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Doctor of Philosophy

by Humberto Caudana Quintana

This document describes an investigation of the e�ciency of friction-based passive and

semiactive systems for control of the seismic response of multi-storey buildings, and the

mechanisms behind their performance. Passive and semiactive systems are novel strate-

gies used to reduce the seismic demand in structural systems by increasing the energy

dissipation capacity and altering the dynamic properties of the building. The investi-

gation is conducted by the means of simulations of the non-linear response of low- and

medium-rise frames to a variety of seismic excitations with di↵erent frequency content,

using a computer program especially designed for this purpose. The e�ciency of existing

passive and four semiactive control systems, as it was demonstrated by the simulations,

is closely related to pre-defined control parameters, which limit their e↵ectiveness.

In order to investigate the possibility of improving the performance of the existing control

systems, two new algorithms are also developed in this research, exploring decentralised

and partially decentralised architectures. The novelty of these new algorithms is the use

of variable gain factors that determine the required control forces either: (i) based on the

relation between the real-time response of the structure and pre-defined values of target

deformation, which in this investigation are related to the elastic limits of deformation in

the frame (decentralised system); or (ii) by proportionally determining the control forces

into a novel strategy of maintaining a constant inter-storey drift along the height of the

building (partially decentralised system). The performance of the new control systems on

four multi-storey frames is compared to that of existing passive and semiactive systems.

The results indicate an improved performance in the two new systems, in comparison to

existing strategies, in terms of enhanced adaptability, by not compromising the levels of

response reduction, but using lower levels of control forces.
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Chapter 1

Introduction

1.1 The need of structural control

Seismic design of multi-storey buildings is a field within civil engineering submerged in a

constant evolutionary process. On one hand, densely populated urban centres located in

earthquake prone areas require buildings with more reliability and higher safety levels.

On the other, economical restrictions strain the necessity to optimise resources and

craftsmanship.

A current design methodology, which utilises a ductility-based criterion, may not be

a unique, optimal solution. Such a design approach takes advantage of the non-linear

properties of the structural system. Thus, the structural response is attenuated by al-

lowing dissipation of seismic energy through damage at specific zones of the structure.

Although a more e�cient use of materials is achieved (resulting in smaller, lighter struc-

tures), allowing damage in the structure implies further repairs and additional costs, as

well as aesthetic distortion.

Structural control is a possible solution that is currently under broad investigation.

Its main advantage is the reduction of the seismic response, which could preclude any

structural damage, without the need to modifying the original design of the building.

Control systems can be classified in three types: active, passive and semiactive. Attend-

ing each type, the systems allow reduction of the seismic response by counteracting the

seismic forces directly, or by dissipating the seismic energy through special mechanisms.

As it will be detailed later, there are several advantages and disadvantages associated

with each type, but one important aspect is the complexity for practical implementa-

tions. Depending on each type, structural control systems may imply the use of advanced

1
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technological resources, including those of other engineering fields like electronics and

control.

The seismic response of the building and the damage in the structural elements can

be reduced or even avoided by using relatively simple passive control systems. In such

systems, the seismic energy is dissipated by using dampers, i.e. devices with special

mechanisms designed for that purpose. Passive systems utilising frictional mechanisms

have shown high e�ciency in some cases, as it was demonstrated by the studies of

several researchers (e.g. Aiken et al. 1988; Martinez-Rueda and Elnashai 1995; Pall and

Marsh 1982), but the best performance for a given structure and earthquake has been

associated with a narrow range of capacities of the passive friction connections.

As a possible solution, semiactive control is an approach in which the capacity (slip-

load) of the friction connections (or dampers) can be adjusted in real time during the

earthquake. This can be considered as a self-adaptive passive system, with an enhanced

performance, without increasing the complexity of application or the resources required.

1.2 Scope of the research

This research is focused on the performance of control systems in which seismic en-

ergy is dissipated through hysteretic frictional mechanisms. These friction-based control

systems include both passive and semiactive strategies.

The e�ciency of passive systems within a broad range of damper capacities and the

parameters a↵ecting their performance are within the interests of this investigation.

Moreover, the performance of semiactive control systems based on decentralised imple-

mentations (i.e. systems with local autonomous controllers) is considered in this research.

Development of a computational tool for simulations of the seismic response of a variety

of non-linear frame structures under di↵erent ground excitations, in order to investigate

the e�ciency of passive and semiactive control systems, is also within the scope of this

study.

1.3 Aim of the research

The aim of the research is to examine the e�ciency of existing friction-based passive and

semiactive seismic control of multi-storey buildings. Along with this, the mechanisms

behind the performance of each system will also be investigated.
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The research also aims at developing an e�cient and simple friction-based semiactive

algorithm, as a possible solution to the limitations of existing semiactive systems.

1.4 Objectives of the research

For the investigation of the e�ciency of existing friction-based passive and semiactive

control systems, and development of new algorithms, this research has the following

objectives:

1.4.1 Objective 1

Assessment of the performance of passive control systems for a broad range of dampers’

capacities, aiming at identification of the optimum system, and examination of its mech-

anism.

1.4.2 Objective 2

Assessment of the performance of a selection of existing decentralised, friction-based,

semiactive control systems, including the modulated homogeneous control (Inaudi, 1997),

linear and smooth boundary layer controllers (He et al., 2003) and Tri-D control (Chen

and Chen, 2004c), and examination of its mechanism.

1.4.3 Objective 3

Development of new semiactive control algorithms, as possible solution to the limitations

of passive and existing semiactive controllers, and investigation of their performance.

1.5 Organisation of the thesis

This thesis is organised in 11 chapters and 2 appendices. Definitions of structural control

and literature review of friction-based semiactive control systems, including examples of

practical applications, description of existing semiactive algorithms and friction-based

semiactive devices are presented in Chapter 2. The methodology approached for the

fulfilment of the aim and objectives of this research is presented in Chapter 3.

In Chapter 4, a description of the computer program ConStruc c� for non-linear simula-

tions of seismic response of frame structures with control systems, developed as part of
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this research, is presented. The program ConStruc was utilised to simulate the response

of a set of four multi-storey frames, subjected to the action of six historic ground ex-

citations. Details of those reference structures and the seismic inputs are presented in

Chapter 5.

Investigation of existing control systems was also within the scope of this work. The

study on the e�ciency of friction-based passive control and the mechanisms behind the

optimum performance of those systems is presented in Chapter 6, whereas the study

on the e�ciency of a selection of existing semiactive control algorithms is presented in

Chapter 7.

Two new semiactive algorithms were developed as part of this research. The study of

the decentralised target deformation with variable gain factors (T�VG) algorithm, is

presented in Chapter 8. The study corresponding to the second control algorithm, the

partially decentralised, average deformation with variable gain factors (A�VG) algorithm,

is presented in Chapter 9.

In Chapter 10, a summary of results from the simulations of the response of all frames

is presented, along with comparisons of performance between passive and semiactive

control systems. The general conclusions of this project and recommendations for future

research are given in Chapter 11.

Two appendices have also been included in this document. In Appendix A, a user guide

of the computer program ConStruc is presented. In Appendix B, selected examples for

verification of results obtained with ConStruc and another popular academic software

for non-linear dynamic analysis, Drain-2DX, are presented.



Chapter 2

Literature review of

friction-based semiactive control

2.1 Introduction

Structural control, as an alternative approach to reduce the seismic response of buildings,

is a relatively new field within civil engineering. However, over the past decades there

has been a rapid and broad investigation on control systems, which has led to many

practical applications nowadays. Among the outcomes of the research on structural

control, there are several semiactive control algorithms, which have been investigated

theoretically and/or experimentally.

General definitions of the concept of structural control, along with the findings from a

literature review focused on control systems with frictional hysteretic devices, are pre-

sented in this Chapter, including existing semiactive algorithms, practical applications

and friction-based devices.

2.2 Definition of structural control

Structural control is a concept allowing for the dissipation of seismic energy (exerted in

a structure) by means of special mechanical devices. Its principal objective is to reduce

the seismic damage and structural demand of the main framing system. Additional

objectives include reduction of the structural response due to excessive vibration caused

by earthquakes and wind loads (Arfiadi and Hadi, 2000).

5
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In general terms, structural control is a concept that refers to a secondary system installed

within a structure, aiming at improving the structural response by means of mechani-

cal work, without a↵ecting the design resistance of the main structure, but enhancing

structural properties, such as sti↵ness or damping.

Extensive research on structural control has taken place mainly during the last 30 years

(Spencer and Nagarajaiah, 2003), but the idea is much older. The earliest notion of

structural control is due to John Milne, who built a house standing on ball bearings in

Japan, more than one hundred years ago (Housner et al., 1997). Recent evidence of the

concept can be traced back to the 1950s, when an initial concept of seismic-response-

controlled structures was proposed (Kobori, 1996). As Kobori defined, “a seismic-

response control means providing the characteristics and/or devices to a structure that

are capable of controlling earthquake responses”. The same author proposed five ways

to achieve that control, as follows:

• Cut o↵ the energy transmission from the ground motion to the structure.

• Isolate the natural period of the building from the predominant frequency domain

of the ground motion.

• Achieve the non-stationary and non-resonant state by providing non-linear char-

acteristics to the system.

• Apply control force such as a mass damper/driver or tendon.

• Utilize an energy absorption mechanism.

Another early definition of the concept of structural control was given by Yao (1972),

stating that a structural system with control was such whose behaviour “varies auto-

matically in accordance with unpredictable variations in the loading as well as environ-

mental conditions and thereby produces desirable responses under all possible loading

conditions”.

2.3 Classification of control systems

Control systems consist in the placement of special devices at specific locations of the

structure. According to the type of devices and the mechanism used to modify the

structural response of the building, control systems can be classified in three major

groups (Symans and Constantinou, 1999):
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• Active controllers, which are e↵ective in a broad range of seismic frequencies, as

they adapt to the structural response in real time, by using feedback information

and control algorithms. However, these systems exert forces into the building, in

order to control the response, and their application is limited by large amounts of

energy required during the earthquake.

• Passive controllers utilise dissipative mechanisms to reduce the response. Spe-

cial devices for such dissipation get activated using only the motion of the building.

The main drawback of passive systems is the lack of adaptability, which limits their

e�ciency to a narrow range of frequencies.

• Semiactive controllers minimise the limitations of passive systems by includ-

ing mechanical regulators, i.e. implements to modify the capacity of the control

devices, such as valves, piezoelectric stacks or electric motors. Similar to passive,

semiactive systems are reactive, i.e. they do not require external energy (apart

from a battery to operate the regulator), and use the motion of the structure to

trigger activation. Similar to active systems, the regulation of devices is based on

the structural response feedback and a control algorithm, which improves their

adaptability.

2.3.1 Active control systems

Active control systems modify the seismic response by exerting forces directly into the

building, counter-acting the seismic action. In active systems, the magnitude of control

forces is determined by an algorithm. A computer utilises the feedback information of

the structural response and/or feedforward information of the ground motion (collected

by sensors). With that information, the control signals are generated and sent to the

actuators. An schematic representation of active systems is shown in Fig. 2.1. A feedback

algorithm is fed with information about the structural response, whereas a feedforward

algorithm utilises information about the excitation. This makes active systems highly

adaptable, as they are capable of modifying its properties according to the characteristics

of the structural response and/or the seismic excitation.

The control forces are generated through electro-mechanical or electro-hydraulic actua-

tors, i.e. devices with capacity to generate and exert forces into the buildings, such as

active tendons or mass dampers. Due to the nature of earthquakes, large amounts of

energy are required by the actuators during the ground motion. Active systems may also

compromise the stability due to large forces exerted into the building (Housner et al.,

1997).
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Figure 2.1: Schematic implementation of active control systems (adapted from
Symans and Constantinou, 1999).

2.3.2 Passive control

Passive controllers are reactive systems that dissipate seismic energy by means of me-

chanical work. These systems do not require external power to operate, but are activated

using only the motion of the building. However, their reactive nature results in lack of

adaptability, limiting their e�ciency to a narrow range of frequencies. As it can be

observed in Fig. 2.2, passive systems do not require feedback or feedforward information,

thus their performance depends on the characteristics of the ground motion and the

structural response at the location of each damper. Di↵erent devices based on viscous

fluids, viscoelastic materials, mild metallic plates, friction and addition of masses have

been used in passive systems. Detailed reviews and descriptions of these devices are out

of the scope of this investigation, but can be consulted in several references, e.g. Aiken

(1996), Housner et al. (1997), Constantinou et al. (1998), Parulekar and Reddy (2009)

and Rai et al. (2009).

Passive devices can be classified as rate-dependent and rate-independent (Symans et al.,

2008). The first classification includes those devices whose output force depends on their

rate of deformation (e.g. viscous and viscoelastic dampers). The second classification

include those dampers whose output force depends on the amount of deformation across

them, but without an influence of its rate (e.g. metallic and friction dampers). An ad-

vantage of rate-independent devices is their larger hysteretic area, which indicates higher

dissipative capacity (Fig. 2.3). This type of hysteretic behaviour, however, makes these

devices highly non-linear. A review of rate-independent devices, specifically metallic

yield and friction devices, is given by Martinez-Rueda (2002).
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The inclusion of passive dampers into the main structure does not compromise its design

resistance. It rather enhances the damping capacity and modifies the vibration prop-

erties, hence altering the dynamic response. It has been reported that the increase of

damping may be in the order of 20% to 30% of critical, which is higher that 1% to 5%

due to inherent damping (Pall and Pall, 2004). Since passive systems do not exert any

energy into the system, they are considered inherently stable (Housner et al., 1997).

Figure 2.2: Schematic implementation of passive control (adapted from Symans and
Constantinou, 1999).

Figure 2.3: Characteristics of passive devices (after Symans et al., 2008).

2.3.3 Semiactive control

Semiactive systems combine the simplicity of passive control, but increasing their degree

of adaptability. These systems consist of passive devices enhanced with mechanical reg-

ulators (e.g. valves, motors, piezoelectric materials) to modify their capacity. Semiactive

systems are inherently stable due to their dissipative nature, and cannot destabilise the

structure by exerting additional energy, unlike active systems. Also, they can operate
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using small amounts of external power, in the order of a few watts or a small battery

(Datta, 2003; Spencer and Nagarajaiah, 2003).

Although simpler than active, the implementation of semiactive control is more compli-

cated than passive (Fig. 2.4). A semiactive system requires the use of sensors to acquire

feedback information and computers to process data and generate control signals. Thus,

their performance depends on the control algorithm implemented.

Figure 2.4: Schematic implementation of semiactive control systems (adapted from
Symans and Constantinou, 1999).

Depending on how they modify the vibrational properties of the main structure, two

groups of semiactive systems can be divided in (Datta, 2003):

• Sti↵ness control devices, which modify the sti↵ness of the main structure, hence

modifying the frequency of vibration to avoid resonant conditions. They generally

work by locking or unlocking a mechanism within the device, thus switching be-

tween braced or unbraced states. An example of this type of devices is the active

variable sti↵ness system, which consists of a cylindrical oil container installed be-

tween a set of chevron braces and the beams of the frame. The braces are engaged

or released from the main structure by using a regulator valve, which locks or

unlocks the flow of the oil within the cylinder (Kobori et al., 1993). Another ex-

ample is the device invented by Nagarajaiah (2000), which consists of four spring

elements arranged in a variable rhombus configuration, adjusted by means of a

piston rod controlled by a motor. According to Nagarajaiah, the device modifies

continuously the sti↵ness of the main frame, unlike the active variable sti↵ness

device.
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• Friction control devices, which also alter the frequency of vibration of the structure

by modifying the clamping force in the friction connections, hence increasing or

reducing the frictional force required to start slippage (Section 2.6).

2.4 Advantages and disadvantages of control systems

Control systems have been implemented in a number of buildings, and have proven

to be e�cient. However, there are still some disadvantages that prevent a generalized

application to civil structures.

In the case of active control systems, the main disadvantage is the large amount of

energy required for operation. Datta (2003) has identified another real-time application

issues:

• The idealization of the models, which may not represent accurately the actual

structure, thus introducing errors in the control algorithm.

• The time delay in the generation of the control force, which can cause ine↵ective

control and instability.

• The impracticality of installing sensors and controllers at every point of the struc-

ture to get feedback information. This raises the need for optimisation of the

placement of sensors and controllers.

• Uncertainties in the online identification of the characteristics of the system and

time-dependent degradation.

• The reliability, which might be debatable due to infrequent operation, mainte-

nance, availability of power source when the earthquake occurs.

• The high cost of the equipment and implementation.

Additionally, Dyke et al. (1995) reported that the interaction between the active system

and the structure may also a↵ect the performance of the controller, specially in systems

utilising hydraulic actuators, due to secondary vibrations exerted by the actuators into

the building.

On the other hand, advantages of passive systems include economy, inherent stability

and dissipative capacity even during major earthquakes (Housner et al., 1997). However,

the main disadvantage is their lack of adaptability, which may limit their e�ciency for
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broad range of excitation frequencies. There is some research about the optimal distri-

bution of passive dampers in the structure (e.g. Agrawal and Yang, 1998; Apostolakis

and Dargush, 2010; Aydin et al., 2007; Ciampi et al., 1995). However, even in that

case, the capacity of the dampers is pre-set to one value. This condition may result in

performance variations for di↵erent earthquakes. Even for the same excitation, passive

systems show a narrow range of dampers’ slip-loads with maximum response reductions

(Cherry and Filiatrault, 1993; Martinez-Rueda and Elnashai, 1995; Pall and Pall, 2004),

hence requiring tuning in order to find the optimum slip-load. Passive control may also

result in residual deformations, due to the inability of the main structure to produce

restoring forces larger than the dampers’ slip-load, especially when the structure’s sti↵-

ness is reduced due to inelastic deformations.

