereby, control 
systems for adjacent buildings represent a relatively new area of research that is growing 
rapidly (Taylor and Constantinou 1998). 

The objectives of this study are:
• designing the equation of motion for adjacent buildings connected by fluid viscous

dampers
• designing three-dimensional structures utilising passive control devices and designing

the parameters of the devices
• developing the effectiveness of dampers when earthquake is considered in two

directions
• designing the optimum placement of dampers in order to minimise the cost of dampers
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7.2  Ground Motion Frequencies

All earthquake records with same time intervals were selected in order to examine the 
behaviour of fluid viscous damper. The earthquake time histories selected to investigate 
the dynamic analysis of two buildings in four example applications are: North-south  
(N-S) and West-east (W-E) components of Imperial Valley Irrigation District substation in 
El Centro, California, during the Imperial Valley, California earthquake of May, 18, 1940, 
N-S and W-E components of Sylmar County Hospital parking lot in Sylmar, California, 
during the Northridge, California earthquake of Jan. 17, 1994, N-S and W-E components 
of Kobe Japanese Meteorological Agency (JMA) station during the Hyogo-ken Nanbu 
(Kobe) earthquake of Jan. 17, 1995, N-S and W-E components of Capitola Fire Station 
during the Loma Prieta earthquake of Nov. 17, 1989. The peak ground acceleration values 
of Imperial Valley (El Centro), Kobe, Northridge and Loma Prieta earthquake motions are 
0.3495, 0.8337, 0.8428 and 0.47 g, respectively (g is the acceleration due to gravity). These 
earthquakes have magnitudes of 7.1, 7.2, 6.8 and 6.9 respectively on the Richter scale.

All the aforementioned earthquakes have their original duration of 60s taken at a total of 
3,000 time records at an interval of Δt = 0.02s. Without varying the total time number, 
the time interval Δt of the earthquake can be varied to alter the predominant frequency of 
the input motion. For example, soft soil conditions are represented by increasing the time 
interval while stiff or rock soil conditions occur by decreasing Δt. However, in this study, 
the time interval Δt is selected as 0.02s. The time history responses, including horizontal 
displacements, velocities, accelerations and internal forces at all joints and members in all 
degrees of freedom, have been computed. All the aforementioned earthquakes are shown 
in Fig. 7.1.

7.3  Example Buildings

For improving the dynamic behaviour of different adjacent buildings connected by dampers, 
four main models are presented in this application. All examples have some different 
characteristics. For instance, Example 1 consists of two 5-storey buildings connected by 
dampers as shown in Fig. 7.2(a). Example 2 has one 10-storey building and one 5-storey 
building where the fluid viscous dampers are placed in the floors throughout the shortest 
building as shown in Fig. 7.2(b). Example 3 has one 20-storey building and another 
10-storey building, while Example 4 consists of two 20-storey buildings. The views of both 
Example 3 and Example 4 are shown in Fig. 7.2(c) and Fig. 7.2(d), respectively.

In order to investigate the effectiveness of fluid viscous, the above-mentioned examples 
for adjacent buildings are considered as having similar stiffness and varied stiffness. Two 
different cases are derived from the above examples. Case 1 indicates that two adjacent 
buildings are possessed of various stiffnesses, while Case 2 shows coupled buildings have 
similar stiffnesses. Case 1 is denominated as (a) in the examples mentioned above. For 
Case 2, the index of (b) is used in all the examples. For instance, Example 1(a) consists 
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of two 5-storey buildings having different shear stiffness, while Example 1(b) consists 
of two 5-storey buildings having similar shear stiffness. Example 2(a) has one 10-storey 
building and one 5-storey building which have different stiffness because of different size 
of columns and beams, while Example 2(b) consists of one 10-storey building and one 
5-storey building having the same floor elevations with dampers linking two adjacent 
floors, which have different shear stiffness. 

Fig. 7.1 Acceleration time histories of  earthquakes in N-S direction (NOAA 2008).

 
 

92 

 
Fig. 7-1Acceleration Time Histories of the Earthquakes in N-S direction (NOAA 2008) 

7.3 Example Buildings 
For improving the dynamic behaviour of different adjacent buildings connected by dampers, 
four main example models are presented in this application. All examples have some different 
characteristics. For example, Example 1 consists of two 5-storey buildings connected by 
dampers as shown in Fig. 7-2(a). Example 2 has one 10-storey building and one 5-storey 
building that the fluid viscous dampers are placed in the floors throughout the shortest building 
as shown inFig. 7-2(b). Example 3 has one 20-storey building and one 10-storey building, 
while Example 4 consists of two 20-storey buildings. The views of both Example 3 and 
Example 4 are shown in Fig. 7-2(c) andFig. 7-2(d), respectively. 
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Example 3(a) has one 20-storey building and one 10-storey building which have the 
dissimilar stiffness, while Example 3(b) consists of one 20-storey building and one 
10-storey building having different shear stiffness. Example 4(a) consists of two 20-storey 
buildings having various shear stiffness. Finally, Example 4(b) consists of two 20-storey 
buildings having the same elevations with dampers connecting two neighbouring floors, 
which have the same stiffness and same structural damping ratio. 

Two fluid viscous dampers are designated as Damper 1 (D1) and Damper 2 (D2) in 
each example. According to Xu et al. (1999), the damping coefficient was determined as  
1.0 × 106 Nsec/m with a small variation for adjacent buildings in their studies. Therefore, 
for both dampers, the damping coefficients in the four main examples are determined as 
cd = 0.25 × 106 Nsec/m and cd = 0.85 × 106 Nsec/m respectively. The restoring force FE 
mentioned in Eq. 3.22 is not considered in this application in order to avoid impact load 
on columns and beams and to investigate the effect of damping coefficient. Hence, the 
damping stiffness is set at zero for joint dampers. 

Details of Example 1 are explained in the following section. In order to investigate the 
effects of two different fluid viscous dampers on existing adjacent buildings having either 
different heights or same heights, four main models are presented for adjacent buildings in 
this application. The studies then go to the adjacent buildings consisting of one 10-storey 

Fig. 7.2 Views of the adjacent building in four main examples.
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building and one 5-storey building. One 20-storey building and one 10-storey building are 
examined in Example 3. Finally, analytical studies are conducted for the two 20-storey 
buildings in Example 4. Table 7.1 shows the sizes of columns and beams in buildings for 
all the examples mentioned above.

Figure 7.3 indicates the plan view of columns and beams in adjacent building for all 
examples, including the locations of fluid viscous dampers.

Example Building A Building B
No. Beam 

Height
(mm)

Beam 
Width
(mm)

Column*
Dimension 

(mm)

Beam 
Height
(mm)

Beam Width
(mm)

Column*
Dimension 

(mm)
1(a) 600 250 600 × 300 500 250 500 × 300

1(b) 500 250 500 × 300 500 250 500 × 300
2(a) 600 250 600 × 300 500 250 500 × 300
2(b) 500 250 500 × 300 500 250 500 × 300
3(a) 600 300 700 × 400 500 300 600 × 300
3(b) 500 300 600 × 300 500 300 600 × 300
4(a) 600 300 700 × 400 500 300 600 × 300
4(b) 500 300 600 × 300 500 300 600 × 300

* Column dimensions are shown in Fig. 7.3

Table 7.1 The Sizes of Columns and Beams in the Buildings for Each Example.

Fig. 7.3 Plan view of columns and beams in  adjacent buildings for all examples.
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7.3.1  Application to Example 1

Example 1 is composed into two different models. The primary focus of this application  
is shown as Example 1(a) having different shear stiffnesses. Example 1(a) consisting of 
two 5-storey buildings is analysed using SAP 2000n package program. Building A and 
Building B, which have 2-bay reinforced concrete frame, are shown in Fig. 7.4.

Adjacent buildings are connected with viscous damper devices at each storey level as 
shown in Fig. 7.5(a) and Fig. 7.5(b). For all modes, both buildings have damping ratios of 
5 per cent of the critical structural damping (ζ = 0.05). In this way, the structural damping 
coefficient in SAP 2000n is automatically calculated from the expression below:

	 [ ] ( )2C diag Mξω= 	 (7.1)

where [C] is the modal damping matrix, M, ξ and ω are the modal mass, the damping 
ratio and natural frequency, respectively. The mass and shear stiffness of each building 
are calculated. Different size of columns and beams has been used for the frames in order 
to investigate the sole control of fluid viscous dampers. Example 1(b) shows adjacent 
buildings, both having same height and same shear stiffness for matching Example 1(a). 
Hence, in the adjacent buildings having same heights, the importance of joint dampers 
can be seen on to couple buildings either having different stiffness or having same shear 
stiffness.

The control performances of the fluid viscous dampers are compared with both the 
uncontrolled adjacent structures case and the rigidly connected structures case. A thorough 
study is undertaken to observe the effectiveness of fluid viscous damper for multi degree 
of freedom adjacent buildings under various earthquake excitations. The floors apply 

Fig. 7.4 Elevation view of the two reinforced concrete buildings for Example 1(a) and Example 1(b) in SAP 
2000n computer program.
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uniformly distributed loads along the beams throughout. For Example 1(a), although the 
floor loads in Building A are same as Building B, the mass of Building A is less different 
than Building B because of the size of columns and beams. For example in 1(b), both  
the floor loads and mass of Building A are same as Building B. Appendices A1 and 
A2 show the design data of buildings and material properties. The typical slab loads at  
floor level of Example 1(a) and (b) are also shown in Fig. 7.5. The typical slab loads at 
roof level of all examples have a uniformly distributed load of 18 kN/m as dead load  
and a uniformly distributed load of 4.5 kN/m as live load along the beams. The typical slab 
loads at floor level of all examples have a uniformly distributed load of 18 kN/m as dead 
load and a uniformly distributed load of 12 kN/m as live load along the beams throughout. 
Table 7.2 shows the parameters of the structural system in buildings for all the examples 
mentioned above. In appendices A3, A4 and A5, slab loads are shown for each example. 
The distance between two adjacent buildings and the height of floors are presented as 2 m 
and 3 m, respectively, as shown in Fig. 7.5(a). The results in this study are demonstrated 
graphically in the following chapter.

7.3.2  Applications to Other Example Buildings

Studies of other buildings are conducted to find beneficial effect of fluid viscous damper for 
different types of adjacent buildings in order to achieve the maximum response reduction 

Fig. 7.5 Views of two adjacent buildings for Example 1(a) and Example 1(b).
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of coupled buildings under various earthquake excitations. All results of these buildings are 
shown separately in the following chapter. For Example 2, two different adjacent buildings 
are modelled as Example 2(a) and 2(b). Two adjacent buildings consisting of one 10-storey 
building and one 5-storey building are analysed, using SAP 2000n computer program. 
Building A is a 10-storey, 2-bay reinforced concrete frame adopted from the verification 
manual of the SAP 2000n package program. Building B is a 5-storey, 2-bay reinforced 
concrete frame as shown in Fig. 7.6. In Example 2(a), the buildings have different shear 
stiffness, although the buildings have the same shear stiffness in Example 2(b). The natural 
frequencies are smaller in Building A than Building B due to the two different heights of 
the buildings.

Figure 7.7 shows the distribution of typical slab in each storey. As shown in Fig. 7.7(b), the 
adjacent buildings are connected with dampers in alignment. The linked dampers at each 
floor have the same damping coefficient as Example 1, discussed in Section 7.3.1.

The third example, which includes one 20-storey building and one 10-storey building is 
analysed by using SAP 2000n package program. In Example 3, the floor load and structural 
damping coefficients of Building A for each storey are the same as in Building B. But, in 
Example 3(a), the shear stiffness is smaller in Building B than Building A. Example 3(b) 
consists of adjacent buildings having the same shear stiffness but with different heights. 
Hence, the structural heights of Example 2 discussed in the previous section, which include 
the mass and shear stiffness, are changed in Example 3 to check the effectiveness of joint 

Fig. 7.6 Elevation view of the two reinforced concrete buildings for Example 2(a) and Example 2(b) in SAP 
2000n computer program.
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dampers. Figure 7.8 shows the model view of the reinforced concrete buildings with two-
dimension views of the sizes of beams and columns.

Figure 7.9 shows the distribution of typical slab at each storey. As shown in Fig. 7.9(b), 
the adjacent buildings are connected with dampers in alignment. The linked dampers at 
each floor have the same stiffness and damping coefficient as discussed in Section 7.3. 
The centre of rigidity in the buildings (Cm) overlaps the geometric centre of gravity of the 
buildings (Cr) as shown in Fig. 7.9(c). Hence, the torsion effects can remain at minimum 
level for both the buildings. For all modes, both the buildings have damping ratios of 5 per 
cent of the critical structural damping (ζ = 0.05) as the previous examples.

The last example consists of two parts as the previous examples. Example 4 has two 
20-storey adjacent buildings with same floor elevations and dampers connecting two 
neighbouring floors. In this application for Example 4(a), the mass and shear stiffness 

Fig. 7.7 Views of two adjacent buildings for Example 2(a) and Example 2(b).
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of Building A are selected with different characteristics as Building B. Building A and 
Building B are two 20-storey buildings having the same floor elevations, 2-bay reinforced 
concrete frame as shown in Fig. 7.10 with two dimensional (2D) views of the sizes of 
columns and beams in each building. Example 4(a) consists of two 20-storey adjacent 
buildings having the same floor elevations but with different shear stiffness. The shear 
stiffness is smaller in Building B than Building A. Hence, the natural frequencies of the two 
buildings are smaller in Building B than Building A. The adjacent buildings are connected 
with dampers in alignment. The linked dampers at each floor have the same damping 
coefficient as discussed in Sections 7.3.1 and 7.3.2.

The floor mass and storey stiffness are considered to be uniform in both the buildings.  
Figure 7.11(a) indicates the allocation of typical slab at each storey.

Fig. 7.8 Model view of  two reinforced concrete buildings for Example 3(a) and Example 3(b) in SAP 2000n 
computer program.
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Fig. 7.9 Views of two adjacent buildings for Example 3(a) and Example 3(b).
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The centre of rigidity of the buildings (Cm) overlaps the geometric centre of gravity 
of the buildings (Cr) as shown in Fig. 7.11(c). Hence, the torsion effects can remain at 
minimum levels for both the buildings. The masses of the two buildings are assumed to be 
same and the damping ratio in each building is taken as 5 per cent. In this application, the 
damping coefficients of fluid viscous dampers are selected with the same characteristics 
as the previous example. As shown in Fig. 7.11, the adjacent buildings are connected with 
dampers in alignment. Example 4(b) consists of two 20-storey adjacent buildings having 
the same floor elevations with the same shear stiffness. The typical slab loads in each storey 
for Example 4(b) are the same as for Example 4(a) in Fig. 7.11.

Fig. 7.10 Model view of  two reinforced concrete buildings for Example 4 in SAP 2000n computer program.
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Fig. 7.11 Views of two adjacent buildings for Example 4(a) and Example 4(b).
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7.4  Summary

In this chapter, four different models for adjacent buildings with either the same stiffness 
or different stiffness are designed by using SAP 2000n package program. The aim of this 
chapter is to create different types of coupled buildings in order to investigate the benefits 
of fluid viscous dampers. After a brief overview of earthquake time histories is presented 
in this chapter to examine the seismic behaviour of the two buildings in all the examples, 
the building models are described as frame buildings and do not include shear buildings. 
For all models, the damper damping coefficient remains unchanged.

The first example is two 5-storey buildings having 2-bay reinforced concrete frames. 
The adjacent buildings consisting of the same floor elevations are shown in this chapter. 
Moreover, Example 1 has two parts. In Building A in Example 1(a), the stiffness of the 
columns is bigger than Building B, although Building A in Example 1(b) is completely the 
same as Building B in terms of the dynamic characteristics. In this example, the aim is to 
show the overall effectiveness of the dampers in the same adjacent buildings in terms of the 
dynamic characteristics, but with the same heights. 

The second example is one 10-storey Building A and one 5-storey Building B where each 
building consists of 2-bay reinforced concrete frames. Although these buildings have the 
same mass and structural damping coefficient, the heights of the adjacent buildings are 
different. In this example, the aim is to demonstrate the overall effectiveness of dampers 
in the same coupled buildings in terms of the dynamic characteristics, but with different 
heights. As Example 1, Example 2 consists of two parts in conjunction with either the same 
stiffness or different stiffness. 

The third example is one 20-storey Building A and one 10-storey Building B that include 
2-bay reinforced concrete frames. For Example 3(a), the shear stiffness of Building A is 
more than the shear stiffness of Building B because the widths of columns and beams in 
Building A are wider as an alteration from Example 2. Hence, the mass and shear stiffness 
of the buildings are different. In this example, the aim is to demonstrate the overall 
effectiveness of dampers in different coupled buildings in terms of dynamic characteristics, 
but with different heights. 

Finally, Example 4 is two 20-storey reinforced concrete buildings having different stiffness 
in each building. The aim of Example 4(a) is to investigate the benefits of dampers in 
conjunction with different shear stiffness but with the same heights. Example 4(b) has 
two 20-storey buildings having 2-bay reinforced concrete frames. The adjacent buildings 
consisting of the same floor elevations are shown in this chapter. Moreover, Building A is 
completely same as Building B in terms of the dynamic characteristics. In this example, the 
aim is to show the overall effectiveness of dampers in the same adjacent buildings in terms 
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of the dynamic characteristics, but with the same heights. Table 7.2 and Table 7.3 show the 
parameters of the structural system in buildings for all examples mentioned above.

In all the examples, the optimum parameters of fluid viscous dampers in previous studies 
are used for characteristics of the dampers. For both dampers, the damping coefficients 
in all the four cases are determined as cd = 0.25 × 106 Nsec/m and cd = 0.85×106 Nsec⁄m 
respectively. The following chapter shows the results of these four examples to explain the 
effectiveness of fluid viscous damper for different types of adjacent buildings.

Example 1(a) Example 2(a) Example 3(a) Example 4(a)
Floor 
No.

A B A B A B A B
K M K M K M K M K M K M K M K M

1 324 183 215 177 324 183 215 177 756 196 324 183 756 196 324 183
2 324 183 215 177 324 183 215 177 756 196 324 183 756 196 324 183
3 324 183 215 177 324 183 215 177 756 196 324 183 756 196 324 183
4 324 183 215 177 324 183 215 177 756 196 324 183 756 196 324 183
5 324 184 215 179 324 183 215 179 756 196 324 183 756 196 324 183
6 – – – – 324 183 – – 756 196 324 183 756 196 324 183
7 – – – – 324 183 – – 756 196 324 183 756 196 324 183
8 – – – – 324 183 – – 756 196 324 183 756 196 324 183
9 – – – – 324 183 – – 756 196 324 183 756 196 324 183

10 – – – – 324 184 – – 756 196 324 184 756 196 324 183
11 – – – – – – – – 756 196 – – 756 196 324 183
12 – – – – – – – – 756 196 – – 756 196 324 183
13 – – – – – – – – 756 196 – – 756 196 324 183
14 – – – – – – – – 756 196 – – 756 196 324 183
15 – – – – – – – – 756 196 – – 756 196 324 183
16 – – – – – – – – 756 196 – – 756 196 324 183
17 – – – – – – – – 756 196 – – 756 196 324 183
18 – – – – – – – – 756 196 – – 756 196 324 183
19 – – – – – – – – 756 196 – – 756 196 324 183
20 – – – – – – – – 756 193 – – 756 193 324 184

Period T1 = 0.43 T2 = 0.41 T1 = 0.79 T2 = 0.41 T1 = 1.87 T 2 = 0.79 T1 = 1.87 T2 = 1.56
K: Storey Stiffness (103 kN/m) A: Building A
M: Floor Mass (Tonne) B: Building B

Table 7.2 Parameters of Structure System in the Buildings for Examples (a).
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Table 7.3 Parameters of Structure System in the Buildings for Examples (b).

Example 1(b) Example 2(b) Example 3(b) Example 4(b)
Floor 
No.

A B A B A B A B
K M K M K M K M K M K M K M K M

1 215 177 215 177 215 177 215 177 324 183 324 183 324 183 324 183
2 215 177 215 177 215 177 215 177 324 183 324 183 324 183 324 183
3 215 177 215 177 215 177 215 177 324 183 324 183 324 183 324 183
4 215 177 215 177 215 177 215 177 324 183 324 183 324 183 324 183
5 215 179 215 179 215 177 215 179 324 183 324 183 324 183 324 183
6 – – – – 215 177 – – 324 183 324 183 324 183 324 183
7 – – – – 215 177 – – 324 183 324 183 324 183 324 183
8 – – – – 215 177 – – 324 183 324 183 324 183 324 183
9 – – – – 215 177 – – 324 183 324 183 324 183 324 183
10 – – – – 215 179 – – 324 183 324 184 324 183 324 183
11 – – – – – – – – 324 183 – – 324 183 324 183
12 – – – – – – – – 324 183 – – 324 183 324 183
13 – – – – – – – – 324 183 – – 324 183 324 183
14 – – – – – – – – 324 183 – – 324 183 324 183
15 – – – – – – – – 324 183 – – 324 183 324 183
16 – – – – – – – – 324 183 – – 324 183 324 183
17 – – – – – – – – 324 183 – – 324 183 324 183
18 – – – – – – – – 324 183 – – 324 183 324 183
19 – – – – – – – – 324 183 – – 324 183 324 183
20 – – – – – – – – 324 184 – – 324 184 324 184

Period T1 = 0.41 T2 = 0.41 T1 = 0.89 T2 = 0.41 T1 = 1.97 T 2 = 0.79 T1 = 1.56 T2 = 1.56
K: Storey Stiffness (103 kN/m) A: Building A
M: Floor Mass (Tonne) B: Building B
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8.1 Introduction

Herein a numerical study is carried out in two sections. All the obtained results are 
evaluated by SAP 2000n computer program, using both frequency domain and time 
domain. This chapter presents the effectiveness of fluid viscous dampers investigated by 
way of reduction in displacement, acceleration and shear force responses of the coupled 
buildings in four different examples. All the results are shown with graphics taken from 
SAP 2000n package program in the following sections. Moreover, optimum placement of 
dampers for all examples is determined, creating some cases on linking dampers in the 
following chapter.

8.2 Results in Frequency Domain

The first section of the numerical study is that the response spectrum curves are used for 
the response analysis of the earthquakes in Section 4.2. In frequency domain, SAP 2000n 
computer program gives graphic results based on displacement-frequency and acceleration-
frequency. In this section, graphs for the examples which show the displacement-frequency 
and acceleration-frequency are presented separately for each example.

For Example 1(a) Fig. 8.1 indicates the top floor displacement spectral density functions 
of the two buildings relative to the ground with and without joint dampers. As mentioned 
above, two different damping coefficients for joint dampers are used for each example as 
Damper 1 (D1) and Damper 2 (D2). With the spectral density of the unlinked buildings, the 
first two natural frequencies of Building A can be identified in conjunction with the related 
earthquakes. For example, the first two natural frequencies of Building A during the 1989 
Loma Prieta earthquake in N-S direction are defined to be 3.20 and 6.82 Hz. The third 
natural frequency is beyond 30 Hz for Building A. The first three natural frequencies of 
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Fig. 8.1 Spectral density of top floor displacements of two adjacent buildings for Example 1(a) in two directions.
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Building B are determined as 2.69, 6.67 and beyond 30 Hz, respectively. It is clearly seen 
from Fig. 8.1 that the displacement peaks of two unconnected adjacent buildings become 
smaller with increasing natural frequency.

In two adjacent buildings connected by jointed dampers, the first natural frequency of 
both Building A and Building B remain constant although the spectral density of the top 
floor displacement of both buildings reduces significantly in both directions. The spectra 
density of the top floor displacement of adjacent buildings linking Damper 2 is smaller than 
adjacent buildings linking Damper 1. There are no big differences in the lowest natural 
frequencies for both the buildings. However, the second frequency of Building A linking 
Damper 1 is slightly decreased to 6 Hz. It is seen during the 1989 Loma Prieta earthquake 
from Fig. 8.1 that all displacements in E-W direction are reduced significantly, installing 
joint dampers with optimum parameters. 

Moreover, the spectral density of top floor acceleration for the buildings is shown in 
Fig. 8.2. The peaks in the spectral density graphs for both the buildings, which are not 
connected, become nearly the same with increasing natural frequency in all earthquakes, 
expect the 1995 Kobe earthquake. During this earthquake, the peaks became smaller 
with increasing natural frequency. This indicates that the contribution of higher modes of 
vibration to the acceleration responses can be very important for uncontrolled buildings 
under select earthquake movement. Newton’s Second Law of Motion confirms the 
contribution of vibration to the acceleration responses. Additionally, the instalment of fluid 
viscous dampers to link two adjacent buildings indicates that peaks are significantly less, 
particularly at higher natural frequencies.

In Example 1(b), the top floor displacement of Building A without damper is the same as 
Building B without damper because both the structures are of same height and same shear 
stiffness as shown in Fig. 8.3.

The values of spectral density of top floor displacement for both the buildings linking 
dampers are changed slightly with increasing natural frequency, although both buildings 
have the same characteristics. However, in E-W direction, there is no big difference 
between adjacent buildings without damper and adjacent building with damper. Figure 8.4 
indicates the spectral density of top floor acceleration of adjacent buildings for Example 
1(b) in N-S and E-W directions.

It can be seen from Fig. 8.4 that the peaks of top floor accelerations for Building B with 
Damper 1 become smaller than Building A with Damper 1. In Example 2(a), Fig. 8.5 
shows the top floor displacement spectral density functions of coupled buildings in terms 
of being with and without joint dampers. According to the spectral density of buildings 
in Fig. 8.5, the first three natural frequencies can be clearly seen in association with the 
related earthquake.

In Building A without dampers in N-S Loma Prieta 1989 earthquake, the first three natural 
frequencies are identified as 0.9, 2.7, 6.8 Hz respectively, while the first three natural 
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Fig. 8.2 Spectral density of top floor acceleration of two adjacent buildings for Example 1(a) in two directions.
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Fig. 8.3 Spectral density of top floor displacements of adjacent buildings for Example 1(b) in two directions.
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Fig. 8.4 Spectral density of top floor acceleration of adjacent buildings for Example 1(b) in two directions.
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Fig. 8.5 Spectral density of top floor displacements of two adjacent buildings for Example 2(a) in two directions.
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frequencies of Building A with Damper 1 are determined as 1.1, 2.8, 7 Hz respectively. For 
Building B without dampers in N-S Loma Prieta 1989 earthquake, the first three natural 
frequencies are found to be 1.1, 3.6, 6.5 Hz, while these frequencies for Building B connected 
by jointed Damper 1 are determined as 1, 2.9, 6.4 Hz respectively. These frequencies 
clearly show that the modes of the buildings are well separated. The displacements in  
the lowest natural frequencies for Building B connected by Damper 1 and Damper 2 
become smaller with increasing frequency in all the earthquakes when it is compared 
with Building B unconnected by dampers. In addition, all displacements of Building B are 
reduced significantly, installing joint dampers with optimum parameters. As discussed in 
Example 1(a), it can be seen from Fig. 8.1 and Fig. 8.5 that the dampers are more effective 
for lower buildings than the higher ones in terms of the reduction of displacements in both 
the lowest and highest frequencies.

The spectral density of the top floor acceleration for buildings is indicated in Fig. 8.6. 
Although the peaks in these graphs for Building A become smaller with increasing 
frequencies, the peaks for Building B become higher significantly in the 1989 Loma Prieta 
earthquake and 1994 Northridge earthquake for both the directions. 

However, the reduction of peaks becomes higher after using joint dampers for Building B. 
As a result, it is shown in Example 2(a) that in coupled buildings with different heights, 
the effectiveness of fluid viscous dampers become less important for medium-rise building 
than the low-rise buildings.

In Example 2(b), Fig. 8.7 shows the spectral density of top floor displacements of adjacent 
buildings for Example 2(b) in two directions. Generally, the linked adjacent buildings 
indicate that peaks during all earthquakes at higher natural frequencies are replaced slowly 
with increasing natural frequency.

It can be seen in Fig. 8.7 that although both buildings have the same characteristics in terms 
of shear stiffness and structural damping ratio, the amount of reduction in the peaks for 
Building B is more than Building A due to having different heights. Figure 8.8 investigates 
the spectral density of top floor acceleration of adjacent buildings for Example 2(b) in two 
directions.

It can be said in terms of acceleration that Damper 2 is more effective for the decreasing 
than Damper 1. Placement of dampers as diagonals becomes important to provide the 
reduction in the E-W direction. For Example 3(a), the results of the top floor displacement 
spectral density functions and the top floor acceleration functions of both the 20-storey 
building and the 10-storey building are as shown in Fig. 8.9 and Fig. 8.10.

The reduction of displacements of Building B is more obvious than Building A. Hence, it 
can be observed that the fluid joint dampers can be more effective for a low-rise Building 
B than the high-rise Building A.
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Fig. 8.6 Spectral density of top floor acceleration of two adjacent buildings for Example 2(a) in two directions.
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Fig. 8.7 Spectral density of top floor displacements of adjacent buildings for Example 2(b) in two directions.
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Fig. 8.8 Spectral density of top floor acceleration of adjacent buildings for Example 2(b) in two directions.
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Fig. 8.9 Spectral density of top floor displacements of two adjacent buildings for Example 3(a) in two directions.



139

Results in Frequency and Time Domains

Fig. 8.10 Spectral density of top floor acceleration of two adjacent buildings for Example 3(a) in two directions.
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It can be noted from Fig. 8.10 that the peaks of accelerations occur often in the lowest 
frequencies for either adjacent buildings linking dampers or coupled buildings without 
dampers. It is interesting that although Damper 2 has more damping coefficient than 
Damper 1 and medium-rise buildings linking Damper 2 are more effective in terms of 
the reduction of acceleration than high-rise buildings linking Damper 2, the amount of 
the reduction of acceleration for both the buildings linking Damper 2 become similar 
to both the buildings connecting Damper 1 in the E-W direction. For Example 3(b),  
Fig. 8.11 shows spectral density of top floor displacements of the adjacent buildings, for  
Example 3(b), in two directions.