Semiactive systems are a possible solution for the limitations of passive and active sys-

tems. Several points leading to enhancement of these systems may be listed as:

• Simplicity, reliability and durability of the control device.

• Simplicity and performance of the control algorithm.

• Avoidance of problems associated with active control, e.g. delays in the control

signals or large energy requirements.

2.5 Practical applications of control systems

An exhaustive investigation of control systems installed in actual buildings is out of the

scope of this study. Instead, several references can be suggested to the reader, such as

Kobori (1996), Housner et al. (1997), Spencer and Nagarajaiah (2003), Symans et al.

(2008), Ikeda (2009), and Casciati et al. (2012).

The conceptual and theoretical stage of active structural control saw its first modern

full-scale implementation in 1989, when a control system was installed in Japan, in the

Kyobashi Seiwa Building (Kobori et al., 1991), a 10-storey, slender, steel structure, likely

to have important transverse and torsional demands. The control system consisted of

two active mass drivers (AMD) installed at the top floor of the building. One AMD

introduced forces counter-acting the transversal movement of the structure, whereas the

other counter-acted the torsional moments.

Also in Japan, the first application of a semiactive system was developed in 1990. An

active variable sti↵ness (AVS) system was installed in a test 3-storey steel building with

the purpose of avoiding resonance by altering the structural sti↵ness during the seismic
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excitation (Kobori et al., 1993). The control system consisted of a hydraulic device

connecting steel braces to the beams. A valve included in the device made it possible to

engage or disengage the braces to the beams, hence switching between braced/unbraced

frame.

Starting with those two applications, there has been a growing acceptance of control

technologies, as demonstrated by the increase from 32 active and 3 semiactive applica-

tions in 2001 (Nishitani and Inoue, 2001) to 52 active and 17 semiactive in 2009 (Ikeda,

2009).

In the United States, there has been a considerable amount of research on structural

control, but a limited number of active and semiactive applications. Only one semiactive

application in the Walnut Creek Bridge on interstate highway I-35, in Oklahoma, was

found in the literature (Nagarajaiah et al., 2008; Spencer and Nagarajaiah, 2003; Spencer

and Soong, 1999). Reasons that impede the application of control systems are attributed

to the conservative character of the construction industry in that country (Spencer and

Nagarajaiah, 2003).

In contrast to active and semiactive, there is a wide spread use of passive systems, ac-

counting about 5000 applications worldwide (Martelli and Forni, 2008). The character

of such applications is diverse, ranging from retrofitting of historical buildings to inclu-

sion in new constructions and bridges. Detailed reviews of passive control applications

can be found in Martelli and Forni (2008); Mazzolani (2001); Symans et al. (2008).

In Mexico, a country with high seismicity, several applications of passive control systems

have been documented (Martinez-Romero, 1993; Symans et al., 2008). The iconic Torre

Mayor building in Mexico City is a high-rise steel and reinforced concrete structure,

with a rate-dependent, viscous fluid-based passive system. In this case, the dampers are

installed within diagonal mega-braces across several storeys.

Passive friction dampers have been applied in a variety of buildings, including the 18-

storey, steel frame, La Gardenia Towers (Chandra et al., 2000), in India; the 9-storey,

dual concrete and steel frame Eaton building in Canada (Pasquin et al., 2002); and

several other structures described in Pall and Pall (2004). Slip-load capacities up to

700kN were reached for the Eaton Building. Friction dampers have also been installed

in the 3-storey, Monterey County Government Center, in California, with maximum

slip-load of 1113kN (Symans et al., 2008).
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2.6 Mechanism of a friction-based damper

Two considerations for the use of friction devices are important: (i) the simplicity of

the design, and (ii) the durability. Generally, the design of friction dampers is rather

simplistic, consisting of steel plates bolted together, where dissipation of energy occurs

due to their relative slippage, as shown in Fig. 2.5. Several dampers using this princi-

ple have been proposed by Pall and Marsh (1982), FitzGerald et al. (1989), Grigorian

et al. (1993), Martinez-Rueda and Elnashai (1995), Cho and Kwon (2004). The second

consideration, i.e. durability, is related to the materials used, specially in the frictional

interface of the moving plates. Experimental investigations carried out by Pall and

Marsh (1982) and Grigorian et al. (1993) showed stability in the hysteretic behaviour

when heavy duty brake lining or brass were used.

Accounting to such stability, the mechanical behaviour of friction dampers can be mod-

elled using a Coulomb friction model, as:

f
p,i

= µN
i

sgn(�̇
i

(t)) (2.1)

where f
p,i

represents the passive slip-load of the ith damper, µ is the friction coe�cient

of the sliding interface, and N
i

is the clamping force. The direction of the friction force

(and motion in the damper) is determined by the sign of the deformation rate across

the damper, given by sgn(�̇
i

(t)).

A representation of the mechanical model of passive friction dampers is shown in Fig. 2.6.

The force f
p

(with the sub-index i removed, for simplicity of notation), is determined

with Eq. 2.1. This force represents the slip-load that initiates relative slippage of the

connections. The initial sti↵ness of the damper, k
d

, is usually very high, hence slippage

Figure 2.5: Schematic view of a friction damper.
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Figure 2.6: Mechanical model of passive friction dampers.

occurs at small deformations, �
d,y

. Being rate-independent devices, the amount of energy

dissipated by friction dampers, E
d

, is not related to the velocity across the interface,

but rather is given by the product of the frictional force and the amount of deformation.

The energy dissipated, then, is represented by the area enclosed in the hysteretic curve

of Fig. 2.6.

When a friction damper is installed within a structure, the sti↵ness of the system

structure-damper increases as a result of the combination of the higher sti↵ness of the

friction connection, k
d

, and the sti↵ness of the storey where the damper is installed,

k
f

. This is illustrated in Fig. 2.7, where k
d

>> k
f

and F
v

represents the inter-storey

shear force. In general, F
v

increases as a result of higher sti↵ness in the system, given

by k
d

+ k
f

(Fig. 2.7a). However, for combinations where f
p

< f
y

and � < �
fy

, it is also

possible a reduction of the shear force (Fig. 2.7b). Here, f
y

and �
fy

represent the yield

strength and yield deformation of the structure, respectively.

Figure 2.7: Structure-damper combined sti↵ness model.

Although passive friction dampers have proved to be e↵ective, both analytically and

experimentally (e.g. Aiken, 1996; Cherry and Filiatrault, 1993; Filiatrault and Cherry,
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1987; Rao et al., 1995), there are still some issues of concern. Passive friction dampers

have pre-set capacities which limit their application. This characteristic makes them

optimum for certain excitations but less e�cient for wider frequency ranges, due to

higher or lower inter-story forces in the main structure. This may lead to structural

behaviour comparable to either bare frame (activation during the whole excitation) or

braced frame (lack of activation), for which additional cost generated by the dampers

is not justified. Some authors have indicated that optimum reductions are achieved for

a small range of slip loads, outside of which the structural response increases (Pall and

Pall, 2004).

The main feature of semiactive friction dampers is their adaptability. They are able

to modify the slip-loads in real time, according to the signal of the control algorithm

implemented. Generally, the clamping force is variable in time as a function of response

feedback. Considering this variation of the slip-load, Eq. 2.1 may be modified as:

f
s,i

(t) = µN
i

(u)sgn(�̇
i

(t)) (2.2)

In Eq. 2.2, the control force f
s,i

(t) of the ith damper varies in time. Its value depends on

the likewise variable clamping force N
i

(u), which is a function of the response parameter

u (e.g. displacement, velocity and so on).

2.7 Algorithms for friction-based semiactive control

2.7.1 Architectures of control

Control systems can be installed using di↵erent architectures, i.e. the network of com-

munication between sensors and computers. Thus, control systems can be centralised or

decentralised (Casciati et al., 2006).

The term centralisation refers to those systems in which the control signals are generated

by one central computer. This central controller determines control signals based on the

global feedback from all sensors, and sends it to the control devices. A centralised

system (Fig. 2.8a) requires a priori information, i.e. definition of the characteristics of

the controlled structure, and a posteriori information, i.e. the state of the system (Lynch

and Law, 2002).

In a decentralised system, a number of local computers generate control signals using

only a posteriori local information provided by local sensors. Due to the large-scale,

non-linear nature of civil structures, decentralised systems are advantageous as smaller
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quantities of information can be processed by each local controller in parallel. This may

lead to reductions in the transmission and computational costs, as well as increases in

the reliability of the controller (Casciati et al., 2012).

Decentralisation can be total or partial (Lynch and Law, 2002). In a (totally) de-

centralised system (Fig. 2.8b), the local controllers do not exchange any information,

whereas in a partially decentralised system (Fig. 2.8c), there is a transference of infor-

mation between local computers, ensuring a partial knowledge of how the local control

is a↵ecting the overall response of the building.

In this investigation, emphasis is put on the simplicity of the control systems. Features

of simple systems imply decentralisation and determination of control forces based on a

few physical parameters (e.g. deformation or velocity). Systems with such characteristics

are those proposed by Inaudi (1997), He et al. (2003) and Chen and Chen (2004c).

2.7.2 Modulated homogeneous friction control

The modulated homogeneous friction (MHF) control algorithm was developed by Inaudi

(1997). In this (totally) decentralised algorithm, the dampers’ slip-loads were adjusted

Figure 2.8: Di↵erent architectures of control.
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based on the local feedback of deformation, and their magnitude was proportional to the

deformation’s prior local peak (or trough).

In the MHF algorithm, the control force f
s,i

(t) of the damper i was given by:

f
s,i

(t) = g
i

µ|P [�
i

(t)]|sgn(�̇
i

(t)) if �̇
i

(t) 6= 0,

�g
i

µ|P [�
i

(t)]|  f
s,i

(t)  gµ|P [�(t)]| if �̇(t) = 0
(2.3)

where g
i

is a pre-defined, constant gain factor (with units of sti↵ness), and P [�
i

(t)]

is an operator that made the control force proportional to the “prior-local-peak” of

deformation. For each damper i, this operator was defined as:

P [�
i

(t)] = �
i

(t� s) where s =

⇢
minx � 0 :

d�

dt
(t� x) = 0

�
(2.4)

Since the MHF control required adjustment of slip-load at every local peak (or trough),

the original controller of Eq. 2.3 can be expressed as:

f
s,i

(t) = g
i

µ|P [�
i

(t)]|sgn(�̇
i

(t)) (2.5)

where:

P [�
i

(t)] =

(
�
i

(t) if �̇
i

(t) = 0,

�
i

(t� s) if �̇(t) 6= 0
(2.6)

where s represents the time of occurrence of the prior-local-peak, (i.e. zero velocity, as

in Eq. 2.4).

The possibility of a null force determined by using the sign of the velocity at the instant

of peak (or trough) deformation (i.e. sgn(�̇
i

(t)) = 0), is eliminated in a digital implemen-

tation, such as the one used in this investigation. The occurrence of peak deformations

is determined by comparing the signs of the velocity at consecutive time steps. When-

ever there is change in the sign, the value of the peak deformation is acquired by the

controller and the sign of the current velocity is used to determine the direction of the

motion.
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2.7.3 Linear and smooth boundary layer control

According to He et al. (2003), the MHF algorithm had some limitations: continuous

slippage in the friction dampers was not guaranteed, resulting in locking of the device,

and amounts of energy dissipation were not maximised. Also, since the slip-loads were

proportional only to the extremes (peaks and troughs) of deformation, the transition

between sticky (locking) and sliding (activation) phases in the friction connections would

generate spikes in the acceleration response.

As a solution, He et al. (2003) proposed the use of boundary layers related to the

velocity across the dampers, i.e. close to the time of extremes of deformation, when

the slip-load was adjusted. The authors proposed two decentralised algorithms using

di↵erent boundary layers.

The first control algorithm, referred to as the linear boundary layer (LBL) semiactive

friction control, utilised a pre-defined linear layer in the vicinity of zero velocity. The

control force in the damper i was determined as:

f
s,i

(t) =

8
><

>:

g
i

µ|P [�
i

(t)]|sgn(�̇
i

(t)) if |�̇
i

(t)| > �
a,i

,

g
i

µ|P [�
i

(t)]|
 
|�̇
i

(t)|
�
a,i

!
sgn(�̇

i

(t)), if |�̇
i

(t)|  �
a,i

,
(2.7)

where the term �
a,i

represents the thickness of the linear boundary layer in the vicinity of

zero velocity. According to He et al., a drawback of the LBL algorithm was its sensitivity

to the thickness of the boundary layer for a particular earthquake.

The second control algorithm was referred to as smooth boundary layer (SBL) control,

with the control force of the damper i given as:

f
s,i

(t) = g
i

µ|P [�
i

(t)]|tanh(�
b,i

�̇
i

(t)). (2.8)

where the boundary layer was determined by:

tanh(�
b,i

�̇
i

(t)) (2.9)

and the parameter �
b,i

represents the thickness of the smooth boundary layer. Accord-

ing to the authors, this smooth boundary layer alleviated the sensitivity of the LBL

algorithm.
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2.7.4 Tri-D control algorithm

Another decentralised friction-based control system, reportedly including viscous and

Reid damping, was developed by Chen and Chen (2001, 2000). In the algorithm, the

control force in the damper i was determined by:

f
s,i

(t) =

8
>><

>>:

µg�̇
i

(t) + µe�
i

(t), if �
i

�̇
i

> 0,

µg�̇
i

(t)� µe�
i

(t), if �
i

�̇
i

< 0,

�µe|�
i

(t)|  f
s,i

(t)  µe|�
i

(t)|, if �
i

= 0

(2.10)

where e and g are pre-defined, constant gain factors, and �
i

(t) and �̇
i

(t) are the local

deformation and its rate, respectively. According to the authors, by using this algorithm

the rectangular hysteretic curve of the friction damper (Fig. 2.6 on page 15) changes for

one of the shape shown in Fig. 2.9c, due to the inclusion of the elliptic viscous damping

(Fig. 2.9a) and triangular Reid damping (Fig. 2.9b).

Later on, Chen and Chen (2004c) proposed a simplified algorithm to account for small

amplitudes of motion passively. The so-called Tri-D algorithm included a pre-defined

clamping force N
p,i

, and the control force in the damper i was adjusted only when such

force was surpassed, as:

f
s,i

(t) =

8
<

:
µN

p,i

sgn(�̇
i

(t)), if e|�
i

(t)|+ g|�̇
i

(t)|  N
p,i

,

µ
⇣
e|�

i

(t)|+ g|�̇
i

(t)|
⌘
sgn(�̇

i

(t)), if e|�
i

(t)|+ g|�̇
i

(t)| > N
p,i

(2.11)

thus, for small displacements, the system acted passively, whereas if the motion in-

creased, the semiactive phase was activated. In their study, the authors reported an

optimum relation of the gain factors e and g similar to the circular frequency of the

structure, f
f

, such that e = 2⇡f
f

g.

Figure 2.9: Hysteretic behaviour of dampers with Tri-D control (after Chen and
Chen, 2000).
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2.7.5 Other semiactive control algorithms

Bang-Bang control of slip bracing device

Early in the 1990s, Akbay and Aktan (1990) and Kannan et al. (1995) proposed a

semiactive algorithm to modify the slip-load of a so-called “active slip bracing device

(ASBD)”. The control algorithm, based on Bang-Bang control, consisted in increasing

or reducing the clamping force in fixed increments, at fixed time intervals, aiming at

reversing the stationary (locking) or sliding status of the ASBD. In order to do this,

the controller monitored the status of the damper and determined two possible actions:

(i) increase the force when deformation and velocity acted in the same direction (i.e.

sliding), or (ii) reduce the force if they acted in opposite directions (i.e. locking).

The ASBD was tested analytically by simulating the response of a 6-storey shear build-

ing, subjected to an impulsive and a harmonic base excitations (Akbay and Aktan,

1990). In both cases, when compared to slip-braces with constant slip-loads, the re-

sponse of the ASBD was smaller. In the case of the impulsive loading, the top floor

displacement with the semiactive control was approximately 50% smaller. In the case

of harmonic loading with varying amplitude, the ASBD demonstrated changes in the

system’s sti↵ness for smaller levels of deformations, which was attributed to the earlier

activation of the semiactive connections.

Xu et al. (2001) also applied this algorithm to reduce the response of a truss tower

including piezoelectric friction dampers. The authors showed that the performance of

the algorithm depends on the size of the fixed force increment (for one single value of

time step that they used). In their study, maximum reductions of deformation of about

46% were achieved using the largest fixed increment. However, they also showed that

for increments larger than a certain value (approximately 0.01% of the maximum axial

force acting on the corresponding truss element), there was no significant improvement.

O↵-On friction damper and centralised friction damper control

Dowdell and Cherry (1996) developed two semiactive controllers: a decentralised “O↵-

On” friction damper and a centralised “semiactive friction damper”.

The “O↵-On” algorithm used the local feedback of the velocity. In the algorithm, the

control force was modified from a pre-set value (“On” state) to a near-zero value (“O↵”

state), every time there was an extreme of deformation, i.e. unloading at zero velocity.

After this brief moment of zero velocity, the control force was again modified to its “On”
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state. One possible drawback of this controller are the spikes in acceleration, likely to

occur due to abrupt variations of the slip-load.

The second controller, referred to as continuously variable “semiactive friction damper”,

required feedback from the entire structure to construct a state vector of deformations

and their rate, which indicates a centralisation of the algorithm. Once the state vec-

tor of the structure was constructed, at every sampling time, the control forces were

proportional to pre-defined, constant gain factors.

Constant ductility factor algorithm

Nishitani et al. (2003) proposed a decentralised algorithm in which, according to the

authors, the damper maintained a constant ductility factor of two, regardless of the

level of seismic excitation. The dissipation of energy would be maximised by using

this factor, as it was showed previously by Tajimi (1965), for structures subjected to

steady-state sinusoidal excitations.

In the control algorithm, the dampers’ slip-loads were adjusted based on the feedback

of local drift velocity. According to Nishitani et al. (2003) and Nishitani et al. (2000),

by making the damper slip at the time of maximum velocity (i.e. the time when the

reversal deformation crossed the origin, or zero deformation, for sinusoidal excitations),

a ductility factor close to two was guaranteed, even for non-sinusoidal excitations, such

as earthquakes.

The authors simulated the response of a high-rise (20-storey) building using the proposed

algorithm, with di↵erent distributions of the dampers along the height of the structure.

From the results, the system with dampers at every storey was more e�cient in reducing

inter-storey deformation, according to the authors. The system was not very e�cient in

reducing the accelerations.

Non-sticking friction control

The so-called non-sticking friction (NSF) control was proposed by Ng and Xu (2007).

This decentralised control algorithm was based on the smooth layer tanh(�
b,i

�̇
i

(t)) pre-

viously proposed by He et al. (2003). One advantage of the NSF algorithm is that the

variable control force was limited by a maximum, pre-defined clamping force (setting

realistic control forces), as: N
max,i

tanh(�
b,i

�̇
i

(t)), in which N
max,i

represented the max-

imum clamping force capacity of the ith friction damper. The rationale behind the

controller was to achieve realistic maximum control forces, whilst allowing the damper

to slip back. However, possible limitations of this algorithm are: (i) the control force



Chapter 2. Review of friction-based semiactive control 23

was adjusted using only the local velocity as feedback, which, depending on the value of

the parameter �
b,i

and the ground excitation, may lead to behaviours similar to “on-o↵”

controllers due to rapid variations between low and high slip-loads, and also saturating

the friction damper to its maximum capacity. Nonetheless, another clear advantage of

this algorithm is a potential continuous slippage in the connections.

The e�ciency of the NSF algorithm was investigated analytically by applying it to a

20-storey benchmark building with an attached 3-storey podium, subjected to di↵er-

ent earthquakes (El Centro, Hachinohe, Northridge and Kobe). In the simulations, the

authors used di↵erent levels of N
max,i

and �
b,i

. From their results, the authors noted e�-

ciency in reducing the norm inter-storey deformation and norm acceleration, in average,

with little influence of the parameter �
b,i

, for either building. The response reductions,

on the other hand, varied significantly with the value of N
max,i

. Higher capacities of the

clamping force leaded to better levels of deformation reduction but slightly increased

accelerations, in the case of the high-rise building, and lower accelerations but slightly

increased deformations, in the case of the podium structure.

Lin et al. (2010, 2012) tested the controller experimentally, by applying it to control a

tuned mass damper installed in a single-DOF structure subject to the action of di↵erent

earthquakes, including Mexico 1985, Hachinohe 1968, El Centro 1940 and Kobe 1995,

scaled to di↵erent peak ground accelerations. From the results, those authors concluded

that the system is e�cient in reducing both the displacement and the norm acceleration.

2.8 Performance of MHF, LBL, SBL and Tri-D controllers

The MHF, LBL, SBL and Tri-D algorithms seem convenient for implementation on frame

structures, since the magnitude of control forces depends on the structural response

(inter-storey deformation and/or velocity, in this case). Therefore, these four controllers

are selected for further investigation in this study.

Inaudi (1997) applied the MHF algorithm to control the simulated seismic response of a

steel moment resistant frame. The structure comprised 6-storeys, 6-bays, and was lightly

damped, with damping ratios of 0.5%. In the simulations, only the ground excitation of

the El Centro 1940 earthquake (PGA=0.35g), with a predominant frequency similar to

the frame’s fundamental frequency (i.e. 0.67Hz), was used. Two gains of 98.1kN/cm and

490kN/cm were used in the algorithm. The response reductions depended on the gain

factor, but better levels of reductions were achieved by using the higher gain. In the case

of the top floor displacement, the controller with lower gain resulted in approximately

20% of reduction, in comparison to the bare frame (d
top

= 20cm), whereas the reduction
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achieved by the system with higher gain was approximately 35%. In the case of the first

floor deformations, the system using lower gain produced 40% reduction, in comparison

to the bare frame (with � = 5.24cm), whereas the system with higher gain achieved

48%. However, the performance of the algorithm should also consider the level of control

forces. For these two gain factors, there was an increase of almost 4 times (i.e. 49.9kN vs

194.7kN) in the maximum control force when the higher gain was used, in comparison

to the low gain factor.

Jansen and Dyke (2000) applied the MHF algorithm to control the forces of magneto-

rheological (MR) dampers installed in a simulated, small-scale 6-storey building. To

adapt the controller from frictional forces to MR forces (which depend on the velocity),

the product µg
i

|P [�
i

(t)]| in Eq. 2.3 was substituted with a factor g
n,i

|P [�
i

(t)]|, hence
allowing the damper to develop the same magnitude of forces than the frictional counter-

part. The simulated frame represented a laboratory scale-model with total height of

1.80m and weight of 1.34kN. In the simulations, the frame was subject to the action

of the El Centro 1940 earthquake, scaled to 10% of its full-scale amplitude, and one

single gain g
n,i

= 0.47kN/cm was used in the algorithm. From the results, the MHF

control produced reductions of 58% and 44% of the bare frame’s peak displacement

(d
b

= 1.31cm) and drift (�
b

= 0.0098), respectively. However, the algorithm resulted in

a slight increase of 6% in the bare frame’s peak acceleration (a
b

= 146.95cm/s2). The

maximum control force required by the controller was 2.38kN, corresponding to 1.78%

of the weight of the building.

He et al. (2003) numerically tested the LBL and SBL controllers on a base isolation sys-

tem and a supplemental energy dissipation system. The isolation system was installed

in a 5-storey frame subjected to a series of ground excitations, including resonant si-

nusoidal waves and the El Centro 1940 earthquake (0.35g). Gain factors of 3, 6 and

9kN/cm and a layer �
a,i

= 10cm/s were used in the LBL when the sinusoidal excitations

were exerted. In the case of the SBL, the same three gains were used, along with a

smooth layer �
b,i

= 10. According to those authors, the LBL and SBL systems under

the sinusoidal excitations showed better levels of response reduction (normalised rubber

drift and acceleration) than those of a passive system. Under the El Centro excitation,

layers �
a,i

= 20cm/s and �
b,i

= 5 and 50 were used, respectively. The smaller layer

�
b,i

= 5 produced a smoother variation of the slip-load, hence avoiding higher acceler-

ation spikes. This is indicated by the control law of Eq. 2.7, which also suggest that

tuning of the layer is required, as discontinuity may be produced when �
a,i

is too small

(LBL algorithm) or �
b,i

is too high (SBL algorithm). The e�ciency of the controllers

was also investigated by those authors for a set of earthquakes (El Centro, Kobe, Taka-

tori, Northridge and Chi-Chi). In these simulations, a gain factor of g
i

= 12kN/cm,
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�
a,i

= 10cm/s and �
b,i

= 20 were used in the algorithms. From the results, the maxi-

mum response of the bare frame with fixed base, for any of the earthquakes, was caused

by Takatori (0.65g), with maximum inter-storey drift and acceleration of 2.28cm and

3.5g, respectively. For this frame, the LBL and SBL performed comparatively well,

achieving reductions of 85%, for the drift. In the case of the maximum acceleration,

the LBL resulted in slightly better reductions of 81% versus 79% of the SBL. This de-

notes sensitivity of the controllers to the layer parameter. In the case of friction-based

passive system, the reductions were 82% and 85% (for maximum drift and acceleration,

respectively). However, the control forces required by the semiactive algorithms were

more than 5 times higher than those of the passive system (79kN vs 14kN). The same

authors applied both semiactive algorithms to a 3-storey, single bay frame, including

one damper in each storey. The frame was subjected to the same set of earthquakes

than the base-isolated building. The LBL algorithm was used with gain of 200kN/cm

and �
a,i

= 20cm/s, and the SBL with gain of 400kN/cm and �
a,i

= 2.2. According to

those authors, the bare frame’s maximum inter-storey deformation (�
b

= 11.6cm) and

acceleration (a
b

= 5.17g) were caused by Chi-Chi earthquake (1.01g). The introduction

of the LBL and SBL resulted in smaller levels of drift (1.26cm and 1.33cm, respectively)

and acceleration (1.10g and 1.12g, respectively).

The SBL algorithm was applied to a building complex by Ng and Xu (2007). The

complex consisted on a 20-storey main building with a 3-storey podium attached, and

was subjected to a set of earthquakes (El Centro, Hachinohe, Northridge and Kobe).

The control system was applied by installing di↵erent deployments of dampers: damper

in third storey, and dampers in second and third storeys. The algorithm was examined

using three values of the gain factors, determined as 10, 20 and 30 times the average

weight of the building, and three values of the layer �
b,i

, as 5, 10 and 15. According to the

authors, there was no di↵erence in results by using either damper configuration. From

the results, there was an influence of the gain factor in the performance of the controller,

with smaller levels of response for higher values of the gain (maximum reductions of

average norm drift around 60% and 65% for average norm acceleration, for the low-

rise frame, and 50% and 30%, respectively, for the high-rise building). On the other

hand, the layer �
b,i

showed less influence in the response, most notably for the high-rise

building, but without a significant e↵ect (i.e. di↵erences of around 10%). The e�ciency

of the systems also varied from earthquake to earthquake. For the main building, there

were reductions of 30% in the peak drift for El Centro and Hachinohe excitations, but for

Northridge and Kobe, the reductions were only 3% and 17%, respectively. Furthermore,

in the case of the peak acceleration, the controller was less e�cient, producing reductions

of only 8% and 1% for El Centro and Hachinohe, respectively, and even increasing the

acceleration for Northridge and Kobe (30% and 3%, respectively).
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Ng and Xu (2007) also applied the Tri-D control (without including any pre-defined,

initial passive load) to the same building complex. Two di↵erent gains e determined as

5 and 10 times the average weight of the building were used in the simulations. Similar

to the SBL algorithm, there was a significant reduction of norm drift and acceleration

for both frames (approximately 50% and 22%, respectively, for the high-rise building,

and 60% and 65%, respectively, for the low-rise frame), with no significant di↵erences by

using the low or high gains. Again, the algorithm was more e�cient for the El Centro and

Hachinohe earthquakes, with reductions of peak drift of 31% and 28%, respectively, and

8% and 2% reduction of peak accelerations. For the Northridge and Kobe excitations,

drift reductions were only 14% and 16%, respectively, but peak accelerations increased

37% and 6%, for each earthquake.

Chen and Chen (2004a) performed numerical simulations of an 1/4 scale structure,

applying the MHF and Tri-D algorithms. The frame had 3-storeys and one single bay,

with one friction damper in the first storey only. A set of far-field (El Centro and Taft)

and near-fault (Northridge and Kobe) earthquakes with scaled peak ground accelerations

of up to 0.191g were used in the numerical simulations. For both types of excitations,

the two algorithms showed comparable levels of peak drift, acceleration and control force

for most of the earthquakes. In average, however, the Tri-D algorithm resulted in better

levels of peak drift ratio (0.399 vs 0.416), for almost the same levels of peak acceleration

(58.4cm/s2) and control forces. In that study, the response of the structure appears to

be very small, in the order of 3.5mm for the first storey, which is likely to be due to

elastic deformations of the structural components.

The same 1/4 scale structure was experimentally tested by Chen and Chen (2004b),

using the Tri-D algorithm. In the experiments, one stack actuator with a pre-load of

1.78kN required 1000V to produce a friction force of about 3kN. Four stack actuators

were included in the damper, hence it was suitable to produce a force of about 12kN. The

same set of earthquakes was applied, scaling the time to create resonant conditions. The

results demonstrated the e�ciency of reducing the seismic response, although similarly

to the numerical simulations, the controlled deformations were very small, in the order of

10mm or less, and it is not clear if there was slippage in the damper or it only accounted

for elastic deformations of the components.

Chen and Chen (2004c) investigated the e�ciency of the Tri-D algorithm to control

the seismic response of a 20-storey benchmark steel building proposed by Ohtori et al.

(2004), and utilised the near-fault and far-field excitations described therein. In the

investigation, 80 dampers were distributed throughout the building, such that some

levels included dampers and other levels did not. The bottom storey accounted for

the maximum number of devices, with 26, whereas 9 were installed at the top floor.
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According to Chen and Chen, the semiactive strategy is more e�cient than a passive

control in terms of response reduction (specially peak acceleration) and control force

required. However, their results suggest only slight improvements of the semiactive

control in reducing the peak deformation for the majority of the excitations, apart

from El Centro excitation (which requires control power of about 2kW). Furthermore,

according to those results, drift reductions were achieved only in the upper levels (17 to

20), under Kobe excitation.

2.9 Summary and conclusion on decentralised controllers

Several algorithms existing in the literature were examined. In general, the following

conclusions can be made:

• Decentralised systems allow for simpler control algorithms, with associated avoid-

ance of control delays, lower costs and reliability in case of failure of one local

controller.

• In general, the decentralised controllers existing in the literature use pre-defined,

constant gain factors.

• The control forces (and, inherently, the response reductions) are proportional to

the gain factors.

• The inclusion of the velocity term has been reported as adequate to reduce the

control forces at the moment of motion reversal, hence avoiding locking of the

friction connections.

From the literature review, a variety of structures and parameters have been used to

investigate the performance of decentralised algorithms (MHF, LBL, SBL and Tri-D),

as summarised in Table 2.1. It was noticed that each report concluded on the e�ciency

of the corresponding algorithm, but in many cases there was no uniform evaluation

criteria. Furthermore, the algorithms were applied to di↵erent structures using di↵erent

control parameters, distribution of dampers along the height of the buildings and ground

excitations. Only in a few cases the performance of the algorithms was compared.

The structures to which the selected control algorithms have been applied are, mainly,

low-rise structures, with two cases of high-rise buildings. There was no exhaustive

investigation of frame models representative of large-scale building, including low-rise

and medium-rise.
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Table 2.1: Summary of application of decentralised controllers.

Structure Algorithm Earthquakes
6-storey, 6-bay MHF El Centro (0.35g)
6-storey, 1-bay

MHF El Centro (0.03g)
(small-scale)
5-storey, 1-bay

LBL & SBL
El Centro, Kobe, Takatori,
Northridge, Chi-Chi (up to 1.01g)

(base-isolated)
3-storey, 1-bay

20-storey
SBL & Tri-D

El Centro, Hachinohe, Northridge,
Kobe (up to 0.82g)3-storey

3-storey, 1-bay
MHF & Tri-D

El Centro, Taft, Northridge, Kobe
(up to 0.191g)(1/4 scale)

2.10 Friction-based devices

The materials and mechanisms used in semiactive dampers are di↵erent, ranging from

magneto- and electro-rheological devices, viscous fluid-based devices, variable sti↵ness

devices, friction devices and shape memory alloys (Casciati et al., 2006; Cheng et al.,

2008; Datta, 2003). Friction-based devices are advantageous due to its relative simplicity,

economy and long durability. Di↵erent mechanisms have been proposed to adjust the

damper’s slip-load.

Xu and Ng (2008) experimented on a laboratory-scale building complex using piezo-

electric actuators to control the normal force in the damper. This piezo-driven variable

friction damper (PVFD), was integrated by a steel housing with attached friction pads

and a piezoelectric actuator, which adjusted the clamping force. The dissipative mech-

anism consisted in longitudinal slippage of a plate of steel collocated between the pads.

The slip-load capacity of this damper ranged between 5 and 340N at input voltage of 0

to 150V, respectively.

Another device was developed by He et al. (2003), in which the clamping forces were

regulated through an electromagnetic field. The device consisted of solenoids located

at the external sides of metallic plates slotted-bolted together, with frictional pads in

between them. A regulated electrical current across the solenoids generated a magnetic

field, thus letting adjustment of the normal force.

Another semiactive friction damper was developed by Unsal et al. (2003). This damper

was integrated by a fixed circular shaft to which a flex-tensional mechanical amplifier

was mounted. For regulation of the normal force, the mechanical amplifier consisted

of a piezoelectric stack whose longitudinal expansion allowed for normal deformation

of the amplifier’s stainless steel housing, and a shape memory alloy preload wire was

incorporated for bidirectional motion. Two frictional pads were placed in outer plates
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of the amplifier to provide a frictional surface. The moving components of the damper

consist of the outer housing (in contact with the amplifier’s outer plates) and the air

bearing. This device was tested experimentally by exerting harmonic excitations through

a shaker, developing maximum friction forces of 85N when 150 V were applied to the

piezoelectric actuator.

For enhancement of truss towers, Xu et al. (2001) developed a device consisting of an

inner frame with low transversal sti↵ness to allow deformation in that direction. The

inner frame was installed within an outer circular tube of larger transversal sti↵ness. In

the interface between the inner frame and the outer tube, a friction layer was collocated.

To produce transversal deformation in the inner frame, columns of piezoelectric material

were installed transversely, together with the sensor.

In the early 1990s, an actively regulated friction slip brace was proposed and tested as

an alternative to passive slip braces (Akbay and Aktan, 1990; Kannan et al., 1995). This

damper consisted on a shaft rigidly connected to the braces of the structure. A pre-load

friction in the shaft was modified by using hydraulic forces which drove a piston, either

increasing or reducing the compression force in the frictional interface. The device was

tested experimentally, using a maximum slip-load of 270kN, with a stroke of ±50mm.