As shown in Fig. 8.11, when adjacent buildings having the same characteristics but different 
heights are connected with either Damper 1 or Damper 2, the first three natural frequencies 
are almost similar on the adjacent buildings without related dampers even though the 
peaks become smaller with increasing frequencies. Figure 8.12 indicates spectral density 
of top floor acceleration of adjacent buildings for Example 3(b) in two directions. It can be 
seen from Fig. 8.12 that the peaks show more often the increasing frequencies. Therefore, 
increase of the number of storeys between adjacent buildings can cause more peaks of 
adjacent buildings.

With reference to Example 4(a), the results of the top floor displacement spectral density 
functions for both the buildings are shown in Fig. 8.13. It can be seen that the buildings 
have small differences in the spectral density functions of the top floor displacements in 
the highest frequencies, especially in N-S Kobe 1995 and N-S Northridge earthquakes. 
The peaks in Fig. 8.13 for adjacent buildings become smaller with increasing natural 
frequencies during all the earthquakes. In Building A without dampers in N-S Loma Prieta 
1989, the first two natural frequencies are identified as 0.6, 1.8 Hz respectively, while the 
first two natural frequencies of Building A with Damper 1 are determined as 0.8, 2.0 Hz 
respectively. For Building B without dampers in N-S Loma Prieta 1989 earthquake, the 
first two natural frequencies are found to be 0.6, 1.5 Hz, while frequencies for Building B 
connected by jointed dampers are determined as 0.7, 1.6 Hz respectively.

The spectral density of the top floor acceleration for buildings is shown in Fig. 8.14. 
Although the peaks in these graphs for unlinked buildings become smaller with increasing 
frequencies, the peaks for linked buildings become smaller significantly. As a result, it 
is shown in Example 1 and Example 4 that the effectiveness of fluid viscous dampers 
becomes less important for high-rise adjacent buildings than low-rise adjacent buildings.

It can be noted from Fig. 8.15 and Fig. 8.16 that both the buildings show the same results 
because of having same characteristics. There are no big differences in the highest and 
lowest natural frequencies for both the linked and unlinked buildings. Moreover, the peaks 
in Fig. 8.16 for adjacent buildings become smaller in the highest natural frequencies during 
all earthquakes. The peaks become nearly the same as in the highest frequencies. The 
peaks for both buildings remain constant in the lowest frequencies expect the N-S Loma 
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Fig. 8.11 Spectral density of top floor displacements of adjacent buildings for Example 3(b) in two directions.
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Fig. 8.12 Spectral density of top floor acceleration of adjacent buildings for Example 3(b) in two directions.
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Prieta 1989 earthquake. During this earthquake, there is no effect of dampers on adjacent 
buildings in the lowest frequencies. 

Moreover, in contrast to Example 4(b), the effectiveness of fluid viscous dampers in 
Example 4(a) can be clearly seen in the lowest frequencies in N-S Northridge 1994.

Fig. 8.13 Spectral density of top floor displacements of two adjacent buildings for Example 4(a) in two directions.
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Fig. 8.14 Spectral density of top floor acceleration of two adjacent buildings for Example 4(a) in two directions.
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Fig. 8.15 Spectral density of top floor displacements of adjacent buildings for Example 4(b) in two directions.
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Fig. 8.16 Spectral density of top floor acceleration of adjacent buildings for Example 4(b) in two directions.
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8.3  Results in Time Domain

In the second section of the numerical study, the graphs of displacement-time and shear 
force-time are presented with the results obtained from SAP 2000n package program. In 
time domain, the graphs of the examples which show the displacement-time and the shear 
force-time are presented separately for each example to confirm the effectiveness of joint 
dampers.

While examining the displacements of seismic response, the coupled building structures 
in all the examples are subjected to earthquake ground motion with time history of ground 
acceleration of four simulated earthquakes, which are derived from: (i) El Centro. The 
N-S and E-W component recorded at the Imperial Valley Irrigation District Substation in 
El Centro, California, during the Imperial Valley, California earthquake of May 18, 1940.  
(ii) Northridge. The N-S and E-W component recorded at Sylmar County Hospital Parking 
Lot in Sylmar, California, during the Northridge, California earthquake of January 17, 
1994. (iii) Kobe. The N-S and W-E component recorded at Kobe Japanese Meteorological 
Agency (JMA) Station, during the Hyogo-ken Nanbu, Kobe earthquake of January 17, 1995.  
(iv) Loma Prieta. The N-S and W-E component recorded at Capitola Fire Station, during the 
Loma Prieta earthquake of November 17, 1989. For examining the shear force, buildings 
have been subjected to earthquake ground motion with time history of ground acceleration 
by the earthquakes mentioned above. This study is shown with graphs, including the two 
directions. The graphs of shear force-time for all examples are shown below. In Example 
1, the time histories of the top floor displacement of adjacent buildings in N-S direction are 
presented in Fig. 8.17, respectively, with and without the joint dampers.

It should be noted that within the first three seconds, the amplitudes of displacement of 
both buildings are not reduced. However, between the first three seconds to ten seconds, 
the peak responses of both the buildings in N-S 1989 Loma Prieta earthquake are reduced 
with the peak response reduction range from 45–65 per cent for adjacent buildings linking 
Damper 1. 

Figure 8.18 displays time histories of top floor displacement of adjacent buildings for 
Example 1(a) in E-W direction. It is interesting that the top floor displacements for Building 
A connecting Damper 2 are reduced during peak response reduction range at around  
50 per cent. The reduction range for Building B linking Damper 2 is 65 per cent after first 
five seconds, due to the fact that the shear stiffness is smaller in Building B than Building A. 

Figure 8.19 shows shear force-time graphs for Example 1(a) in two directions. The time 
histories of the base shear force responses in E-W direction to find the effective behaviour 
of damper on shear force of the floors, by decreasing the values of force. It is interesting 
that the amplitude of shear force for Building B is not reduced for both Damper 1 and 
Damper 2 in 1940 Elcentro and 1995 Kobe earthquakes in E-W direction, although the 
amplitude of shear force for Building A are reduced with the peak response reduction range 
from 10–52% within the first three seconds of these earthquakes.
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Fig. 8.17 Time histories of top floor displacements of  two adjacent buildings for Example 1(a) in N-S direction.
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Fig. 8.18 Time histories of top floor displacement of adjacent buildings for Example 1(a) in E-W direction.



150

Earthquake Resistant Design of Buildings

For Example 1(b), Fig. 8.20 indicates time histories of top floor displacement of adjacent 
buildings in two directions. As expected, both the buildings either linking Damper 1 or 
connecting Damper 2 have the same reduction range in two directions owing to their same 
characteristics. For this reason, Fig. 8.20 investigates the displacements in two directions. 

Fig. 8.19 Shear force-time graphs in N-S and E-W directions for Example 1(a).
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Fig. 8.20 Time histories of top floor displacement of the adjacent buildings for Example 1(b) in two directions.
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It can be clearly seen that the amplitudes of top floor displacements of adjacent buildings 
with same shear stiffness and same height in E-W direction are not reduced with Damper 
1 and Damper 2.

Figure 8.21 shows shear force-time graphs of adjacent buildings for Example 1(b) in two 
directions. As mentioned above, for the same adjacent buildings, the effectiveness of 
dampers can be seen in N-S direction in terms of the reduction of shear force, while the 
efficacy of dampers for both buildings in E-W direction cannot be seen in Fig. 8.21.

In Example 2(a), Fig. 8.22 indicates the time histories of the top floor displacement of 
adjacent buildings in N-S direction, respectively, with and without the related dampers. 
Within the first nine or eleven seconds, the amplitudes of displacement of Building A are 
reduced with the peak response reduction ranging between 20–45 per cent with Damper 1 
while the peak response reduction range is between 25–65 per cent with Damper 2 in N-S 
Elcentro 1940 earthquake. However, after the first eleven seconds, the peak responses of 
Building B in N-S direction are reduced with the peak response reduction ranging between 
30–70 per cent.

Time histories of top floor displacement of adjacent buildings for Example 2(a) in E-W 
direction are shown in Fig. 8.23. It can be said that the reductions of top floor displacement 
are changed slightly in Building A, whereas the peak response reduction range changes 
significantly.

Fig. 8.21 Shear force-time graphs of  adjacent buildings for Example 1(b) in two directions.



153

Results in Frequency and Time Domains

Fig. 8.22 Time histories of top floor displacements of  two adjacent buildings for Example 2(a) in N-S direction.
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Fig. 8.23 Time histories of top floor displacement of adjacent buildings for Example 2(a) in E-W direction.



155

Results in Frequency and Time Domains

For investigating the benefits of fluid viscous dampers on shear forces of buildings, SAP 
2000n computer program shows the shear force-time graphs together for adjacent buildings. 
Figure 8.24 shows the time histories of the base shear force responses for both Northridge 
1994 and Loma Prieta 1989 in two directions, with decreasing values of force. It is seen 
that the force responses of Building A do not reduce significantly for all directions.

Time histories of top floor displacement of adjacent buildings for Example 2(b) in N-S 
direction are examined in Fig. 8.25. The amplitude of reduction of displacement for 
Building B with Damper 2 is higher than the peak response reduction range of Building A 
with Damper 2 in N-S Northridge 1994.

In E-W direction, when Example 2(b) compares with Example 1(b), it is seen that  
Building B which is a 5-storey building, has greater reduction ranges in terms of displacement 
as seen in Fig. 8.26. Therefore, using dampers for adjacent buildings with different heights 
is more beneficial than adjacent buildings having similar heights.

Figure 8.27 indicates the shear force-time graphs of adjacent buildings for Example 2(b) in 
two directions. It is seen that there are not any differences in amplitudes of displacement 
for E-W direction.

For Example 3(a), Fig. 8.28 demonstrates the time histories of top floor displacements of 
two adjacent buildings for Example 3(a) in N-S direction. The adjacent buildings having 
different dynamic characteristics and are connected by dampers in N-S direction. It can be 
observed from N-S Northridge 1994 in Fig. 8.28 that both stiffness and heights of Building 
A are higher than Building B. For this reason, reduction of top floor displacements of 
Building A with either Damper 1 or Damper 2 is less than that of Building B with either 
Damper 1 or Damper 2.

Another interesting observation in Fig. 8.28 is use of Damper 1 or Damper 2 in Building 
B does not change in terms of the reduction rate of displacements of Building B without 
dampers. Figure 8.29 shows that displacements of Building A linking Damper 1 are similar 
to Building A without dampers in E-W direction, except for 1989 Loma Prieta and 1994 
Northridge earthquakes.

Figure 8.30 shows shear force-time graphs in N-S and E-W directions for Example 3(a). In 
N-S direction, the shear forces of Building A are changed significantly according to time 
when it is compared with E-W direction.

For Example 3(b), time histories of top floor displacement of adjacent buildings for  
Example 3(b) in N-S direction are shown in Fig. 8.31. In N-S Elcentro 1940 and N-S Kobe 
1995, the values of displacements for Building A linking Damper 1 change with peak 
reduction ranging between 10–50 per cent within the first ten seconds, while peaks for 
Building A connecting Damper 2 reduce from 20–70 per cent within the first ten seconds.

Moreover, using dampers in terms of reduction range for Building B is more important than 
Building A. Figure 8.32 investigates the time histories of top floor displacement of adjacent 
buildings, for Example 3(b) in E-W direction.
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Fig. 8.24 Shear force-time graphs in N-S and E-W directions for Example 2(a).



157

Results in Frequency and Time Domains

Fig. 8.25 Time histories of top floor displacement of adjacent buildings for Example 2(b) in N-S direction.
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Fig. 8.26 Time histories of top floor displacement of adjacent buildings for Example 2(b) in E-W direction.
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Fig. 8.27 Shear force-time graphs of adjacent buildings for Example 2(b) in two directions.
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Fig. 8.28 Time histories of top floor displacements of  two adjacent buildings for Example 3(a) in N-S direction.
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Fig. 8.29 Time histories of top floor displacement of adjacent buildings for Example 3(a) in E-W direction.
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Fig. 8.30 Shear force-time graphs in N-S and E-W directions for Example 3(a).
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Fig. 8.31 Time histories of top floor displacement of adjacent buildings for Example 3(b) in N-S direction.
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Fig. 8.32 Time histories of top f﻿loor displacement of adjacent buildings for Example 3(b) in E-W direction.
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It can be noted that top floor displacements for Building A do not change significantly in E-W 
Loma Prieta 1989. In Fig. 8.33, shear forces of both buildings are not different even though 
the adjacent buildings are connected with different dampers in terms of damping coefficients. 

For Example 4(a), Fig. 8.34 shows the time histories of the top floor displacement of 
adjacent buildings for all earthquakes in N-S direction, respectively, with and without the 
joint dampers. For adjacent buildings connected with Damper 1 or Damper 2, it is seen 
that there are no differences in the amplitudes of displacement for N-S direction as being 
different from Example 1(a). 

Within the first nine or eleven seconds, the amplitudes of top floor displacement of Building 
A in N-S Elcentro 1940 reduce significantly, while the amplitudes in the same earthquake 
do not reduce. In addition, after the first eleven seconds, the peak responses of buildings in 
N-S direction in both the earthquakes reduce with the peak response reduction range being 
between 30–60 per cent.

Furthermore, Example 4 shows that the efficacy of dampers for coupled buildings with 
different shear stiffness but with same elevations is more than the adjacent buildings with 
the same stiffness and height.

Fluid viscous dampers can reduce significantly the amplitudes of displacement in N-S 
direction because of different shear forces of each building, especially 1994 Northridge 
earthquake. Figure 8.36 demonstrates the shear force-time graphs for Example 4(a) in N-S 
and E-W directions using Northridge 1994 and Loma Prieta 1989 earthquakes. 

The dampers can mitigate the amplitudes of shear forces in both the earthquakes. After the 
first ten seconds, the peak responses of buildings in E-W direction in both the earthquakes 
reduce with the peak response reduction ranging between 10–20 per cent.

For Example 4(b), the results of time histories of top floor displacements and the base shear 
force responses of two 20-storey buildings are shown in Fig. 8.37 and Fig. 8.38 with all the 
earthquakes. It is shown in Fig. 5.37 that the amplitudes of displacement in N-S direction 
within 15 seconds are mitigated. However, the peaks reduce significantly with the peak 
response reduction ranging between 30–70 per cent, although the adjacent buildings have 
the same height. In E-W direction, there is a difference in terms of the response between 
the unlinked and linked Buildings A and B. 

Figure 8.38 indicates the shear force-time graphs of adjacent buildings for Example 4(b) 
in two directions under Kobe 1995 and Elcentro 1940 earthquakes. The reduction of shear 
forces for Example 4(b) is more than that for Example 1(b). The amplitudes of forces for 
earthquakes mentioned above in E-W direction do not reduce. 

It can be seen from all the examples discussed above that linked buildings by dampers on 
all floors are more effective than unlinked buildings for mitigation of earthquake effects. 
The following section investigates the optimum placement of dampers, instead of placing 
them on all the floors.
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Fig. 8.33 Shear force-time graphs of adjacent buildings for Example 3(b) in two directions.
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Fig. 8.34 Time histories of top floor displacements of two adjacent buildings for Example 4(a) in N-S direction.
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Fig. 8.35 Time histories of top floor displacement of adjacent buildings for Example 4(a) in E-W direction.
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Fig. 8.36 Shear force-time graphs in N-S and E-W directions for Example 4(a).
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8.4  Summary

In this chapter, the results of all examples are evaluated, based on the reduction of 
displacement, acceleration and shear force responses of adjacent buildings. The numerical 
results are carried out in two groups, namely, frequency domain and time domain.

Fig. 8.37 Time histories of top floor displacement of adjacent buildings for Example 4(b) in two directions.
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Firstly, frequency domain is graphically evaluated in terms of the spectral density  
functions of displacement and acceleration for the four example buildings. In Example 
2 and Example 3, it is clearly seen that by using the damper for the lower Building B 
is more beneficial than that for the higher Building A. There is a trend that the joint 
dampers are more useful for lower adjacent buildings than for higher adjacent buildings. In  
Example 2(b) and Example 3(b), it is observed that the peaks have slowly change, although 
the buildings have the same dynamic characteristics.

Secondly, time domain is graphically evaluated in terms of the time histories of base  
shear force and displacement for the four buildings. In Example 1 and Example 4, 
the amplitudes of displacement reduce significantly in N-S direction, although the 
unlinked and linked buildings have different reduction in the amplitude of displacement 
in E-W direction. The maximum reduction of top floor displacement is 50 per cent in  
Example 2, while the reduction is almost 35 per cent in Example 3. Example 4(b) shows 
that use of damper for high adjacent buildings with same characteristics cannot reduce to 
the amplitude of displacements. Example 4(a) shows that absolute displacements in terms 
of floor number are mitigated by using fluid dampers for high adjacent buildings with 
different shear stiffness.

Fig. 8.38 Shear force-time graphs of adjacent buildings for Example 4(b) in two directions.
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9.1  Introduction

In order to minimise the cost of dampers, the responses of two adjacent buildings are 
investigated by considering only three dampers (almost 50 per cent of the total) with 
optimum damper properties obtained by Xu et al. (1999) at selected floor locations. For 
locations of dampers, the floors with maximum relative displacement are selected. Many 
trials are carried out to arrive at the optimal placement of dampers. The graphs shown below 
are the variations of the displacements in all the floors for different cases. It is seen that 
the maximum displacement values in original duration of 60s taken at a total of 3,000 time 
records at an interval of 0.02s are selected for the graphs below. To illustrate the overall 
effectiveness of fluid viscous dampers on adjacent buildings, the standard deviations of 
displacement at each floor for each building with and without dampers are indicated by 
using selected earthquakes as below.

9.2  Results of Optimum Placement of Dampers

Figure 9.1 shows the four cases which were investigated for Example 2; for the remaining 
examples, Case (i) represents the control case where the buildings are not connected. In 
Case (ii), the dampers are placed in all floors. The dampers in Case (iii) are placed at odd 
floors. Finally, the dampers in Case (iv) are placed in the floors above the middle of the 
shorter buildings.

For Example 1(a), Fig. 9.2 shows the variation of absolute displacements, namely, when 
Case (i) unconnected, Case (ii) connected at all the floors, Case (iii) connected at Floors 
3, 4 and 5 and Case (iv) connected at Floors 1, 3 and 5. It is observed from the figures that 
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the dampers are more effective when they are placed at Floors 3, 4 and 5. For the purpose 
of occurring cases, the time history of relative horizontal displacements at the top level of 
two 5-storey buildings are indicated for uncontrolled and controlled adjacent buildings in 
Fig. 9.2. When the dampers are located on these floors, the displacements in all the storeys 
are reduced almost as much as when they are attached at all the floors. Hence, Floors 1, 3 
and 5 are considered to be the optimal placement for dampers. It shows that the dampers 
at appropriate placements can alleviate considerably the seismic responses of the coupled 
system, besides reducing the cost of the dampers to a greater level.
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9.1 Introduction 
In order to minimize the cost of dampers, the responses of the two adjacent buildings are 
investigated by considering only 3 dampers (almost 50% of the total) with optimum damper 
properties obtained by Xu et al. (1999) at selected floor locations. For locations of the dampers, 
the floors whichever has the maximum relative displacement are selected. Many trials are 
carried out to arrive at the optimal placement of the dampers. The graphs shown below are the 
variation of the displacements in all the floors for different cases. It can be noted that the 
maximum displacement values in original duration of 60 s taken at a total of 3000 time records 
at an interval of 0.02 s are selected for the graphs below. To illustrate the overall effectiveness 
of fluid viscous dampers on adjacent buildings, the standard deviations of displacement at each 
floor for each building with and without dampers are indicated by using selected earthquakes as 
below. 

9.2 Results of Optimum Placement of Dampers 
Fig. 9-1 shows the four cases which were investigated for Example 2. For the remaining 
examples, Case (i) represents the control case where the buildings are not connected. In Case 
(ii), the dampers are placed in all floors. The dampers in Case (iii) are placed at odd floors. 
Finally, the dampers in Case (iv) are placed in the floors above the middle of the shorter 
buildings.

 

Fig. 9.1 Locations of dampers in adjacent buildings of Example 2.
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Fig. 9.2 Variation of displacements along the floors for Example 1(a).
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For Example 1(b), use of damper in adjacent buildings with the same heights is more 
beneficial when Case 4 with Damper 2 is provided for adjacent buildings, as shown  
in Fig. 9.3. However, Case 3 with Damper 2 can be more beneficial under some earthquakes 
such as Loma earthquake and Northridge earthquake in E-W direction.

For Example 2(a), the variation of absolute displacements are indicated in Fig. 9.4, namely, 
when Case (i) unconnected, Case (ii) connected at all the floors, Case (iii) connected at 
Floors 6, 7, 8, 9 and 10 and Case (iv) connected at Floors 1, 3, 5, 7, 9. It is interesting 
that the dampers can be more effective when placed on Floors 3, 4 and 5 for Building B. 
However, for Building A, the use of damper is not more effective when placed at selected 
floors.

Moreover, the amplitudes of displacement increase for Building A in Kobe 1995 and 
Elcentro 1940, use of Case 3 with Damper 1. It is observed that Case (ii) is more suitable 
for this example among all the cases. As shown in Fig. 9.5, use of damper at Case (iv) with 
Damper 2 in N-S Loma Prieta 1989 and N-S Northridge 1994 for both buildings can be 
more suitable in reduction of displacement than in other cases.

For Example 3(a), the variation of absolute displacements is indicated in Fig. 9.6, namely, 
when Case (i) unconnected, Case (ii) connected at all the floors, Case (iii) connected at 
Floors 10, 11, 12, 13, 14, 15, 16, 17, 18, 19 and 20 and Case (iv) connected at Floors 1, 3, 
5, 7, 9, 11, 13, 15, 17 and 19. It is also interesting that the dampers for adjacent buildings 
with different elevations can be more effective when placed at selected floors (Case iv) in 
N-S Elcentro 1940 and N-S Kobe 1995, especially in low-rise buildings.

However, for earthquakes in E-W direction, the use of damper cannot be more effective 
when placed at any floors for Kobe 1995. The amplitudes of displacement increase 
when using the damper for coupled buildings. For buildings having the same dynamic 
characteristics but different heights, the fluid viscous dampers cannot mitigate earthquake 
effects during some big earthquakes, as shown in Fig. 9.7.

Use of dampers at selected floors for Example 2 is more effective than Example 3. 
For Example 4(a), the variation in absolute displacements in terms of floor numbers is 
demonstrated in Fig. 9.8. All cases are the same as Example 3. It is also interesting that 
the dampers for adjacent buildings with different shear stiffness can be more effective 
when placed at all floors, expect in the N-S Kobe 1940 earthquake. However, for a related 
earthquake, the use of damper is more effective when placed at selected floors except in 
Case 1. 

Moreover, the amplitudes of displacement decrease for coupled buildings via the damper 
located at all floors. Figure 9.9 indicates variation of displacements along the floors for 
Example 4(b) in two directions. Example 4(a) and 4(b) show that buildings with different 
shear stiffness are more effective than buildings having the same shear stiffness on reduction 
of earthquake effects, using fluid viscous dampers in Cases ii, iii and iv.
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Fig. 9.3 Variation of displacements along the floors for Example 1(b) in two directions.
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Fig. 9.4 Variation of displacements along the floors for Example 2(a) in two directions.
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Fig. 9.5 Variation of displacement along the floors for Example 2(b) in two directions.
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Fig. 9.6 Variation of displacements along the floors for Example 3(a).
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Fig. 9.7 Variation of displacements along the f﻿loors for Example 3(b) in two directions.
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Fig. 9.8 Variation of displacements along the floors for Example 4(a) in two directions.
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9.3  Summary

The variation in absolute displacements for the cases mentioned above is shown to 
favour optimum placement of dampers. All examples calculated in each case show that 
the dampers at suitable placements can reduce significantly the seismic responses of the 
coupled system, besides reducing the cost of dampers to a greater level.

Fig. 9.9 Variation of displacements along the floors for Example 4(b) in two directions.
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Optimum Design Examples

10.1 Introduction

In this chapter, six numerical examples are described. In Section 10.2, the numerical 
model for 4 and 3 storey base-isolated coupled buildings is used to investigate the effects 
of pounding, which is a modification of the examples adopted by Jankowski (2008). In  
Section 10.3, the 5 and 4 storeys fixed-base asymmetric buildings are used in order to 
investigate the SSI effects and pounding through the rigorous method. Two numerical 
examples are designed for adjacent buildings, utilising passive and active dampers in 
Section 10.4. For utilising the capabilities of MR dampers on to adjacent buildings, two 
numerical examples are presented in Section 10.5. The responses of these numerical 
examples are investigated under strong components of various earthquake excitations 
based on peak ground accelerations. Details of earthquake excitations used in this study 
are also given in this chapter.

10.2 Base-isolated Buildings

The dynamic equations in Eq. 2.1 for the validation of numerical models can be conducted 
to analyse substantially different dynamic properties of adjacent building systems. Based 
on the fourth order Runge-Kutta method, a MATLAB program is developed to solve 
the equations of motion for the system subjected to excitations of earthquake ground 
acceleration and numerical simulations presented are used for a parametric study. 

10.2.1 Description of Model 

The following basic values describing the structural characteristics adopted by Jankowski 
(2008) in Table 10.1 are used for the storey yield strengths, Fy

xi, F
y
yi and mass of the base of 

two buildings: 
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For Building A:
Fy

x1 = Fy
x2 = Fy

x3 = Fy
x4 = Fy

y1 = Fy
y2 = Fy

y3 = Fy
y4 = 1.369 × 105 N,

mB1 = 37.134 × 103 kg,

For Building B:
Fy

x5 = Fy
x6 = Fy

x7 = 1.442 × 107 N,

Fy
y5 = Fy

y6 = Fy
y7 = 1.589 × 107 N,

mB2 = 15.246 × 105 kg.

As shown in Table 10.2, the first natural vibration periods of both buildings in the 
longitudinal, transverse, and vertical direction are shown respectively. The damping matrix 
can be obtained by assuming that it is proportional to the stiffness matrix (Clough and 
Penzien 1993). The dashpot constants for the building can be written and simplified as 
shown in Eqs. 2.16a–d and 2.17a–b. By assuming 5 per cent damping in the first mode, a 
damping ratio in the second mode can be found in Eq. 2.17a–b for the reference building.

Building A (Reference Building)
Storey 

No.
Mass, m (kg) (103) Stiffness, k (N/m) Damping Coefficient, c (kg/sec)

x (106) y (106) z (1010) x (104) y (104) z (106)
1 25 3.46 3.46 1.246 6.609 6.609 3.969
2 25 3.46 3.46 1.246 6.609 6.609 3.969
3 25 3.46 3.46 1.246 6.609 6.609 3.969
4 25 3.46 3.46 1.246 6.609 6.609 3.969

Building B (Heavier and Stiffer)
Storey 

No.
m (kg) (106) k (N/m) c (kg/sec)

x (109) y (108) z (1011) x (107) y (106) z (108)
1 1.0 2.215 5.537 2.215 1.058 5.286 1.058
2 1.0 2.215 5.537 2.215 1.058 5.286 1.058
3 1.0 2.215 5.537 2.215 1.058 5.286 1.058

Table 10.1 Structural Characteristics of Base Isolated Buildings.

Properties
Building A Building B

x y z x y z
First mode time period (sec) 1.54 1.54 0.026 0.3 0.6 0.03
Second mode time period (sec) 0.53 0.53 0.009 0.11 0.21 0.01
First mode frequency (mod/sec) 4.08 4.08 245.2 20.94 10.47 209.44
Second mode frequency (mod/sec) 11.76 11.76 706 59.2 29.3 5886.9

Table 10.2 Properties of Buildings in the Longitudinal, Transverse and Vertical Directions.
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In order to enhance the accuracy of the analysis, the coefficient of restitution can be 
determined separately for each collision, depending on the relative prior-impact velocity of 
structures (Robert 2009). However, the constant value of coefficient of restitution is used 
in numerical models during the entire time of the ground motion so as to obtain the general 
pounding-involved structural response. According to the results obtained by Jankowski 
(2006), β– = 2.75 × 109 N/m3/2, ξ– = 0.35 in Eq. 2.10a–d were applied for values of non-linear 
visco-elastic pounding force model’s parameters. The coefficient of restitution, which 
accounts for energy dissipation during collision, is expressed for concrete to concrete 
impact as:

	 e = –0.007v3 + 0.0696v2 – 0.2529v + 0.7929	 (10.1)

where v is the prior-impact relative velocity of two colliding bodies. In fact, the coefficient 
of restitution, e, ranging from 0.5 to 0.75 provides reasonable engineering approximation 
for studying structural response with pounding (Robert 2009). Hence, the value of  
e = 0.65 has been arbitrarily chosen. The coefficient of friction of the sliding bearing 
remains constant throughout the motion of the structure, even though the coefficient of 
friction is dependent on the pressure and sliding velocity (Bhasker Rao and Jangid 2001). 
The value of the friction coefficient can be calculated by Eq. 10.2 which was obtained by 
Constantinou et al. (1990).

	
 a U

iu f f emax
−µ = −∆ ×


	 (10.2)

where fmax, ∆f, a, and U∙  are the coefficient of friction at large sliding velocity, the differences 
between fmax and the coefficient of friction at low sliding velocity, the constant value and 
the sliding velocity, respectively. The value of friction coefficient, μf, has been used as 
0.5, whereas the value of friction coefficient of the sliding bearing, μui, has been used as 
0.10 (Wriggers 2006b). The initial gap, D, between the buildings is taken as 0.02 m. The 
El-Centro (18.05.1940) and the Duzce (12.11.1999) earthquake records are recorded as the 
input with the N-S, E-W, and U-D components of the ground motion in the longitudinal, 
transverse and vertical directions as shown in Table 10.3, respectively. 

When the contact of the buildings in the longitudinal direction is detected, the pounding 
forces in the transverse and vertical directions are applied.

Earthquakes MW Station PGA (g) (N-S, E-W, U-D) Duration (sec)
El Centro, U.S.A. 
18/05/1940 7.0 117 El Centro Array-9 0.313, 0.215, 0.205 39.99

Duzce, Turkey
12/11/1999 7.1 375 Lamont 0.97, 0.514, 0.193 41.50

Table 10.3 Earthquake Records Used in this Study.
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10.3  Fixed Adjacent Buildings

In order to investigate the influence of modelling, the structural behaviour by using either 
elastic or inelastic systems on the response of asymmetric adjacent buildings considering 
the SSI system resting on the soft and hard soils, the dynamic equations derived in the 
most general form in Eq. 2.15a–c for validation of the numerical models is conducted 
under different ground excitations. The excitations of El-Centro 1940 earthquake record in 
Table 10.3 are examined for the seismic response of coupled buildings. Both asymmetric 
Building A and Building B resting on an elastic half-space are considered as five and four 
storey buildings, respectively. The details of the SSI system are briefly presented herein. 

10.3.1  Model Description

The dimensions of both Building A and Building B are rectangular in plan with 20 m ×  
15 m and 25 m × 20 m, the larger plan dimensions being parallel to the longitudinal 
direction (x) for each building, respectively. The ratio of the base mass to the floor mass 
of the buildings is 3 for each building. Moreover, for translation in the x and y axes, twist 
about the z axis and rocking about the x and y axes, the dimensions of rectangular base of 
adjacent buildings can be converted into an equivalent circular base (ro) having the same 
area as the plan of each building based on the formulas determined by Richart et al. (1970). 
Hence, the calculations of the radius of base mass determined by Richart et al. (1970) are 
used, considering translations, rotation and rocking directions, herein. The height of each 
storey is 2.85 m in both the buildings. According to the results obtained by Jankowski 
(2006, 2008, 2010), β– = 2.75 × 109 N/m3/2 and ξ– = 0.35 were applied for values of non-
linear visco-elastic pounding force model’s parameters. The moment of inertia of the rigid 
body for each building about the centroidal axes parallel to the x and y axes are evaluated 
by replacing each floor with a disc of radius (ro). The following basic values describing the 
structural characteristics in Table 10.4 have been used:

Storey 
No. Height of Floor level hi,j (m)

Building A Building B
mi × 106 (kg) ki × 108 (N/m) mj × 106 (m) kj × 108 (N/m)

1F 2.85 0.30 3.46 0.4065 5.06
2F 5.7 0.30 3.46 0.4065 3.86
3F 8.55 0.30 3.46 0.4065 3.86
4F 11.4 0.30 3.46 0.4065 3.86
5F 14.25 0.30 3.46 – –

Table 10.4 Structural Characteristics of Buildings.
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The translational stiffness in transverse direction and the torsional stiffness around 
the centre of mass for each storey of each building are proportional to the stiffness in 
the longitudinal direction of the same storey and given by the following formula in  
Eq. 10.3a–d (Kan and Chopra 1976).

	 yi
y

xi

k
k

β = , yj
y

xj

k
k

β = , i
t 2

a xi

k
r k

θβ = , j
t 2

b xj

k

r k
θβ =  	 (10.3a–d)

The ratios, βy and βt are taken as 1.32 and 1.69 for both the buildings, respectively. The 
constant of proportionality, α in Eq. 2.16a–d is evaluated on the basis of 2 per cent of 
critical damping in the fundamental mode of superstructures in both the buildings. 

10.3.2  Properties of the SSI Systems

The density of soil medium, ρ and Poisson’s ratio, v are taken to be 1922 kg/m3 and 
0.333, respectively. In order to examine the effectiveness of the rigorous method for the 
entire SSI systems, using the direct integration method to solve the equations of motion, 
four soil types are investigated in the range of shear velocities, vs of 65 m/sec (soft soil),  
130, 200 and 300 m/sec (hard soil) have been specifically chosen for this study as Case 
I to IV, respectively. Case I (vs = 65 m/sec) and Case IV (vs = 300 m/sec) are created for 
the SSI systems resting on soft and hard soils in order to investigate the seismic response 
of adjacent buildings under large and small SSI effects, respectively. With reference to  
Table 2.1, the values of stiffness and damping coefficients in the translation in the  
x and y axes, twist about the z axis and rocking about the x and y axes for each case in both 
the Building A and Building B are listed in Table 10.5. 

These cases are subjected to NS and EW components of the 1940 El-Centro earthquake 
record along the x and y axes, respectively. Figure 10.1 presents the influence of chosen 
cases onto the SSI systems of coupled buildings under excitation of the 1940 El-Centro 
earthquake. Based on a dimensionless frequency, ao resulting from 0 ≤ ao = ωf ro/vs ≤ 1.5, 
the maximum wave frequencies of both are fmax = 2.1 Hz, 9.7 Hz of Building A, 1.8 Hz and 
7.8 Hz of Building B for Case I and Case IV, respectively. As can be seen in Fig. 10.1, most 
of the energy of related ground motion is at frequencies less than 1.8 Hz. Hence, by using 
frequency independent spring and dashpot set for coupled buildings, the SSI effects of the 
chosen cases can be conducted effectively. Furthermore, each coupled building is modelled 
as reference building resting on a rigid base with a similar superstructure. Table 10.6 shows 
the properties of the reference buildings in all the directions. It can help to see how the SSI 
affects the dynamic characteristics of coupled buildings. The initial gap, D, between the 
buildings is taken as 0.04 m.
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In order to consider the effect of pounding on the coupled buildings, when the contact of 
the buildings in the longitudinal direction is detected, the pounding forces in the transverse 
and vertical directions are applied.

For the response time histories of the entire SSI system of coupled buildings, the rigorous 
method which uses the direct integration method to solve the equation of motion as shown 
in Eq. 2.15a–c is called Rig.

Properties
Building A Building B

x y z x y z
First mode time period (sec) 0.65 0.57 0.07 0.56 0.5 0.05
Second mode time period (sec) 0.22 0.19 0.023 0.19 0.21 0.02
First mode frequency (mod/sec) 9.67 11.11 90.69 11.29 12.97 135.60
Second mode frequency (mod/sec) 28.22 32.42 264.7 32.22 37.02 387.13

Table 10.6 Properties of Buildings in the Longitudinal, Transverse and Vertical Directions.
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investigated in the range of the shear velocities, sv  of 65 m/sec (soft soil), 130, 200 and 300 
m/sec (hard soil) have been specifically chosen for this study as Case I to IV, respectively. Case 
I (vs=65 m/sec) and Case IV (vs=300 m/sec) are created for the SSI systems resting on the soft 
and hard soils in order to investigate the seismic response of the adjacent buildings under large 
and small SSI effects, respectively. With reference to Table 2-1, the values of stiffness and 
damping coefficients in the translation in the x and y axes, twist about the z axis and rocking 
about the x and y axes for each case in both Building A and Building B are listed in Table 10-5.  

Table 10-5 Impedance values for Case I and Case IV in both buildings 
Stiffness 

Coefficients 
Building A Building B Damping 

Coefficients
Building A Building B 

I IV I IV I IV I IV 

TK 710  
 kN / m  0.04 0.83 0.05 1.07 

510
 kNsec/ m  0.34 1.56 0.56 2.60 

K 
910  

 kNm  0.04 0.92 0.09 1.95 
710

 kNmsec  0.10 0.46 0.27 1.26 

910
 kNm  

0.03 0.54 0.06 1.22 
710

 kNmsec  
0.09 0.42 0.30 1.38 

K 

910  
 kNm  

0.04 0.83 0.08 1.70 
710

 kNmsec  
0.17 0.79 0.47 2.18 

These cases are subjected to the NS and EW components of the 1940 El-Centro earthquake 
record along the x and y axes, respectively. Fig. 10-1 presents the influence of the chosen cases 
onto the SSI systems of the coupled buildings under the excitation of the 1940 El-Centro 
earthquake. Based on a dimensionless frequency, oa resulting from o f o s0 a r / v 1.5    , 
the maximum wave frequencies of both maxf  2.1 Hz, 9.7 Hz of Building A, 1.8 Hz and 7.8 Hz 
of Building B for Case I and Case IV, respectively. As can be seen in Fig. 10-1, most of the 
energy of the related ground motion is at frequencies less than 1.8 Hz. Hence, by using 
frequency independent spring and dashpot set for the coupled buildings, the SSI effects of the 
chosen cases can be conducted effectively. Furthermore, each coupled building has been 
modelled as reference buildings resting on a rigid base with a similar superstructure. Table 10-6 
shows the properties of the reference buildings in all directions. It can help to see how the SSI 
affects the dynamic characteristics of the coupled buildings. The initial gap, ,D between the 
buildings has been taken as 0.04 m. 

 
Fig. 10-1 Power spectral densities for the NS-EW components of the 1940 El-Centro 

earthquake 

TC

C

K C

C

Fig. 10.1 Power spectral densities for the NS-EW components of the 1940 El-Centro earthquake.

Stiffness
Coefficients

Building A Building B Damping
Coefficients

Building A Building B

I IV I IV I IV I IV
KT 107 (kN/m) 0.04 0.83 0.05 1.07 CT 105 (kN sec/m) 0.34 1.56 0.56 2.60
Kθ 109 (kNm) 0.04 0.92 0.09 1.95 Cθ 107 (kNmsec) 0.10 0.46 0.27 1.26
Kψ 109 (kNm) 0.03 0.54 0.06 1.22 Cψ 107 (kNmsec) 0.09 0.42 0.30 1.38
Kϕ 109 (kNm) 0.04 0.83 0.08 1.70 Cϕ 107 (kNmsec) 0.17 0.79 0.47 2.18

Table 10.5 Impedance Values for Case I and Case IV in Both the Buildings.
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10.4  Numerical Study of Controlled Adjacent Buildings with Passive 
and Active Control Systems

This study investigates the efficacy of optimal passive and active dampers for achieving the 
best results in seismic response mitigation of adjacent buildings connected to each other 
by either passive or active dampers. The adjacent buildings in this numerical study are 
subjected to the 1940 El Centro (117 El-Centro Array-9 station) and the 1995 Kobe (KJMA 
station) excitations where the maximum ground acceleration scaled to 0.3 g for 1940 El 
Centro NS and 0.8 g for 1995 Kobe NS, as shown in Fig. 10.2. 

The optimisation to minimise the H2 and H∞ norms in the performance indices are carried 
out by genetic algorithms (GAs). The effect of the uncontrolled case, passive and active 
control techniques are investigated on the behaviour of adjacent structures for controlling 
vibration. The first example has adjacent buildings connected by passive damper systems; 
the second is adjacent buildings utilising active control systems. The first example utilises 
fluid viscous damper to show the effect of optimum damper parameters in reduction 
of responses of adjacent buildings. Furthermore, in order to enhance the capability of 

Fig. 10.2 a) El Centro 1940 NS b) Kobe 1995 NS earthquakes with maximum ground acceleration scaled 
between 0.3 g and 0.8 g, respectively.
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In order to consider the effect of pounding onto the coupled buildings, when the contact of the 
buildings in the longitudinal direction has been detected, the pounding forces in the transverse 
and vertical directions have been applied. 

Table 10-6 Properties of buildings in the longitudinal, transverse and vertical directions 

Properties 
Building A Building B 

x y z x y z 
First mode time period (sec) 0.65 0.57 0.07 0.56 0.5 0.05

Second mode time period (sec) 0.22 0.19 0.023 0.19 0.21 0.02
First mode frequency (mod/sec) 9.67 11.11 90.69 11.29 12.97 135.60

Second mode frequency (mod/sec) 28.22 32.42 264.7 32.22 37.02 387.13

For the response time histories of the whole SSI system of the coupled buildings, the rigorous 
method which uses the direct integration method to solve the equation of motion shown in Eq. 
(2-15a-c) is called as Rig. 

10.4 Numerical Study of Controlled Adjacent Buildings with Passive and Active Control 
Systems 

This study investigates the efficacy of optimal passive and active dampers for achieving the 
best results in seismic response mitigation of the adjacent buildings connected to each other by 
either passive or active dampers. The adjacent buildings in this numerical study are subjected to 
the 1940 El Centro (117 El- Centro Array -9 station) and the 1995 Kobe (KJMA  station) 
excitations where the maximum ground acceleration scaled to 0.3 g for 1940 El Centro NS and 
0.8 g for 1995 Kobe NS as shown in Fig. 10-2.  

a) 

b) 
Fig. 10-2 a) El Centro 1940 NS b) Kobe 1995 NS earthquakes with maximum ground 

acceleration scaled to 0.3g and 0.8g, respectively 

The optimization to minimize the H2 and H  norms in the performance indices are carried out 
by genetic algorithms (GAs). The effect of the uncontrolled case, passive and active control 
techniques are investigated on the behavior of the adjacent structures for controlling vibration. 
The first example is adjacent buildings connected by passive damper systems. The second is 
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passive damper, an actuator is installed at the top floor level between the buildings in the 
second example. In this study, numerical examples’ parameters used by Arfiadi (2000) are 
slightly modified before adoption. Furthermore, for a passive control system, both binary 
and real coding are used and compared, to optimise the passive device parameters. For 
active control system, real coded GA is used by defining the regulated output to obtain the 
controller gains. Hence, the controller gains based on the available measurement outputs 
are obtained. By using real coded GA in H∞ norm, the optimal controller gain is obtained by 
different combinations of measurements as feedback for designing control force between 
adjacent buildings. The GA parameters used in this study are separated into two sections, 
as shown in Table 10.7. 

The optimisation problem means finding the optimum of damper parameters that minimise 
the response of buildings. The procedure of GA is used in this study as an efficient tool.

10.4.1  GA-H2 and GA-H∞ Optimisation Procedures

For optimisation of passive and active control problems between adjacent buildings, several 
optimisation methods based on the chosen objective function have been synthesised in this 
study. The H2 and H∞ norms are considered as objective functions in the modern control 
theory to minimise the transfer function from external disturbance to regulated output.

	 f = α × (1/J)	 (10.4)

where J is the objective function and α is a constant value to scale the fitness function and 
is taken as 10 in this numerical study. The conversion of objective function in the form of 
Eq. 10.4 is possible on the assumption that H2 and H∞ norm transfer functions are positively 
definite. The first objective of Example 1 is to determine the optimum value of stiffness 
kd and the damping coefficient cd of the dampers according to the performance index and 
regulated output. After forming the equation of motion, state equation in terms of state 
vector X is shown in here. For H2 norm optimisation, in order to obtain passive control 
parameters (cd, kd),

GA Parameters Binary Coding Real Coding
Number of generations 250 or 1000 1000
Population 30 20
Probability of crossover 0.5 0.8
Probability of mutation 0.01 0.01
Number of new random chromosomes to be inserted 
after crossover and mutation (%) 20 10

Table 10.7 Genetic Algorithm Parameters Used in this Study.



191

Optimum Design Examples

	

 ( )

( ) ( )

g

w
1/2 1/2T T

w c w o

T T
c c

T T
o o w w

X AX EX t

x C X

J C L C E L E Min.

AL L A EE 0 or

A L L A C C 0

tr tr

= +

=

   = = ⇒      

+ + =

+ + =

 

	 (10.5a–e)

For H∞ norm optimisation, in order to obtain passive control parameters (cd, kd),
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H2 or H∞ norm transfer function is minimised with respect to different combinations of 
regulated outputs (Cw). In order to obtain the gain matrices Ga, Gv, Gd, the following 
procedure is conducted on the objective function to be used. For H∞ optimal feedback 
control,
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	 (10.7a–e)

Depending on both performance indices and regulated outputs, the optimal control gains 
can be obtained using GA. The design of a feedback control system has the flexibility for 
wider design constraints. When the design variables are discrete, the genetic algorithm 
selects the values required to be given, as described in the following Section 11.5.2. 

10.4.2  Description of Model 1

In Example 1, a system of buildings located adjacent to each other and interconnected 
by passive dampers is considered to possess the optimal passive damper parameters. 
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Building A is a 6-storey shear building discussed in Arfiadi (2000). A 6-storey building 
discussed in Sadek et al. (1997) is taken as Building B (Therefore, N = 6 and M = 6 
in Fig. 10.3). Note that same damper parameters are used at each floor level. In other 
words, the optimum passive damper parameters cd, kd obtained by using H2 or H∞ norm 
transfer functions in GA are used for each storey level. The structural parameters having 
mass, stiffness and damping coefficient are shown for both buildings in Table 10.8. In 
this research study, several controllers, as shown in Table 10.9, are designed by choosing 
different combinations of measurements as feedback. As can be seen from Table 10.9, 

Floor (i)
Building A Building B

mi (t) Ki × 105 (kN/m) ci × 103 (kN sec/m) mi (t) Ki × 104 (kN/m) ci × 103 (kN sec/m)
6 514 3.5 1.190 134 4.679 0.604
5 542 3.5 1.190 143 4.991 0.644
4 542 3.5 1.190 152 5.302 0.684
3 542 3.5 1.190 161 5.614 0.724
2 542 3.5 1.190 170 5.926 0.752
1 542 3.5 1.190 179 6.247 0.806

Table 10.8  Structural Parameters of Both Buildings in Numerical Examples.

Fig. 10.3 N and M storey buildings with fluid viscous dampers.
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Fig. 10-3 N and M story buildings with fluid viscous dampers 

 
Table 10-8 The Structural parameters of both buildings in numerical examples 

Floor 
( i ) 

Building A Building B 

im  
 t  

5
ik 10

 kN / m  

3
ic 10

 kN sec/ m
im  

 t  

4
ik 10

 kN / m

3
ic 10

 kN sec/ m  
6 514 3.5 1.190 134 4.679 0.604 
5 542 3.5 1.190 143 4.991 0.644 
4 542 3.5 1.190 152 5.302 0.684 
3 542 3.5 1.190 161 5.614 0.724 
2 542 3.5 1.190 170 5.926 0.752 
1 542 3.5 1.190 179 6.247 0.806 

 
This study investigated not only the same damper properties used for each story but also the 
different dampers used in each floor level between the buildings. In this model, the adjacent 
buildings are only subjected to the 1940 El Centro (117 El- Centro Array -9 station) and the 
1995 Kobe (KJMA station) excitations in Fig. 10-2. 
  

cd , kdN 

1 

M 

1 

2 

M-1 N-1 

2 
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Cases Regulated Outputs

Case A [ ]wC eye(12) zeros(12,12)=

Case B w

0 0 0 0 0 1 0 0 0 0 0 0
C zeros(2,12)

0 0 0 0 0 0 0 0 0 0 0 1
  

=   
  

Case C w

0 0 0 0 0 1 0 0 0 0 0 0
C zeros(2,12)

0 0 0 0 0 0 0 0 0 0 0 1
  

=   
  

Case D 1 1
w

0 0 0 0 0 1 0 0 0 0 0 0
C M K M C

0 0 0 0 0 0 0 0 0 0 0 1
− −   = × − −    

Case E w

1 0 0 0 0 0 0 0 0 0 0 0
1 1 0 0 0 0 0 0 0 0 0 0

0 1 1 0 0 0 0 0 0 0 0 0
0 0 1 1 0 0 0 0 0 0 0 0
0 0 0 1 1 0 0 0 0 0 0 0
0 0 0 0 1 1 0 0 0 0 0 0 zeros(12,12)

C
0 0 0 0 0 0 1 0 0 0 0 0
0 0 0 0 0 0 1 1 0 0 0 0
0 0 0 0 0 0 0 1 1 0 0 0
0 0 0 0 0 0 0 0 1 1 0 0
0 0 0 0 0 0 0 0 0 1 1 0
0 0 0 0 0 0 0 0 0 0 1 1

 
 − 
 −
 − 
 −
 

− =  
 

−
 −
 −
 −
 − 









Case F w

1 0 0 0 0 0 0 0 0 0 0 0
1 1 0 0 0 0 0 0 0 0 0 0

0 1 1 0 0 0 0 0 0 0 0 0
0 0 1 1 0 0 0 0 0 0 0 0
0 0 0 1 1 0 0 0 0 0 0 0
0 0 0 0 1 1 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0 0 0 zeros(14,12)

C
0 0 0 0 0 0 1 0 0 0 0 0
0 0 0 0 0 0 1 1 0 0 0 0
0 0 0 0 0 0 0 1 1 0 0 0
0 0 0 0 0 0 0 0 1 1 0 0
0 0 0 0 0 0 0 0 0 1 1 0
0 0 0 0 0 0 0 0 0 0 1 1
0 0 0 0 0 0 0 0 0 0 0 1


−
 −
 −

−
−

=

−
−

−
−

−










 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 10.9 Objectives with the Corresponding Regulated Outputs.
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several combinations of regulated outputs are used in this research study as follows:  
Case A: minimise displacements of both buildings, Case B: minimise displacements of the 
top floors of both buildings, Case C: minimise velocities of top floors of both buildings, 
Case D: minimise absolute accelerations of top floors of both the buildings, Case E: 
minimise inter-storey drifts of both buildings and Case F: minimise inter-storey drifts and 
displacements of top floors of both the buildings.

This study investigated not only the same damper properties used for each storey, but also 
the different dampers used at each floor level between the buildings. In this model, the 
adjacent buildings are only subjected to the 1940 El Centro (117 El-Centro Array-9 station) 
and the 1995 Kobe (KJMA station) excitations as shown in Fig. 10.2.

The damping matrix in Building A is assumed to be proportional to the stiffness matrix 
corresponding to about 1.5 per cent of the damping ratio of the first mode while Building 
B has 2 per cent of the damping ratio of the first mode. The performance index used in this 
model is as shown in Eq. 10.4 as GA tries to maximise the fitness function.

10.4.3  Description of Model 2

In numerical Example 2, the top floors of adjacent buildings are connected with only an 
active damper system, as shown in Fig. 10.4. 

Fig. 10.4 Two adjacent buildings interconnected with active actuator.
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the damping ratio of the first mode. The performance index used in this model is as shown in 
Eq. (10-4) as GA tries to maximize the fitness function. 

10.4.3 Description of Model 2 
In numerical Example 2, the top floors of the adjacent buildings are connected with only an 
active damper system as shown in Fig. 10-4.  

 
Fig. 10-4 Two adjacent buildings interconnected with active actuator 

If the active control force is placed between the adjacent buildings at the top floor level such 
that the damper now serves as a visco-elastic damper with an actuator. Further, the adjacent 
buildings are then subjected to El-Centro and Kobe excitations as in Example 1, but with the 
maximum ground acceleration is scaled to 0.1 g and 0.3g for both excitations to understand the 
capability of active systems. A visco-elastic damper is placed at the top floor level between the 
buildings with   and  . Note that the parametric 
values of visco-elastic damper are optimized by using the binary coding GA- norm  with 
Case F as the method in Example 1. In Example 2, the controller gains are obtained by using 
real coded GA with the performance index norm. The details of several objectives with the 
regulated outputs used in this study are given in Table 10-9. One actuator and 4 gains are used 
in Example 2. Hence, four design variables are to be determined. According to the chosen 
feedback in this research study, the gain matrix can be written for numerical Example 2 as 
referred in Eq. (3-20a-c). 

d

v

a

G 0 0 0 0 0 0 0 0 0 0

G 0 0 0 0 0 0 0 0 0 0 0

G 0 0 0 0 0 0 0 0 0 0 0

d1 d2

v1

a1

G G

G

G

   
   
   

 (10-8a-c)

where d1G , d2G , v1G  and a1G are gains to be determined in numerical Example 2. The closed 
loop system can be obtained as 

cl g

cl z

X A X Ex

A A BG

 

 



  (10-9a-b)

The feedback is the top floor of displacement of both buildings, the velocity of top floor of 
Building A and the absolute acceleration of the top floor of Building B. The regulated output 

wC is in Case F and the control force can be written as  

1 w

2 z

C
x X

G
  

    
 (10-10)

cd , kd

N 

1 

M 

1

2 

M-1 N-1

2 
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The active control force is placed between adjacent buildings at the top floor level such 
that the damper now serves as a visco-elastic damper with an actuator. Further, the adjacent 
buildings are then subjected to El-Centro and Kobe excitations as in Example 1, but 
with the maximum ground acceleration scaled to 0.1 g and 0.3 g for both excitations to 
understand the capability of active systems. A visco-elastic damper is placed at the top 
floor-level between the buildings with cd = 515.63 kN sec/m and kd = 3101 kN/m. Note that 
the parametric values of visco-elastic damper are optimised by using the binary coding  
GA-H∞ norm with Case F as the method in Example 1. In Example 2, the controller gains 
are obtained by using real coded GA with the performance index H∞ norm. Details of several 
objectives with regulated outputs used in this study are given in Table 10.9. One actuator 
and four gains are used in Example 2. Hence, four design variables are to be determined. 
According to the chosen feedback in this research study, the gain matrix can be written for 
numerical Example 2 as referred in Eq. 3.20a–c.

	

 d

v

a

G 0 0 0 0 0 0 0 0 0 0

G 0 0 0 0 0 0 0 0 0 0 0

G 0 0 0 0 0 0 0 0 0 0 0

d1 d2

v1

a1

G G

G

G

=   
=   
=   

	 (10.8a–c)

where Gd1, Gd2, Gv1 and Ga1 are gains to be determined in numerical Example 2. The closed 
loop system can be obtained as

	 cl g

cl z

X A X Ex

A A BG

= +

= −



 	 (10.9a–b)

The feedback proves the top floor displacement of both the buildings, the velocity of 
top floor of Building A and the absolute acceleration of the top floor of Building B. The 
regulated output Cw is in Case F and the control force can be written as 

	
 1 w

2 z

C
x X

G
α × 

=  −α × 
	 (10.10)

where α1 and α2 are constants to penalise the importance of each regulated output vector in 
Eq. 10.10. In this numerical study, α1 = 106 and α2 = 1 are taken as the best fitness.

10.5  Numerical Study of Controlled Adjacent Buildings with MR 
Dampers

This study investigates the efficacy of optimal semi-active dampers for achieving the best 
results in seismic response mitigation of adjacent buildings connected to each other by 
magnetorheological (MR) dampers under earthquakes, as shown in Fig. 10.2 and Fig. 10.5. 
The modified Bouc-Wen models with interactive relationships between damper forces and 
input voltages are used for MR dampers. One of the challenges in the application of this 
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study is to develop an effective optimal control strategy that can fully utilise the capabilities 
of MR dampers. Hence, a significant task based on GAs is improved to obtain the optimal 
input voltages and number of dampers to understand the desired control forces at each floor 
level. LQR controller is used for obtaining the desired control forces, while the desired 
voltage is calculated based on Clipped Voltage Law (CVL). The control objective is to 
minimise the number of MR dampers installed between the buildings and both maximum 
displacement and drift storey responses of the buildings.

The multi objectives are first converted to a fitness function to be used in standard genetic 
operations, i.e. selection, crossover and mutation. The optimal control strategy generates an 
effective control system by powerful searching and self-learning–adaptive capabilities of GA. 

10.5.1  Evaluation Criteria

The fitness of each individual can be obtained according to the defined function after 
determining the real value of each design variable in the population. This function reflects 
the desired objective. The control objective is to minimise both the peak displacement 
and peak drift responses of the structure to ensure the safety of the building and maintain 
the comfort level of the occupants. A set of evaluation criteria are based on those used 
for buildings to evaluate the various control algorithms given by Jansen and Dyke (1999, 
2000). In this study, three of those criteria which are also regarded as the objectives in GA 
are selected to evaluate the efficacy of the proposed method. The first evaluation criterion 
is a measure of the normalised maximum floor displacement relative to the ground or the 
peak drift, given as

 
 

162

where 1  and 2  are constants to penalize the importance in each regulated output vector in 

Eq. (10-10). In this numerical study, 6
1 10   and 2 1   are taken to obtain the best fitness. 

10.5 Numerical Study of Controlled Adjacent Buildings with MR Dampers 
This study investigates the efficacy of optimal semi-active dampers for achieving the best 
results in seismic response mitigation of adjacent buildings connected to each other by 
magnetorheological (MR) dampers under earthquakes as shown in Fig. 10-2 and Fig. 10-5. The 
modified Bouc-Wen models with interactive relationships between damper forces and input 
voltages are used for MR dampers. One of the challenges in the application of this study is to 
develop an effective optimal control strategy that can fully utilize the capabilities of the MR 
dampers. Hence, a significant task based on GAs is improved to obtain the optimal input 
voltages and number of dampers to understand the desired control forces at each floor level. 
LQR controller is used for obtaining the desired control forces, while the desired voltage is 
calculated based on clipped voltage law (CVL). The control objective is to minimize the 
number of MR dampers installed between the buildings and both the maximum displacement 
and drift story responses of the buildings. 

 
Fig. 10-5 Loma Prieta 1989 and Sakarya 1999 NS earthquakes with maximum ground 

accelerations scaled to 0.79g and 0.51g, respectively 

The multi objectives are first converted to a fitness function that is used in standard genetic 
operations, i.e. selection, crossover, and mutation. The optimal control strategy generates an 
effective control system by powerful searching and self-learning adaptive capabilities of GA.  