Another device utilising piezoelectric actuators was developed by Durmaz et al. (2002).

The device consisted on two sets of parallel shims, moving relatively to each other.

One set was allowed to move, whereas the other was fixed to a steel housing and the

structure. The clamping force in the fixed set of shims was adjusted by the piezoelectric

stack actuator. The device was tested experimentally under a range of electric currents,

to produce di↵erent forces in the actuators. The maximum force developed was 11kN,

for a demand of less that 0.5W.

Laflamme et al. (2012) developed a prototype damper incorporating a viscous, sti↵ness

and variable friction elements in parallel. Both the viscous and sti↵ness elements pro-

vided minimal damping and acted as fail-safe mechanism of the frictional component.

The variable frictional mechanism consisted of a rotating drum in which pressure on

braking shoes was applied and regulated by a hydraulic actuator. Based on analytical

work, those authors concluded that high frictional forces in the order of 1200kN are

possible to develop using this device, by applying a pressure of 20kN on the braking

shoes.
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2.11 Concluding remarks

Control systems are an alternative to reduce the seismic demand on frame structures.

According to the mechanism used to modify the structural response, control systems are

classified in active, passive and semiactive. Active systems are highly adaptable, but

they can also introduce instability in the structure, as control forces are exerted into the

building. Passive control is a simpler solution that has proven to be e↵ective, but with

limited adaptability. The introduction of mechanical regulators into passive devices is

an alternative to increase the adaptability of passive control, which is also the main

potential advantage of semiactive control systems.

The performance of semiactive systems depends on the control algorithm implemented.

There are several algorithms existing in the literature, four of which seem convenient for

implementation into practical applications and are, therefore, selected for further inves-

tigation in this project. They are the modulated homogeneous control (MHF), linear

boundary layer (LBL), smooth boundary layer (SBL) and Tri-D control. The perfor-

mance of these controllers has been reported in the literature, where di↵erent control

parameters were used in the corresponding investigations. In general, the performance

of each control algorithm is greatly dependent on the value of pre-defined, constant gain

factors. This characteristic of semiactive control algorithms may result in limitation of

their performance, due to random nature of ground excitations and possible generation

of inappropriate control forces.

Di↵erent mechanisms have been used to adjust the clamping force in semiactive friction

damper, varying from piezoelectric stack actuators to hydraulic mechanisms. Experi-

mental testing of several devices demonstrated the e↵ectiveness of the mechanisms em-

ployed to produce a large range of control forces. Among the mechanisms tested, the

hydraulic device employed in the actively regulated friction slip brace resulted in the

largest control forces, in the order of 270kN.
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Methodology

3.1 Introduction

The investigation of the performance of the passive and semiactive control systems was

conducted by simulating inelastic dynamic response of multi-storey buildings subjected

to a variety of seismic excitations. The assessment of the e�ciency of each control system

was made in terms of building response, building damage and required control forces.

3.2 Development of computer program

Although there is availability of di↵erent computer programs for non-linear analysis

of frame structures, there were no programs which included equipment for semiactive

control and the corresponding control algorithms.

For this reason, a computer program for simulations of the non-linear response of multi-

storey frames equipped with control systems was developed as part of this project. The

program was based on the sti↵ness method for determination of forces acting in struc-

tural elements. The step-by-step, Newmark-�’s average acceleration method was imple-

mented in the program to determine nodal displacements, velocities and accelerations

in time history analysis.

3.3 Reference structures and seismic excitations

A set of four multi-storey frame structures representative of low- and medium-rise build-

ings were used for studying the e�ciency of control systems. These reference structures

31
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included two steel frames (6-storey and 9-storey), selected from the literature (Inaudi,

1997; Ohtori et al., 2004), and two concrete frames (6-storey and 10-storey), designed as

part of this research project. All four (bare) structures were modelled in ConStruc as pla-

nar, moment-resistant frames, with rigid beam-column connections and fully-restrained

supports at the base.

The control systems were introduced in the bare frames by installing sets of concentric

chevron braces in each storey, as recommended in the literature (Symans et al., 2008).

The dampers were modelled as zero-length, friction connections between the braces and

the beams.

The e�ciency of the controllers was investigated for a variety of seismic excitations

with di↵erent frequency content. Three historical earthquake records recommended

in a benchmark problem (Ohtori et al., 2004) were used, with di↵erent peak ground

acceleration: El Centro (0.35g and 0.55g), Northridge (0.35g and 0.55g) and Kobe (0.35g,

0.55g and 0.82g). In addition, another three records with di↵erent frequency content

were used: Loma Prieta (0.35g, 0.55g and 0.65g), Imperial Valley (0.35g, 0.55g and

0.70g) and Taft (0.22g, 0.35g and 0.55g). The Taft record was used as an extreme, rare,

earthquake with very broad frequency content. A total of 16 seismic inputs were used

in the dynamic simulations.

3.4 Modelling assumptions

In the frame structures used for the seismic simulations, it was assumed that column

elements behaved elastically during the ground excitations. It was also assumed that

the rigid beam-column connections included adequate reinforcement and appropriate

detailing, hence providing su�cient capacity of rotation, i.e. the ductility demand in

the frames was not greater then the available ductility. The non-linearity e↵ects were

included only in beam elements, by utilising a bi-linear hysteretic model, which included

plasticity due to rotations at either one or both ends of the beams. The bi-linear model

did not included degradation of sti↵ness. Also, the non-linearities associated with shear

deformations in the beam elements were not included in the hysteretic model.

The diagonal braces used in the retrofit (damper-bracing) systems were also assumed

with an elastic behaviour, regardless of the level of axial force transmitted by the control

devices, and no buckling e↵ects were considered.

In the control systems, it was also assumed that all dampers behaved correctly during

the ground excitations, and no failures (of either dampers or computers, in case of the

semiactive systems) occurred during the simulations.
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3.5 Examination of passive control

The passive control system was introduced in the frame structures, and a methodology

to determine the dampers’ capacity was initially proposed. In this methodology, the

capacity (i.e. sti↵ness and slip-load) of each damper was determined as a function of

the structural properties of the main frame, i.e. inter-storey sti↵ness and lateral force

resistance prior to yielding in the corresponding storey.

The e�ciency of the passive system and its mechanism was investigated for a broad

range of dampers’ capacities, varying from low values (in order to simulate responses re-

sembling those of a bare frame) to high values (in order to simulate responses resembling

those of a fully braced frame).

3.6 Examination of existing semiactive control

Four semiactive control algorithms existing in the literature were selected for this re-

search. The modulated homogeneous friction control, linear and smooth boundary layer

controllers and the Tri-D control were convenient for implementation in frame structures

due to their decentralised control architecture and relatively simple algorithms. Their

e�ciency was also reported in the literature, where they were applied to di↵erent struc-

tures (either low- or high-rise buildings), e.g. low-rise steel frame with 3-storeys and

1-bay (He et al., 2003), low-rise steel frame with 6-storeys and 6-bays (Inaudi, 1997)

and a high-rise steel frame, with 20-storeys and 5-bays (Ohtori et al., 2004).

In this study, the e�ciency of the algorithms was investigated using di↵erent control

parameters, and applying them to the set of four reference frames.

3.6.1 Modulated homogeneous friction control

The modulated homogeneous friction control (Inaudi, 1997) required control forces pro-

portional to the inter-storey deformation, by using a pre-defined, constant gain factor.

In this research, a parametric study of this controller was performed by using two gain

factors originally proposed by Inaudi. In addition, a third, higher gain factor was used.

Thus, each pre-defined factor corresponded to low, medium and high gain, respectively.
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3.6.2 Linear and smooth boundary layer controllers

The linear boundary layer and the smooth boundary layer controllers (He et al., 2003)

were proposed as a modification of the modulated homogeneous friction control. These

two controllers adjusted the control forces proportionally to the inter-storey deformation

(using pre-defined gain factors), but also gradually reduced and/or increased the forces

in the vicinity of zero velocity, using boundary layers. A parametric study of these

controllers was performed by using low, medium and high gain factors (with same values

as those used in the modulated homogeneous control) and six boundary layers (three

linear layers and three smooth layers).

3.6.3 Tri-D control

The Tri-D control algorithm was proposed by (Chen and Chen, 2004c). In the algorithm,

the control forces were adjusted by using an initial passive slip-load and a set of two

pre-defined, constant gain factors. In order to investigate its e�ciency, a parametric

study was performed: two di↵erent values of the initial passive load were defined. As for

the gain factors, a methodology for determining their value based on the average of the

bare frame’s maximum deformation under di↵erent earthquakes, was initially proposed.

By using this methodology, three gain factors (low, medium and high) were determined.

3.7 Development of new semiactive algorithms

As a possible solution to the limitations of existing control systems, new control al-

gorithms were devised by correcting some of the observed limitations. It was noticed

that passive control is suitable to produce the best response reductions, within a narrow

range of damper capacities. Therefore, it was convenient to make the new controllers

self-adaptable only for such range of passive capacities.

Also, both (totally) decentralised and partially decentralised strategies were examined.

3.8 Indices for assessment of control performance

In order to evaluate the performance of each control system, a series of six indices (J1

to J6) was used in this research. The performance of each system was evaluated by

the indices in three categories: building response (maximum drift, acceleration and base
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shear), building damage (expressed as energy dissipated through plastic hinges in the

beams and/or through friction connections) and control forces required by the algorithm.

In the case of the partially decentralised control system, its e�ciency was also evaluated

by using two additional indices that measured the deformation distribution along the

height of the buildings.



Chapter 4

Computational framework for

non-linear simulations:

ConStruc

c�

4.1 Introduction

For the purposes of this research, a computational framework (ConStruc software) for

structural dynamic simulations has been developed. With ConStruc, it is possible to

perform linear and non-linear analysis of planar frame structures including friction-based

control systems. The programming platform of Matlab R� (The MathWorks Inc., 2012)

was chosen for developing ConStruc due to its fast matrix manipulation and graphical

output capabilities. It was necessary to develop this new code from scratch because,

apart from providing full programming flexibility, there were no programs available with

the features required due to the nature of this investigation: a combination of non-linear

seismic analysis of frame structures equipped with friction-based devices, and algorithms

for semiactive control of the dampers.

The analytical core of the program is based on the sti↵ness method for determining the

structural forces, and the step-by-step Newmark-�’s average acceleration method for

determining the displacements, velocities and accelerations of the planar frame model.

Currently, the software incorporates three types of elements that can be used for mod-

elling beams/columns, bars and friction dampers.

The novel feature of this software is a module for control of the friction dampers’ slip-

load, using several semiactive algorithms. Furthermore, the program is structured in a

way that allows implementation of new controllers.

36
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Details of the theory behind the analytical engine of ConStruc are presented in this

Chapter, whereas a user guide with details for the operation of the program can be

found in Appendix A. Verification examples of structures analysed with this program

using seismic loading conditions can be found in Appendix B.

4.2 Modelling frame structures

In ConStruc, frame structures are modelled through an assemblage of individual struc-

tural elements, which are described by nodes and their associated coordinates and de-

grees of freedom (DOFs). As shown in Fig. 4.1, each element is defined by two nodes i

and j, and its length l, orientation ✓ and DOF-indices are determined automatically by

the software. There is a fixed global coordinate system (GCS) for the frame model, but

each structural element has its own local coordinate system (LCS), which is oriented

with respect to the X axis of the GCS. The LCS is important for its relation to the

element’s internal forces, i.e. axial force in the longitudinal axis x, shear force in the

transversal axis y and bending moment around the axis z, normal to the plane. The

nodes have 3-DOFs, but for bar and damper elements the transversal and rotational

degrees are free. In the Fig. 4.1, the DOF-indices are shown inside round brackets. The

LCS is also necessary for correct transformation of internal forces from local to global

coordinates, as it will be detailed later.

Every element has a local sti↵ness matrix, whose size and non-zero terms are determined

by the restrained degrees of freedom. The number of restrictions depends on the element

type. In the current version of ConStruc, three types of elements are available: (i) type

1, for modelling beams and columns; (ii) type 2, for modelling bars; and (iii) type 3,

for modelling friction dampers. For correct assemblage of the frame model, the nodes

and elements must be defined in the input file in a sequential order (Appendix A). The

elements’ local sti↵ness matrices are then transformed to global coordinates by means of

transformation matrices. This is necessary to correctly relate the sti↵ness of the element

to the global sti↵ness of the frame.

Finally, for completeness of the characteristics of the elements, the area A of their cross-

section, second moment of area I, and modulus of elasticity E, must be entered in the

input file (see Appendix A).
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Figure 4.1: Definition of a structural element with 3-DOFs, in ConStruc.

4.2.1 Element types

Element type 1: Beam-column

Element type 1 is used to model beam-column elements with rigid connections, where

two translational and one rotational DOFs per node are restrained. Hence, this element

has both axial and flexural sti↵ness, with a 6x6 local sti↵ness matrix k

e

given by:
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ConStruc o↵ers the option to perform analysis considering linear-elastic beams and

columns, regardless of the level of internal forces. However, when this option is not

selected, non-linearity due to rotation at the ends of the beams is included. Then,

the beams can be modelled assuming elasto-plastic, bi-linear sti↵ness by means of the

coe�cient , which indicates the ratio between post-yield and initial sti↵ness, as shown

in Fig. 4.2.

Figure 4.2: Non-linear model of element type 1, for beam elements.
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To determine if the beam element is in either a linear or non-linear state, the software

compares the acting bending moment M
b

and the yielding moment M
b,y

, whose value is

pre-set in the input file. When M
b

is equal to the value of M
b,y

, the sti↵ness matrix k

e

is modified. In this hysteretic model, however, kinematic or isotropic hardening e↵ects

are neglected, thus the value of the yielding moment M
b,y

is not modified after each

non-linear cycle.

Three scenarios including non-linearity may occur, and the sti↵ness matrix of the element

is modified accordingly, as follows:

• Yielding at node i
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• Yielding at node j
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• Yielding at nodes i and j

k

e

=

2

66666666664
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0 0
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0 �6EI

l

2
2EI

l

EA
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3 �6EI
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4EI

l

3

77777777775

.

Once the element’s local sti↵ness matrix has been determined, its global sti↵ness matrix

K

e

is determined with the following expression:

K

e

= T

e

k

e

T

T

e

,
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where T

e

is a transformation matrix given by

T

e

=

2

66666666664

cos ✓ � sin ✓ 0 0 0 0

sin ✓ cos ✓ 0 0 0 0

0 0 1 0 0 0

0 0 0 cos ✓ � sin ✓ 0

0 0 0 sin ✓ cos ✓ 0

0 0 0 0 0 1

3

77777777775

. (4.1)

Element type 2: Bar

Element type 2 is used to model diagonal braces with pinned connections. Bar elements

have only axial sti↵ness, with 2-DOF restrained in the global coordinate system (due to

displacements in X and Y ). Their local sti↵ness matrix k

b

is given by:

k

b

=

"
EA

l

�EA

l

�EA

l

EA

l

#
.

For the purposes of this investigation, a linear-elastic behaviour is assumed for element

type 2, regardless of the level of axial force demand.

Similarly to element type 1, the global sti↵ness matrix of a bar element is determined

by multiplying the local matrix and the transformation matrix, as follows:

K

b

= T

b

k

b

T

T

b

(4.2)

In this case, however, the transformation matrix is a 4x2 matrix given by

T

b

=

2

666664

cos ✓ 0

sin ✓ 0

0 cos ✓

0 sin ✓

3

777775
.

Thus, K

b

is a 4x4 matrix, due to horizontal and vertical translations in the global

coordinate system GCS.
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Element type 3: Friction damper

Friction dampers are modelled using element type 3. The element has zero length

and is described by two nodes with the same coordinates. Similar to bar elements,

friction dampers have only local deformations along the longitudinal axis, but may have

horizontal and vertical displacements in the global system due to transformation 1 . The

axial sti↵ness k
d

of damper elements is a constant scalar pre-defined in the input file,

and their local sti↵ness matrix k

d

is given by:

k

d

=

"
k
d

�k
d

�k
d

k
d

#
.

Due to their frictional mechanism, damper elements are strongly non-linear. The soft-

ware utilises a perfectly elasto-plastic model, which has been found to be adequate

through experimental investigation (e.g. Grigorian et al. 1993; Pall and Marsh 1982).

The modified sti↵ness matrix k

d

is thus formed by changing all the terms k
d

to zero. As

shown in Fig. 4.3, the sti↵ness is updated when the friction force acting in the damper

reaches the passive or semiactive slip-load (f
p

and f
s

(t), respectively), i.e. damper acti-

vation.

Figure 4.3: Non-linear model of element type 3.

4.2.2 Global sti↵ness matrix

The frame model’s global sti↵ness matrix K is assembled from the individual matrices

K

e

, K
b

and K

d

. To speed up the process of assemblage, ConStruc utilises an indexing

system which allows storage and combination of non-zero terms only into a sparse matrix

in Matlab. To do this, the nodes of the frame model must be numbered in sequence

starting with elements type 1, elements type 2 and elements type 3 in the input file.

The DOFs per node are indexed using the following expressions:

1The current version of ConStruc allows only horizontal orientation of dampers.
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• For elements type 1

ix

n

= n · 3� 3 + [1 2 3]

• For elements type 2 and 3

ix

n

=

(
n · 3� 3 + [1 2] if n  n

max

n · 2� 2 + n
max

+ [1 2] if n > n
max

,

where n is the node number and n
max

is the last node connecting elements type 1 only.

The numbers in square brackets represent the number of DOFs, and ix

n

is a vector

containing the indices of node n.

For each element, the terms of ix corresponding to its two nodes are combined, resulting

in 36 indices for elements type 1 and 16 for elements type 2 and 3. The indices corre-

sponding to its two nodes are then stored in index matrices IX
e

, for each element. An

example of the indexing process is shown in Fig. 4.4, for a type 1 and a type 2 elements.

The numbers inside squares and circles indicate the element number and node number,

respectively. The node 4 is n
max

because it is the last node connecting only beams and

columns. The index matrices corresponding to the element 3 (type 1) and the element 5

(type 2) are indicated by IX3 and IX5, respectively. In the figure, an additional matrix

IXK has been included only to indicate the indices of the frame model, i.e. the indices

of the global matrix K.

The assemblage of the global sti↵ness is then performed by adding the sti↵ness of the

elements linked to each index into the matrix K, whose size is given by the total quantity

of DOFs.

4.2.3 Mass matrix

In addition to the sti↵ness matrix, a mass matrix is also required for dynamic analysis.

Currently, only horizontal translational masses lumped at the nodes are considered in

the analysis with ConStruc. The software assembles a diagonal matrix M with the same

size as K, as follows:

M =

2

666664

m
n

zeros

m
n+1

. . .

zeros m
j

3

777775
,
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Figure 4.4: Indexing of degrees of freedom.

where m
n

represents the mass lumped at node n, and j indicates the last node.

4.2.4 Damping matrix

Inherent viscous damping in the structure is modelled by using Rayleigh coe�cients.

The software assembles a damping matrix C with the following expression:

C = ↵
r

M+ �
r

K, (4.3)

where ↵
r

and �
r

are the damping coe�cients, whose values can be determined using the

ratio of critical damping in the structure (Chopra, 1995).

Although uncommon, the software allows for di↵erent values of ↵
r

to be specified for

each mass, as well as di↵erent �
r

coe�cients to be assigned in each element.
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4.2.5 External loads

External static loads acting on the nodes can be pre-specified in the input file. The

loads can be horizontal, vertical or bending moments, and are assembled automatically

into a vector of global loads, F.

For dynamic analysis, ground accelerations can be declared through an input file con-

taining acceleration points only, arranged either in rows or columns. The arrangement,

along with the sampling time and the scale factor must be also specified in the input file

(see Appendix A). With this information, the software constructs the vector of ground

excitations, ẍ
g

.

It should be noted here that, at its current stage, the program ConStruc uses the vector

F to perform static analysis only. However, for dynamic analysis, it assumes initial

conditions of displacements as zero, as it will be detailed in the following section.

4.3 Method of analysis used in ConStruc

Linear static and linear and non-linear dynamic analysis can be performed in ConStruc.

In the case of static analysis, the global displacements x in the structure are calculated

from the relation of sti↵ness and force, using the following equation:

F = K x (4.4)

The local deformations �
i

and internal forces f

i

in the structural element i are then

determined with the following two expressions:

�
i

= T

i

x

i

(4.5)

and

f

i

= k

i

�
i

(4.6)

In Eqs. 4.5 and 4.6, the sub-indices e, b, and d have been removed from k and T because

the process is the same regardless of the type of element. Instead, the sub-index i

indicates the corresponding element in the frame model.

Dynamic analyses, on the other hand, are performed by applying a step-by-step method.

The Newmark-�’s average acceleration method with � = 1/2 and � = 1/4 has been found

to be accurate and unconditionally stable for dynamic analysis including non-linearity
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Table 4.1: Newmark-�’s average acceleration method, programmed in ConStruc.

1. Assume values for � and � as 1/2 and 1/4, respectively, and define the size of
the time step �t.

2. Calculate the constant matrices A and B with the following expressions:

A =
1

��t
M+

�

�
C and B =

1

2�
M+�t

✓
�

2�
� 1

◆
C.

3. Determine the vector of initial conditions for global displacements x0 and
velocities ẋ0. In ConStruc, they are assumed as zero.

4. Determine the initial external excitation, p0 = M ẍ

g

.

5. Based on the initial conditions, calculate the initial acceleration ẍ0, from the
equation of motion:
Mẍ0 +Cẋ0 +Kx0 = �p0.

6. For each time step j:

(a) Calculate the e↵ective incremental external force,
�p̂

j

= �p

j

+Aẋ

j

+Bẍ

j

.

(b) Calculate the e↵ective sti↵ness, K̂
j

= K

j

+
1

�(�t)2
M+

�

��t
C.

(c) Calculate the increment of displacement, from �p̂

j

= K̂

j

�x

j

.

(d) Calculate the increment of velocity as

�ẋ

j

=
�

��t
�x

j

� �

�
ẋ

j

+�t

✓
1� �

2�

◆
ẍ

j

.

(e) Determine the displacement and velocity for the next step, as
x

j+1 = x

j

+�x

j

and ẋ

j+1 = ẋ

j

+ �̇x

j

.

(f) Determine the acceleration ẍ

j+1, from the equation of motion.

7. Increase the time step j + 1, and repeat the calculations of point 6.

(Subbaraj and Dokainish, 1989), and has been used in popular computer programs, (e.g.

Paz 1997; Prakash et al. 1993). A detailed description of the method can be found in

several references, such as Chopra (1995), Paz (1997) and Clough and Penzien (2003).

A summary of the method, as programmed in ConStruc, is presented in Table 4.1. It

is worth noticing that the e↵ective incremental external force �p̂
j

and e↵ective sti↵ness

K̂

j

are used in the method as a correction of the errors generated by the use of the

tangent sti↵ness, instead of the actual secant sti↵ness (Chopra, 1995).

A flow chart of the general engine to execute dynamic simulations in ConStruc is shown

in Fig. 4.5. The program starts by reading the input files for definition of model, seismic

parameters and ground excitation (see Appendix A), and generates all the elements’

sti↵ness matrices in local and global coordinates, k
i

and K

i

, respectively. The global
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matrices are then used to assemble the frame’s global sti↵ness matrix K. For complete-

ness of the model, the mass matrix M and the damping matrix C are also assembled.

With this information, the procedure described in Table 4.1 is applied to determine

the global displacement, velocity and acceleration at the current time step j. 2 After

this, the local deformations and forces of every element are calculated with Eqs. 4.5 and

4.6. However, if a control system has been specified in the model, then the sub-routine

Control Strategy is called, where the dampers’ slip-loads are determined. This is an

interactive process, i.e. whereas the main system provides the feedback information, the

control module returns the required slip-load.

Figure 4.5: Flow chart for execution of dynamic simulations in ConStruc.

2The current version of ConStruc assumes initial conditions of displacement as zero. As a future
improvement, the actual deformed configuration due to static loading should be used.



Chapter 4. Computational framework for non-linear simulations 47

Once the full state of forces has been determined, the resistance of non-linear elements

(i.e. beams and dampers) is checked. If yielding occurs at any beam or if any damper is

activated, the corresponding local and global sti↵ness matrices are modified, and a new

matrix K is assembled. The Newmark-� method is re-applied at the same time step j,

but using the new sti↵ness. Otherwise, if all the elements remain elastic, the method

is applied for the next time step, j + 1. The program continues until the total time of

analysis is completed, thus generating output files and plots of the frame’s response.

4.4 Quantification of energy and work performance

During strong ground motions, there is energy dissipated by di↵erent mechanisms in the

structure. As such, the performance of structural systems can be understood by means

of the work done and energy dissipated during the earthquake. The equation of motion

given by:

Mẍ(t) +Cẋ(t) +Kx(t) = �Mẍ

g

(t), (4.7)

can be modified as:

Mẍ(t) +Cẋ(t) +K

s

x(t) +K

c

x(t) = �Mẍ

g

(t), (4.8)

when a friction control system is included in the structure.

The terms of Eq. 4.7 have been defined previously. However, in Eq. 4.8 the global

matrix K has been separated in two matrices, K
s

and K

c

, that contain the sti↵ness due

to structural elements and control devices, respectively. Integrating Eq. 4.8, it can be

expressed in terms of energy (Chopra, 1995; Uang and Bertero, 1990), as follows:

Z
Mẍdx+

Z
Cẋdx+

Z
f

s

dx+

Z
f

c

dx = �
Z

Mẍ

g

dx, (4.9)

where f

s

= K

s

x and f

c

= K

c

x, and include elastic and inelastic forces.

In the Eq. 4.9, the term in the right side indicates the total energy exerted into the

structure by the earthquake, E
i

. The terms in the left side of the equation represent

the energy distribution in the system: kinetic energy E
k

, viscous damping E
⇣

, restoring

energy E
s

and supplemental energy provided by the control devices, E
c

. According to

this, the Eq. 4.9 can be re-written as a balance of energy in the following form:
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E
i

= E
k

+ E
⇣

+ E
s

+ E
c

, (4.10)

where the terms E
s

and E
c

include both the elastic (recoverable) and hysteretic (irrecov-

erable) energy of structural elements and dampers.

In the software ConStruc, an approach considering the level of forces and deformations

done in the structure has been used to quantify the seismic energy and the dissipative

mechanism of the system. The Eq. 4.7 can also be expressed as a balance of forces

generated by each term, as follows:

f

i

= f

k

+ f

⇣

+ f

s

+ f

c

(4.11)

where f

i

is the force produced by the ground acceleration on the nodal masses, f
k

and

f

⇣

are the inertia and damping forces, respectively, and f

s

and f

c

are the structural and

control forces, respectively. The set of forces are determined by f

i

= Mẍ

g

, f
k

= Mẍ,

f

⇣

= Cẋ and f

s

and f

c

as defined previously.

Considering that the step-by-step method adopted for dynamic analysis provides incre-

ments of global displacement and local deformation (�x and ��, respectively), it is

possible to evaluate the energy in the structure at the end of each time step by applying

the following expressions:

E
i

= �x

T

✓
f

i

+
�f

i

2

◆
,

E
k

= �x

T

✓
f

k

+
�f

k

2

◆
,

E
⇣

= �x

T

✓
f

⇣

+
�f

⇣

2

◆
,

E
s

= ��T
✓
f

s

+
�f

s

2

◆
, and

E
c

= ��T
✓
f

c

+
�f

c

2

◆
.

(4.12)

Hence, the total energy in the structure-earthquake system at the end of the excitation

is given as an scalar produced by adding up each term at every time step.
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4.5 Concluding remarks

In this Chapter, a computer program developed as part of this research was described.

The software ConStruc is capable of performing linear-elastic static analysis and linear-

elastic and non-linear dynamic analysis of planar frame structures.

In the program, an assemblage of individual sti↵ness matrices allowed for the modelling

of planar frames. The individual matrices corresponded to three types of elements to

model columns, beams, bars and friction dampers. Columns and bars are linear-elastic

elements, but beams and dampers can be modelled as bi-linear or perfectly elasto-plastic

elements, respectively.

The Newmark-�’s average acceleration was programmed in ConStruc. This step-by-

step method was used to calculate the displacements, velocities and accelerations of

the frame. The sti↵ness method, on the other hand, was used to determine the local

deformations and forces of each element.

A module for control of friction damper’s slip-load was included in the software. Such

module was implemented using a feedback algorithm in which the damper’s local de-

formation was sent to the controller from the main program. The damper’s slip-load

should then be determined within the control module, and its value returned to the main

program.

Finally, the seismic energy in the structure was quantified by considering the work done

in the frame during each incremental time step.



Chapter 5

Reference frame structures and

seismic excitations

5.1 Introduction

In the review presented in Chapter 2, it was noticed that there was a large variability in

the studied parameters of friction-based decentralised systems, including ground excita-

tions and frame structures. In most of the references presented therein, the e�ciency of

the controllers was demonstrated for a number of specific structures specially designed

for their purposes, some of which were scaled models that required low levels of control

forces.

An exhaustive investigation of the e�ciency of existing decentralised control systems is

one of the objectives of this study. For this reason, a variety of frame structures repre-

sentative of low- and medium-rise buildings were analysed using the software ConStruc,

which was developed as part of this research (Chapter 4). The set of structures included

a low-rise steel frame (Inaudi, 1997) and a benchmark medium-rise steel frame (Ohtori

et al., 2004). It also included a low- and a medium-rise reinforced concrete structures,

which were designed as part of this project.

The e�ciency of the control systems was investigated for a variety of ground excita-

tions. Six historical earthquakes were exerted in dynamic non-linear simulations. The

excitations included three earthquakes proposed by Ohtori et al. (2004) in their bench-

mark problem, and three additional earthquakes to provide a wider range of excitation

frequencies.

A description of the four reference frame structures and the set of historical earthquake

excitations used in the simulations is presented in this Chapter, as a prelude to the

50
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following four Chapters, which show the analyses of performance of di↵erent control

systems.

5.2 Steel frames

5.2.1 Low-rise steel frame

A low-rise, moment resistant steel frame was previously analysed by Inaudi (1997). The

bare frame consisted of six storeys and six bays, as illustrated in Fig. 5.1. The total

height and width of the structure were 28.20 and 36.60m, respectively. As shown in the

same figure, di↵erent wide flange sections were used for the beams and columns.

The information about the elastic limits of the frame was not available in the litera-

ture. For this reason, a pushover analysis using Drain-2DX (Prakash et al., 1993) was

performed to determine the inter-storey sti↵ness and yield load of the structure. In the

analysis, an incremental lateral load was applied at each level, whilst restraining the

horizontal translation of the lower storeys. The results showing the structural proper-

ties of the frame (i.e. inter-storey sti↵ness k
s,i

, yield deformation �
y,i

, yield load f
y,i

and

weight W
i

per level i), are presented in Table 5.1. Before the analysis, the resistance of

beams and columns was calculated as the product of the section’s plastic modulus and

the yield strength of steel grade S275, without including any reduction factor.

Figure 5.1: Low-rise steel frame structure (Inaudi, 1997)
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Table 5.1: Structural properties of low-rise
steel frame.

Level k
s,i

�
y,i

f
y,i

W
i

i [kN/cm] [cm] [kN] [kN]

1 870 4.51 3920 2232
2 1076 4.10 4410 2232
3 753 4.00 3010 2232
4 700 4.25 2975 2232
5 546 4.07 2240 2232
6 538 4.13 2205 2232

The frame analysed by Inaudi included low levels of viscous damping, with ratios in

the order of 0.5% of the critical. To create similar conditions, in this investigation the

damping was included by means of Rayleigh coe�cients, which were calculated using

the following simultaneous equations (Chopra, 1995):

⇣1 =
↵
r

2!1
+

1

2
�
r

!1,

⇣3 =
↵
r

2!3
+

1

2
�
r

!3

(5.1)

from where:

↵
r

= ⇣
2!1!3

!1 + !3
,

�
r

= ⇣
2

!1 + !3

(5.2)

where !1 and !3 are the circular frequency of the corresponding mode. After applying

Eqs. 5.2, the values of ↵
r

and �
r

were 0.0331 and 0.0004, respectively. The damping

ratios of the first three modes resulted in 0.50, 0.40 and 0.52%, respectively, which are

in good agreement with the original ratios. The natural frequencies of the frame were

0.67, 1.88 and 3.16Hz for the first, second and third mode of vibration, respectively.

In Inaudi’s work, the bare frame was retrofitted by installing a diagonal bracing-damper

system in the two middle bays (C-D and D-E, in Fig. 5.1), in every storey. The retrofit

system included one friction damper in each brace. In this investigation, however, the

retrofit system was installed using a di↵erent array, as a solution to the possible slender-

ness and buckling of the brace. The new system included a chevron bracing in the bays

B-C and E-F. The dampers were then installed in the connections between the braces
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and the beams, as shown in Fig. 5.2. A possible advantage of this system is that, by

including two concentric braces, it is possible to sustain higher control forces, due to the

reduced axial load and slenderness.

The braces were designed to remain linear-elastic and to avoid buckling during the

seismic excitations. A very sti↵ bracing system was also convenient for reducing the

elastic deformations that could a↵ect the e�ciency of the control system. For these

reasons, two upper limits of axial loads corresponding to the dampers’ maximum slip-

loads of 1.0f
y,i

and 2.50f
y,i

were used as design loads (see Chapter 6). The cross sections

resulting from the first upper limit were used for all the cases of analysis with slip-loads

of up to 1.0f
y,i

. Thus, Celsius c� chs244.5x16 sections were used in the first and second

storeys, and chs244.5x10 sections were used in the third to sixth storeys. The second

upper limit was used for cases of analysis with slip-loads greater that 1.0f
y,i

. The cross

sections used for this upper limit were chs355.6x16 sections for the first and second

storeys, and chs273.0x16 for all other storeys.

Figure 5.2: Detail of friction connections used for retrofit.

The introduction of the retrofit system increased the sti↵ness and modified the vibra-

tional properties of the structure. Depending on the state of the dampers, the frequencies

of the controlled structures may vary between those of a bare frame (i.e. all dampers

slipping), a fully braced frame (i.e. all dampers locked), or as intermediate, partially

braced frames. In the case of a fully braced condition, the frequencies of the three first

modes resulted in 1.14, 3.48 and 6.14Hz, respectively.

5.2.2 Medium-rise steel frame

Ohtori et al. (2004) proposed a set of three benchmark structures, which included a

high-rise, a medium-rise and a low-rise steel buildings. The medium-rise building was

utilised for the purposes of this investigation. It consisted of four moment resistant

frames arranged in orthogonal directions, each with nine storeys above ground level and
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one basement, as shown in Fig. 5.3. The total height of the frames was 37.37m and the

total width, which comprised five equally spaced bays, was 45.75m.