10.5.1 Evaluation Criteria 
The fitness of each individual can be obtained according to the defined objective function after 
determining the real value of each design variable in the population. This function reflects the 
desired objective. The control objective is to minimize both the peak displacement and peak 
drift responses of the structure to ensure the safety of the building and maintain the comfort 
level of the occupants. A set of evaluation criteria based on those used for the buildings to 
evaluate the various control algorithms given by Jansen and Dyke (1999, 2000). In this study, 
three of those criteria which are also regarded as the objectives in GA are selected to evaluate 
the effectiveness of the proposed method. The first evaluation criteria is a measure of the 
normalized maximum floor displacement relative to the ground or the peak drift given as 
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where  ix t  is the relative displacement of the i th floor over the entire response, and xmax
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Fig. 10.5 Loma Prieta 1989 and Sakarya 1999 NS earthquakes with maximum ground accelerations scaled to 
0.79 g and 0.51 g, respectively.
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maxt,i
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 
 
 
 

 	 (10.11)

where xi (t) is the relative displacement of the ith floor over the entire response, and xmax 

denotes the uncontrolled maximum displacement response; di (t) is the inter-storey drift of 
the ith floor (xi – xi–1), which is normalised by the peak uncontrolled floor drift denoted as 
dmax. The other evaluation criterion is the total number of MR dampers installed between 
the buildings as given by 

	 J2 = Nd	 (10.12)

where Nd = ∑
m

j=1 
nj, nj is the total number of MR dampers at jth storey; m is the number of 

storeys of the lower building. The last evaluation criterion J3 is the resulting γ in the H∞ 
norm to be determined for the parameters of damper cd, kd because of installation of MR 
dampers. For simplicity, the objective function that reflects the above objectives in this 
study is defined as follows:

	  ( ) ( )c
c 1 2 3

1
J J J J

2
−α

= α + + 	 (10.13)

where J1, J2 and J3 are the evaluation criteria representing normalised maximum floor 
displacement relative to the ground or normalised peak floor drifts, total number of dampers 
and damper parameters respectively; αc is a weighting coefficient reflecting the relative 
importance of the three objectives. In this study, αc is taken as 0.8. Each individual in the 
fitness function calculates the fitness of each individual. The positive fitness function is 
needed in GA, the problem of minimisation is converted such that the fitness has a positive 
value. Then the objective value is converted to fitness value given by

	 F = (Cp /J) × α	 (10.14)

where Cp is a proper constant to make sure the fitness value is positive; α is a penalty 
constant to scale the fitness function. In this study, Cp and α are taken as 1 and 10, 
respectively (Yan and Zhou 2006, Arfiadi and Hadi 2011). This fitness function forms the 
basis of genetic operations in this study. The following procedures for fitness function have 
been investigated in this study.

10.5.2  GA-LQR and GA-H2/LQG Optimisation Procedures

The GA function built in the MATLAB numeric computing environment is integrated 
into the SIMULINK block to simulate either LQR or H2/LQG controller. Furthermore, 
binary coding is used to optimise the semi-active device system by defining the regulated 
output to obtain the required voltage and number of dampers for each floor level. Firstly, 
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an LQR algorithm with full state feedback is employed in this study. For designing an LQR 
controller, the aim is to minimise the quadratic performance index:

	
 T T

mr mr t
0

1J = x x+ F F d
2

Q R
∞
 
 ∫ Q R 	 (10.15)

Using the LQR design, the optimal gain matrix K can be obtained for all X state vectors of 
the adjacent buildings. Thus, the desired force for MR dampers can be obtained. Secondly, 
a H2/LQG controller is used as in Eq. 10.16.

	
 T T

m m mr mr t
0

1J E y y F F dlim Q R
τ

τ→∞

  = +  τ   
∫ Q R 	 (10.16)

Using the H2/LQG design, the optimal gain matrix Kc (s) can be obtained for  
all   ̑X measurements of adjacent buildings. In this study, some controllers evaluated by 
Dyke et al. (1996a) are used. The positive semi-definite weighting matrix Q and the  
positive definite weighting matrix of the performance index, which are given in Eq. 10.15 
and Eq. 10.16 are taken as suggested by Chang and Zhou (2002).

	 [ ]
T

diag K M

r K

Q

R

=

= Λ Λ

Q

R
	 (10.17a–b)

where r is the weight parameter reflecting the relative importance of reduction in the state 
vector X, which is taken as 0.75 in this numerical example.

10.5.3  Clipped Voltage Law Control in SIMULINK with Combined SOGA

The model of adjacent buildings based on structural control algorithms is implemented in 
SIMULINK, using continuous time systems. Numerical integration is conducted using the 
fourth-order Runge-Kutta solver of SIMULINK. After determining the ideal optimal force 
required for MR damper in the primary controller, the input voltage of the MR damper is 
determined in the secondary controller. This technique is referred to as clipped optimal 
control (Dyke et al. 1996a, Jansen and Dyke 2000). A graphic illustration of the clipped 
optimal control strategy is given in Fig. 10.6. The uncontrolled and controlled SIMULINK 
simulations are run simultaneously in this study. Using Eqs. 10.18a–b, the desired force 
can be calculated for LQR and H2/LQG controllers. In other words, the primary controller 
is designed using these controllers.
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where fd is the optimal desired force vector consisting of the element of fdi, that is the 
desired force for nj number of MR dampers at the jth storey by the primary controller. As 
can be seen in Fig. 10.6, after checking dissipativeness based on the desired and actual 
damper forces in the secondary controller (see Eq. 4.18), continuously varying the input 
voltage for dampers at storey in the range of [0 – Vmax] can be stated in the secondary 
controller based on H(.); heaviside step function expressed as 0 or 1. 

A MATLAB based on SIMULINK model was built to simulate the system, including the 
MR damper model. The performance of MR damper is compared under seven controllers 
including two proposed methods (FLC combined GA and directly GA). They are namely 
passive off, passive on, semi-active controllers based on LQR and H2/LQG, FLC combined 
GA (GAF) and directly GA. Under passive off and on strategies, MR dampers work 
as a passive device with damper command voltage set at zero and maximum (3 V, 6 V  
and 9 V), respectively. Under semi-active controllers, the damper command voltage is 
governed by control law based on LQR and H2/LQG norms, whereas, under the proposed 
FLC combined GA strategy the fuzzy controller is used to determine the damper command 
voltage using the top-floor displacements of both buildings as inputs. Lastly, under another 

Fig. 10.6 Clipped optimal control.
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weighting matrix of the performance index, which are given in Eq. (10-15) and Eq. (10-16) are 
taken as suggested by Chang and Zhou (2002). 

 
T

diag K M

r K

Q

R



  
 (10-17a-b)

where r  is the weight parameter reflecting the relative importance of the reduction in the state 
vector X , which is taken as 0.75 in this numerical example. 

10.5.3 Clipped Voltage Law Control in SIMULINK with Combined SOGA 
The model of adjacent buildings based on structural control algorithms is implemented in 
SIMULINK using continuous time systems. Numerical integration is conducted using the 
fourth-order Runge-Kutta solver of SIMULINK. After determining the ideal optimal force 
required for MR damper in the primary controller, the input voltage of the MR damper is 
determined in the secondary controller. This technique is referred to as clipped optimal control 
(Dyke et al. 1996a, Jansen and Dyke 2000). A graphical illustration of the clipped optimal 
control strategy is given in Fig. 10-6. The uncontrolled and controlled SIMULINK simulations 
are run simultaneously in this study. Using Eqs (10-18a-b), the desired force can be calculated 
for the LQR  and 2H LQG  controllers. In other words, the primary controller is designed 
using these controllers. 
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where df  is the optimal desired force vector consisting of the element of dif  that is the desired 

force for jn  number of MR dampers at the thj  story by the primary controller. As can be seen 
in Fig. 10-6, after checking dissipativeness based on the desired and actual damper forces in the 
secondary controller (see Eq (4-18)), continuously varying the input voltage for dampers at 
story in the range of  0 Vmax  can be stated in the secondary controller based on  H .  
Heaviside step function expressed as 0 or 1.  
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proposed controller, the command voltage is directly determined based on the fitness 
function in GA. A comparative study is also conducted for maximum command voltage 
values of 2.25 V (only FLC controller case), 3 V, 6 V and 9 V. 

Figure 10.7 shows a block diagram of the clipped optimal semi-active control system. 
Feedback for the controller is based on displacement measurements. A decision block based 
on manual switch can be added to the SIMULINK model as shown in Fig. 10.7, Fig. 10.8 
and Fig. 10.9. This block switches the signal from the clipped-optimal control to the passive 
states. Figure 10.8 shows the simulation of Eqs. 10.19a–c for mechanical model of the MR 
damper in SIMULINK where the inputs are current and displacement and output is force. 
An MR damper model with a maximum capacity of 1000 kN is used in this study. The MR 
damper parameters have been suitably scaled to suit the damper deformation behaviour and 
the values of which are shown separately in the following numerical examples:

( )i
mr 1 i 1 i n i 0c y k x x xf += + − −

 

( ) ( ) ( ){ }i di 0 n i i 0 n i i i
0 1

1y z c x x k x x y
c c + += α + − + − −

+
    

( ) ( )d dn 1 n
di n i i i di di n i i i di c n i i iz x x y z z x x y z A x x y−

+ + += −γ − − −β − − + − −           
 

	(10.19a–c)

The vectors of ndii and vdi in Fig. 10.7 represent the number of MR dampers and the 
current voltage for each storey, respectively. The strategies used in this study are carried 
out for two damper locations, namely, Case I: all floors of the lower building are connected 
with MR dampers to the adjoining floors of another building. In this case, five MR dampers 
per every floor are used. The same input voltage based on different control strategies is 
used for five MR dampers per every floor. In other word, all elements in the vector of ndii 
are equal to five. Case II: only alternative floors determined by GA of the lower building 
connected with the adjoining floors of another building. Further, the influence of damper 
command voltage is also examined for three sizes—3 V, 6 V and 9 V.

10.5.4  Description of Model

A system of buildings located adjacent to each other and interconnected by MR dampers 
possesses optimal semi-active control strategies as shown in Fig. 10.14. Building A is a 
20-storey shear building discussed in Bharti et al. (2010) and Ok et al. (2008). 

A 10-storey building discussed in Kalasar et al. (2009) and Pourzeynali et al. (2007) 
is taken as Building B which represents a typical medium size multistorey building in  
Table 10.10. 
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Fig. 10-10 Block diagram of first-order filter 

 
 

 
Fig. 10-11 Block diagram of control law 
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Fig. 10-10 Block diagram of first-order filter 

 
 

 
Fig. 10-11 Block diagram of control law 

 
 

Fig. 10.11 Block diagram of control law.

Fig. 10.12 Block diagram of desired force.
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Fig. 10-12 Block diagram of desired force 

 

 
Fig. 10-13 Block diagram of desired force
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The structural parameters having mass, stiffness and damping coefficient are shown for 
both buildings in Table 10.10. Parameter variables that were obtained by Spencer et al. 
(1997) by optimal fitting of their model to test data are given in Table 10.11 and used in 
this book. The system is subjected to four earthquake ground motions—El-Centro 1940, 
Kobe 1995, Sakarya 1999 and Loma Prieta 1989, as shown in Fig. 10.2 and Fig. 10.5. In 
this study, the 20th and 10th floor displacements are conducted for two input variables of 
fuzzy logic control and the output variable is the command voltage sent to the MR damper. 
The MR damper parameters have been suitably scaled to suit the damper deformation 
behaviour and the values of which are shown in Table 10.11.

A stiffness proportional damping is assumed in Building A where the damping ratio of the 
fundamental mode equals about 5 per cent while Building B has also 5 per cent of damping 
ratio of the first mode.

Fig. 10.13 Block diagram of desired force. 
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10.5.4 Description of Model 
A system of buildings located adjacent to each other and interconnected by MR dampers is 
considered to obtain the optimal semi-active control strategies as shown in Fig. 10-14. Building 
A is a 20-story shear building discussed in Bharti et al. (2010) and Ok et al. (2008).  

 
Fig. 10-14 N and M story shear buildings with MR dampers 

A 10-story building discussed in Kalasar et al. (2009) and Pourzeynali et al. (2007) is taken as 
Building B which represents a typical medium size multistory building in Table 10-10.  

Table 10-10 The Structural parameters of both buildings in description of model 

Floor 
( i ) 

Building A Building B 
im  

 t  

6
ik 10

 kN / m

3
ic 10

 kN sec/ m
im  

 t  

5
ik 10

 kN / m

3
ic 10

 kN sec/ m  
1 800 1.4 4.375 215 4.68 1.676 
2 800 1.4 4.375 201 4.76 1.648 
3 800 1.4 4.375 201 4.68 1.585 
4 800 1.4 4.375 200 4.5 1.585 
5 800 1.4 4.375 201 4.5 1.539 
6 800 1.4 4.375 201 4.5 1.539 
7 800 1.4 4.375 201 4.5 1.539 
8 800 1.4 4.375 203 4.37 1.539 
9 800 1.4 4.375 203 4.37 1.099 
10 800 1.4 4.375 176 3.12 1.146 
11 800 1.4 4.375 - - - 
12 800 1.4 4.375 - - - 
13 800 1.4 4.375 - - - 
14 800 1.4 4.375 - - - 
15 800 1.4 4.375 - - - 
16 800 1.4 4.375 - - - 
17 800 1.4 4.375 - - - 
18 800 1.4 4.375 - - - 
19 800 1.4 4.375 - - - 
20 800 1.4 4.375 - - - 





m
mrf

i
mrf

jm

mm  

nm

im

j jk c,i ik c,

ControllerDrivers v  

1m 1m

i i j jx x x x, , , 

gx

Sensors

Fig. 10.14 N and M storey shear buildings with MR dampers.
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Floor (i)
Building A Building B

mi (t) Ki × 106 (kN/m) ci × 103 (kN sec/m) mi (t) Ki × 105 (kN/m) ci × 103 (kN sec/m)
1 800 1.4 4.375 215 4.68 1.676
2 800 1.4 4.375 201 4.76 1.648
3 800 1.4 4.375 201 4.68 1.585
4 800 1.4 4.375 200 4.5 1.585
5 800 1.4 4.375 201 4.5 1.539
6 800 1.4 4.375 201 4.5 1.539
7 800 1.4 4.375 201 4.5 1.539
8 800 1.4 4.375 203 4.37 1.539
9 800 1.4 4.375 203 4.37 1.099
10 800 1.4 4.375 176 3.12 1.146
11 800 1.4 4.375 – – –
12 800 1.4 4.375 – – –
13 800 1.4 4.375 – – –
14 800 1.4 4.375 – – –
15 800 1.4 4.375 – – –
16 800 1.4 4.375 – – –
17 800 1.4 4.375 – – –
18 800 1.4 4.375 – – –
19 800 1.4 4.375 – – –
20 800 1.4 4.375 – – –

Table 10.10 Structural Parameters of Both Buildings in Description of Model.

Parameter Value Parameter Value
c0a 50.30 kN sec/m αa 8.70 kN/m
c0b 48.70 kN sec/m/V αb 6.40 kN/m/V
k0 0.0054 kN/m γ 496.0 m–2

c1a 8106.2 kN sec/m β 496.0 m–2

c1b 7807.9 kN sec/m/V Ac 810.50
k1 0.0087 kN/m nd 2
x0 0.18 m η 195 sec–1

Table 10.11 Parameters of Bouc-Wen Phenomenological Model Parameters for 1000 kN MR Dampers 
(Bharti et al. 2010).
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10.6  Summary

The numerical examples mentioned in this chapter were conducted for the two extreme 
cases, such as the pounding and the SSI systems. This study uses two groups of design 
variables of optimisation. They are the number of MR dampers installed at the first to 
the top floor of the lower building, the corresponding input voltage of the dampers. For 
these numerical examples, the earthquake records are shown. The design process uses the 
excitations of the NS components of the 1940 El Centro, the 1995 Kobe, the 1999 Sakarya 
and the 1989 Loma Prieta ground acceleration records. Numerical results of adjacent 
buildings controlled with MR dampers and the corresponding uncontrolled results are 
examined and compared with non-linear control algorithms. Chapter 11 shows the results 
obtained by the numerical examples as explained in the following pages.
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11
Results and Discussion

11.1  Introduction

This chapter shows the results of both base-isolated coupled buildings and fixed-base 
adjacent buildings with applied equations of Chapter 2 and defined properties of numerical 
models in Chapter10.

11.2  Results of Base-isolated Coupled Buildings

This section consists of two main parts. The results of base-isolated buildings using direct 
integration method in MATLAB computer program with the capability of solving the 
equation of motion are shown in the longitudinal and transverse directions. The effect of 
pounding has using non-linear visco-elastic impact elements in this research is studied. 
For non-linear analysis, inelastic multi-degree of free lumped mass systems are modelled 
for structures and non-linear visco-elastic model for impact force during collisions are 
incorporated on the three-dimensional pounding between two adjacent four- and three-
storey buildings.

11.2.1  Results of Response Analysis in the Longitudinal Direction

Figure 11.1, Fig. 11.2(a) and Fig. 11.3(a) show that after the first contact, Building A, which 
is lighter and more flexible than Building B, recoiled so significantly that it entered into 
the yield level at all storey levels (see Fig. 11.2(c), Fig. 11.3(c), and Fig. 11.4(b)). Though 
Building A does not have any contact during earthquake as shown in Fig. 11.1, it displayed 
the yield level in the first storey because of collisions at the second and third storey levels. 
Due to the fact that Building B kept small displacements, shear forces of Building B stayed 
in the elastic range. The results shown in Fig. 11.2(b) and Fig. 11.3(b) indicate that the 
most critical one for pounding problem is the highest contact point of buildings close to 
each other (at the third storey level) in view of the fact that contacts causing the maximum 
pounding force took place three times during the earthquake at this point. Results from the 
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Fig. 11.1 Time histories in the longitudinal direction for the first storey of buildings.
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11 Results and Discussion 

11.1 Introduction 
Chapter 11 shows the results of both base isolated coupled buildings and the fixed base 
adjacent buildings with the applied equations in Chapter 2 and defined the properties of 
numerical models in Chapter 10. 

11.2 Results of Base Isolated Coupled Buildings 
This section consists of two main parts. The obtained results of base isolated buildings using 
direct integration method in MATLAB computer program with the capability of solving 
equation of motion are shown in the longitudinal and transverse directions. The effect of 
pounding has been investigated using non-linear viscoelastic impact elements in this research. 
For non-linear analysis, inelastic multi-degree of freedom lumped mass systems have been 
modelled for the structures and the nonlinear visco-elastic model for impact force during 
collisions have been incorporated on the three dimensional pounding between two adjacent four 
and three story buildings. 

11.2.1 Results of Response Analysis in the Longitudinal Direction 

It can be seen in Fig. 11-1, Fig. 11-2(a) and Fig. 11-3(a) that after the first contact, Building A 
which is lighter and more flexible building than Building B recoiled so significantly that it 
entered into the yield level at all story levels (see Fig. 11-2(c), Fig. 11-3(c), and Fig. 11-4(b)). It 
can be noted that although Building A does not have any contact during earthquake as shown in 
Fig. 11-1, it obtained the yield level in the first story because of the collisions at the second and 
third story levels. Due to the fact that Building B kept small displacements, shear forces of 
Building B stayed in the elastic range. The results shown in Fig. 11-2(b) and Fig. 11-3(b) 
indicate that the most critical one for pounding problem is the highest contact point of buildings 
close to each other (at the third story level) in view of the fact that contacts causing the 
maximum pounding force took place three times during the earthquake at this point. The results 
obtained from the current study for base-isolated adjacent buildings are compromised with the 
results obtained from the study of Jankowski (2008) for fix-supported adjacent buildings. Fig. 
11-1 shows time histories in the longitudinal direction for the first story levels of buildings. 

  
   a) Displacement histories                            b) Pounding force history    

  
  c) Story shear force history in Building A  d) Story shear force history in Building B 

Fig. 11-1 Time histories in the longitudinal direction for the first story levels of buildings 
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Fig. 11-2 Time histories in the longitudinal direction for the second story levels of buildings 

Substantial permanent deformation of base-isolated buildings can significantly be seen in Fig. 
11-4. 
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Fig. 11-3 Time histories in the longitudinal direction for the third story levels of buildings 

However, the number of pounding and the values of pounding forces are decreased as the ratio 
of 1/3 and 40%, respectively when base isolation used for the adjacent buildings. 

Fig. 11.2 Time histories in the longitudinal direction for the second storey levels of buildings.
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Fig. 11.3 Time histories in the longitudinal direction for the third storey levels of buildings.
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Substantial permanent deformation of base-isolated buildings can significantly be seen in Fig. 
11-4. 
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However, the number of pounding and the values of pounding forces are decreased as the ratio 
of 1/3 and 40%, respectively when base isolation used for the adjacent buildings. 

Fig. 11.4 Time histories for the top storey of Building A in the longitudinal direction.
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Entering into the yield range at all floors finally resulted in a substantial permanent deformation 
of the structure as can be seen in Fig. 11-5(a). 

0 5 10 15 20 25 30
-0.8
-0.7
-0.6
-0.5
-0.4
-0.3
-0.2
-0.1
0.0
0.1
0.2

D
is

pl
ac

em
en

t (
m

)

T ime (sec)

 pounding
 no pounding

0 5 10 15 20 25 30
-0.04

-0.03

-0.02

-0.01

0.00

0.01

0.02

0.03

0.04

D
is

pl
ac

em
en

t (
m

)

T ime (sec)

 pounding
 no pounding

a) Building A b) Building B 
Fig. 11-5 Pounding-involved and independent vibration displacement time histories of the third 

story levels of buildings in the longitudinal direction 

On the other hand, Building B (the heavier and the stiffer one) does not change at any 
considerable level in the response of the earthquake induced pounding between the structures 
(see Fig. 11-5(b)). 

11.2.2 Results of Response Analysis in the Transverse and Vertical Direction 
The results of the study show that the responses of Building A in the transverse and vertical 
directions are considerably influenced by the structure pounding, although this effect is not 
significant as in the case of the longitudinal direction. It can be noted that collisions in the 
results shown in Fig. 11-6(c) and Fig. 11-7(c) lead to yield level. Reaching yield level observed 
for all the floors in the transverse direction leads to the structural deformation even the 
amplitude of the deformation is not so large as in the longitudinal direction case. While shear 
forces for Building A are mainly in the effect of the ground motion excitation, the earthquake 
excitation is not enough to force the structure to enter the yield level for Building B. 
  

current study for base-isolated adjacent buildings are compared with the results obtained 
from the study of Jankowski (2008) for fix-supported adjacent buildings. Figure 11.1 shows 
time histories in the longitudinal direction for the first storey levels of buildings.

Substantial permanent deformation of base-isolated buildings is seen as in Fig. 11.4.

However, the number of pounding and the values of pounding forces decrease in the ratio of 
one-third and 40 per cent, respectively when base isolation is used for the adjacent buildings.

Storey Storey

Storey
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Entering into the yield range at all floors finally resulted in a substantial permanent 
deformation of the structure as can be seen in Fig. 11.5(a).

On the other hand, Building B (the heavier and the stiffer one) does not change at any 
considerable level in response to the earthquake-induced pounding between the structures 
(see Fig. 11.5(b)).

11.2.2  Results of Response Analysis in Transverse and Vertical Directions

The results of the study show that the responses of Building A in the transverse and vertical 
directions are considerably influenced by structure pounding, although this effect is not 
significant as in the case of longitudinal direction. It can be noted that collisions, in the 
results shown in Fig. 11.6(c) and Fig. 11.7(c), lead to yield level. Reaching yield level 
observed for all the floors in the transverse direction leads to structural deformation and 
even the amplitude of the deformation is not so large as in the longitudinal direction case. 
While shear forces for Building A are mainly the effect of ground motion excitation, 
the earthquake excitation is not enough to force the structure to enter the yield level for 
Building B.

On the other hand, the top storey of Building A, which has permanent deformation due to 
yield in the first three-storey levels, is influenced by the structural pounding as observed 
in Fig. 11.8(a).

11.3  Parametric Study of Base Isolated Buildings

A parametric study was conducted in order to determine the influence of different structural 
parameters on the pounding response of buildings. Building A is described as a reference 
building in Table 10.2. The results of parametric investigation carried out by changing the 
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Entering into the yield range at all floors finally resulted in a substantial permanent deformation 
of the structure as can be seen in Fig. 11-5(a). 
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On the other hand, Building B (the heavier and the stiffer one) does not change at any 
considerable level in the response of the earthquake induced pounding between the structures 
(see Fig. 11-5(b)). 

11.2.2 Results of Response Analysis in the Transverse and Vertical Direction 
The results of the study show that the responses of Building A in the transverse and vertical 
directions are considerably influenced by the structure pounding, although this effect is not 
significant as in the case of the longitudinal direction. It can be noted that collisions in the 
results shown in Fig. 11-6(c) and Fig. 11-7(c) lead to yield level. Reaching yield level observed 
for all the floors in the transverse direction leads to the structural deformation even the 
amplitude of the deformation is not so large as in the longitudinal direction case. While shear 
forces for Building A are mainly in the effect of the ground motion excitation, the earthquake 
excitation is not enough to force the structure to enter the yield level for Building B. 
  

Fig. 11.5 Pounding-involved and independent vibration displacement time histories of the third storey levels of 
buildings in the longitudinal direction.
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values of structural parameters have been presented. For various values of gap between 
buildings, storey mass, structural stiffness, and friction coefficient of base isolation 
a numerical analysis has been carried out. When the effect of one parameter has been 
investigated, the values of others remained unchanged. For parametric analysis, the Duzce 
1999 earthquake is used in Table 10.3.

11.3.1  Effect of Gap Distance

The peak displacements of the response in the vertical direction are similar to the transverse 
direction in almost all the ranges of the gap, mass, stiffness and the friction coefficient. 
Hence, they are not shown. In the case of longitudinal and transverse directions, an increase 
in the gap distance is associated with a reduction in the absolute displacement, although 
the peak displacement increases significantly in the lowest gap size values. As the gap size 
increases up to around 0.01 m, the absolute displacement also reaches the peak values. 
As can be observed in Fig. 11.9(b), there are no differences in the lowest gap size values. 
According to the results of a parametric study, a gap size of 0.12 m is required in order to 
prevent the pounding under Duzce 1999 ground motion.

Here, it should be highlighted that the minimum required distance between neighbouring 
buildings depends on both the dynamic characteristics of colliding buildings and the 
intensity of ground motion.

11.3.2  Effect of Storey Mass

The pounding response and the independent vibration displacement of the third storey of 
Building A in the longitudinal direction is shown in Fig. 11.10(c–d) with the storey mass  
mi = 1.4 × 105 kg corresponding to the peak pounding force in Fig. 11.10(a).

As can be seen in Fig. 11.10(a), the high value of pounding forces for the storey mass 
reaches up to about mi = 2.0 × 105 kg. Then, it drops and follows a steadily increasing slope. 
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Fig. 11.8 Time histories in the transverse direction for the top storey of Building A.
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On the other hand, the top story of Building A which has the permanent deformation due to 
yield in the first three story levels is influenced by the structural pounding as observed in Fig. 
11-8(a). 

11.3 Parametric Study of Base Isolated Buildings 
A parametric study has also been conducted in order to determine the influence of different 
structural parameters on pounding response of buildings. Building A is described as a reference 
building in Table 10-2. The results of the parametric investigation carried out with changing the 
values of structural parameters have been presented. For various values of gap distance between 
buildings, story mass, structural stiffness, and friction coefficient of base isolation the 
numerical analysis has been carried out. When the effect of one parameter has been 
investigated, the values of others have been kept unchanged. For the parametric analysis, the 
Duzce 1999 earthquake is used in Table 10-3. 

11.3.1 Effect of Gap Distance 
The peak displacements of the response in the vertical direction are similar to the transverse 
direction in almost all the ranges of the gap distance, mass, stiffness, and the friction 
coefficient. Hence, they are not shown. In the case of the longitudinal and transverse directions, 
an increase in the gap distance is associated with a reduction in the absolute displacement, 
although the peak displacement increases significantly in the lowest gap size values. As the gap 
size increases up to around 0.01 m, the absolute displacement also reaches the peak values. As 
can be observed in Fig. 11-9(b), there are no differences in the lowest gap size values. 
According to the results of the parametric study, a gap size of 0.12 m is required in order to 
prevent the pounding under the Duzce 1999 ground motion. 
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Fig. 11-9 Variation of peak displacement, the number of impacts and pounding force in the 
longitudinal direction in terms of the width of the gap between buildings 

Here, it should be highlighted that the minimum required distance between neighbouring 
buildings depends on both the dynamic characteristics of colliding buildings and the intensity 
of ground motion. 

Fig. 11.9 Variation of peak displacement, the number of impacts and pounding force in the longitudinal direction 
in terms of the width of the gap between the buildings.

The pounding result in a significant change in the structural behaviour, including entering 
into the yield level, by comparing the pounding response and the independent vibration 
displacement of Building A in the longitudinal direction, as seen in Fig. 11.10(c).

11.3.3  Effect of Structural Stiffness

The independent vibration displacement and pounding response in the third storey 
of buildings are also illustrated in the longitudinal direction in Fig. 11.11(c–d) for 
the structural stiffness ki = 3.4 × 106 N/m corresponding to peak displacement as in  
Fig. 11.11(a). It can be seen from Fig. 11.11(a), in all the directions considered, the plots of 
the peak displacements differ greatly for Building A. In case of the longitudinal direction, 
the peaks have high values—in the vicinity of kxi = 3.4 × 106 N/m and kxi = 1.5 × 107 N/m. 
When comparing pounding response with independent vibration displacement of the third 
storey levels of the buildings, Fig. 11.11(c–d) indicates that pounding has a vital influence 
on the behaviour of both the buildings in the longitudinal direction.
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11.3.4  Effect of Friction Coefficient

The friction coefficient, mua = 0.01, corresponding to peak displacement in Fig. 11.12(a) 
in a plot of compression between the pounding-involved response and the independent 
vibration displacement is used in order to understand the effect of pounding on the 
behaviour of the buildings. It can be seen from Fig. 11.12(a, b) that the pounding-involved 
results of Building A have two ranges of a considered increase in the longitudinal and 
transverse directions till the parameter reaches to the vicinity of mua = 0.13.