In this investigation, some modifications were made to the original frame proposed by

Ohtori et al. The geometry, dimensions and cross sections of the benchmark frame were

maintained, but the model adopted in this research (Fig. 5.4) included the following

changes:

• Only floors above ground level were considered.

• Supports at the base were fully restrained.

• All beam-column connections were assumed as rigid.

These modifications, however, were not expected to have a significant influence on the

dynamic properties of the structure.

Figure 5.3: Medium-rise steel frame model, proposed by Ohtori et al. (2004).

In the benchmark model, the damping ratios of the first and fifth modes of vibration

were specified as ⇣1 = ⇣5 = 0.02. Based on those ratios, the Rayleigh coe�cients ↵
r

and �
r

of the modified frame were calculated as 0.1008 and 0.00135 with Eqs. 5.2. The

damping ratios of the frame resulted in ⇣1 = 0.018 and ⇣5 = 0.021, which agreed with

the benchmark model.
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Figure 5.4: Modified medium-rise steel frame model.

The frequencies of vibration of both frames were also in good agreement. The first five

natural frequencies of the modified frame were 0.49, 1.29, 2.23, 3.33 and 4.56Hz, whereas

those of the benchmark model were 0.44, 1.18, 2.05, 3.09 and 4.27Hz.

The structural properties of the bare frame were determined by means of pushover

analysis using Drain-2DX (Prakash et al., 1993). In those analyses, lateral loads were

applied at each floor, whilst restraining the lower levels in the horizontal direction. The

properties resulting from the analysis are shown in Table 5.2.

The bare frame model was retrofitted by introducing a system similar to that described in

Section 5.2.1. In this case, the concentric chevron bracing-damper system was installed

in the bays B-C and D-E (Fig. 5.4), in every storey. Using a similar approach, the

braces were designed to sustain the dampers’ maximum slip-loads of 1.0f
y,i

and 2.50f
y,i

.

From the first design load limit, chs406.4x16 sections were used for the braces in the

first three storeys, chs323.9x16 sections for the braces in the fourth and fifth storeys,

chs323.9x12.5 sections for braces in the sixth and seventh storeys, chs323.9x10 sections

for braces in the eighth storey and finally chs273x10 sections for the braces in the top

storey. From the second design limit, shs400x400x20 sections were used in the first
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Table 5.2: Structural properties of medium-
rise steel frame.

Level k
s,i

�
y,i

f
y,i

W
i

i [kN/cm] [cm] [kN] [kN]

1 2176 5.10 11100 4954
2 3840 3.75 14400 4856
3 3583 3.60 12900 4856
4 3083 3.60 11100 4856
5 2921 3.80 11100 4856
6 2400 3.50 8400 4856
7 2053 3.80 7800 4856
8 1610 4.10 6600 4856
9 1250 3.60 4500 5249

five floors, chs406.4x16 sections for the braces in floors sixth, seventh and eighth, and

chs323.9x12.5 sections for the braces in the ninth floor.

The inclusion of the retrofit system resulted in the variability of frequencies between

bare and fully braced frame, depending on the state of the dampers. In the fully braced

condition, the frequencies of the first five modes were 1.09, 3.15, 5.61, 7.97 and 10.31Hz,

respectively.

5.3 Reinforced concrete frames

5.3.1 Low- and medium-rise RC frames

Two moment resistant, reinforced concrete frames were designed according to guidelines

provided in the Eurocodes 2 and 8 (European Committee for Standardization, 1992,

1998). The bare frames corresponded to the interior bays of low- and medium-rise

hypothetical o�ce buildings. The low-rise frame consisted of six storeys and three bays.

The total height and width were 22.80 and 18.0m, respectively. The medium-rise frame

consisted of ten storeys and three bays. In this case, the total height was 37.20m, and

the width was 18.0m. As a characteristic of both frames, the two lower levels were 4.20m

in height, whereas the rest of the storeys were 3.60m. A slice of the typical plan and the

elevation of the bare frame models are shown in Figs. 5.5 and 5.6.

Due to the occupancy of the hypothetical buildings, the frames were designed for ductil-

ity class high and importance class III. A concrete with compressive strength of 30MPa

and reinforcement steel with yield strength of 460MPa were used as materials of con-

struction. The seismic behaviour factor corresponding to those structural characteristics
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Figure 5.5: Typical plan of low- and medium-rise RC frames.

Figure 5.6: Elevation and cross-sections of low- and medium-rise RC frames.
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Table 5.3: Elastic Response Spectra for ground type C.

Soil S T
B

(S) T
C

S T
D

(S) a
g

C 1.15 0.20 0.60 2 0.53

Table 5.4: Dimensions of columns.

Section b h Area Inertia
[cm] [cm] [cm2] [cm4]

C1 45 45 2025 341719
C2 40 40 1600 213333

Table 5.5: Dimensions of beams.

Section b
f

b
w

h h
f

h
w

Area Inertia
[cm] [cm] [cm] [cm] [cm] [cm2] [cm4]

B1 exterior 122 35 45 18 27 3141 451174
B1 interior 194 35 45 18 27 4437 528207
B2 exterior 117 35 45 18 27 3051 444498
B2 interior 189 35 45 18 27 4347 523668
B3 exterior 112 30 40 18 22 2586 275244
B3 interior 184 30 40 18 22 3882 332730

was 5.85. An elastic design spectrum corresponding to ground type C was used for the

seismic design. The parameters used to construct the elastic spectrum are indicated in

Table 5.3. The seismic behaviour factor of 5.85 was used as a reduction factor of such

spectrum, as specified in the Eurocode 8.

The dimensions of the cross sections of beams and columns are indicated in Tables

5.4 and 5.5, respectively. Square cross sections were adopted for the columns, and T-

sections for the beams. The flange was included to account for the additional sti↵ness of

a concrete slab. A detail of the cross sections and the corresponding structural elements

using each cross section can be observed in the Fig. 5.6.

The vibrational properties of the bare frames were determined for inelastic conditions by

using a reduced modulus of elasticity to simulate a state of cracked sections. The first

three frequencies of the low-rise frame resulted in 0.65, 1.99 and 3.50Hz. The first three

damping ratios for the same structure were 4.96, 3.96 and 5.37%. For the medium-rise

frame, the first five frequencies were 0.50, 1.46, 2.49, 3.68 and 4.94Hz. In this case, the

damping ratios were 6.03, 3.70, 4.40, 5.60 and 7.10%.

Pushover analysis using Drain-2DX (Prakash et al., 1993) were performed to determine

the structural properties of the bare frames. The results showing the sti↵ness, yield

deformation and yield load of the inter-storey i are indicated in Tables 5.6 and 5.7, for

each frame. In those tables, the weight per storey is also indicated.
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Table 5.6: Structural properties of low-rise RC frame.

Level k
s,i

�
y,i

f
y,i

W
i

i [kN/cm] [cm] [kN] [kN]
1 210 3.50 680 609
2 177 3.90 660 609
3 255 2.90 740 578
4 240 3.00 720 578
5 243 2.80 680 578
6 210 1.80 420 525

Table 5.7: Structural properties of medium-rise RC frame.

Level k
s,i

�
y,i

f
y,i

W
i

i [kN/cm] [cm] [kN] [kN]
1 303 2.90 880 609
2 250 3.60 900 609
3 264 3.26 860 578
4 264 3.26 860 578
5 264 2.93 773 578
6 264 2.93 773 578
7 264 2.93 773 578
8 250 2.80 700 546
9 227 3.00 680 546
10 207 2.32 480 525

The bare frames were retrofitted by including a concentric bracing-damper system, with

the friction dampers installed between the braces and the beams, similar to that shown

in Fig. 5.2. Since it was assumed that the frames were su�ciently ductile, the retrofit

systems were included with the purpose of reducing the inter-storey deformations. The

retrofit system was installed in the middle bay of each storey. In this system, the braces

were designed to remain linear-elastic during the earthquake, but also su�ciently sti↵ to

undergo small deformations. The two levels of axial loads corresponding to the dampers’

maximum slip-loads of 1.0f
y,i

and 2.50f
y,i

were used as design loads. In the case of

1.0f
y,i

, chs219.10x12.5 sections were used in the braces of the first and second floor and

chs193.7x10 sections were used in the rest of the floors of the low-rise frame. In the

case of 2.50f
y,i

, chs219.10x12.5 sections were used in all the floors. The braces in the

medium-rise frame were chs193.7x6.3 sections in floors one to ninth, and chs168.3x6.3

sections in the top floor, for the design load limit of 1.0f
y,i

. For the higher design load,

chs219.1x16 sections were used in all the floors.

Due to the characteristics of the retrofit system, there was a variability in the frequencies

of vibration of the frames. Frequencies similar to those of the bare frame occur when all

dampers are activated. On the other hand, a fully braced condition occurs when all the

dampers are locked. In this state, the first three frequencies of the low-rise frame were
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1.79, 5.63 and 10.29Hz, whereas the same frequencies for the medium-rise frame were

1.0, 3.03 and 5.78Hz. A third condition in which only some dampers are activated is also

possible. Then, the frames may vibrate with frequencies corresponding to intermediate,

partially braced frames.

5.4 Ground excitations

The six historical earthquakes used in this investigation are indicated in Table 5.8.

The first three earthquakes (i.e. El Centro, Northridge and Kobe) were specified in the

benchmark problem proposed by Ohtori et al. (2004). The last three records (i.e. Loma

Prieta, Imperial Valley and Taft) were specially utilised in this study to set up a wider

range of excitation frequencies.

The excitations exerted in the simulations were composed of 30 seconds of the original

earthquake accelerograms and additional 10 seconds with zero acceleration to allow

for decay of the response. However, in the case of Northridge, only 25 seconds of

accelerations and 10 seconds for response decay were included. To study the adaptability

of the control systems, all the excitations were scaled to peak ground accelerations (PGA)

of 0.35 and 0.55g. Additional PGAs were also used for Kobe (0.82g), Taft (0.22g), Loma

Prieta (0.65g) and Imperial Valley (0.70g). Thus, a total of 16 excitations were used in

this project. The earthquake’s accelerograms scaled to the PGA of 0.35g are shown in

Fig. 5.7. Note that the amplitudes of the Taft record were scaled to 0.22, 0.35 and also

0.55g, in order to create an extreme event.

The frequency content of each earthquake was determined by means of Fourier spectra,

as shown in Fig. 5.8. As it can be observed, the records selected are useful because they

provide a broad band of excitation frequencies. The Taft record, however, represents an

extreme excitation with broad frequency content and high amplitude.

Table 5.8: Historical earthquakes used in non-linear simulations.

Name Year ID Station (USGS) NAG record
El Centro 1940 cn40 IVI District Array #9 180
Northridge 1994 nr94 Fletcher 234

Kobe 1995 ko95 JMA 1106
Loma Prieta 1989 lo89 SF Bay-Dumberton B 757

Imperial Valley 1979 iv79 Calipatria FS 163
Taft 1952 tf52 Hollywood 012

Note. The accelerograms corresponding to the NAG records were ob-
tained from the Peer Strong Motion Database (PEER, 2011).
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Finally, the response spectra of each earthquake excitation are shown in Fig. 5.9. Those

spectra include 5% damping.

Figure 5.7: Earthquake excitations used in simulations.

5.5 Concluding remarks

In this Chapter, four bare frame structures were described. These moment resistant

structures are representative of low- and medium-rise buildings, and included a 6- and

9-storey steel and a 6- and 10-storey RC frames.

The low-rise steel structure was utilised in a previous study by Inaudi (1997). A low

damping ratio of 0.5% was specified in Inaudi’s work, thus Rayleigh coe�cients were

calculated to create similar conditions in this research. The resulting damping of the
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Figure 5.8: Fourier spectra of earthquake excitations.

Figure 5.9: Response spectra of earthquake excitations, with 5% damping.

model used in this study was 0.50, 0.40 and 0.52% in the first, second and third mode of

vibration, respectively. These values were in good agreement with the damping reported

for Inaudi’s model. Using the dimensions and cross sections for beams and columns, the

first three natural frequencies of the frame resulted in 0.67, 1.88 and 3.16Hz.

The medium-rise steel structure was proposed by Ohtori et al. (2004) in a benchmark

problem. The same frame was adapted for this investigation by including some minor

modifications, e.g. rigid connections for all beams and columns and fully fixed supports

at the base. These modifications did not have a significant influence on the dynamic

properties of the frame. In the literature, the first five frequencies of vibration were

indicated as 0.44, 1.18, 2.05, 3.09 and 4.27Hz, and the damping ratios corresponding to

the first and fifth modes of vibration were 2%. In the model used in this investigation,

the first five natural frequencies resulted in 0.49, 1.29, 2.23, 3.33 and 4.56Hz, whereas
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the damping ratios of the first and second mode were 1.8 and 2.1%. These values are in

good agreement with those of the benchmark model.

In the steel building, the lateral resistant system was comprised of only two strong

moment frames. To contrast with that situation, a 6- and 10-storey, reinforced concrete

frames were designed as part of this project. These two frames corresponded to interior

slices of hypothetical o�ce buildings. The first three frequencies of the low-rise structure

were 0.65, 1.99 and 3.50Hz. The corresponding frequencies for the medium-rise frame

were 0.50, 1.46 and 2.49Hz.

A concentric bracing-damper system was used to retrofit the four bare frame models. In

this system, the friction dampers were installed between the braces and the beams. A

concentric array was used because it allows higher control forces, by reducing the axial

load and slenderness in the braces.

Finally, the description of six historical earthquakes used in the non-linear simulations

was presented. The earthquakes included El Centro 1940, Northridge 1994, Kobe 1995,

Loma Prieta 1989, Imperial Valley 1979 and Taft 1952. The set of records provided a

wide range of excitation frequencies.



Chapter 6

Friction-based passive control

6.1 Introduction

In this Chapter, the e�ciency of friction-based passive control is investigated for the set

of 6- and 9-storey, steel frames and 6- and 10-storey, RC frames described in Chapter 5.

A methodology for determining the dampers’ capacity based on mechanical properties

of the bare frame is described first. Non-linear simulations are then performed with the

software ConStruc, developed as part of this research (Chapter 4). The performance of

the control system is studied by comparing the global response of the bare and controlled

structures, including top floor displacements, shear and axial loads at the base of the

building, and energy dissipation. Also, to understand the mechanism of the optimum

performance behind each system, the top floor displacement and acceleration is analysed

in frequency domain by means of Fourier spectra.

6.2 Capacity of passive friction dampers

As described in Section 2.6 (Chapter 2), one type of simple friction damper consists of

a series of steel plates bolted together, with a durable frictional interface between them,

such as brass (Grigorian et al., 1993) or brake lining pads (Pall and Marsh, 1982).

The behaviour of a friction damper depends on two parameters: sti↵ness k
d

and slip-

load f
p

, as shown in Fig. 2.6 on page 15. For friction dampers, there is a high initial

sti↵ness which drops to zero after the slip-load is reached and the plates start moving

relatively to each other. This allows for small elastic deformations, but large movement

during the inelastic slippage of the plates to dissipate the energy.

64
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The ith damper’s slip-load can be modelled as the product of the friction coe�cient and

the clamping force, as established in Eq. 2.1 on page 14.

6.2.1 Determination of damper’s capacity

Several studies on friction dampers indicate an optimum slip-load for which levels of

response reduction and energy dissipation are maximum (e.g. Filiatrault and Cherry,

1987; Pall and Marsh, 1982; Pall and Pall, 2004). To determine such optimum value,

di↵erent approaches for the distribution of the slip-loads in the structure have been used.

Among the first investigations, in the experimental tests performed by Aiken et al.

(1988), the methodology used to determine the slip-load established that “slippage in

the dampers should not occur for wind and low to moderate earthquake loads (minimum

bound); dampers should start slipping before the yield limit of any member of the structure

is reached (upper bound); and slip-loads should be such that the energy dissipated within

the structural system due to friction is maximised”. Another method based on the

inter-storey shear force was studied by Filiatrault and Cherry (1990), who also noted

that small di↵erences in the e�ciency resulted between systems in which slip forces

were scaled in proportion of shear force acting on each storey and those with uniform

distribution of the total shear force. Furthermore, those authors proposed a design slip-

load spectrum from which the optimum slip-load could be determined directly. The

information required in such a formulation included the structural properties but also

vibrational properties of the construction site, which suggests that the optimum load

depends not only on the frame, but also on the excitation. In a later study, Dowdell

and Cherry (1996) proposed a distribution based on the structural deformation and the

mass of the building, such that f
p,i

= � di0

nX

j=i

m
j

, where f
p,i

is the slip-load of damper

at level i, � is a factor of proportionality, di0 is the inter-storey displacement of the

fundamental mode at level i, and the remaining term indicates the sum of masses above

and including the storey i. In this expression, however, the slip-load depends on the

excitation, which may limit the e�ciency, as earthquakes are random in nature. Finally,

the capacity of passive systems can also be determined proportionally to the sti↵ness

and strength distribution in the main frame, as performed by Symans et al. (2008), who

used a metallic yield device in a single storey, single bay frame, and Martinez-Rueda and

Elnashai (1995), who used friction dampers in the soft storey of a multi-storey building.

In this research, the capacity of friction dampers, including slip-load and sti↵ness, was

determined based on the structural properties of the bare frame, similarly to the ap-

proach proposed by Martinez-Rueda and Elnashai and Symans et al. This approach

seemed convenient as the dampers’ capacity would be independent of the characteristics
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of the excitation, but their performance would be closely related to the motion intensity.

The methodology is summarised in the following steps:

• For each inter-storey i, determine its sti↵ness k
s,i

, yield load f
y,i

and yield defor-

mation �
y,i

, by means of pushover analysis (Chapter 5).

• Determine the passive slip-load f
p,i

, as the ratio between the inter-storey’s yield

load and the damper’s slip-load, i.e. f
p,i

/f
y,i

. In this project, such ratio varied

from 0 to 2.5, where 0 indicates a bare frame and 2.5 a fully braced, or close to

fully braced frame.

• Define the sti↵ness k
d,i

of the friction device higher than the corresponding inter-

storey sti↵ness. For the medium-rise (9-storey) steel frame, a factor of 5 (i.e.

k
d,i

= 5k
s,i

) was used. For all other frames, a factor of 10 was applied.

6.3 Performance of passive systems

6.3.1 Reduction of top floor displacement

The four bare frames were subjected to the action of the set of ground accelerations

described in Chapter 5. The envelopes of maximum floor displacements of the frames

are shown in Figs. 6.1 and 6.2, for the steel frames and RC frames, respectively. In

those figures, it can be seen that the structural response of each frame was di↵erent

when they were subjected to each earthquake, even if the ground excitations were scaled

to the same PGA. These variations in the response are due to the frequency content of

each earthquake, which would result in di↵erent excitation levels for di↵erent modes of

vibration of the frame. As it can be observed in Figs. 6.1 and 6.2a and b, the largest

displacements were caused by the Taft excitation for both PGA of 0.35g and 0.55g. The

reason for this, as shown in Fig. 5.8 on page 62, is that Taft record is an extreme event

with very broad range of excitation frequencies with high amplitude.

The response of the frames was modified by including the passive control described in

Chapter 5. The top floor displacement of the controlled frames was lower than that of

the bare frames in many cases. The levels of reduction varied between each earthquake

and also depended on the slip-load of the dampers. In Figs. 6.3 and 6.4, the e�ciency of

the retrofit systems is presented as a plot between the ratio d
c

/d
b

(where d
c

represents

the top floor displacement of the controlled frame, and d
b

is the top floor displacement

of the bare frame), and the ratio f
p,i

/f
y,i

. As it can be seen, there is not a unique

optimum slip-load level for all excitations. This makes evident the limited adaptability
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Figure 6.1: Envelope of maximum floor displacements of steel bare frames.

of the system. Furthermore, the limitation of the control system e�ciency is evident

for the medium-rise buildings under the Northridge excitation, which even leads to an

increase of displacements for the RC frame (Fig. 6.4b).

Although one single value of optimum slip-load cannot be identified, there is a clear

range of f
p,i

/f
y,i

between 0.25 and 0.65 which produced good levels of reduction, in

the majority of the earthquakes. Higher slip-loads, up to fully braced, or close to fully

braced condition (f
p,i

/f
y,i

=2.50), were not as e↵ective, showing no further significant

reductions or, in many cases, allowing for an increase of the response.
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Figure 6.2: Envelope of maximum floor displacements of RC bare frames.

6.3.2 Increase of structural forces

The immediate e↵ect of introducing a retrofit system in a bare frame is the increase of

sti↵ness, which would normally lead to an increase of the inter-storey shear and axial

loads in the columns. In general, for all controlled systems there was an increase of both

base shear and axial load in the columns of the first floor, especially in those columns

connecting with the braces, as seen in Fig. 6.5, where the ratios between the base shear

or axial load of the controlled frames (F
b,c

or F
a,c

, respectively) and the base shear or

axial load of the bare frames (F
b,b

or F
a,b

, respectively) are shown. It can be noted

that there is a small interval of slip-loads up to 0.25f
y,i

which produces a reduction of
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Figure 6.3: Top floor displacement ratios of steel frames with passive control: low-rise
(left) and medium-rise (right).

forces, in many cases. However, this range of slip-loads was not identified as the one

producing the largest reductions of deformations. The results show that, in the region

with maximum reductions (i.e. f
p,i

/f
y,i

= 0.25 to 0.65), there is a reasonable increase

in shear forces, and relatively steep increase in axial loads in the columns. Increase of

ratios f
p,i

/f
y,i

beyond 0.65 results in dramatic increase on both shear and axial loads.

This behaviour is a result of the energy dissipation in the friction devices. The fact that

the forces (shear and axial) in the frame do not increase proportionally to the increase of
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Figure 6.4: Top floor displacement ratios of RC frames with passive control: low-rise
(left) and medium-rise (right).

the slip-load ratio f
p,i

/f
y,i

in the region below 0.65, suggests that the increase of forces

is o↵set by the reduction in deformations (as it was shown in Fig. 2.7 on page 15).
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Figure 6.5: Ratios of shear and axial load in frames with passive control system.
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6.3.3 Energy dissipation

Reduction of the frame response is related to the additional dissipative mechanism pro-

vided by the control system. Since the behaviour of the colums is assumed as elastic, the

only dissipative elements in the bare frame are plastic hinges in the beams. The bracing

system adds a limited amount of dissipation, especially in this investigation where the

braces were designed to remain linear-elastic. The passive control, on the other hand,

increases significantly the dissipative capacity of the structure. The optimum response

reduction is closely related to the amount of energy dissipated through the hysteretic

frictional mechanism, rather than that created by plasticity in the structural elements.

The proportions of external energy dissipated by beams and friction connections (ratios

E
s

/E
i

and E
c

/E
i

, respectively) are shown in Fig. 6.6. The results show that for the

bare frame (f
p,i

/f
y,i

= 0), large amounts of energy are dissipated in the beams, whereas

with the introduction of friction dampers (f
p,i

/f
y,i

> 0), most of the energy is dissipated

through slippage in the dampers, with very small proportion dissipated in the beams.

This means that the damage in the frame is greatly reduced using the control system.

It is also shown that the dissipative capacity added by the control system is reduced for

slip-loads outside the range f
p,i

/f
y,i

= 0.25 to 0.65, indicating a lack of activation of the

friction connections.

6.3.4 Frequency content of the seismic response

Fourier spectra of the top floor displacement and acceleration gives an indication of the

mechanism behind each structural system. In general, the variation of the structural

response results from the modification of the vibrational frequencies of the frames due

to the activation of the dampers. This e↵ect can result in avoiding resonant conditions,

in which the frequency of the frame is equal to the frequency of the excitation.

The time history of the top floor displacement and the spectral amplitude of the top

floor displacement and acceleration of the reference frames under di↵erent excitations are

shown in Figs. 6.7 to 6.10. As shown in Fig. 6.7a, the displacement at the top floor of the

low-rise steel frame was greatly reduced using the passive control with f
p,i

/f
y,i

= 0.35,

but not as e�ciently with the largest control force (f
p,i

/f
y,i

= 2.50), which is closer to a

fully braced condition. This is related to the spectra shown in Figs. 6.7b and c, where the

control with higher slip-load created large peaks at 1.40 and 3.90Hz. These two peaks

are shifted from the peaks of the bare frame at 0.67, 1.88 and 3.16Hz, corresponding

with its first, second and third mode, respectively. As it can be seen, the first and second

modes had a predominance on the displacement and acceleration response, respectively.
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Figure 6.6: Ratios of hysteretic energy dissipated by beams and friction dampers.
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The control with f
p,i

/f
y,i

= 0.35 had smaller amplitudes, with peaks at 1.2 and 1.5Hz,

and not large amplification at any frequency.

Considering the medium-rise steel frame (Fig. 6.8), the control with ratios f
p,i

/f
y,i

be-

tween 0.25 and 0.65 was not always e↵ective for the Northridge excitation. In the

case of Northridge with PGA of 0.55g, the displacements were significantly reduced for

f
p,i

/f
y,i

=0.25 and 0.35, and also for higher ratios, f
p,i

/f
y,i

> 1.50. The system with

f
p,i

/f
y,i

= 0.65 was not very e�cient, and produced practically the same response as the

bare frame, but at di↵erent frequencies. The reason for this, as suggested by the spectra

of Figs. 6.8b and c, is that there is a fully braced condition, which is suddenly changed

by the pulse of the excitation. In the Fig. 6.8b, the control systems (f
p,i

/f
y,i

= 0.35,

0.65 and 2.50) produced peaks around the first frequency of fully braced condition (i.e.

1.09Hz). In fact, it can be seen that the higher slip-load resulted in amplitudes at

1.09Hz, indicating the braced condition, whereas the systems with f
p,i

/f
y,i

= 0.35 and

0.65 modified the frequencies due to activation/deactivation in the friction connections.

However, in the case of the lower slip-load, the reduction of displacement was a result of

the higher amount of energy dissipated by the dampers (Fig. 6.6b). In the Fig. 6.8c, the

spectra of the control with f
p,i

/f
y,i

of 0.65 and 2.50 are very similar up to 2.5Hz, when

the dampers of the first controller are suddenly activated, hence dropping the amplitude

at higher frequencies. The peaks for the bare frame correspond to the modes of vibration

at 0.49, 1.29 and 2.23Hz, with a predominance of the second mode. The controller with

f
p,i

/f
y,i

= 0.35 produced smaller amplitudes at di↵erent frequencies, mainly at 0.90,

1.40, 1.60 and 2.50Hz, which indicates a state of activation/deactivation of the dampers,

and avoiding resonance with any of the frequency components of the earthquake.

A similar e↵ect can be observed for the low-rise RC frame under the Northridge earth-

quake with PGA of 0.55g, although in this case the displacement was not reduced using

a ratio f
p,i

/f
y,i

= 2.50. As shown in Fig. 6.9a, the control is less e�cient for slip-loads

greater than 0.35f
y

. Again, this e↵ect is thought to be caused by the pulse-like type

of the excitation. As shown in Fig. 6.9b, the spectra of the controlled systems show

several peaks between 1.2 and 1.8Hz (with significantly larger amplitudes for the higher

slip-load, f
p,i

/f
y,i

= 2.50), which indicates activation/deactivation of the dampers in the

three systems. The reductions, then, are related to the amount of energy dissipated,

which was higher for the system with f
p,i

/f
y,i

= 0.35. In Fig. 6.9c, the spectra of the

systems also show peaks between 1.2 and 1.8Hz, with significantly larger amplitudes

for the higher slip-load (f
p,i

/f
y,i

= 2.50), and one larger peak at 1.5Hz for the control

with f
p,i

/f
y,i

= 0.65. The optimum control (f
p,i

/f
y,i

= 0.35) shows smaller amplitudes,

which drop as the frequency increases, suggesting a continuous state of activation.
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Finally, a comparison of the top floor displacements for the medium-rise RC frame

under Loma Prieta with a PGA of 0.55g is shown in Fig. 6.10a. There was a reduction

of the displacements using the control systems, but remarkably better for the slip-load

of 0.35f
y,i

. In the spectra of Figs. 6.10b and c, the predominant amplitude for the

bare frame and control systems with slip-loads of 0.35f
y,i

and 0.65f
y,i

corresponds to

the bare frame’s fundamental mode at 0.50Hz, whereas the control with highest slip-

load (f
p,i

/f
y,i

= 2.50) shows the largest amplitude at 1.0Hz, which corresponds to the

first frequency of a fully-braced system. In the case of acceleration, the systems with

f
p,i

/f
y,i

= 0.35 and 0.65 show several peaks of small amplitude at di↵erent frequencies,

including those of the bare and braced frame. This makes evident the mechanism of the

passive control, which allows the frequencies of the structure to vary between those of a

bare frame and those of fully and partially braced frames.
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Figure 6.7: Low-rise steel frame: Spectral amplitude of top floor displacement and
acceleration, under El Centro (PGA=0.35g).
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Figure 6.8: Medium-rise steel frame: Spectral amplitude of top floor displacement
and acceleration, under Northridge (PGA=0.55g).



Chapter 6. Friction-based passive control 78

Figure 6.9: Low-rise RC frame: Spectral amplitude of top floor displacement and
acceleration, under Northridge (PGA=0.55g).
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Figure 6.10: Medium-rise RC frame: Spectral amplitude of top floor displacement
and acceleration, under Loma Prieta (PGA=0.55g).
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6.4 Concluding remarks

In this Chapter, a methodology for determining the capacity of passive dampers, in-

cluding sti↵ness and slip-load, was presented. Such determination is based on structural

properties of the bare frame, and thus it is independent of the predominant frequencies

of the excitation source. The sti↵ness of the devices was proposed to be higher than the

corresponding sti↵ness of the inter-storey where the damper is located. The slip-load f
p,i

was determined proportionally to the inter-storey yield load f
y,i

, as the ratio f
p,i

/f
y,i

,

which varied between 0 and 2.5. A value equal to 0 represented a bare frame condition,

and 2.5 represented a fully-braced, or close to fully-braced frame condition.

In general, the response of the bare frames was reduced by including the passive control

system. However, the results indicated that there is not a unique value of optimum slip-

load, which would allow for the maximum response reductions, for all the earthquakes.

Instead, there is a range of ratios f
p,i

/f
y,i

between 0.25 and 0.65 that produced good

response reductions for all the frames, under all excitations.

The immediate e↵ect of introducing a control system was to increase the sti↵ness of

the bare frame. This also produced an increase in the level of shear forces and axial

loads at the base of the building. However, for a certain combination of reduction of the

frame’s deformation and low slip-loads, it is possible to reduce the force demand in the

structure.

The proportions of energy dissipated during the earthquakes were also a↵ected by using

the control system. For the same range of ratios f
p,i

/f
y,i

between 0.25 and 0.65, most

of the energy was dissipated through the dampers, rather than by plastic hinges at the

beams.

Finally, the mechanism of the control systems was analysed in frequency domain, by

means of Fourier spectra of the frames’ top floor displacement and acceleration. It was

noticed that by introducing the control systems into the structure, there is a variation in

the vibrational frequencies of the bare frame, which can avoid resonance conditions by

shifting away from the predominant frequencies of the excitation. In the spectra shown

in Figs. 6.7 to 6.10, it can be seen that the control system may vibrate in frequencies

similar to a bare frame, a fully-braced frame and intermediate, partially braced frames.

Increased energy dissipation capacity is always beneficial, but the frequency response

suggests that large di↵erences in performance can be achieved by altering the dynamic

characteristics of the frame during the earthquake.
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Semiactive control using existing

algorithms

7.1 Introduction

Several algorithms existing in the literature were described in Section 2.7 (Chapter 2).

A selection of those algorithms, including the modulated homogeneous friction control

(Inaudi, 1997), the linear and smooth boundary layer controllers (He et al., 2003) and

the Tri-D control (Chen and Chen, 2004c), were implemented in the program ConStruc.

The performance of these control algorithms was evaluated by simulating the response

of multi-storey buildings under a range of di↵erent earthquakes.

Those semiactive controllers were expected to show better performance than the passive

systems, as a result of increased slippage of the connections, which is caused by modifying

the slip-loads during the earthquake excitation. This enhanced slippage was expected

to produce an increase of the damping in the structural system, which generally leads

to smaller seismic responses.

The e�ciency of those controllers was shown analytically and/or experimentally in the

literature (Section 2.8). In those studies, the controllers were implemented in di↵erent

structures, including 6-storey frame (Inaudi, 1997) for the MHF control, 3-storey frames

(He et al., 2003; Ng and Xu, 2007) for the LBL and SBL, and a 20-storey frame (Chen

and Chen, 2004c; Ng and Xu, 2007) and an experimental 12-storey scaled frame (Xu

and Ng, 2008) for the SBL and Tri-D algorithms.

The e�ciency of the four controllers was also investigated in this research project. Ini-

tially, a study to identify the e↵ect of the parameters involved in each control law was

81
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performed. In the study, non-linear simulations of the seismic response of the low-rise (6-

storey) steel and medium-rise (10-storey) RC frames were performed. From the results,

a feasible set of control parameters for each one of the four bare frames was identified.

The set of six earthquakes described in Chapter 5 were exerted in those simulations. The

results, as they are shown in this Chapter, confirm the e�ciency of the control systems

in reducing the seismic response of the frames.

7.2 Implementation of algorithms in ConStruc

The four control algorithms were implemented in the program ConStruc by means of

the module Control Strategy (Fig. 4.5 on page 46). As described in Section 4.3, the

control systems were implemented using a feedback strategy in which the information

required by each algorithm (i.e. the local deformation �
i

, in this investigation), was fed

by the main module of the program (i.e. the Newmark-� procedure). The rate of local

deformation �̇
i

across each damper i was calculated within the corresponding control sub-

routine, where the appropriate control law was also applied to determine the variable

control force f
s,i

(t), whose value was then returned to the main program.

The flow charts of the control sub-routines (as programmed in ConStruc), corresponding

to the MHF, LBL, SBL and Tri-D algorithms are shown in Figs. 7.1 to 7.3, whereas the

programming algorithms are presented in Tables 7.1 to 7.4. It should be noted that the

block Input data shown in Figs. 7.1 to 7.3, indicates the input of pre-set parameters

required by each controller (e.g. sampling time, friction coe�cients, gain factors and/or

initial slip-loads).
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Figure 7.1: Flow chart of modulated homogeneous control (MHF).

Table 7.1: Modulated homogeneous friction control (MHF), programmed in ConStruc.

1. Initial time of analysis, t0

(a) Input data:
Gain factor, gi
Sampling time: ts

(b) Initial deformation and velocity: �0,i = 0, P [�i(t)]0 = 0, �̇0,i = 0

2. At every sampling time

(a) Calculate the current velocity across the damper i:

! ��̇i =
�i � �0,i

ts
, and �̇i = �̇0,i +��̇i

(b) Check the velocity to determine if there is a local peak of deformation:
! if �̇0,i > 0 and �̇i < 0
! or �̇0,i < 0 and �̇i > 0
! then P [�i(t)] = |�i|
! P [�i(t)]0 = P [�i(t)]
! else P [�i(t)] = P [�i(t)]0
! end

(c) Calculate the normal force: ! Ni(t) = giP [�i(t)]

(d) Calculate the new slip-load: ! fs,i(t) = µNi(t)sgn(�̇i(t))

(e) Set �0,i = �i, �̇0,i = �̇i
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Figure 7.2: Flow chart of control with boundary layers: a) Linear boundary layer
(LBL); b) Smooth boundary layer (SBL).
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Table 7.2: Linear boundary layer (LBL) control, programmed in ConStruc.