The first one is around mua = 0.01, while the second is in the vicinity of mua = 0.13 in both 
directions. It can be seen from Fig. 11.12(c) that Building A enters into the yield level, even 
though Building B is nearly identical for the considered friction coefficient value as shown 
in Fig. 11.12(d).

11.4  Results of Fixed Buildings for SSI Effects

The pounding of adjacent buildings modelled as a non-linear response analysis of a three-
dimensional MDOF numerical model as seen in Fig. 2.3 with either elastic or inelastic 
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11.3.2 Effect of Story Mass 
The pounding response and the independent vibration displacement of the third story of 
Building A in the longitudinal direction is shown in Fig. 11-10(c-d) with the story mass 
mi=1.4×105 kg corresponding to the peak pounding force in Fig. 11-10(a). 
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Fig. 11-10 a-b) The peak pounding force and story mass in the longitudinal and transverse 

directions, c-d) pounding-involved and independent vibration displacement time histories of the 
third story levels of buildings in the longitudinal direction for mi=1.4×105 kg (i=1, 2, 3, 4) 

As can be seen in Fig. 11-10(a), the high value of pounding forces for the story mass reaches up 
to about mi=2.0×105 kg. Then, it falls down and follows a steadily increasing slope. The 
pounding result in a significant change in the structural behavior including entering into the 
yield level is clearly shown with providing the comparison between the pounding response and 
the independent vibration displacement of Building A in the longitudinal direction in Fig. 
11-10(c). 

11.3.3 Effect of Structural Stiffness 
The independent vibration displacement and pounding response of the third story of the 
buildings are also illustrated in the longitudinal direction in Fig. 11-11(c-d) for the structural 
stiffness ki= 3.4×106 N/m corresponding to the peak displacement in Fig. 11-11(a). It can be 
seen from Fig. 11-11(a), in all the directions considered, the plots of the peak displacements 
differ greatly for Building A. In case of the longitudinal direction, the peaks have high values in 
the vicinity of kxi=3.4×106 N/m and kxi=1.5×107 N/m. In a comparison between pounding 
response and the independent vibration displacement of the third story levels of the buildings, 
Fig. 11-11(c-d) indicates that pounding has a vital influence only on the behavior of both 
buildings in the longitudinal direction. 
  

Fig. 11.10 a–b) The peak pounding force and storey mass in the longitudinal and transverse directions, c–d) 
pounding-involved and independent vibration displacement time histories of the third storey levels of buildings 

in the longitudinal direction for mi = 1.4 × 105 kg (i = 1, 2, 3, 4).
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structural behaviour is studied under Case I or Case IV. Firstly, in order to investigate the 
SSI systems on the behaviour of coupled buildings with large and small SSI effects, the 
total response histories of Case I and Case IV are based on the deformation vectors of both 
superstructures of the two buildings modelled as elastic systems in Fig. 11.13 and Fig. 
11.14, respectively. It can be seen in Fig. 11.13 that both buildings came into contact six 
times, based on the x directional displacements of the fourth floors during the earthquake. 

Due to collisions in x direction and the effect of torque force, the contacts between the 
buildings in the y axis develop, although the pounding forces are not severe in comparison 
to the highest contact points in the x direction. While the lighter and more flexible Building 
A when compared with Building B is subjected to more twist about its z axes at the top floor 
levels at the lowest period of ground motion, the rotations in the top floor of Building B 
increase after the contact between the two buildings. It can be clearly noted from Fig. 11.14 
that the number of contact points and the severity of pounding forces in both directions 
significantly increase between the buildings as modelled elastic systems. It shows the 
importance of SSI effects on the seismic response histories of adjacent buildings under the 
two-directional 1940 El-Centro earthquake. The roof twist of both buildings considerably 
decreases for Case I when compared to that of Case IV. Figure 11.15 and Fig. 11.16 show 
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Fig. 11-11 a-b) Peak displacements with respect to story stiffness, kxi (i=1, 2, 3, 4), c-d) 

pounding-involved and independent vibration displacement time histories of the third story 
levels of buildings in the longitudinal direction for kxi=3.4×106 N/m 

11.3.4 Effect of Friction Coefficient 
The friction coefficient, mua=0.01, corresponding to the peak displacement in Fig. 11-12(a) in a 
plot of the compression between the pounding-involved response and the independent vibration 
displacement is used in order to understand the effect of pounding on the behavior of the 
buildings. It can be seen from Fig. 11-12(a, b) that the pounding –involved results of Building 
A have two ranges of a considered increase in the longitudinal and transverse directions till the 
parameter considered up to the vicinity of mua=0.13.  

0.00 0.02 0.04 0.06 0.08 0.10 0.12
0.00

0.25

0.50

0.75

1.00

Ab
so

lu
te

 D
is

pl
ac

em
en

t (
m

)

Friction coefficient

 1st Storey
 2nd Storey
 3rd Storey
 4th Storey

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
0.000

0.002

0.004

0.006

0.008

0.010

0.012

Ab
so

lu
te

 D
is

pl
ac

em
en

t (
m

)

Friction coefficient

 1st Storey
 2nd Storey
 3rd Storey

a) Building A b) Building B 

0 5 10 15 20 25 30

-2.0

-1.5

-1.0

-0.5

0.0

0.5

A
bs

ol
ut

e 
D

is
pl

ac
em

en
t (

m
)

T ime (sec)

 no pounding
 pounding

0 5 10 15 20 25 30

-0.04

-0.02

0.00

0.02

0.04

A
bs

ol
ut

e 
D

is
pl

ac
em

en
t (

m
)

T ime (sec)

 pounding
 no pounding

c) Building A d) Building B 
Fig. 11-12 a-b) Peak displacements with respect to friction coefficient, mua, c-d) Pounding-
involved and independent vibration displacement time histories of the third story levels of 

buildings in the longitudinal direction for mua=0.01 

Fig. 11.11 a–b) Peak displacements with respect to storey stiffness, kxi (i = 1, 2, 3, 4), c–d) pounding-involved 
and independent vibration displacement time histories of the third storey levels of buildings in the longitudinal 

direction for kxi = 3.4 × 106 N/m.
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11.3.4 Effect of Friction Coefficient 
The friction coefficient, mua=0.01, corresponding to the peak displacement in Fig. 11-12(a) in a 
plot of the compression between the pounding-involved response and the independent vibration 
displacement is used in order to understand the effect of pounding on the behavior of the 
buildings. It can be seen from Fig. 11-12(a, b) that the pounding –involved results of Building 
A have two ranges of a considered increase in the longitudinal and transverse directions till the 
parameter considered up to the vicinity of mua=0.13.  
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The first one is around mua=0.01, while the second one can be observed in the vicinity of 
mua=0.13 in both directions. It can be seen in Fig. 11-12(c) that Building A enters into the yield 
level, even though Building B is nearly identical for the considered friction coefficient value as 
shown in Fig. 11-12(d). 

11.4 Results of Fixed Buildings for the SSI Effects 
The pounding of the adjacent buildings modelled as elostoplastic multi-degree of freedom 
lumped mass systems in Fig. 2-3with either elastic or inelastic structural behavior is studied 
under the created either Case I or Case IV. Firstly, in order to investigate the SSI systems on the 
behavior of the coupled buildings with the large and small  SSI effects, the total response 
histories of Case I and Case IV based on the deformation vectors of both superstructures of the 
two buildings modelled as elastic systems in Fig. 11-13 andFig. 11-14, respectively. It can be 
seen inFig. 11-13 that both buildings came into contact six times based on the x directional 
displacements of the fourth floors during the earthquake.  
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Fig. 11-13 Total response time histories of Case I at the fourth floors of the adjacent buildings 
modelled as elastic systems under the 1940 El-Centro earthquake 
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Fig. 11-14 Total response time histories of Case IV at the fourth floors of the adjacent buildings 
modelled as elastic systems under the 1940 El-Centro earthquake 

Due to collisions in the x direction and the effect of torque force, the contacts between the 
buildings in the y axis are developed, although the pounding forces are not severe in 

d)

Fig. 11.13 Total response time histories of Case I on the fourth floors of adjacent buildings modelled as elastic 
systems under the 1940 El-Centro earthquake.



218

Earthquake Resistant Design of Buildings

 
 

181

The first one is around mua=0.01, while the second one can be observed in the vicinity of 
mua=0.13 in both directions. It can be seen in Fig. 11-12(c) that Building A enters into the yield 
level, even though Building B is nearly identical for the considered friction coefficient value as 
shown in Fig. 11-12(d). 

11.4 Results of Fixed Buildings for the SSI Effects 
The pounding of the adjacent buildings modelled as elostoplastic multi-degree of freedom 
lumped mass systems in Fig. 2-3with either elastic or inelastic structural behavior is studied 
under the created either Case I or Case IV. Firstly, in order to investigate the SSI systems on the 
behavior of the coupled buildings with the large and small  SSI effects, the total response 
histories of Case I and Case IV based on the deformation vectors of both superstructures of the 
two buildings modelled as elastic systems in Fig. 11-13 andFig. 11-14, respectively. It can be 
seen inFig. 11-13 that both buildings came into contact six times based on the x directional 
displacements of the fourth floors during the earthquake.  
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Fig. 11-13 Total response time histories of Case I at the fourth floors of the adjacent buildings 
modelled as elastic systems under the 1940 El-Centro earthquake 
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Fig. 11-14 Total response time histories of Case IV at the fourth floors of the adjacent buildings 
modelled as elastic systems under the 1940 El-Centro earthquake 

Due to collisions in the x direction and the effect of torque force, the contacts between the 
buildings in the y axis are developed, although the pounding forces are not severe in 

Fig. 11.14 Total response time histories of Case IV on the fourth floors of adjacent buildings modelled as elastic 
systems under the 1940 El-Centro earthquake.

Fig. 11.15 Total response time histories of Case I at the foundations of adjacent buildings modelled as elastic 
systems under the 1940 El-Centro earthquake.
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comparison to the highest contact points in the x direction. While the lighter and more flexible 
Building A compare with Building B is subjected to more twist about its z axes at the top floor 
levels at the lowest period of the ground motion, the rotations of the top floor of Building B 
increase after the contact between the two buildings. It can be clearly noted from Fig. 11-14 
that the number of contact points and the severity of pounding forces in both directions are 
significantly increased between the buildings as modelled elastic systems. It shows the 
importance of the SSI effects on the seismic response histories of the adjacent buildings under 
the two directional 1940 El-Centro Earthquake. The roof twist of both buildings is considerably 
decreased for Case I compared to that of Case IV. Fig. 11-15 and Fig. 11-16show the 
deformation in the translations, rotations in the x and y axes and twist about the vertical z axes 
and of the foundations of the buildings modelled as elastic systems considering Case I and Case 
IV, respectively. 
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Fig. 11-15 Total response time histories of Case I at the foundations of the adjacent buildings 

modelled as elastic systems under the 1940 El-Centro earthquake 

By comparing Fig. 11-15 andFig. 11-16, it can be seen that the values of the responses at the 
foundation for Case IV (hard soil) are considerably reduced by reason of the small SSI effect. 
In order to investigate the effect of the buildings modelled as either elastic or inelastic system 
on the SSI effects, the deformation parameters with considering pounding between the 
buildings and the SSI forces are conducted here. 
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Fig. 11-16Total response time histories of Case IVat the foundations of the adjacent buildings 

modelled as elastic systems under the 1940 El-Centro earthquake 

the deformation in translations, rotations in the x and y axes and twist about the vertical z 
axes and of the foundations of the buildings modelled as elastic systems, considering Case 
I and Case IV, respectively.

By comparing Fig. 11.15 and Fig. 11.16, it is seen that the values of the responses at the 
foundation for Case IV (hard soil) are considerably less due to the small SSI effect. In 
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order to investigate the effect of buildings modelled as either elastic or inelastic on the SSI 
effects, the deformation parameters with considerable pounding between the buildings and 
SSI forces are conducted here.

The total response histories of the superstructures of buildings that are modelled as inelastic 
systems are conducted under large and small SSI effects during the highest periods of the 
earthquake as seen in Fig. 11.17 and Fig. 11.18, respectively.

The response of inelastic systems is significantly different as compared to the response of 
the elastic systems. It can be seen that the values of peak pounding forces and the number 
of impacts are larger in elastic systems as compared with inelastic ones with large and 
small SSI effects. On the other hand, while the roof twist of both the buildings modelled 
as inelastic systems is almost similar to the elastic one for Case I, the response for Case 
IV in Fig. 11.18 become different compared with elastic systems. The heavier and stiffer 
Building B is subjected to the highest torque forces after collisions in the x and y axes 
under the earthquake by comparing as in Fig. 11.14. Moreover, in some cases, the lower 
storey levels of inelastic systems come into contact with each other, while in the case of 
elastic systems, collisions between the lower storey levels do not take place, as shown in 
Fig. 11.19.

Furthermore, the total response time histories, such as the storey shear forces in the x and y 
axes Fxo and Fyo, the storey torque force about the centre of resistance, Fθo, and the overturning 
moments in the x and y axes, Fψo and Fϕo from rigorous analysis by the solution of Eqs. 2.22 
and 2.26 is investigated to learn the effect of shear wave velocity with large and small SSI 
effects. Figure 11.20 shows the soil-structure interactions of Case I for coupled buildings 
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comparison to the highest contact points in the x direction. While the lighter and more flexible 
Building A compare with Building B is subjected to more twist about its z axes at the top floor 
levels at the lowest period of the ground motion, the rotations of the top floor of Building B 
increase after the contact between the two buildings. It can be clearly noted from Fig. 11-14 
that the number of contact points and the severity of pounding forces in both directions are 
significantly increased between the buildings as modelled elastic systems. It shows the 
importance of the SSI effects on the seismic response histories of the adjacent buildings under 
the two directional 1940 El-Centro Earthquake. The roof twist of both buildings is considerably 
decreased for Case I compared to that of Case IV. Fig. 11-15 and Fig. 11-16show the 
deformation in the translations, rotations in the x and y axes and twist about the vertical z axes 
and of the foundations of the buildings modelled as elastic systems considering Case I and Case 
IV, respectively. 
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Fig. 11-15 Total response time histories of Case I at the foundations of the adjacent buildings 

modelled as elastic systems under the 1940 El-Centro earthquake 

By comparing Fig. 11-15 andFig. 11-16, it can be seen that the values of the responses at the 
foundation for Case IV (hard soil) are considerably reduced by reason of the small SSI effect. 
In order to investigate the effect of the buildings modelled as either elastic or inelastic system 
on the SSI effects, the deformation parameters with considering pounding between the 
buildings and the SSI forces are conducted here. 
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Fig. 11-16Total response time histories of Case IVat the foundations of the adjacent buildings 

modelled as elastic systems under the 1940 El-Centro earthquake Fig. 11.16 Total response time histories of Case IV at the foundations of adjacent buildings modelled as elastic 
systems under the 1940 El-Centro earthquake.
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Fig. 11.17 Total response time histories of Case I at the fourth floors of adjacent buildings modelled as inelastic 
systems under the 1940 El-Centro earthquake.
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The total response histories of the superstructures of the buildings that modelled as inelastic 
systems are conducted under large and small SSI effects during the highest periods of the 
earthquake in Fig. 11-17 and Fig. 11-18, respectively. 
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Fig. 11-17 Total response time histories of Case I at the fourth floors of the adjacent buildings 

modelled as inelastic systems under the 1940 El-Centro earthquake 
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Fig. 11-18 Total response time histories of Case IVat the fourth floors of the adjacent buildings 

modelled as inelastic systems under the 1940 El-Centro earthquake 

The response of the inelastic systems is significantly different compared to the response of the 
elastic systems. It can be seen that the values of peak pounding forces and the number of 
impacts are larger in the elastic systems as compared with the inelastic one with the large and 
small the SSI effects. On the other hand, while the roof twist of both buildings modelled as 
inelastic systems is almost similar to the elastic one for Case I, the response of that for Case IV 
in Fig. 11-18 become different compared with elastic systems. The heavier and stiffer Building 
B is subjected to the highest torque forces after collisions in the x and y axes under the 
earthquake by compared in Fig. 11-14.Moreover, in some cases, the lower story levels of 
inelastic systems come into contact with each other, while in the case of the elastic systems 
collisions between the lower story levels do not take place as shown in Fig. 11-19. 

Fig. 11.18 Total response time histories of Case IV at the fourth floors of adjacent buildings modelled as inelastic 
systems under the 1940 El-Centro earthquake.
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The total response histories of the superstructures of the buildings that modelled as inelastic 
systems are conducted under large and small SSI effects during the highest periods of the 
earthquake in Fig. 11-17 and Fig. 11-18, respectively. 
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Fig. 11-17 Total response time histories of Case I at the fourth floors of the adjacent buildings 

modelled as inelastic systems under the 1940 El-Centro earthquake 
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Fig. 11-18 Total response time histories of Case IVat the fourth floors of the adjacent buildings 

modelled as inelastic systems under the 1940 El-Centro earthquake 

The response of the inelastic systems is significantly different compared to the response of the 
elastic systems. It can be seen that the values of peak pounding forces and the number of 
impacts are larger in the elastic systems as compared with the inelastic one with the large and 
small the SSI effects. On the other hand, while the roof twist of both buildings modelled as 
inelastic systems is almost similar to the elastic one for Case I, the response of that for Case IV 
in Fig. 11-18 become different compared with elastic systems. The heavier and stiffer Building 
B is subjected to the highest torque forces after collisions in the x and y axes under the 
earthquake by compared in Fig. 11-14.Moreover, in some cases, the lower story levels of 
inelastic systems come into contact with each other, while in the case of the elastic systems 
collisions between the lower story levels do not take place as shown in Fig. 11-19. 

modelled as inelastic system for Case I. Figure 11.20 shows that when the shear wave 
velocity is high, the seismic response of coupled buildings modelled as inelastic system 
becomes considerably different at the foundation level due to the increasing soil-structure 
interaction forces. It can be found that the shear forces and torque force of Building B, that 
have the larger dimension of foundation as compared to Building A, suffered higher peak 
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Fig. 11.20 Response time histories of the relative storey shears, torques and overturning moments of the foundation 
of coupled buildings modelled as inelastic system for Case I.
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Fig. 11-19 Pounding force time histories under the 1940 El-Centro earthquake at second and 

third story levels for the two buildings modelled as elastic and inelastic systems with the large 
the SSI effect 

Furthermore, the total response time histories such as the story shear forces in the x and y axes 
xoF and yoF , the story torque force about the centre of resistance, oF , and the overturning 

moments in the x and y axes, oF
and oF

 from the rigorous analysis by the solution of Eqs. 
(2-22) and (2-26) is investigated in order to learn the effect of shear wave velocity with large 
and small the SSI effects. Fig. 11-20 shows the soil-structure interactions of Case I for the 
coupled buildings modelled as inelastic system for the Case I.Fig. 11-20 shows that when the 
shear wave velocity is high, the seismic response of the coupled buildings modelled as inelastic 
system become considerably different at the foundation level due to the increasing soil-
structure interaction forces. It can be found that the shear forces and torque force of Building B 
that have the larger dimension of foundation compared to Building A suffered higher values of 
peaks after the first collision at the other story levels. Fig. 11-21 shows the response time 
histories of story shears, torques and overturning moments based on the foundation of the 
coupled buildings. Moreover, as can be estimated in Fig. 11-20 and Fig. 11-21, the values of 
overturning moment in the x axis become smaller than the overturning moment in the y axis 
due to the larger plan dimensions being parallel to the longitudinal direction for each building. 
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Fig. 11-20 Response time histories of the relative story shears, torques and overturning 

moments of the foundation of the coupled buildings modelled as inelastic system for Case I 
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Fig. 11-19 Pounding force time histories under the 1940 El-Centro earthquake at second and 
third story levels for the two buildings modelled as elastic and inelastic systems with the large 

the SSI effect 

Furthermore, the total response time histories such as the story shear forces in the x and y axes 
xoF and yoF , the story torque force about the centre of resistance, oF , and the overturning 

moments in the x and y axes, oF and oF  from the rigorous analysis by the solution of Eqs. 
(2-22) and (2-26) is investigated in order to learn the effect of shear wave velocity with large 
and small the SSI effects. Fig. 11-20 shows the soil-structure interactions of Case I for the 
coupled buildings modelled as inelastic system for the Case I. Fig. 11-20 shows that when the 
shear wave velocity is high, the seismic response of the coupled buildings modelled as inelastic 
system become considerably different at the foundation level due to the increasing soil-
structure interaction forces. It can be found that the shear forces and torque force of Building B 
that have the larger dimension of foundation compared to Building A suffered higher values of 
peaks after the first collision at the other story levels. Fig. 11-21 shows the response time 
histories of story shears, torques and overturning moments based on the foundation of the 
coupled buildings. Moreover, as can be estimated in Fig. 11-20 and Fig. 11-21, the values of 
overturning moment in the x axis become smaller than the overturning moment in the y axis 
due to the larger plan dimensions being parallel to the longitudinal direction for each building. 
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Fig. 11.19 Pounding force time histories under the 1940 El-Centro earthquake at second and third storey levels 
for the two buildings modelled as elastic and inelastic systems with a large SSI effect.
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values after the first collision at the other storey levels. Figure 11.21 shows the response 
time histories of storey shears, torques and overturning moments based on the foundation 
of coupled buildings. Moreover, as can be estimated in Fig. 11.20 and Fig. 11.21, the values 
of overturning moment in the x axis become smaller than the overturning moment in the 
y axis due to larger plan dimensions being parallel to the longitudinal direction for each 
building.

On the other hand, while Building B is significantly affected, considering the small SSI 
effects, the lighter and more flexible Building A remains almost unaffected with peak 
values of torque force and overturning moment in the y direction.

The results obtained by the rigorous method show how the SSI affects the behaviour of 
adjacent buildings including the pounding effects. The approximate method, using MDOF 
modal equations of motion and the rigorous method using the direct integration method, 
are conducted. Note that the findings obtained by Balendra et al. (1982), Sivakumaran and 
Balendra (1994) and Jui-Liang et al. (2009) are compared with results obtained by the 
current study without consideration of the pounding effects, using MDOF modal equations 
of motion. In addition, the finding obtained by Jankowski (2006, 2008) is consistent with 
the results obtained by the current study using the direct integration method. Another 
four-storey asymmetric superstructure resting on a rigid base is modelled as the reference 
building (RB) in this study. The modal response of Building B for all cases is slightly 
less than but has the same trend with Building A. Hence, the results of Building B are not 
given here. Figure 11.22 shows the mode shapes of Building A resting on a rigid base and 
the mode shapes of all cases of Building A using the approximate method. Referring to  
Fig. 11.22, the offsets and slopes of thin lines represent the translations and rotations of 

Fig. 11.21 Total response time histories of the relative storey shears, torques and overturning moments of the 
foundation of coupled buildings modelled as inelastic system for Case IV.
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On the other hand, while Building B is significantly affected considering the small SSI effects, 
the lighter and more flexible Building A is almost unaffected with the values of peaks of torque 
force and overturning moment in the y direction. 
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Fig. 11-21 Total response time histories of the relative story shears, torques and overturning 
moments of the foundation of the coupled buildings modelled as inelastic system for Case IV 

The results obtained by the rigorous methodshow how the SSI affects the behavior of the 
adjacent buildings including poundingeffects. The approximate method using MDOF modal 
equations of motion and the rigorous method using the direct integration method are conducted. 
Note that the findings obtained by Balendra et al. (1982), Sivakumaran and Balendra(1994b) 
and Jui-Liang et al.(2009) are compared with results obtained by the current study without 
consideration of pounding effects using MDOF modal equations of motion. In addition, the 
finding obtained by Jankowski  (2006, 2008) is consistent with results obtained by the current 
study using the direct integration method. Another four-story asymmetric superstructure resting 
on a rigid base is modelled as the reference building (RB) in this study. The modal response of 
Building B for all cases is slightly less than but has the same trend with Building A. Hence, the 
results of Building B are not given here. Fig. 11-22 shows the mode shapes of Building A 
resting on a rigid base and the mode shapes of all cases of Building A using the approximate 
method. Referring to Fig. 11-22, the offsets and slopes of the thin lines represent the 
translations and rotations of the base. First to third mode shapes of dominant motion in both RB 
without the SSI effects and all cases are x- translation and y- translation directions in Fig. 
11-22. However, in Case I, the dominant motion of the third mode shape is rocking in the y-
direction. From Case I to Case IV, the first to third mode shapes become similar with the 
reference building. The modal displacement- time relationships of each eight degrees of 
freedom of Case I for each mode are clearly different in Fig. 11-23. On the other hand, the 
modal responses of Case IV for the eight DOFs have similar manner with second and third 
modes. The modal responses of Case I for the third mode are mostly affected due to the SSI 
effects in conjunction with the phenomena of out of phase vibrations.Fig. 11-24 and Fig. 11-25 
illustrate the total response histories of the extreme Case I and Case IV for both the 
approximate method (App.) using the MDOF modal equations of the motion in Eq. (2-36) and 
the rigorous method (Rig.) using the equation of motion for the whole SSI system in Eq.(2-26) 
under the 1940 El-Centro and the 1995 Kobe earthquakes, respectively. While not only peaks 
but also the phase of the total response histories of Case I and Case II are in good agreement for 
the both methods in the selected earthquakes, the response histories of both buildings at the 
fourth story in both methods are slightly different due to increased values of pounding force 
and the number of pounding under the small SSI effects in Fig. 11-24 and Fig. 11-25.
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the base. First to third mode shapes of dominant motion in both RB without the SSI effects 
and all cases are x-translation and y-translation directions in Fig. 11.22. However, in Case 
I, the dominant motion of the third mode shape is rocking in the y-direction. From Case 
I to Case IV, the first to third mode shapes become similar to the reference building. The 
modal displacement-time relationships of each eight degrees of freedom of Case I for each 
mode are clearly different as seen in Fig. 11.23. On the other hand, the modal responses of 
Case IV for the eight DOFs are similar to second and third modes. The modal responses 
of Case I for the third mode are mostly affected due to the SSI effects in conjunction with 
the phenomenon of out-of-phase vibrations. Figure 11.24 and Fig. 11.25 illustrate the total 
response histories of the extreme Case I and Case IV for both the approximate method 
(App.), using the MDOF modal equations of motion as in Eq. 2.36 and the rigorous method 
(Rig.) using the equation of motion for the whole SSI system in as Eq. 2.26 under the 1940 
El-Centro and the 1995 Kobe earthquakes, respectively. While not only peaks but also 
the phase of total response histories of Case I and Case II are in agreement for both the 
methods in the selected earthquakes, the response histories of both buildings at the fourth 
storey in both methods are slightly different due to increased values of pounding force and 
the number of pounding under the small SSI effects as seen in Fig. 11.24 and Fig. 11.25.

It is observed from Fig. 11.24 and Fig. 11.25 that the number of poundings and the value 
of impact force are higher under the 1995 Kobe earthquake than the results of the 1940 
El-Centro earthquake. Further, while increasing the SSI effects from soft soil to hard soil 
(Case I to Case IV), the number of poundings and the impact force increase under both the 
considered earthquakes.

Figure 11.26 shows modal response time histories without pounding of the first mode for 
Case IV. It can be seen from Fig. 11.26 that the modal responses of the eight DOFs for each 
vibration mode of Case IV are similar when the required distance is provided between the 
buildings to avoid pounding.

Figure 11.27 shows the displacement responses at the foundation of both the buildings 
under the two proposed methods used in this study during the 1940 El-Centro and the 1995 
Kobe earthquake scaled at 0.8 g. 

The responses at the foundation for Building A obtained by rigorous method in Fig. 11.28 
and Fig. 11.29 are not in agreement with the results obtained by the approximate method 
in Case IV for both the considered earthquakes because of high pounding forces in the first 
to third modes. The responses at the foundation are less due to the small SSI effects when 
compared with the results in the large SSI effects.

However, it is interesting that in the large SSI effect (Case I), the responses in the translation, 
twist and rocking directions are same for both the methods under the 1995 Kobe earthquake. 
Figure 11.30 shows the displacement responses of Building A and Building B under Case I 
and Case IV and compared without considering the SSI effect.

The results in Fig. 11.30 show that displacement responses on the 4th floor of both the 
buildings under Case IV are higher than Case I. In order to understand how the pounding 
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Fig. 11.24 Total response time histories of all the cases on the fourth floors under the excitation of the 1940 
El-Centro earthquake for both approximate and rigorous solutions.

188

It is observed from Fig. 11-24 and Fig. 11-25, the number of pounding and the value of impact 
force are higher under the 1995 Kobe earthquake than the results of the 1940 El-Centro 
earthquake. Further, while increasing the SSI effects from soft soil to hard soil (Case I to Case 
IV), the number of pounding and the impact force are increasing under both the considered 
earthquakes. 

Fig. 11-24 Total response time histories of all cases at the fourth floors under the excitation of 
the 1940 El-Centro earthquake for the both approximate and rigorous solutions 
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189

Fig. 11-25 Total response time histories of all cases at the fourth floors under the excitation of 
the 1995 Kobe earthquake for the both approximate and rigorous solutions 

Fig. 11-26 shows modal response time histories without pounding of the first mode for Case 
IV. It can be seen from Fig. 11-26, the modal responses of the eight DOFs for each vibration 
mode of Case IV are similar when the required distance is provided between the buildings to 
avoid pounding. 

Fig. 11.25 Total response time histories of all the cases on the fourth floors under excitation of the 1995 Kobe 
earthquake for both approximate and rigorous solutions.



228

Earthquake Resistant Design of Buildings

Fig. 11.26 Modal response time histories without pounding of the first mode for both Case IV under excitation 
of the 1940 El Centro and the 1995 Kobe earthquakes.
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Fig. 11-26 Modal response time histories without pounding of the first mode for the both Case 
IV under the excitation of the 1940 El Centro and the 1995 Kobe earthquakes 

Fig. 11-27 shows the displacement responses at the foundation of both buildings under the two 
proposed methods used in this study during the 1940 El-Centro and the 1995 Kobe Earthquake 
scaled to 0.8g.  

Fig. 11-27 Displacement- time histories in the longitudinal direction of Case I and Case IV at 
the foundations under the 1940 El-Centro and the 1995 Kobe earthquakes 

The responses at foundation for Building A obtained by rigorous method in Fig. 11-28 and Fig. 
11-29 are not in a good agreement with the results obtained by the approximate method in Case 
IV for both the considered earthquakes because of high pounding forces in the first to third 
modes. The responses at foundation are less in the small SSI effects compared with the results 
in the large SSI effects. 

Fig. 11.27 Displacement-time histories in the longitudinal direction of Case I and Case IV at the foundations 
under the 1940 El-Centro and 1995 Kobe earthquakes.
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Fig. 11-26 Modal response time histories without pounding of the first mode for the both Case 
IV under the excitation of the 1940 El Centro and the 1995 Kobe earthquakes 

Fig. 11-27 shows the displacement responses at the foundation of both buildings under the two 
proposed methods used in this study during the 1940 El-Centro and the 1995 Kobe Earthquake 
scaled to 0.8g.  

Fig. 11-27 Displacement- time histories in the longitudinal direction of Case I and Case IV at 
the foundations under the 1940 El-Centro and the 1995 Kobe earthquakes 

The responses at foundation for Building A obtained by rigorous method in Fig. 11-28 and Fig. 
11-29 are not in a good agreement with the results obtained by the approximate method in Case 
IV for both the considered earthquakes because of high pounding forces in the first to third 
modes. The responses at foundation are less in the small SSI effects compared with the results 
in the large SSI effects. 
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Fig. 11-28 Total response time histories for Building A of Case I and Case IV at the 
foundations of the adjacent buildings under the 1940 El-Centro earthquake 

However, it is interesting that in the large SSI effect (Case I), the responses in the translation, 
twist and rocking directions are the same for both methods under the 1995 Kobe earthquake. 
Fig. 11-30 shows the displacement responses of Building A and Building B with Case I and 
Case IV and compared to without considering the SSI effect case. 

Fig. 11.28 Total response time histories for Building A of Case I and Case IV at the foundations of adjacent 
buildings under the 1940 El-Centro earthquake.
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Fig. 11.29 Total response time histories for Building A of Case I and Case IV at the foundations of adjacent 
buildings under the 1995 Kobe earthquake.

192

Fig. 11-29 Total response time histories for Building A of Case I and Case IV at the 
foundations of the adjacent buildings under the 1995 Kobe earthquake 

The results in Fig. 11-30 show that displacement responses of the 4 th floor of both buildings 
under Case IV are higher than Case I. In order to understand how the pounding affects the 
dynamic properties of the building under the extreme SSI effects, Fig. 11-31 shows the 
maximum response of the system for the story shears in the x- and y- directions and the story 
torque about the vertical direction in shear wave velocities of 65 m/sec and 300 m/sec using 
numerical examples adopted by Balendra et al. (1982). 
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affects the dynamic properties of the building under extreme SSI effects, Fig. 11.31 shows 
the maximum response of the system for the storey shears in the x- and y-directions and 
the storey torque about the vertical direction in shear wave velocities of 65 m/sec and  
300 m/sec using numerical examples adopted by Balendra et al. (1982).

This is evident from the close agreement between the two solutions in Fig. 11.31 that the 
approximate and rigorous methods for adjacent buildings are accurate in the large SSI 
effects.

It is also seen from Fig. 11.31 that the maximum responses of the storey shear and torque 
due to the effect of pounding reduce when Case IV is used. The overall results show that 
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Fig. 11-30 Displacement responses of both buildings without the SSI effects and compared to 
Case I and Case II under the 1995 El-Centro Earthquake 

This is evident from the close agreement of the two solutions in Fig. 11-31 that the approximate 
and rigorous methods for adjacent buildings are accurate in the large SSI effects. 

 
Fig. 11-31 Maximum story, torques of 8 story building-foundation system for Case I and Case 

IV with and without pounding effects under the 1940 El Centro earthquake 

It is also seen from Fig. 11-31, that the maximum responses of the story shear and torque due to 
the effect of pounding reduce when Case IV is used. The overall results show that the 
approximate method is slightly different than the results obtained by direct integration method 
in the small SSI effects due to the increase of the pounding forces. The results in this study 
show that pounding affects the dynamic properties of the building under the extreme SSI 
effects. 

11.5 Results of Adjacent Buildings Connected with Control Systems 
For enhancing the seismic performance of two adjacent buildings, the optimal analysis of both 
passive and active control systems has been investigated in this research study. Two numerical 
examples were performed on i7-2630QM @2.9 GHz computer running MATLAB R2009b 
under two cases. The first example is adjacent buildings connected with passive damper 
systems. The second is adjacent buildings utilizing active control systems. In this study, 
numerical examples' parameters used by Arfiadi (2000) are slightly modified. Furthermore, for 
passive control system, both binary and real coding are used and compared to optimize the 
passive device parameters. For active control system, real coded GA is used with defining the 
regulated output to obtain the controller gains. Hence, the controller gains based on the 
availability measurement outputs are obtained. In this study, several controllers are designed by 
choosing different combination of measurements as the feedback. 

Fig. 11.30 Displacement responses of both the buildings without the SSI effects and compared to Case I and 
Case II under the 1995 El-Centro earthquake.
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Fig. 11-30 Displacement responses of both buildings without the SSI effects and compared to 
Case I and Case II under the 1995 El-Centro Earthquake 

This is evident from the close agreement of the two solutions in Fig. 11-31 that the approximate 
and rigorous methods for adjacent buildings are accurate in the large SSI effects. 

 
Fig. 11-31 Maximum story, torques of 8 story building-foundation system for Case I and Case 

IV with and without pounding effects under the 1940 El Centro earthquake 

It is also seen from Fig. 11-31, that the maximum responses of the story shear and torque due to 
the effect of pounding reduce when Case IV is used. The overall results show that the 
approximate method is slightly different than the results obtained by direct integration method 
in the small SSI effects due to the increase of the pounding forces. The results in this study 
show that pounding affects the dynamic properties of the building under the extreme SSI 
effects. 

11.5 Results of Adjacent Buildings Connected with Control Systems 
For enhancing the seismic performance of two adjacent buildings, the optimal analysis of both 
passive and active control systems has been investigated in this research study. Two numerical 
examples were performed on i7-2630QM @2.9 GHz computer running MATLAB R2009b 
under two cases. The first example is adjacent buildings connected with passive damper 
systems. The second is adjacent buildings utilizing active control systems. In this study, 
numerical examples' parameters used by Arfiadi (2000) are slightly modified. Furthermore, for 
passive control system, both binary and real coding are used and compared to optimize the 
passive device parameters. For active control system, real coded GA is used with defining the 
regulated output to obtain the controller gains. Hence, the controller gains based on the 
availability measurement outputs are obtained. In this study, several controllers are designed by 
choosing different combination of measurements as the feedback. 

Fig. 11.31 Maximum storey, torques of 8 storey building-foundation system for Case I and Case IV with and 
without pounding effects under the 1940 El Centro earthquake.
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the approximate method is slightly different than the results obtained by direct integration 
method in the small SSI effects due to the increase in pounding forces. The results in this 
study show that pounding affects the dynamic properties of the building under extreme SSI 
effects.

11.5  Results of Adjacent Buildings Connected with Control Systems

For enhancing the seismic performance of two adjacent buildings, the optimal analysis 
of both passive and active control systems was investigated in this research study. Two 
numerical examples were performed on i7-2630QM @2.9 GHz computer running 
MATLAB R2009a under two cases. The first example was adjacent buildings connected 
with passive damper systems; the second was adjacent buildings utilising active control 
systems. In this study, numerical examples’ parameters used by Arfiadi (2000) were slightly 
modified. Furthermore, for passive control system, both binary and real coding were 
used and compared to optimise the passive device parameters. For active control system, 
real coded GA was used by defining the regulated output to obtain the controller gains. 
Several controllers were designed by choosing different combinations of measurements as 
feedback.

11.5.1  Results of Adjacent Buildings Connected with Viscous Dampers

Table 11.1 shows the damper parameters for all cases when different dampers are used in 
each floor level between buildings. 

Floors (i) Parameters Case A Case B Case C Case D Case E Case F

1
cd1 (kN sec/m) 922.38 16.369 137.38 1995 13.126 127.28
kd1 (kN/m) 2798.1 1606.7 3076.5 3620.5 3792.7 134.56

2
cd2 (kN sec/m) 93.17 656.45 0.383 43.23 7.48 98.53

kd2 (kN/m) 2298.6 686.08 745.81 1990 2523.6 2934

3
cd3 (kN sec/m) 55.49 17.031 50.97 14.99 43.15 38.35

kd3 (kN/m) 1742.4 578.11 1754.3 1617 1509.4 53.54

4
cd4 (kN sec/m) 17.69 89.031 5.85 20.59 135.4 187.26
kd4 (kN/m) 785.32 251.77 188.98 369.01 435.69 296.06

5
cd5 (kN sec/m) 0.07 9.96 202.97 163.13 248.14 64.60

kd5 (kN/m) 17.17 368.55 643.67 964.72 998.08 309

6
cd6 (kN sec/m) 349.13 234.36 217.61 156.05 109.51 216.57
kd6 (kN/m) 1072.6 1998 1500 994.83 481.8 1891.8

Table 11.1 Resulting Damper Parameters Obtained by Binary Coded GA-H∞ Optimisation.
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As shown in Fig. 11.32, for every case, GA is run four times; Fig. 11.32 shows the evolving 
best fitness for Case A in H2 optimisation.

For other cases the best fitness was same and is not shown here. In numerical Example 1, 
two design variables are chosen as stiffness kd and the damping coefficient cd when the 
same dampers are placed at all floor levels between buildings. For binary coded GA-H2 and 
H∞ optimisation, the lower and upper-bound values for each design variable are chosen. 
The lower and upper bound values of the stiffness are 0 and 4000 kN/m, while 0 and  
2000 kN × sec/m are the lower- and upper-bound values for the damping coefficient, 
respectively. The length of the sub-chromosome (n bits) having three significant digit (pi) 
for the stiffness is taken as 22, while the length of the sub-chromosome is taken as 20 for 
damping. It is noted that the optimisation results of the passive damper from H∞ control 
are larger than the results from H2 control. A reduction of about 25 per cent for Case A is 
between with and without controlled buildings as seen in Fig. 11.33. 
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11.5.1 Results of Adjacent Buildings Connected with Viscous Dampers 
Table 11-1 shows the damper parameters for all cases when the different dampers are used in 
each floor level between buildings.  

Table 11-1 Resulting damper parameters obtained by Binary coded GA- H  optimization 
Floors ( i ) Parameters Case A Case B Case C Case D Case E Case F

1 
cd1 (kN sec/ m)  922.38 16.369 137.38 1995 13.126 127.28
kd1 (kN / m)  2798.1 1606.7 3076.5 3620.5 3792.7 134.56

2 
cd2 (kN sec/ m)  93.17 656.45 0.383 43.23 7.48 98.53
kd2 (kN / m)  2298.6 686.08 745.81 1990 2523.6 2934

3 
cd3 (kN sec/ m) 55.49 17.031 50.97 14.99 43.15 38.35
kd3 (kN / m)  1742.4 578.11 1754.3 1617 1509.4 53.54

4 
cd4 (kN sec/ m) 17.69 89.031 5.85 20.59 135.4 187.26
kd4 (kN / m)  785.32 251.77 188.98 369.01 435.69 296.06

5 
cd5 (kN sec/ m)  0.07 9.96 202.97 163.13 248.14 64.60
kd5 (kN / m)  17.17 368.55 643.67 964.72 998.08 309

6 
cd6 (kN sec/ m) 349.13 234.36 217.61 156.05 109.51 216.57
kd6 (kN / m)  1072.6 1998 1500 994.83 481.8 1891.8

As shown in Fig. 11-32, for every case, GA is run four times. Fig. 11-32 shows the evolving 
best fitness for Case A in H2 optimization. 
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Fig. 11.33 Displacement response of the top floor of Building A for Case A with
 
H2 optimisation under El-Centro 

1940 NS excitation.
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In Fig. 11.34, comparison between optimised buildings utilising several regulated outputs 
is conducted. Table 11.2 shows the optimisation results of damper, damping and natural 
frequency of both buildings for all cases in H2 control and Cases A–C in H∞ control. 

Reduction in the response is explicitly similar in all chosen regulated outputs either by 
using the optimised parameters from H2 and H∞ controls. The damper force is normalised 
with the weight of Building A in Fig. 11.35. 

Building A

Component
H2 (Binary Code) H∞ (Binary Code)

Un-
controlledCase 

A
Case 

B
Case 

C
Case 

D
Case 

E
Case 

F
Case 

A
Case  

B
Case  

C
cd (kN sec/m) 229.77 213.72 217.82 231.67 229.72 227.76 156.25 147.28 147.34 –
kd (kN/m) 312.43 394.66 495.24 324.59 314.46 328.13 977.47 1078.20 1139.40 –

ω1 (rad/sec) 4.98 5.03 5.09 4.99 4.98 4.99 5.33 5.37 5.40 6.29
ω2 (rad/sec) 6.35 6.36 6.38 6.35 6.35 6.35 6.52 6.55 6.57 18.51
ω3 (rad/sec) 13.24 13.26 13.28 13.24 13.24 13.24 13.40 13.42 13.43 29.65
ω4 (rad/sec) 39.07 39.07 39.08 39.07 39.07 39.07 39.09 39.09 39.09 39.06
ω5 (rad/sec) 46.22 46.22 46.22 46.22 46.22 46.22 46.23 46.23 46.24 46.21
ω6 (rad/sec) 50.68 50.68 50.68 50.68 50.68 50.68 50.69 50.69 50.70 50.67
ξ1 (%) 17.38 15.84 15.41 17.42 17.36 17.15 9.44 8.57 8.29 1.07
ξ2 (%) 5.61 5.57 6.02 5.69 5.61 5.62 6.38 6.09 6.27 3.15
ξ3 (%) 13.99 13.57 13.63 14.03 13.98 13.93 12.17 11.77 11.75 5.04
ξ4 (%) 7.21 7.17 7.19 7.22 7.21 7.21 7.05 7.01 7.01 6.64
ξ5 (%) 8.34 8.31 8.32 8.34 8.34 8.34 8.20 8.17 8.17 7.86
ξ6 (%) 9.06 9.02 9.03 9.06 9.06 9.05 8.93 8.90 8.90 8.61

Table 11.2 Optimisation Results of Numerical Example 1.

Fig. 11.34 Displacement response of top floor of Building B for all cases with H2 optimisation under Kobe 1995 
NS excitation.

In F
con
freq

Fig

The
usin
the 
 

Fig. 11-33 

Fig. 11-34, c
nducted. Tab
quency of bot

g. 11-34 Displ

e reduction o
ng the optimi
weight of Bu

Displacemen
optim

comparison b
ble 11-2 sho
th buildings f

lacement resp

of the respon
ized paramete
uilding A in F

nt response of
mization under

between optim
ows the optim
for all cases in

ponse of top f
under Kob

nse is explicit
ers from H2 an
Fig. 11-35.  

 

f the top floor
r El-Centro 19

mized buildin
mization res
n H2 control a

floor of Build
be 1995 NS e

tly similar in
nd H  contro

r of Building A
940 NS excita

ngs utilizing s
sults of dam
and Cases A-C

ding B for all 
xcitation 

n all chosen r
ols. The damp

A for Case A
ation 

several regula
mper, dampin

C in H  cont

cases with H

regulated out
per force is no

19

 
A with 2H  

ated outputs 
ng and natur
trol.  

 
2H  optimizatio

tputs either b
ormalized wi

95 

is 
ral 

on 

by 
th 



235

Results and Discussion

It can be seen from Fig. 11.35 that there is a significant energy dissipation in the passive 
case.

11.5.2  Results of Adjacent Buildings Connected with Active Viscous 
Dampers

A visco-elastic damper is placed on the top floor level between buildings with cd = 515.63 
kN × sec/m and kd = 3101 kN/m. Note that the parametric values of visco-elastic damper are 
optimised by using the binary coding GA-H∞ norm with Case F as the method in numerical 
Example 1. Figure 11.36 shows the evolving best fitness for Case F in H∞ optimisation.

In numerical Example 2, the controller gains are obtained by using the real coded GA with 
the performance index H∞ norm. One actuator and four gains are used in the numerical 
Example 2. Hence, four design variables are to be determined. In numerical Example 
1, four runs are conducted by changing the initial value of the upper and lower bounds 
of the controller gain in each run. Hence, different values are conducted to explore the 
unknown domain of the gain and to see the robustness of the algorithm against the initial 
value. The first four runs of lower bound are chosen as –10, –10, 0 and –1000 respectively, 
while the first four run of upper bound are 10, –1, 100 and 100, respectively. Figure 11.37 
shows evolving best fitness Example 2 Case F with inter-storey drifts and the top floor 
displacement of both buildings as the feedback and H∞ norm as the objective function. 
Figure 11.38 and Fig. 11.39 show the response of the top floor of Building A Case F subject 
to El-Centro NS and Kobe NS excitations with maximum ground acceleration 0.3 g and 
0.1 g, respectively. 

It can be seen from Fig. 11.38 and Fig. 11.39 that the response is slightly reduced by using 
active systems, where the maximum control forces are umax = 2021 kN and umax = 649 kN 
for El-Centro earthquake with 0.3 g and 0.1 g, umax = 2107.5 kN and umax = 721 kN for Kobe 
earthquake with 0.3 g and 0.1 g, respectively.

Fig. 11.35 Behaviour of fluid viscous damper under El-Centro 1940 NS excitation.
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In numerical Example 2, the controller gains are obtained by using real coded GA with the 
performance index H norm. One actuator and 4 gains are used in the numerical Example 2. 
Hence, four design variables are to be determined. As numerical Example 1, four runs have 
been conducted by changing the initial value of the upper and lower bounds of the controller 
gain in each run. Hence, different values are conducted to explore the unknown domain of the 
gain and to see the robustness of the algorithm against the initial value. The first four runs of 
lower bound are chosen as -10, -10, 0 and -1000 respectively, while the first four run of upper 
bound are 10, -1, 100 and 100, respectively. Fig. 11-37 shows evolving best fitness Example 2 
Case F with inter-story drifts and the top floor displacement of both buildings as the feedback 
and H  norm as the objective function. Fig. 11-38 and Fig. 11-39 show the response of the top 
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Fig. 11.37 Evolving the best fitness for the gains of Example 2 Case F with real coded GA-H∞ optimisation.

198

floor of Building A Case F subject to El-Centro NS and Kobe NS excitations with maximum 
ground acceleration 0.3 g and 0.1 g, respectively.  

 
Fig. 11-37 Evolving the best fitness for the gains of Example 2 Case F with real coded GA- H  

optimization 

It can be seen from Fig. 11-38 and Fig. 11-39 that the response is slightly reduced by using 
active system, where the maximum control forces are maxu  2021 kN  and maxu  649 kN for 
El-Centro earthquake with 0.3 g and 0.1 g, maxu  2107.5 kN  and maxu  721 kN for Kobe 
earthquake with 0.3 g and 0.1 g, respectively. 

 
Fig. 11-38 Top floor displacement of Building A with uncontrolled, passive control and active 

control system due to El-Centro 1940 NS excitation (a) 0.3 g (b) 0.1 g 

Fig. 11-40 shows the transfer function from external disturbance to the top floor of Building A. 
The effect of linking buildings with either passive or active control system compared with 
uncontrolled system can be observed from a peak magnitude in bode diagram.  

Figure 11.40 shows the transfer function from external disturbance to the top floor of 
Building A. The effect of linking buildings with either passive or active control systems 
compared with uncontrolled systems can be observed from a peak magnitude in bode 
diagram. 
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Fig. 11-40 Transfer function in Example 2 from external excitation to the top floor 

displacement of Building A 

The designed adjacent buildings with damper provide the reduction of response of each 
building around the frequency of the first mode, which is the highest contribution to response of 
each building as shown in Fig. 11-40. 

11.5.3 Results of Adjacent Buildings Connected with MR Dampers 
For numerical model in Section 10.5.4, the first nine natural frequencies of the 20-story 
building for each example and the first five natural frequencies of the 10-story building are 
given in Table 11-3. It is observed from Table 11-3 that the modes are well separated. The 
numerical example is subjected to four earthquake ground motions El-Centro 1940, Kobe 1995 
scaled to 0.8 g and 0.3 g, Sakarya 1999 and Loma Prieta 1989 in this study. The damper 
locations are investigated under two cases in this study, namely, Case I and Case II. In both 
cases, the responses are obtained with passive-off and passive-on cases which are with constant 
zero voltage and with constant maximum applied voltage (i.e., 3, 6 and 9 V), respectively and 
compared with semi active control cases based on LQR  and 2H LQG . In Case I, five MR 
dampers installed at each of the ten floors are considered for numerical example in Section 
10.5.4. In Case II, only alternative floors of the lower building are connected with the adjoining 
floors of Building A. These alternative floors are determined by GA in Case II. In order to 
understand the influence of the command voltage required for MR damper, the study is 
examined for three magnitudes of Vmax   3V 6V 9V, , . 

Fig. 11.39 Top floor displacement of Building A with uncontrolled, passive control and active control system 
due to Kobe 1995 NS excitation (a) 0.3 g (b) 0.1 g.

The designed adjacent buildings with dampers provide the reduction of response of each 
building around the frequency of the first mode, which is the highest contribution to 
response of each building as shown in Fig. 11.40.

11.5.3  Results of Adjacent Buildings Connected with MR Dampers

For numerical model in Section 10.5.4, the first nine natural frequencies of the 20-storey 
building for each example and the first five natural frequencies of the 10-storey building 
are given in Table 11.3. It is observed from Table 11.3 that the modes are well separated. 
The numerical example is subjected to four earthquake ground motions—El-Centro 1940, 
Kobe 1995 scaled to 0.8 g and 0.3 g, Sakarya 1999 and Loma Prieta 1989 in this study. The 
damper locations are investigated under two cases in this study, namely, Case I and Case 
II. In both cases, the responses are obtained with passive-off and passive-on cases which 
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Fig. 11.40 Transfer function in Example 2 from external excitation to the top floor displacement of Building A.

Frequency (Hz) Building A Building B
ω1 0.510 1.148
ω2 1.527 3.371
ω3 2.535 5.443
ω4 3.529 7.347
ω5 4.501 9.075
ω6 5.447 –
ω7 6.361 –
ω8 8.072 –
ω9 8.860 –

Table 11.3 The Natural Frequencies of Model Examples Used for MR Dampers.

are with constant zero voltage and with constant maximum applied voltage (i.e. 3, 6 and 9 
V), respectively and compared with semi-active control cases based on LQR and H2/LQG. 
In Case I, five MR dampers installed at each of the ten floors are considered for numerical 
example in Section 10.5.4. In Case II, only alternative floors of the lower building are 
connected with the adjoining floors of Building A. These alternative floors are determined 
by GA in Case II. In order to understand the influence of the command voltage required for 
MR damper, the study is examined for three magnitudes of Vmax (3 V, 6 V, 9 V).
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Under passive-off (0 V), passive-on strategies (Vmax = 6 V) and semi-active based on LQR 
and H2/LQG, the peak top floor displacement, the peak top floor acceleration, the peak 
storey shear and the peak base shear are examined as the response parameters of first 
interest. The base shear and storey shear of each building is regulated with the corresponding 
building weight and the damper forces are normalised with the weight of the lower building 
(Building B). Time variation of uncontrolled and the four controller responses of Building 
A and Building B corresponding to damper location of Case I is investigated. Figure 11.41 
and Fig. 11.42 show the time response histories of top floor displacement of both buildings 
based on the considered four control strategies under the four different earthquakes and 
compared to the uncontrolled case. In time variation responses, the Kobe 1995 earthquake 
scaled to 0.3 g is used in order to compare explicitly with other earthquakes considered in 
this study. 

In Fig. 11.41, passive-on and semi-active based on both the LQR and H2/LQG norms result 
better than passive-off under El-Centro 1940 and Sakarya 1999 earthquakes while all 
control strategies have the same trend in Kobe 1995 and Loma Prieta 1989 ground motions. 
It is observed from Fig. 11.42, that all control strategies reduce the top floor displacement 
of Building B under all considered earthquakes. In terms of reduction of displacement 
responses, the performance of the control strategies in the lower building (Building B) is 
better than the higher building (Building A). Figure 11.43 and Fig. 11.44 indicate the time 
response histories of the top floor acceleration of Building A and Building B, respectively. 
The results in Fig. 11.43 indicate that for all control strategies, the overall trend is similar 
to the uncontrolled case in Building A. Figure 11.44 shows that semi-active controller 
based on H2/LQG norm is effective in response mitigations for the lower building. The 
acceleration response reduction of Building B is higher under semi-active compared to 
passive-on strategy, except that under the 1999 Sakarya earthquake, semi-active has the 
same trends with passive-off and on strategies.

Although the response history of the top floor acceleration in the higher building is similar 
in passive-off and passive-on strategies, a comparative performance of the four strategies 
in Building B can be slightly observed in terms of acceleration responses. The response 
histories of the normalised base shear of both buildings are investigated in Fig. 11.45 and 
Fig. 11.46. The base shear of each building is normalised with the corresponding building 
weight. Therefore, the normalised base shear response of Building A is explicitly smaller 
than the normalised base shear response of Building B.

Further, Fig. 11.45 indicates that semi-active controllers are in agreement with the mitigation 
of base shear. All controllers show better performance compared to the uncontrolled case 
in Kobe 1995 and El-Centro 1940 earthquakes. Although the MR dampers work as passive 
devices with the maximum damper command voltage (6 V) under passive-on strategy, 
the response histories in terms of the normalised base shear in Fig. 11.45 almost match 
the uncontrolled case. It is observed from Fig. 11.46 that increase in base shear response 
is noted for Building B under passive-on strategy for Sakarya 1999 earthquake, while all 
control strategies exhibit better control performance for other three earthquakes. After the 
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comparative time history response plots, another comparative performance of the four 
control strategies is conducted in terms of peak floor displacement, acceleration and storey 
shear force based on the storey levels of both the buildings.

Figure 11.47 and Fig. 11.48 show the peak floor displacement of Building A and Building 
B, respectively.

Fig. 11.41 Time response of top floor displacement of Building A.
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Table 11-3 The natural frequencies of model examples used for MR dampers 
Frequency (Hz) Building A Building B

1  0.510 1.148 

2  1.527 3.371 

3  2.535 5.443 

4  3.529 7.347 

5  4.501 9.075 

6  5.447 - 

7  6.361 - 

8  8.072 - 

9  8.860 - 

Under Passive-off (0V), Passive-on strategies ( V 6Vmax  ) and semiactive based on LQR and 

2H LQG , the peak top floor displacement, the peak top floor acceleration, the peak story 
shear and the peak base shear are examined as the response parameters of first interest in here. 
The base shear and story shear of each building is regulated with the corresponding building 
weight and the damper force are normalized with the weight of the lower building (Building B). 
Time variation of uncontrolled and the four controller responses of Building A and Building B 
corresponding to damper location of Case I is investigated. Fig. 11-41 and Fig. 11-42 show the 
time response histories of top floor displacement of both buildings based on the considered four 
control strategies under the four different earthquakes and compared to uncontrolled case. In 
time variation responses, the Kobe 1995 earthquake scaled to 0.3 g is used in order to compare 
explicitly with other earthquakes considered in this study.  

 
Fig. 11-41 Time response of top floor displacement of Building A 

Fig. 11.42 Time response of top floor displacement of Building B.
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Fig. 11-42 Time response of top floor displacement of Building B 

In Fig. 11-41, passive-on and semiactive based on both the LQR and 2H LQG  norms result 
better than passive-off under El-Centro 1940 and Sakarya 1999 earthquakes while all control 
strategies have the same trend in Kobe 1995 and Loma Prieta 1989 ground motions. It is 
observed from Fig. 11-42, all control strategies reduce the top floor displacement of Building B 
under all considered earthquakes. In terms of reduction of displacement responses, the 
performance of the control strategies in the lower building (Building B) is better than the higher 
building (Building A). Fig. 11-43 and Fig. 11-44 indicate the time response histories of the top 
floor acceleration of Building A and Building B, respectively. The results in Fig. 11-43 indicate 
that for all control strategies the overall trend is similar to the uncontrolled case in Building A. 
Fig. 11-44 shows that semiactive controller based on 2H LQG  norm is effective in response 
mitigations for the lower building. The acceleration response reduction of Building B is higher 
under semiactive compared to passive-on strategy, except that under the 1999 Sakarya 
earthquake semiactive has the same trends with passive-off and on strategies. 

 
Fig. 11-43 Time response of top floor acceleration of Building A 

Although the response history of the top floor acceleration in the higher building is similar in 
passive-off and passive-on strategies, a comparative performance of the four strategies in 
Building B can be slightly observed in terms of acceleration responses. The response histories 
of the normalized base shear of both buildings are investigated in Fig. 11-45 and Fig. 11-46. 
The base shear of each building is normalized with the corresponding building weight. 
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It is noted from Fig. 11.47 that the control performance of both passive-on and semi-active 
controllers is better than passive-off. Under passive-on strategy, peak floor displacements 
of Building A in Kobe 1995 earthquake are not good in terms of displacement reduction. 
The results of semi-active control strategies in Fig. 11.47 and Fig. 11.48 almost match for 
both buildings. Similarly, the overall trend in terms of semi-active controllers is similar 

201

 
Fig. 11-42 Time response of top floor displacement of Building B 

In Fig. 11-41, passive-on and semiactive based on both the LQR and 2H LQG  norms result 
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strategies have the same trend in Kobe 1995 and Loma Prieta 1989 ground motions. It is 
observed from Fig. 11-42, all control strategies reduce the top floor displacement of Building B 
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performance of the control strategies in the lower building (Building B) is better than the higher 
building (Building A). Fig. 11-43 and Fig. 11-44 indicate the time response histories of the top 
floor acceleration of Building A and Building B, respectively. The results in Fig. 11-43 indicate 
that for all control strategies the overall trend is similar to the uncontrolled case in Building A. 
Fig. 11-44 shows that semiactive controller based on 2H LQG  norm is effective in response 
mitigations for the lower building. The acceleration response reduction of Building B is higher 
under semiactive compared to passive-on strategy, except that under the 1999 Sakarya 
earthquake semiactive has the same trends with passive-off and on strategies. 

 
Fig. 11-43 Time response of top floor acceleration of Building A 

Although the response history of the top floor acceleration in the higher building is similar in 
passive-off and passive-on strategies, a comparative performance of the four strategies in 
Building B can be slightly observed in terms of acceleration responses. The response histories 
of the normalized base shear of both buildings are investigated in Fig. 11-45 and Fig. 11-46. 
The base shear of each building is normalized with the corresponding building weight. 

Fig. 11.43 Time response of top floor acceleration of Building A.
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Therefore, the normalized base shear response of Building A is explicitly smaller than the 
normalized base shear response of Building B. 

 
Fig. 11-44 Time response of top floor acceleration of Building B 

 

 
Fig. 11-45 Time response history of base shear of Building A 

Further, Fig. 11-45 indicates that semiactive controllers are in a good agreement in the 
mitigation of the base shear. All controllers are showing better performance compared to the 
uncontrolled case in Kobe 1995 and El-Centro 1940 earthquakes. Although the MR dampers 
work as passive devices with the maximum damper command voltage (6V) under passive-on 
strategy, the response histories in terms of the normalized base shear in Fig. 11-45 are almost 
matching with the uncontrolled case. It is observed from Fig. 11-46, increase in base shear 
response is noted for Building B under passive-on strategy for Sakarya 1999 earthquake while 
all control strategies are exhibiting better control performance for other three earthquakes. After 
the comparative time history response plots, another comparative performance of the four 
control strategies is conducted in terms of peak floor displacement, acceleration and story shear 
force based on the story levels of both buildings. 

Fig. 11.44 Time response of top floor acceleration of Building B.
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Fig. 11-45 Time response history of base shear of Building A 

Further, Fig. 11-45 indicates that semiactive controllers are in a good agreement in the 
mitigation of the base shear. All controllers are showing better performance compared to the 
uncontrolled case in Kobe 1995 and El-Centro 1940 earthquakes. Although the MR dampers 
work as passive devices with the maximum damper command voltage (6V) under passive-on 
strategy, the response histories in terms of the normalized base shear in Fig. 11-45 are almost 
matching with the uncontrolled case. It is observed from Fig. 11-46, increase in base shear 
response is noted for Building B under passive-on strategy for Sakarya 1999 earthquake while 
all control strategies are exhibiting better control performance for other three earthquakes. After 
the comparative time history response plots, another comparative performance of the four 
control strategies is conducted in terms of peak floor displacement, acceleration and story shear 
force based on the story levels of both buildings. 

Fig. 11.45 Time response history of base shear of Building A.
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Fig. 11-46 Time response history of base shear of Building B 

Fig. 11-47 and Fig. 11-48 show the peak floor displacement of Building A and Building B, 
respectively. 

 
Fig. 11-47 Peak floor displacement of Building A 

It is noted from Fig. 11-47 that the control performance of both passive-on and semiactive 
controllers is better than passive-off. Under passive-on strategy, peak floor displacements of 
Building A in Kobe 1995 earthquake are not good in terms of displacement reduction. The 
results of semiactive control strategies in Fig. 11-47 and Fig. 11-48 are almost matching for 
both buildings. Similarly, the overall trend in terms of semiactive controllers is similar for the 
lower building in Fig. 11-48. Passive-on strategy results better displacement reduction under 
Kobe 1995 earthquake compared to Building A. 

Fig. 11.46 Time response history of base shear of Building B.

for the lower building in Fig. 11.48. Passive-on strategy results in better displacement 
reduction under Kobe 1995 earthquake as compared to Building A.

Under Sakarya 1999 and El-Centro 1940 earthquakes, passive-off strategy provides the 
best reduction compared to semi-active controllers. The displacement response mitigation 
for higher floors of Building B is higher under semi-active compared to passive control 
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strategies in the uncontrolled case. Figure 11.49 and Fig. 11.50 show the peak floor 
acceleration based on storey levels. It is observed from Fig. 11.49 that the control strategies 
do not show better results compared to the uncontrolled case based acceleration reduction 
for the higher building (Building A). 

Increase in acceleration response is noted for higher floors under all control strategies for 
Kobe 1995 earthquake. On the other hand, all control strategies in acceleration response 

Fig. 11.47 Peak floor displacement of Building A.
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Fig. 11-46 Time response history of base shear of Building B 

Fig. 11-47 and Fig. 11-48 show the peak floor displacement of Building A and Building B, 
respectively. 

 
Fig. 11-47 Peak floor displacement of Building A 

It is noted from Fig. 11-47 that the control performance of both passive-on and semiactive 
controllers is better than passive-off. Under passive-on strategy, peak floor displacements of 
Building A in Kobe 1995 earthquake are not good in terms of displacement reduction. The 
results of semiactive control strategies in Fig. 11-47 and Fig. 11-48 are almost matching for 
both buildings. Similarly, the overall trend in terms of semiactive controllers is similar for the 
lower building in Fig. 11-48. Passive-on strategy results better displacement reduction under 
Kobe 1995 earthquake compared to Building A. 
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Fig. 11-48 Peak floor displacement of Building B 

Under Sakarya 1999 and El-Centro 1940 earthquakes, passive-off strategy provides the best 
reduction compared to semiactive controllers. The displacement response mitigation for higher 
floors of Building B is higher under semiactive compared to passive control strategies and the 
uncontrolled case. Fig. 11-49 and Fig. 11-50 shows the peak floor acceleration based on story 
levels. It is observed from Fig. 11-49, the control strategies are not showing better results 
compared to the uncontrolled case based acceleration reduction for the higher building 
(Building A).  

 
Fig. 11-49 Peak floor acceleration of Building A 

Increase in acceleration response is noted for higher floors under all control strategies for Kobe 
1995 earthquake. On the other hand, all control strategies in acceleration response reduction for 
Building B are effective as depicted through Fig. 11-50. Semiactive controller based on LQR is 
showing better mitigation that semiactive based on 2H LQG  for Building B. The acceleration 
reduction of the shorter building (Building B) is higher than the taller building (Building A). 

Fig. 11.48 Peak floor displacement of Building B.
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reduction for Building B are effective as depicted through Fig. 11.50. Semi-active controller 
based on LQR shows better mitigation that semi-active based on H2/LQG for Building B. 
Acceleration reduction in the shorter building (Building B) is higher than the taller building 
(Building A).

Further, it is interesting that passive-on strategy in Fig. 11.50 shows a better response 
in terms of mitigation of the peak floor acceleration than semi-active and passive-off 

Fig. 11.49 Peak floor acceleration of Building A.
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Fig. 11-48 Peak floor displacement of Building B 

Under Sakarya 1999 and El-Centro 1940 earthquakes, passive-off strategy provides the best 
reduction compared to semiactive controllers. The displacement response mitigation for higher 
floors of Building B is higher under semiactive compared to passive control strategies and the 
uncontrolled case. Fig. 11-49 and Fig. 11-50 shows the peak floor acceleration based on story 
levels. It is observed from Fig. 11-49, the control strategies are not showing better results 
compared to the uncontrolled case based acceleration reduction for the higher building 
(Building A).  

 
Fig. 11-49 Peak floor acceleration of Building A 

Increase in acceleration response is noted for higher floors under all control strategies for Kobe 
1995 earthquake. On the other hand, all control strategies in acceleration response reduction for 
Building B are effective as depicted through Fig. 11-50. Semiactive controller based on LQR is 
showing better mitigation that semiactive based on 2H LQG  for Building B. The acceleration 
reduction of the shorter building (Building B) is higher than the taller building (Building A). 

Fig. 11.50 Peak floor acceleration of Building B.
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Fig. 11-50 Peak floor acceleration of Building B 

Further, it is interesting that passive-on strategy in Fig. 11-50 is showing better response in 
terms of mitigation of the peak floor acceleration than semiactive and passive-off strategies. 
Fig. 11-51 and Fig. 11-52 shows the performance of the four control strategies in terms of story 
shear for Building A and Building B, respectively. The overall best control performance is 
observed under semiactive controllers for all considered ground motion, especially in Sakarya 
1999 for Building A and in Kobe 1995 for Building B. Passive-on strategy for Building A in 
Kobe 1995 and Building B in Sakarya 1999 is not effective to reduce the story shear. For 
Building A, Kobe 1995 and Loma Prieta 1989 earthquakes show increase in story shear with 
increasing story levels. This is due to the fact that the sway of Building A is abruptly restricted 
by Building B as it suffers high story shear above tenth floor. Hence, this limitation results 
increase in displacement response of Building A under passive-on strategy in Kobe 1995 and 
Loma Prieta 1989 earthquakes as depicted in Fig. 11-47. In Fig. 11-52, reduction in response 
for Building B is observed under all considered earthquakes, except to Sakarya 1999 ground 
motion. Passive-on and semiactive controllers are showing better control of response as shown 
in Fig. 11-52. Hysteresis behavior of MR damper under four control strategies, namely, 
passive-off, passive-on, semiactive-LQR and semiactive- 2H LQG  for the four different 
earthquakes is shown through Fig. 11-53- Fig. 11-56. 

 
Fig. 11-51 Peak story shear of Building A 
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strategies. Figure 11.51 and Fig. 11.52 show the performance of the four control strategies 
in terms of storey shear for Building A and Building B, respectively. An overall best control 
performance is observed under semi-active controllers for all considered ground motion, 
especially in Sakarya 1999 for Building A and in Kobe 1995 for Building B. Passive-on 
strategy for Building A in Kobe 1995 and Building B in Sakarya 1999 is not effective to 

Fig. 11.51 Peak storey shear of Building A.
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Fig. 11-50 Peak floor acceleration of Building B 
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Kobe 1995 and Building B in Sakarya 1999 is not effective to reduce the story shear. For 
Building A, Kobe 1995 and Loma Prieta 1989 earthquakes show increase in story shear with 
increasing story levels. This is due to the fact that the sway of Building A is abruptly restricted 
by Building B as it suffers high story shear above tenth floor. Hence, this limitation results 
increase in displacement response of Building A under passive-on strategy in Kobe 1995 and 
Loma Prieta 1989 earthquakes as depicted in Fig. 11-47. In Fig. 11-52, reduction in response 
for Building B is observed under all considered earthquakes, except to Sakarya 1999 ground 
motion. Passive-on and semiactive controllers are showing better control of response as shown 
in Fig. 11-52. Hysteresis behavior of MR damper under four control strategies, namely, 
passive-off, passive-on, semiactive-LQR and semiactive- 2H LQG  for the four different 
earthquakes is shown through Fig. 11-53- Fig. 11-56. 

 
Fig. 11-51 Peak story shear of Building A 

 

Fig. 11.52 Peak storey shear of Building B.
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Fig. 11-52 Peak story shear of Building B 

It is observed that there is significant energy dissipation in terms of displacement and velocity 
responses of MR damper in semi active based on LQR and LQG norms as compared to passive-
on  V 6Vmax   and passive-off strategies. This study also investigated the influence of 
damper location and command voltage required for MR damper. In order to show the 
effectiveness of MR dampers, inter-connecting 10th floors of two buildings having different 
characteristics, the numerical model in Section 10.5.4 is used for the two damper locations and 
for three values of command voltage (3V, 6V and 9V). The command voltages of MR dampers 
at each of ten floors (Case I) between the buildings are determined by two methods proposed in 
this study. 

 
Fig. 11-53 The Behavior of MR damper under El-Centro 1940 
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reduce the storey shear. For Building A, Kobe 1995 and Loma Prieta 1989 earthquakes 
show increase in storey shear with increasing storey levels. This is due to the fact that the 
sway of Building A is abruptly restricted by Building B as it suffers from high storey shear 
above tenth floor. Hence, this limitation results in increase of displacement response of 
Building A under passive-on strategy in Kobe 1995 and Loma Prieta 1989 earthquakes, 
as depicted in Fig. 11.47. In Fig. 11.52, reduction in response for Building B is observed 
under all considered earthquakes, except for Sakarya 1999 ground motion. Passive-on and 
semi-active controllers show better control of response as seen in Fig. 11.52. Hysteresis 
behaviour of MR damper under four control strategies, namely, passive-off, passive-on, 
semi-active-LQR and semi-active-H2/LQG for the four different earthquakes is seen from 
Fig. 11.53 to Fig. 11.56.

It is observed that there is a significant energy dissipation in terms of displacement and 
velocity responses of MR damper in semi-active based on LQR and LQG norms as 
compared to passive-on (Vmax = 6 V) and passive-off strategies. This study also investigated 
the influence of damper location and command voltage required for MR damper. In order 
to show the effectiveness of MR dampers, inter-connecting 10th floors of two buildings 
having different characteristics, the numerical model in Section 10.5.4 is used for the 
two damper locations and for three values of command voltage (3 V, 6 V and 9 V). The 
command voltages of MR dampers at each of the ten floors (Case I) between the buildings 
are determined by two methods proposed in this study.

Firstly, the optimal input voltage distribution of a fixed number of dampers is provided in 
this numerical example and compared to other control strategies. Before demonstrating the 
proposed multiple objective functions into a single-objective function, the performance of 
MR dampers is investigated by reducing the seismic response of adjacent buildings using 
various controllers. Firstly, five MR dampers are installed at each of the ten floors in the 
numerical example. All fifty dampers have the same input voltage. 

Non-linear random vibration analyses by use of the 4th order Runge Kutta method is 
performed while varying the uniform input voltage from 0 to 10 V, which leads to variation 
in the damping capacity of the MR dampers. 

Figure 11.57 and Fig. 11.58 show the maximum root-mean-square (r.m.s.) values of 
inter-storey drifts of the coupled systems by varying the uniform input voltage of MR 
damper under El-Centro 1940 and Kobe 1995 earthquakes, respectively. For decreasing the 
maximum inter-storey drift of the adjacent system, it is explained that an optimal value for 
the uniform input voltage of the MR dampers exists in a coupled structure system.

In this numerical example, the optimal input voltage of the MR dampers is 5.6 V for a 
uniform distribution of the 50-MR damper system in Kobe 1995 earthquake, while the 
optimal input voltage is 3.1 V in El-Centro 1940 earthquake. Use of the MR damper is 
important in damping capacity that can be easily adjusted by modulating the input voltage, 
without costly replacements or adjustments. 
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Fig. 11-52 Peak story shear of Building B 

It is observed that there is significant energy dissipation in terms of displacement and velocity 
responses of MR damper in semi active based on LQR and LQG norms as compared to passive-
on  V 6Vmax   and passive-off strategies. This study also investigated the influence of 
damper location and command voltage required for MR damper. In order to show the 
effectiveness of MR dampers, inter-connecting 10th floors of two buildings having different 
characteristics, the numerical model in Section 10.5.4 is used for the two damper locations and 
for three values of command voltage (3V, 6V and 9V). The command voltages of MR dampers 
at each of ten floors (Case I) between the buildings are determined by two methods proposed in 
this study. 

 
Fig. 11-53 The Behavior of MR damper under El-Centro 1940 

 Fig. 11.53 The behaviour of MR damper under El-Centro 1940.
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Fig. 11-54 The Behavior of MR damper under Sakarya 1999 

Firstly, optimal input voltage distribution of fixed number of dampers is provided in this 
numerical example and compared to other control strategies. Before demonstrating the 
proposed multiple objective functions into a single-objective function, the performance of MR 
dampers is investigated in reducing the seismic response of adjacent buildings using various 
controllers. Firstly, five MR dampers installed at each of the ten floors in numerical example. 
All fifty dampers have the same input voltage.  

 
Fig. 11-55 The Behavior of MR damper under Kobe 1995 scaled to 0.8g 

Nonlinear random vibration analyses by use of the 4th order Runge Kutta method is performed 
while varying the uniform input voltage from 0 to 10 V, which leads to the variation of the 
damping capacity of the MR dampers.  

Fig. 11.54 The behaviour of MR damper under Sakarya 1999.
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Fig. 11-54 The Behavior of MR damper under Sakarya 1999 

Firstly, optimal input voltage distribution of fixed number of dampers is provided in this 
numerical example and compared to other control strategies. Before demonstrating the 
proposed multiple objective functions into a single-objective function, the performance of MR 
dampers is investigated in reducing the seismic response of adjacent buildings using various 
controllers. Firstly, five MR dampers installed at each of the ten floors in numerical example. 
All fifty dampers have the same input voltage.  

 
Fig. 11-55 The Behavior of MR damper under Kobe 1995 scaled to 0.8g 

Nonlinear random vibration analyses by use of the 4th order Runge Kutta method is performed 
while varying the uniform input voltage from 0 to 10 V, which leads to the variation of the 
damping capacity of the MR dampers.  

Fig. 11.55 The behaviour of MR damper under Kobe 1995 scaled to 0.8 g.
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Fig. 11-56 The Behavior of MR damper under Loma Prieta 1989 

Fig. 11-57 and Fig. 11-58 show the maximum root-mean-square (r.m.s.) values of inter-story 
drifts of the coupled systems by varying the uniform input voltage of MR damper under El-
Centro 1940 and Kobe 1995 earthquakes, respectively. For decreasing the maximum inter-story 
drift of the adjacent system, it is explained that an optimal value for the uniform input voltage 
of the MR dampers exists in a coupled structure system. 

 
Fig. 11-57 Control performance of MR dampers with uniform input voltages under the 1940 

El-Centro earthquake 

In this numerical example, the optimal input voltage of the MR dampers is 5.6 V for the 
uniform distribution of the 50-MR damper system in Kobe 1995 earthquake, while the optimal 
input voltage is 3.1 V in El-Centro 1940 earthquake. Using the MR damper is important in 
damping capacity that can be easily adjusted by modulating the input voltage, without costly 
replacements or adjustments.  

Fig. 11.56 The behaviour of MR damper under Loma Prieta 1989.
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Fig. 11-56 The Behavior of MR damper under Loma Prieta 1989 

Fig. 11-57 and Fig. 11-58 show the maximum root-mean-square (r.m.s.) values of inter-story 
drifts of the coupled systems by varying the uniform input voltage of MR damper under El-
Centro 1940 and Kobe 1995 earthquakes, respectively. For decreasing the maximum inter-story 
drift of the adjacent system, it is explained that an optimal value for the uniform input voltage 
of the MR dampers exists in a coupled structure system. 

 
Fig. 11-57 Control performance of MR dampers with uniform input voltages under the 1940 

El-Centro earthquake 

In this numerical example, the optimal input voltage of the MR dampers is 5.6 V for the 
uniform distribution of the 50-MR damper system in Kobe 1995 earthquake, while the optimal 
input voltage is 3.1 V in El-Centro 1940 earthquake. Using the MR damper is important in 
damping capacity that can be easily adjusted by modulating the input voltage, without costly 
replacements or adjustments.  

Fig. 11.57 Control performance of MR dampers with uniform input voltages under the 1940 El-Centro earthquake.

Fig. 11.58 Control performance of MR dampers with uniform input voltages under the 1995 Kobe earthquake 
scaled to 0.8 g.
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In other words, varying the input voltages of the dampers is feasible in order to achieve an 
optimal performance. Hence, the results of the peak top floor displacement, acceleration 
and normalised base shear of the adjacent buildings using the optimum uniform voltage 
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(OUV) is evaluated with other control strategies used in this study. It is noted that varying 
the uniform input voltage vdi from 0 to 2.25 V for each storey is also conducted by means 
of the rule-based in fuzzy logic control in GA. Table 11.4 and Table 11.5 show the fuzzy 
rules generated by GA. 

The results of GA optimisation are shown and a fuzzy logic controller is identified for both 
multi-input single-output (MISO).

This rule base obtained by GA establishes the correlation between the selected displacement 
inputs and the command voltage sent to MR damper when αc = 0.6; x20 and x30 represent 
the top floor displacements of Building A and Building B, respectively. When αc = 0.6 in 
Eq. 10.13, the multi-objective problem degenerates into a single-objective problem. The 
proposed strategy has the capability to mitigate the displacement response significantly 
while keeping the storey drift response at a low level. For GA, the population size is taken 
as 80 members and the upper limit on the number of generations as 10. Based on an elitist 
model, in order to perform evolutionary operations, proportional selection and one-point 
crossover are chosen in FLC combined with GA. The results of the damper locations in 
Case I are shown from Table 11.6 to Table 11.9. 

It is observed from Table 11.6 that the overall displacement response reduction in Case 
I with passive-on strategy is as much with semi-active controllers except to passive-off 
for Building B in El-Centro 1940 earthquake. Further, the results show that there is no 
necessity to provide high command voltage for MR dampers and significant displacement 

Table 11.4 Fuzy Rule-base Generated by GA in Case I under El-Centro 1940 Earthquake.

x20    x30 NL NS ZO PS PL

NL L L L L M
NS ZO M L L S
ZO S ZO S M M
PS M S L M M

PL M M L S L

Table 11.5 Fuzzy Rule-base Generated by GA in Case I under Kobe 1995 Ground Motion Scaled to 0.8 g.

x20    x30 NL NS ZO PS PL

NL ZO L S S S
NS M S L L L
ZO S S S ZO M
PS ZO M ZO S ZO

PL S ZO S S M
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response control is possible with less voltage in Building B. Using the optimum uniform 
voltage (OUV) and fuzzy controller combined by GA (GAF), a significant reduction for 
both buildings is observed under El-Centro 1940 earthquake although these proposed 
methods are not effectives in both the buildings under the Kobe 1995 earthquake. In  
Table 11.7, the top floor drift inter-storey responses show that the percentage reductions for 
Building A under passive-on strategy (Case I, 3 V) as compared to the uncontrolled case 
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Table 11.6 Peak Top Floor Displacement under Different Control Strategies for Case I.
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Case I

Off
Passive-on LQR – CVL H2 /LQG – CVL

OUV GAF
3 V 6 V 9 V 3 V 6 V 9 V 3 V 6 V 9 V

El
 C

en
tro

, 1
94

0

A 0.25 0.24 0.23 0.23 0.23 0.23 0.22 0.22 0.22 0.22 0.22 0.23 0.23

B 0.41 0.26 0.23 0.28 0.31 0.29 0.37 0.43 0.33 0.41 0.51 0.32 0.33

K
ob

e,
 1

99
5

A 0.88 0.83 0.81 0.84 0.87 0.75 0.74 0.75 0.81 0.82 0.83 0.84 80.1

B 1.54 1.19 1.11 0.98 1.07 0.84 0.99 1.21 0.84 0.88 1.02 1.35 1.03

Note: The drift inter-storey indicated is in × 10 mm

Table 11.7 Peak Top Floor Drift Inter-storey under Different Control Strategies for Case I.
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are: 8.0 under both the earthquakes. For Building B, the corresponding response reductions 
are 43.9 and 27.9 for El-Centro 1940 and Kobe 1995 earthquakes, respectively. However, 
a marginal increase in response is seen under semi-active controllers (9 V) for Building 
B under El-Centro 1940 earthquake. In Table 11.8, the percentage reductions in peak 
normalised base shear under passive-on strategy (6 V) for both buildings are: 20 and 29.8 
and under semi-active based on H2/LQG the reductions are 20 and 44 with El-Centro 1940. 
The proposed GAF control strategy and the uncontrolled case show that the correlation 
established by GA is effective. For Building B, a significant reduction in the normalised 
base shear responses is obtained by last column in Table 11.8. It is explicitly seen from 
Table 11.9, than an increase in damper voltage increases the force of the MR dampers, 
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Case I

Off
Passive-on LQR – CVL H2/LQG – CVL

OUV GAF
3 V 6 V 9 V 3 V 6 V 9 V 3 V 6 V 9 V
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, 1
94

0

A 0.20 0.19 0.17 0.16 0.16 0.18 0.17 0.17 0.17 0.16 0.16 0.17 0.18

B 0.57 0.28 0.35 0.40 0.40 0.29 0.30 0.31 0.29 0.32 035 0.35 0.28

K
ob

e,
 1

99
5 A 0.40 0.40 0.41 0.42 0.43 0.39 0.39 0.38 0.38 0.37 0.37 0.42 0.41

B 1.56 1.10 0.71 0.90 1.00 0.88 0.80 0.76 0.94 0.83 0.74 0.88 0.89

Table 11.8 Peak Normalised Base Shear under Different Control Strategies for Case I.

Earthquakes
Case I

Off
Passive-on LQR – CVL H2/LQG – CVL

OUV GAF
3 V 6 V 9 V 3 V 6 V 9 V 3 V 6 V 9 V

El-Centro, 1940 54 127 166 203 181 287 379 192 315 426 127 80

Kobe, 1995 126 346 499 590 420 692 955 402 637 864 476 254
Note: The damper force indicated in kN

Table 11.9 Peak Damper Force of all MR Dampers at Top Floor Level of the Lower Building under 
Different Control Strategies for Case I.
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which is obvious. Using the proposed GAF controller, the damper force of all MR dampers 
at the top floor level of Building B is kept at a low level as compared to the other strategies 
in Table 11.9 under both the considered earthquakes. In Case II, only alternate floors of the 
lower building connected with adjoining floors of the higher building are considered for 
MR dampers.

The number of MR dampers ndii at each storey levels is minimised by using GA for 
economical benefits. At the same time, the input voltages are determined on the basis of 
the optimal number of MR dampers for each storey.

The MR dampers at each storey have the same input voltage. The optimal input voltages 
for each floor level by SOGA and NSGA II optimisations are determined for Case II in the 
given example in this study. The number of MR dampers and the corresponding command 
voltages are chosen as the design variables. Figure 11.59 and Fig. 11.60 show the variable 
distribution of command voltages with corresponding optimal uniform distribution under 
the considered earthquakes. The multi-objective optimisation is conducted by NSGA II to 
obtain the Pareto-optimal solutions as shown in Fig. 11.61. 

In order to provide optimal damper systems in terms of cost-saving, another objective 
function is selected as the number of MR dampers to be minimised. Hence, the max r.m.s. 
storey drift of coupled buildings and the total number of the MR dampers are the two 
objective functions, which are the vertical and horizontal axes in Fig. 11.61, respectively. 
It is noteworthy that the total number of MR dampers is explicitly reduced by means of 
improved control performance, using GA and NSGA II optimisations. In other words, 

Fig. 11.59 Distribution of optimal input voltages of MR dampers under El-Centro 1940 earthquake.



254

Earthquake Resistant Design of Buildings

the performance efficiency of the damper system and cost effectiveness are considered in 
terms of the vertical and horizontal axes, though either use of more MR dampers or saving 
dampers causes damage to the buildings by means of the effect of cost or increase in the 
inter storey drift response of the two buildings. For this reason, this study achieves a similar 
level of seismic performance even with a significantly reduced number of dampers with 

Fig. 11.60 Distribution of optimal input voltages of MR dampers under Kobe 1995 earthquake scaled to 0.8 g.

213

 
Fig. 11-60 Distribution of optimal input voltages of MR dampers under Kobe 1995 earthquake 

scaled to 0.8g 

 
Fig. 11-61 The Variation values of design variables under the 1940 El-Centro Earthquake using 

NSGA II optimization 

However, the total control voltage required to operate the MR dampers in the uniform 
distribution system turns out to be 155.0 V for El-Centro 1940 and 280.0 V for Kobe 1995 
earthquake, whereas the variable distribution system uses a total of 52.1 V for El-Centro 1940 
and 66.4 V for Kobe 1995 ground motion as shown in Fig. 11-63.  
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Fig. 11.61 The variation values of design variables under the 1940 El-Centro earthquake using NSGA II 
optimisation.
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the help of the proposed strategies. At the same time, input damper voltage is optimally 
determined. The maximum inter-storey drifts by uniform and varying voltages are 4.67 
mm and 4.62 mm as seen in Fig. 11.57 and Fig. 11.61, respectively. 

The optimum uniform voltage (OUV) is 3.1 V for El-Centro 1940 earthquake while for 
Kobe 1995, the OUV is 5.6 V under uniform distribution of the 50 MR damper systems. 
The total number of MR dampers are reduced from 50 to 6 for El-Centro 1940 and 8 for 
Kobe 1995 earthquakes as referred to in Fig. 11.62. When the number of MR dampers is 
reduced to 6 under El-Centro earthquake, the seismic performance of the coupled structural 
system is slightly mitigated and after that the response of max r.m.s. storey drift remains 
constant or increases slightly, as referred to in Fig. 11.61.

However, the total control voltage required to operate the MR dampers in the uniform 
distribution system turns out to be 155.0 V for El-Centro 1940 and 280.0 V for Kobe 1995 
earthquake, whereas the variable distribution system uses a total of 52.1 V for El-Centro 
1940 and 66.4 V for Kobe 1995 ground motion, as shown in Fig. 11.63.
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Fig. 11.63 Uniform distribution of a) El-Centro 1940 b) Kobe 1995, variation distribution of c) El-Centro 1940 
and d) Kobe 1995 for input voltage of MR dampers.

The uniform distribution system, which has five MR dampers per every floor and uses the 
same input voltage, i.e. 3.1 V or 5.6 V for all the fifty dampers. The number of MR dampers 
and the variable distribution of the input voltage optimally are designed by a simple GA. 
The optimal system determined by the NSGA in this section is also denoted, which uses  
6 or 8 MR dampers with optimal input voltage at each floor according to related earthquakes. 

The response parameters of interest for adjacent buildings are peak top floor xi, the 
peak floor drift di, the peak normalised base shear Fo and damper force Fmr as given in  
Table 11.10 and Table 11.13. Though the difference in the maximum inter-storey drift is not 
significant, the optimally designed variable distribution system uses less damping capacity 
with improved control performance in GA and NSGA II optimisations. Table 11.10 shows 
the peak top floor displacement of coupled systems under damper location Case II in terms 
of control strategies.

It is observed that numerical results given by the last column in Table 11.10, whose control 
strategy name is GA, shows the effectiveness of the newly generated number of MR 
dampers and the command voltage values. The percentage reduction of the drift inter-
storey for Building B under passive-on strategy for Case II (6 V) in Table 11.11 as compared 
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to the uncontrolled are 14.6 and 5.7 under El-Centro 1940 and Kobe 1995 earthquakes, 
respectively. The corresponding reductions under semi-active controller based LQR are 
2.44 and 7.1. Similar trends are also observed under damper location Case II and command 
voltage 3 V and 9 V. This shows that the percentage reduction under passive-on is better 
than semi-active strategy. For damper location Case II, all control strategies reduce the 
base shear response of both the buildings in Table 11.12. 
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Case II

Off
Passive-on LQR – CVL H2/LQG – CVL

GA
3 V 6 V 9 V 3 V 6 V 9 V 3 V 6 V 9 V
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0

A 26.6 25.8 23.7 22.8 22.3 24.1 22.9 22.7 24.3 23.5 23.3 22.4

B 17.1 13.8 9.4 8.06 7.75 10.9 10.3 10.2 11.9 11.0 10.4 7.79

K
ob

e,
 1

99
5

A 61.3 61.0 60.1 59.3 58.8 59.8 58.8 58.1 60.5 60.2 60.0 58.9

B 48.0 45.9 39.8 35.2 31.4 42.1 40.1 38.7 42.7 40.1 38.0 31.5

Note: The displacement indicated is in × 10 mm

Table 11.10 Peak Top Floor Displacement under Different Control Strategies for Case II.
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Off
Passive-on LQR – CVL H2/LQG – CVL

GA
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A 0.25 0.25 0.25 0.24 0.23 0.24 0.24 0.24 0.25 0.24 0.23 0.23

B 0.41 0.46 0.37 0.35 0.34 0.40 0.40 0.41 0.40 0.39 0.43 0.34

K
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e,
 1
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5

A 0.88 0.87 0.85 0.83 0.82 0.84 0.82 0.81 0.87 0.87 0.86 0.83

B 1.54 1.49 1.40 1.34 1.30 1.41 1.43 1.48 1.44 1.41 1.39 1.32

Note: The drift inter-storey indicated is in × 10 mm

Table 11.11 Peak Top Floor Drift Inter-storey under Different Control Strategies for Case II.
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The overall base shear reduction for damper location Case I with optimal uniform input 
voltage is as much with damper location Case II with optimum command voltage obtained 
by GA and NSGA II optimisations. In Table 11.13, it is noteworthy that the peak damper 
force of all MR dampers increases as compared to Case I although the total number of 
MR dampers decreases. However, increase in the damper forces of Case II is observed 
because of increase in command voltage under all control strategies. This shows that 
connecting only at the alternative floors reduces the cost of dampers significantly by 80 per 
cent and response reduction is also explicitly observed. Increase in voltage causes increase 
in damper stiffness; therefore, attracts more force according to formulations as shown in  
Eqs. 10.19a–c and Fig. 10.8. Another numerical model is conducted in this study. The 
20th and 10th storey buildings in Table 11.14 are used as same as structural parameters of 
Building A of the numerical model in Section 10.5.4. 
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Case II

Off
Passive-on LQR – CVL H2/LQG – CVL

GA
3 V 6 V 9 V 3 V 6 V 9 V 3 V 6 V 9 V
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A 0.20 0.19 0.19 0.19 0.18 0.18 0.18 0.18 0.18 0.19 0.19 0.18

B 0.57 0.47 0.32 0.28 0.26 0.37 0.34 0.33 0.41 0.38 0.36 0.27

K
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e,
 1
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5

A 0.40 0.39 0.40 0.40 0.40 0.39 0.39 0.39 0.40 0.39 0.39 0.40

B 1.56 1.47 1.26 1.10 0.97 1.33 1.24 1.19 1.35 1.25 1.16 0.98

Table 11.12 Peak Normalised Base Shear under Different Control Strategies for Case II.

Response
Case II

Off
Passive-on LQR – CVL H2/LQG – CVL

GA
3 V 6 V 9 V 3 V 6 V 9 V 3 V 6 V 9 V

Fmr

E 82 240 360 464 249 397 537 270 430 478 489
K 176 578 858 1085 610 978 1341 624 997 1329 1177

Note: Fmr is the damper force indicated in kN; E: represents the 1940 El-Centro; K: represents the 1995 Kobe 
earthquake scaled to 0.8 g.

Table 11.13 Peak Damper Force of all MR Dampers at Top Floor Level of Lower Building under Different 
Control Strategies for Case II.
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It may be noted that more MR dampers are required to provide better seismic control 
performance for coupled buildings with same structural parameters as compared to the 
numerical model in Section 10.5.4. Figure 11.64 shows multi-objective optimisation for 
both buildings with same structural parameters and performed by NSGA to obtain the 
pareto-optimal solutions. 

It is observed that more MR dampers are required to reduce the structural responses of 
both buildings. Objective 1 represents the total number of MR dampers while Objective 2 
shows max value of r.m.s. storey drift (cm) in Fig. 11.64. It can be seen from Fig. 11.64 and  
Fig. 11.65, that optimisation values of max value r.m.s. storey drifts with varying the 
command voltage for MR dampers at each storey levels with more than 50 number of 
dampers for both buildings having the same characteristics.

For these reasons, the damper location Case II for same buildings is not conducted in 
this study. Nevertheless, a comparative performance of five control strategies, namely, 
uncontrolled, passive-off, passive-on, semi-active controllers based on LQR and H2/LQG, 

Floor (i)
Building A Building B

mi (t) ki × 106 (kN/m) ci × 103 (kN sec/m) mi (t) ki × 105 (kN/m) ci × 103 (kN sec/m)
1 800 1.4 4.375 800 1.4 4.375
2 800 1.4 4.375 800 1.4 4.375
3 800 1.4 4.375 800 1.4 4.375
4 800 1.4 4.375 800 1.4 4.375
5 800 1.4 4.375 800 1.4 4.375
6 800 1.4 4.375 800 1.4 4.375
7 800 1.4 4.375 800 1.4 4.375
8 800 1.4 4.375 800 1.4 4.375
9 800 1.4 4.375 800 1.4 4.375

10 800 1.4 4.375 800 1.4 4.375
11 800 1.4 4.375 – – –
12 800 1.4 4.375 – – –
13 800 1.4 4.375 – – –
14 800 1.4 4.375 – – –
15 800 1.4 4.375 – – –
16 800 1.4 4.375 – – –
17 800 1.4 4.375 – – –
18 800 1.4 4.375 – – –
19 800 1.4 4.375 – – –
20 800 1.4 4.375 – – –

Table 11.14 Structural Parameters of Both Buildings Having Same Characteristics.
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Fig. 11.65 Damper designs in the space of objective functions.
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in terms of peak floor displacement, acceleration and storey shear force is conducted 
through Table 11.15 and Table 11.16 under both the earthquakes. In Table 11.15, the best 
percentage reduction in peak displacement of both buildings between controller strategies 
used is passive-on strategy with command voltage 6 V for El-Centro 1940 and 9 V for 
Kobe 1995 earthquakes.
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Responses Buildings UNC
Case I

Off
Passive-on LQR – CVL H2/LQG – CVL

3 V 6 V 9 V 3 V 6 V 9 V 3 V 6 V 9 V

xi (× 10 
mm)

A 26.6 22.8 20.2 19.0 19.3 21.0 20.8 20.3 21.4 20.7 20.2
B 17.1 13.5 8.6 8.7 8.4 9.7 9.2 9.0 10.5 9.5 9.10

di

A 0.25 0.23 0.21 0.21 0.23 0.22 0.20 0.21 0.20 0.20 0.20
B 0.44 0.37 0.29 0.27 0.26 0.31 0.30 0.31 0.37 0.38 0.39

Fo

A 0.20 0.18 0.16 0.15 0.14 0.17 0.17 0.16 0.16 0.16 0.15
B 0.50 0.39 0.22 0.23 0.25 0.26 0.23 0.22 0.32 0.29 0.26

Fmr  
(∑ Fmr)

– – 55 
(273)

165 
(825)

258 
(1292)

316
(1578)

175
(877)

304
(1519)

422
(2109)

175
(874)

300
(1502)

435
(2173)

Table 11.15 Peak Floor Displacement, Peak Floor Drift Storey, Peak Normalised Base Shear and Damper 
Force under Different Control Strategies during El Centro 1940 Earthquake.

Table 11.16 Peak Floor Displacement, Peak Floor Drift Storey, Peak Normalised Base Shear and Damper 
Force under Different Control Strategies during Kobe 1995 earthquake.

Responses Buildings UNC
Case I

Off
Passive-on LQR – CVL H2/LQG – CVL

3 V 6 V 9 V 3 V 6 V 9 V 3 V 6 V 9 V

xi (× 10 
mm)

A 61 60 55.1 52.9 51.8 55.9 55.2 54.5 57.2 56.2 55.5
B 52 48 37.7 31.5 27.3 40.7 38.2 37.1 45.5 43.7 42.2

di

A 0.9 0.8 0.76 0.72 0.79 0.75 0.72 0.71 0.83 0.83 0.83
B 1.4 1.3 1.04 0.99 0.99 1.11 1.04 1.06 1.29 1.28 1.27

Fo

A 0.4 0.4 0.38 0.36 0.35 0.37 0.37 0.36 0.36 0.35 0.35
B 1.2 1.1 0.89 0.72 0.61 0.95 0.87 0.84 1.06 1.00 0.96

Fmr  
(∑ Fmr)

– – 161 
(805)

499 
(2344)

665 
(3326)

843 
(4217)

498 
(2492)

809 
(4044)

1113 
(5000)

584 
(2920)

944 
(4721)

1303 
(5000)

11.6  Summary

Based on the results of base-isolated buildings in this research study, the pounding between 
symmetric buildings affects significantly the lighter and more flexible buildings associated 
with dynamic characteristics.

Based on the results of the fixed-base asymmetric buildings, the response of Building A 
at the superstructure is significantly affected due to the large SSI effects. Moreover, when 
the shear wave velocity is high, the seismic response of coupled buildings modelled on 
inelastic system become significantly different at the foundation level due to the increasing 
soil-structure interaction forces.
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The multi-objective genetic algorithm deals with mutually conflicting objectives in terms 
of the number of dampers and the response of structures. As a result, increasing the number 
of dampers does not necessarily increase the efficiency of the system. In fact, increasing 
the number of dampers can prove worse for the dynamic response of the system. The 
proposed GAF and GA methods for the output voltage of MR dampers achieve enhanced 
seismic performance with economical efficiency. GAF and directly used optimum number 
of damper and command voltage obtained by GA show better control in displacement and 
damper force response of Building A although all the strategies are better for the shorter 
building (Building B).



This book presents some representative results that have been performed to evaluate the 
effects of base isolation on the seismic response behaviour of isolated adjacent buildings 
with significantly different dynamic properties in the time domain. Furthermore, the 
effect of soil-structure interaction (SSI) in multi-storey asymmetric adjacent buildings is 
investigated for impact cases, using the approximate method for MDOF modal equations 
of motion and the rigorous method for the direct integration method. The differential 
equations of motion for two-way asymmetric shear buildings are derived and solved by 
the fourth-order Runge-Kutta method with and without impact. The main objective of this 
study is to fill the gap in knowledge of the seismic response of adjacent buildings retrofitted 
by control systems, such as fluid viscous damper, active control devices and MR dampers 
in semi-active systems, using different adjacent building models. A comprehensive 
computational investigation is done in order to design optimum control devices between 
adjacent buildings. This book aims not only to reduce the seismic responses, but also to 
minimise the total cost of the damper system. From the numerical simulations conducted 
in this research, the following conclusions can be drawn:

• The results of the response analysis of base-isolated buildings demonstrate that
pounding of the structures during ground motion excitation has a significant influence
on the behaviour of lighter buildings in the longitudinal direction. This pounding may
lead to substantial amplification of dynamic response, which may cause considerable
permanent deformations in the neighbouring buildings

• The results of the parametric study explicitly show that the behaviour of the heavier
building in the longitudinal, transverse and vertical directions is practically unchanged
by pounding of structures

• In some cases, the lower storey levels of inelastic systems come into contact with each
other, although collisions between lower storey levels in the case of elastic systems
do not take place

12
Summary and Conclusions
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• Modelling the colliding buildings to behave inelastically is really important in order
to mitigate the effect of pounding on the behaviour of coupled buildings. The results
of further investigation show that the responses based on deformation vectors of
superstructures for each building are significantly reduced by increasing the shear
wave velocity, while the SSI forces increase at the foundation of the buildings

• It is observed that the roof twist of the lighter building, which is assumed to be
inelastic, decreases for the large SSI effect compared to the small SSI effect. At high
shear wave velocity, the top floor deformations of couple buildings are slightly on the
conservative side

• The results in this study show that pounding affects the dynamic properties of the
building under extreme SSI effects. The values of pounding force in the approximate
method remain same as the results obtained by the rigorous method when the shear
wave velocity is very low, although those results are not in agreement with the small
SSI effects due to increased number of poundings. The responses at foundation are
less in the small SSI effects compared with the results in the large SSI effects. Instead
of using only the first few vibration modes, all modes are used to achieve satisfactory
results by the rigorous method due to high pounding forces

• The best-fitness individual is copied to the next generation by using an elitist strategy.
The result shows that the visco-elastic damper is quite effective in reduction of about
25 per cent in the response of both the adjacent buildings. The response mitigation is
better for the shorter building

• Static output feedback controller, where the gain is multiplied directly with the
measurement output without an observer, is used as feedback control. It makes the
system framework simpler than a dynamic output controller. As a result, adjacent
buildings coupled by either passive or active damper at the top floor level demonstrate
that the controlled design approach can systematically achieve enhanced seismic
performance with economical efficiency instead of using damper at all the storey
levels

• The control scheme of coupling two adjacent buildings using MR damper linkages
is very effective for seismic response reduction in both the buildings. For coupled
system the response control is better for the shorter building. A comparison of seven
considered controlled strategies, namely the uncontrolled case, passive-off, passive-
on, H2/LQG, LQR, GAF and directly GA shows that the controlled strategy based
on H2/LQG is more effective than the other strategies. Significant response control
is possible with passive-on strategy that provides the effectiveness of MR damper in
response mitigation even if the control algorithm fails.

• A fuzzy controller combined with genetic algorithm is developed to regulate the
damping properties of the MR damper and reduce the chosen different regulated
outputs in multi-degree of freedom seismically-excited adjacent buildings. From the
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results obtained, it can be concluded that the fuzzy controller proposed with GA is 
successful in reducing maximum and drift storey responses of the selected buildings 
under three different earthquake excitations.

Based on the case study given detailly in Chapters 7–9, the time variation of the top floor 
displacement and base shear responses of two buildings linked by fluid viscous dampers 
at all the floors, with optimum damping coefficient and optimum damping stiffness, was 
shown. It can be clearly seen that dampers had a major role on the effectiveness of dampers 
in controlling the earthquake responses of both the adjacent buildings. The effectiveness 
of fluid viscous dampers became less important for the higher building than the lower 
and more beneficial for the adjacent buildings, having different heights than the same.  
Example 4(a) investigates to mitigate the seismic response of coupled buildings with 
different shear stiffness but same heights and finds that the results are more effective than 
the adjacent buildings having the same characteristics. For all the studied buildings in this 
study, the reductions in top floor displacement become important in N-S direction.

In order to reduce the cost of fluid viscous dampers, the response of adjacent buildings was 
investigated by considering only specific dampers (i.e. almost 50 per cent of the total) with 
optimum parameters shown above at selected floors. For lower buildings, lesser dampers at 
appropriate placements were more effective than dampers at all floors. However, for higher 
buildings, it can be the opposite in the case big earthquakes. Changing the parameters of 
dampers in terms of damping coefficients is important to reduce the top floor displacements 
of adjacent buildings. Damper 2, which has much damping coefficient, is more beneficial 
than Damper 1.

The fluid viscous dampers are found to be very effective in reducing the earthquake 
responses of adjacent linked buildings. There is an optimum placement of dampers for 
minimum earthquake response of two adjacent connected buildings. This study shows that 
it is not necessary to connect the two adjacent buildings with dampers at all floors but 
lesser dampers at select locations can reduce the response during seismic events. Although 
lesser dampers can be effective in reduction of the responses, the amount of reduction is 
higher than in other cases when the dampers are located at all floors. The study can be 
further explored by considering when two high adjacent buildings with different damping 
characteristics, are connected a new and different damper.

Furthermore, using the fluid damper of parameters derived based on two damping 
coefficients is beneficial to reduce the responses of the adjacent structures under select 
earthquakes. Further, the diagonal location of fluid viscous dampers causes reduction in 
displacement, acceleration and shear force responses of adjacent buildings in NS and EW 
directions. The analysis results of this study show that placing fluid viscous dampers at 
selected floors will result in a more efficient structural system to mitigate the earthquake’s 
effects.

Summary and Conclusions
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Finally, while finding the objective function of the optimal arrangement for each specific 
number of dampers, the effectiveness of responses to the number of placed dampers is 
examined. The numerical results prove that increasing the number of dampers does not 
necessarily improve the efficiency of the system; hence, reducing the cost of dampers. 
In fact, increasing the number of dampers can even result in increasing the inter-storey 
drift. The most likely reason for this assumption has been widely used in many studies. 
The results show that it is not valid and can lead to very inefficient damping values. An 
interesting research direction to extend the procedures in this study involves optimal 
passive, active and semi-active control devices for adjacent buildings, considering the SSI 
system by using multi-objective genetic algorithm in conjunction with fuzzy logic control. 
The research is utilised for exploring the design space to find an optimal set of solutions.
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Appendices 
Data of the Buildings given in Chapter 7

Table A1 The Design Data for All Examples.

Live load	 : 4.0 kN/m2 at typical floor
: 1.5 kN/m2 on roof

Floor finish	 : 1.0 kN/m2 
Water proofing	 : 2.0 kN/m2 on roof
Terrace finish	 : 1.0 kN/m2 
Location	 : Structures in New Zealand
Importance Levels	 : 2 (Buildings not included in importance levels 1, 3 or 4)   

		 (AS/NZS 1170.0-2002)
Earthquake load	 : As per AS/NZS 1170.4-2002

		 Time history analyses
Depth of foundation below ground	 : 2.5 m
Type of soil	 : Type II, Medium as per  

		 AS/NZS 1170.0-2002
Allowable bearing pressure	 : 200 kN/m2

Walls	 : 230 mm thick brick masonry  
walls only at periphery.

Appendix A-1: The Design Data
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Appendix A-2: Material Properties

Table A2 Material Properties for Concrete and Steel.

Concrete
All components unless specified in design: M 30 grade
For M 30, fck = 30 MPa

5000c ckE f= ×  = 27386 N/mm2

Where fck is characteristic strength of concrete and Ec stands for elastic modulus of concrete at 28 days
Concrete density = 25 kN/m3

Wall Density = 19 kN/m3

Plaster Density = 20 kN/m3

Parapet = 4.85 kN/m2

Heights of materials:
Parapet = 1 m
Slab = 0.12 m
External Wall = 0.23 m
Internal Wall = 0.1 m
Plaster Thick = 0.012 m
Steel 
HYSD reinforcement of grade Fe 415 confirming to IS:1786 is used throughout

Appendix A-3: Gravity Load Calculations for Examples

Table A3 Unit Load Calculations for Examples 1 and 2(a).

Assumed sizes of beams and column sections are:
Columns: 300 × 600 mm2 in Building A

Area, A = 0.18 m2

Columns: 300 × 500 mm2 in Building B
Area, A = 0.15 m2

Beams: 250 × 600 mm2 in Building A
Area, A = 0.15 m2

Beams: 250 × 500 mm2 in Building B
Area, A = 0.125 m2
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Table A4 Member Self-Weights for Examples 1 and 2(a).

Member Self-weights: Member Self-weights:
Building A Building B

Columns = 4.5 kN/m Columns = 3.75 kN/m
Beams = 3.75 kN/m Beams = 3.125 kN/m
Slab (120 mm thick) = 3 kN/m2 Slab (120 mm thick) = 3 kN/m2

External brick wall (230 mm thick) = 4.85 kN/m2 External brick wall (230 mm thick) = 4.85 kN/m2

Internal brick wall (100 mm thick) = 2.38 kN/m2 Internal brick wall (100 mm thick) = 2.38 kN/m2

Roof Parapet (height 1.0 m) = 4.85 kN/m Roof Parapet (height 1.0 m) = 4.85 kN/m

Assumed sizes of beams and column sections are:
Columns: 300 × 700 mm2 in Building A

Area, A = 0.21 m2

Columns: 300 × 600 mm2 in Building B
Area, A = 0.18 m2

Beams: 300 × 600 mm2 in Building A
Area, A = 0.18 m2

Beams: 300 × 500 mm2 in Building B
Area, A = 0.15 m2

Table A5 Unit Load Calculations for Examples 3 and 4(a).

Appendices

Table A6 Member Self-weights for Examples 3 and 4(a).

Member Self-weights: Member Self-weights:
Building A Building B

Columns = 7 kN/m Columns = 4.5 kN/m
Beams = 4.5 kN/m Beams = 3.75 kN/m
Slab (120 mm thick) = 3 kN/m2 Slab (120 mm thick) = 3 kN/m2

External brick wall (230 mm thick) = 4.85 kN/m2 External brick wall (230 mm thick) = 4.85 kN/m2

Internal brick wall (100 mm thick) = 2.38 kN/m2 Internal brick wall (100 mm thick) = 2.38 kN/m2

Roof Parapet (height 1.0 m) = 4.85 kN/m Roof Parapet (height 1.0 m) = 4.85 kN/m
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Appendix A-4: Slab Load Calculations and Beam-Frame Load 
Calculations for All Examples in Chapter 7

Table A7 Slab Load Calculations.

Slab load calculations:
Building A and B

Component (kN/m2)
Roof Floor

DL LL DL LL
Self (120 mm thick) 3 0 3 0
Water proofing 2 0 0 0
Floor finish 1 0 1 0
Live load 0 1.5 0 4
Total (kN/m2) 6 1.5 4 4

Building A and B
Beam and Frame load calculations:

Roof Level
Internal Beams DL LL
From Slab 18 4.5
Total (kN/m) 18 4.5
External Beams DL LL
From Slab 9 2.25
Parapet 4.85 0
Total (kN/m) 13.85 2.25
Floor Level
Internal Beams DL LL
From Slab 12 12
Internal Walls 5.712 0
Total (kN/m) 17.712 12
External Beams DL LL
From Slab 6 6
External Walls 11.64 0
Total (kN/m) 17.64 6

Table A8 Beam and Frame Load Calculations.
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Appendix A-5: Seismic Weight of the Floors for Examples

Building A
Seismic Weight of the Floors 

Roof Level DL LL
From Slab 864 216
Parapet 232.8 0
External Walls 279.36 0
Internal Walls 68.544 0
Main Beams 270 0
Columns 60.75 0
Total 1775.454 216
W(DL+0.3*LL) 1840.254 kN
Floor Level DL LL
From Slab 576 576
External Walls 558.72 0
Internal Walls 137.088 0
Main Beams 270 0
Columns 121.5 0
Total 1663.308 576
W(DL+0.3*LL) 1836.108 kN
Story: 5
Total Structure Weight: 9184.686 kN

Table A9 Seismic Weight of the Floors for Building A in Example 1(a).

Appendices
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Building B
Seismic Weight of the Floors

Roof Level DL LL
From Slab 864 216
Parapet 232.8 0
External Walls 279.36 0
Internal Walls 68.544 0
Main Beams 225 0
Columns 50.625 0
Total 1720.329 216
W(DL+0.3*LL) 1785.129 kN
Floor Level DL LL
From Slab 576 576
External Walls 558.72 0
Internal Walls 137.088 0
Main Beams 225 0
Columns 101.25 0
Total 1598.058 576
W(DL+0.3*LL) 1770.858 kN
Story: 5
Total Structure Weight: 8868.561 kN

Table A10 Seismic Weight of the Floors for Building B in Example 1(a).
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Building A
Seismic Weight of the Floors

Roof Level DL LL
From Slab 864 216
Parapet 232.8 0
External Walls 279.36 0
Internal Walls 68.544 0
Main Beams 270 0
Columns 60.75 0
Total 1775.454 216
W(DL+0.3*LL) 1840.254 kN
Floor Level DL LL
From Slab 576 576
External Walls 558.72 0
Internal Walls 137.088 0
Main Beams 270 0
Columns 121.5 0
Total 1663.308 576
W(DL+0.3*LL) 1836.108 kN
Story: 10
Total Structure Weight: 18365.23 kN

Table A11 Seismic Weight of the Floors for Building A in Example 2(a).

Appendices
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Table A12 Seismic Weight of the Floors for Building B in Example 2(a).

Building B
Seismic Weight of the Floors

Roof Level DL LL
From Slab 864 216
Parapet 232.8 0
External Walls 279.36 0
Internal Walls 68.544 0
Main Beams 225 0
Columns 50.625 0
Total 1720.329 216
W(DL+0.3*LL) 1785.129 kN
Floor Level DL LL
From Slab 576 576
External Walls 558.72 0
Internal Walls 137.088 0
Main Beams 225 0
Columns 101.25 0
Total 1598.058 576
W(DL+0.3*LL) 1770.858 kN
Story: 5
Total Structure Weight: 8868.561 kN
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Building A
Seismic Weight of the Floors

Roof Level DL LL
From Slab 864 216
Parapet 232.8 0
External Walls 279.36 0
Internal Walls 68.544 0
Main Beams 324 0
Columns 94.5 0
Total 1863.204 216
W(DL+0.3*LL) 1928.004 kN
Floor Level DL LL
From Slab 576 576
External Walls 558.72 0
Internal Walls 137.088 0
Main Beams 324 0
Columns 189 0
Total 1784.808 576
W(DL+0.3*LL) 1957.608 kN
Story: 20
Total Structure Weight: 39122.56 kN

Table A13 Seismic Weight of the Floors for Building A in Example 3(a).

Appendices
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Table A14 Seismic Weight of the Floors for Building B in Example 3(a).

Building B
Seismic Weight of the Floors

Roof Level DL LL
From Slab 864 216
Parapet 232.8 0
External Walls 279.36 0
Internal Walls 68.544 0
Main Beams 270 0
Columns 60.75 0
Total 1775.454 216
W(DL+0.3*LL) 1840.254 kN
Floor Level DL LL
From Slab 576 576
External Walls 558.72 0
Internal Walls 137.088 0
Main Beams 270 0
Columns 121.5 0
Total 1663.308 576
W(DL+0.3*LL) 1836.108 kN
Story: 10
Total Structure Weight: 18365.226 kN
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Table A15 Seismic Weight of the Floors for Building A in Example 4(a).

Building A
Seismic Weight of the Floors

Roof Level DL LL
From Slab 864 216
Parapet 232.8 0
External Walls 279.36 0
Internal Walls 68.544 0
Main Beams 324 0
Columns 94.5 0
Total 1863.204 216
W(DL+0.3*LL) 1928.004 kN
Floor Level DL LL
From Slab 576 576
External Walls 558.72 0
Internal Walls 137.088 0
Main Beams 324 0
Columns 189 0
Total 1784.808 576
W(DL+0.3*LL) 1957.608 kN
Story: 20
Total Structure Weight: 39122.56 kN

Appendices
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Table A16 Seismic Weight of the Floors for Building B in Example 4(a).

Building B
Seismic Weight of the Floors

Roof Level DL LL
From Slab 864 216
Parapet 232.8 0
External Walls 279.36 0
Internal Walls 68.544 0
Main Beams 270 0
Columns 60.75 0
Total 1775.454 216
W(DL+0.3*LL) 1840.254 kN
Floor Level DL LL
From Slab 576 576
External Walls 558.72 0
Internal Walls 137.088 0
Main Beams 270 0
Columns 121.5 0
Total 1663.308 576
W(DL+0.3*LL) 1836.108 kN
Story: 20
Total Structure Weight: 36726.306 kN
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