1. Initial time of analysis, t0

(a) Input data:
Gain factor, gi
Linear boundary layer, �a,i

Sampling time: ts

(b) Initial deformation and velocity: �0,i = 0, �̇0,i = 0, P [�i(t)]0 = 0

2. At every sampling time

(a) Calculate the current velocity across the damper i:

! ��̇i =
�i � �0,i

ts
, and �̇i = �̇0,i +��̇i

(b) Determine the normal force, based on the value of current velocity:
! if |�̇i| > �a,i

! then Ni(t) = giP [�i(t)]0
! else
! if �̇0,i > 0 and �̇i < 0
! or �̇0,i < 0 and �̇i > 0
! then P [�i(t)] = |�i|
! P [�i(t)]0 = P [�i(t)]
! end

! Ni(t) =
giP [�i(t)]

�a,i

! end

(c) Calculate the new slip-load:
! fs,i(t) = µNi(t)sgn(�̇i(t))

(d) Set �0,i = �i, �̇0,i = �̇i



Chapter 7. SA control using existing algorithms 86

Table 7.3: Smooth boundary layer (SBL) control, programmed in ConStruc.

1. Initial time of analysis, t0

(a) Input data:
Gain factor, gi
Smooth boundary layer, �b,i

Sampling time: ts

(b) Initial deformation and velocity, �0,i = 0, �̇0,i = 0, P [�i(t)]0 = 0

2. At every sampling time:

(a) Calculate the current velocity across the damper i:

! ��̇i =
�i � �0,i

ts
, and �̇i = �̇0,i +��̇i

(b) Check the velocity to determine if there is a local peak of deformation:
! if �̇0,i > 0 and �̇i < 0
! or �̇0,i < 0 and �̇i > 0
! then P [�i(t)] = |�i|
! P [�i(t)]0 = P [�i(t)]
! end

(c) Calculate the normal force:
! Ni(t) = giP [�i(t)]tanh(�b,i�̇i(t))

(d) Calculate the new slip-load:
! fs,i(t) = µNi(t)

(e) Set �0,i = �i, �̇0,i = �̇i
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Figure 7.3: Flow chart of Tri-D control.

Table 7.4: Tri-D control, programmed in ConStruc.

1. Initial time of analysis, t0

(a) Input data:
Gain factor, e
Initial passive load, Np,i

Sampling time: ts

(b) Initial deformation and velocity: �0,i = 0, �̇0,i = 0

(c) Gain factor ratio e/g = 2⇡ff

2. At every sampling time:

(a) Calculate the current velocity across the damper i:

! ��̇i =
�i � �0,i

ts
, and �̇i = �̇0,i +��̇i

(b) Calculate the displacement-velocity dependant normal force:
! Ns,i(t) = e|�i|+ g|�̇i|

(c) Determine the new normal force:
! if Ns,i(t) > Np,i

! then Ni(t) = Ns,i(t)
! else Ni(t) = Np,i

! end

(d) Calculate the new slip-load:
! fs,i(t) = µNi(t)sgn(�̇i(t))

(e) Set �0,i = �i, �̇0,i = �̇i
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7.2.1 Verification of functionality of the controllers

The functionality of the controllers was verified by analysing a one storey, one bay

frame with one friction damper, subject to a sinusoidal excitation with amplification

and decay, as shown in Fig. 7.4. For simplicity, the sub-index i was removed from the

control parameters, since i = 1. The MHF control was used with two gain factors g

of 20kN/cm and 40kN/cm, and a unitary friction coe�cient µ. As established by Eq.

2.3, the damper’s slip-load was adjusted at every peak of the local deformation. The

hysteretic curves shown in Fig. 7.5a, indicate the direct relation between the gain factor

and the control force. It was possible to develop larger control forces by using the gain

g = 40kN/cm, which led to smaller deformations, in comparison with the system using

g = 20kN/cm. It should be noted, however, that larger control forces may also lock up

the friction dampers.

The inclusion of the linear and smooth boundary layers into the homogeneous control

produced a gradual variation of the slip-load, which eliminated the sharp corners of

the hysteretic curves. Two linear layers �
a

=5cm/s and 15cm/s and two smooth layers

�
b

=0.1 and 0.05 were used in combination with a gain factor g = 20kN/cm. As expected

from the definition of the controllers in Eqs. 2.7 and 2.8, there was a gradual variation

of the damper’s slip-load, which was smoother for the SBL control with �
b

= 0.05 (Figs.

7.5b and c). A comparison of the time histories of slip-loads produced by the MHF,

LBL and SBL controllers is shown in Fig. 7.6, where the sharp or gradual variation of

the control force is evident for each system.

Reasonable results were also obtained when the Tri-D control was included in the frame

model. In this case, the gain factors e and g (Eq. 2.11) were related by the ratio

e/g = 2⇡f
f

(Chen and Chen, 2004c), where f
f

represents the fundamental frequency of

the frame. As this was only an exercise for verification of the controller, an arbitrary

value of 10kN/cm was assigned to the gain factor e. Thus, the gain g was calculated as

10/2⇡f
f

. The passive slip-load f
p

= µN
p

was assigned a value of 20kN. The resulting

Figure 7.4: Frame and input excitation for verification of control systems.
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Figure 7.5: Hysteresis of damper using MHF, LBL and SBL controls.

Figure 7.6: History of control forces using MHF, LBL and SBL controls.
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Figure 7.7: Control forces produced by Tri-D control.

hysteretic curves (Fig. 7.7a) showed an initial passive phase, corresponding to the slip-

load f
p

. Beyond this phase, the gradual variation of the slip-load due to the inclusion

of forces related to the deformation and velocity (as indicated by Chen and Chen), can

be noticed. The influence of each term of Eq. 2.11 in the control force can be observed

in the time histories shown in Fig. 7.7b, where the control force f
s

(t) indicates the

accumulation of the force produced by each term.

7.3 Parametric study of existing decentralised controllers

7.3.1 Definition of parameters

The influence of the control parameters (i.e. gain factors, boundary layers and/or initial

passive load) in the performance of each control system was investigated by means of

non-linear simulations. In the simulations, the four controllers were applied to the low-

rise (6-storey) steel frame and the medium-rise (10-storey) RC frame, subjected to six
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Table 7.5: Control parameters for study of existing decentralised controllers.

Controller Frame
Gain g or e (1) �

a �
b

f
p

[kN/cm] [cm/s] [f
p

/f
y

]
MHF All 98.1, 490.5, 981 – – –

LBL
Low-rise steel

98.1, 490.5, 981
8, 16, 24

– –
Med-rise RC 6, 12, 18

SBL All 98.1, 490.5, 981 – 1, 5, 10 –

Tri-D
Low-rise steel 375, 1125, 1500

– – 0.05, 0.15
Med-rise RC frame 70, 135, 270

Note 1. Gain g for MHF, LBL and SBL controllers, and gain e for Tri-D control.

di↵erent earthquakes: El Centro (0.55g), Northridge (0.35g), Kobe (0.82g), Loma Prieta

(0.65g), Imperial Valley (0.70g) and Taft (0.22g). Depending on the control algorithm,

di↵erent values were assigned to the control parameters, as summarised in Table 7.5.

Two values of the gain factor g
i

used in the MHF control were similar to those used by

Inaudi (1997) in his study, i.e. 98.1kN/cm and 490.5kN/cm. Also, for the purposes of

this investigation, a third gain factor was defined as 981kN/cm, equivalent to 10 times

the original smallest factor.

For the LBL and SBL controllers, the gain factors were assumed to be the same as for the

MHF control. According to He et al. (2003), the thickness of the linear layer �
a,i

in the

LBL control should be a small value in the vicinity of zero velocity. In their study, those

authors used layers in the order of 20cm/s for a base isolated building and 10cm/s for

a 3-storey frame with dampers in each floor. In the present investigation, the thickness

of the layer was determined as the ratio �
a,i

/|¯̇x
top

|, where the variable ¯̇x
top

represents

the average of the top floor’s maximum velocity, when the bare frame was subjected to

the earthquakes mentioned before. Then, the thickness of the layer was defined as 5, 10

and 15% of the velocity, i.e. �
a,i

/|¯̇x
top

| = 0.05, 0.10 and 0.15, resulting in �
a,i

values of

8, 16 and 24cm/s (low-rise steel frame) and 6, 12 and 18cm/s (medium-rise RC frame).

The influence of the parameter �
b,i

was studied by Ng and Xu (2007), who used the SBL

algorithm to control the response of a building complex comprising a 20-storey building

and a 3-storey podium. In their study, the authors used values for �
b,i

of 5, 10 and 15.

They concluded that the layer had only a minor influence on the seismic response of

those structures, especially for the high-rise building. In the present investigation, the

influence of the parameter in the seismic response of the 6- and 10-storey frames was

investigated using three di↵erent �
b,i

values of 1, 5 and 10.

In the case of the Tri-D control, two values of the initial slip-load f
p,i

were defined as

5 and 15% of the yield load f
y,i

corresponding to the ith storey where the dampers

were located. In the case of the low-rise steel frame, as two dampers were installed on
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every floor, each device carried half of that initial slip-load (i.e. 0.025f
y,i

and 0.075f
y,i

,

respectively). The selection of these values was based on the low initial slip-loads (around

10% of the maximum damper’s slip-load) recommended by Chen and Chen (2004a), who

determined that large initial passive slip-loads may lead to higher acceleration in the

structure, due to the stick/slip e↵ect in the damper.

Similar to the study by Chen and Chen (2004a), the ratio of gain factors e/g was

defined as the circular frequency of the structure (Chen and Chen, 2004a), from where

e/g = 2⇡f
f

, with f
f

indicating the fundamental frequency of the frame. An initial gain

factor e0, which would generate the maximum capacity of the damper at the time of

maximum inter-storey deformation, was proposed as follows:

e0 =
µN̄

p

�̄
(7.1)

where µN̄
p

represents the average of the maximum slip-load capacity of the dampers,

which was defined as f
max,i

= 1.0f
y,i

. Again, for the low-rise steel frame, each damper

carried half of that maximum load (0.5f
y,i

). In Eq. 7.1, �̄ represents the average of the

maximum inter-storey deformations of the bare frame recorded in each earthquake.

Figure 7.8: Control forces and hysteresis of damper 1 (ground floor) in the low-rise
steel frame using Tri-D system with di↵erent gain factors; El Centro (0.55g) excitation.
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Figure 7.9: Control forces and hysteresis of damper 1 (ground floor) in the medium-
rise RC frame using Tri-D control system with di↵erent gain factors; El Centro (0.55g)

excitation.

After applying Eq. 7.1 for the low-rise steel frame, the value of e0 was 1500kN/cm,

considering a friction coe�cient µ = 0.2. To examine the e↵ect of the gain factor in the

control e�ciency, two additional values for the gain e were defined as 0.75e0 and 0.25e0,

resulting in 1125 and 375kN/cm, respectively. The gains e = 1.0e0 and e = 0.75e0 led

to abrupt changes in the control force, which prevented a continuous activation of the

damper. Furthermore, as shown in Fig. 7.8a, the control forces required by the system

with e = 1.0e0 and e = 0.75e0 were often larger than the maximum capacity of each

friction damper (0.5f
y,i

), thus locking the devices and generating force spikes during the

simulations, as shown in the force-deformation relation in Fig. 7.8b, for the frame under

the El Centro earthquake (PGA=0.55g).

Following the same procedure for the medium-rise RC frame, the initial gain factor e0

was calculated as 545kN/cm. In order to reduce the e↵ect of the abrupt change during

the seismic simulations observed in the steel frame, three smaller gains e were defined

as 0.5e0, 0.25e0 and 0.125e0, which resulted in 270, 135 and 70kN/cm, respectively. As

it can be observed in Fig. 7.9a, the control forces were smaller for each gain factor, but

it also resulted in a more continuous, well defined hysteresis, as shown in Fig. 7.9b for

the damper located in the ground floor, under the El Centro earthquake scaled to 0.55g.
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7.3.2 Influence of control parameters on the performance of the sys-

tems

The influence of the control parameters on the performance of the control systems is

shown in Figs. 7.10 and 7.11, as average ratios of controlled to uncontrolled response, in

terms of displacements, accelerations and base shear.

For the low-rise steel frame, the ratios of controlled to uncontrolled (bare) top floor

displacement (d
c

/d
b

) were reduced using higher gains in all the control systems, although

such reduction was more significant for the MHF, LBL and SBL controllers (Fig. 7.10a).

In the MHF algorithm, the displacement ratios were 0.95, 0.70 and 0.60 when gains g

of 98.1, 490.50 and 981kN/cm were used, respectively. In the LBL and SBL algorithms,

the increase of gain factors resulted in displacement ratios around 0.95, 0.70 and 0.60.

In the case of the Tri-D controller, the ratio with the lowest gain was approximately

0.60, but it was further reduced to only 0.50 with the higher gains.

The thickness of the layers also influenced the displacements, although significantly

only in the LBL control with medium and high gains (Fig. 7.10a). The layer �
a,i

of

8cm/s produced smaller displacement ratios for both gains (0.70 and 0.65, respectively),

whereas the layer of 16cm/s increased the ratios to 0.75 and 0.70, and the layer of 24cm/s

increased them to 0.78 and 0.72. The influence of the parameter �
b,i

was not significant,

and similar reductions were obtained with any of the three layers (�
b,i

= 1, 5 and 10).

The initial passive load f
p,i

in the Tri-D control did not show a significant influence on

the levels of reduction. Only a slight di↵erence of about 5% could be observed for the

lowest gain, with slightly smaller displacement when f
p,i

= 0.15f
y,i

was used.

The e�ciency of the controllers on top floor acceleration was also influenced by using

di↵erent parameters, but such influence was only significant in the Tri-D control (Fig.

7.10b). The ratios a
c

/a
b

were approximately 0.85 for all gains, when the MHF control

was used. In the case of the LBL algorithm, there was a small variability of less than 5%

in the ratios produced by any of the gain factors. A small variability was also produced

by the SBL control, although in this system there was a slightly higher influence of the

layer thickness �
b,i

when the high gain was included, which resulted in ratios of 0.82,

0.85 and 0.87 for �
b,i

= 10, 5 and 1, respectively. In the case of the Tri-D control,

there was a significant influence of both the gain factor and the initial passive slip-load,

which led to an increase of acceleration. In this controller, smaller accelerations were

obtained when the higher initial slip-load was used, in comparison with the accelerations

produced using the lower slip-load. In both cases, however, the ratios a
c

/a
b

increased

with the gain factor. In the first case (f
p,i

= 0.15f
y,i

), the ratio increased from 0.82 to

1.0, whereas in the second case (f
p,i

= 0.05f
y,i

), this ratio increased from 0.84 to 1.2.
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Figure 7.10: Low-rise steel frame: average ratios of response including control systems
with di↵erent parameters.
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The levels of base shear reduction in the low-rise steel frame were also influenced by

the gain factor and other parameters already described. As it can be observed in Fig.

7.10c, the MHF, LBL and SBL controllers reduced the base shear using any of the gain

factors. As indicated by the ratio F
b,c

/F
b,b

, similar levels of reduction were obtained

for those three controllers, with ratios around 0.90 and 0.78 for the low and high gains,

respectively. In the case of the LBL control, the parameter �
a,i

also had an influence

in the level of reduction, especially for the medium and high gains. For both factors,

there was an increase of about 10% between the ratio produced by �
a,i

= 8 (i.e. 0.80)

and that of �
a,i

= 24 (i.e. 0.90). In the case of the Tri-D control, when it was used in

combination with the low, medium or high gain, the resulting ratios were around 0.80,

0.95 and 1.05, respectively, with very small variations between both levels of f
p,i

.

For the medium-rise RC frame, as it can be seen in Fig. 7.11a, the top floor displacement

was further reduced with higher gain factors, in all the controllers. In the case of the

MHF algorithm, the ratios d
c

/d
b

varied from 0.95 to 0.72 for the low and high gains,

respectively. In case of the LBL and SBL algorithms, it can be seen that both layers

�
a,i

and �
b,i

did have an influence in the response. The ratios d
c

/d
b

varied from 0.95 to

0.80, for the LBL system, and from 0.95 to 0.68, for the SBL control, using the low and

high gains. For both controllers, the maximum reductions were obtained using the high

gain factor and �
a,i

= 6 or 12, and �
b,i

= 5 or 10, respectively. In the case of the Tri-D

control, d
c

/d
b

varied between 0.90 and 0.80, for the low and high gains, respectively,

with very small di↵erences between the initial slip-loads.

The controllers were also slightly more e�cient in reducing the accelerations when higher

gains were used (Fig. 7.11b). In the case of the MHF, the ratios varied between 0.98 and

0.90 for the low and high gains. The ratios produced by the LBL and SBL were lower

when the medium gain was used (around 0.90), but slightly increased when the higher

gains were used. There was also an influence of the boundary layer, which led to some

variations, more remarkable for the LBL algorithm with medium and high gains. In the

case of the Tri-D control, neither the initial slip-load nor the gain factor influenced the

acceleration, and the ratios were around 0.92.

Unlike the steel frame, the base shear of the controlled RC structure was either compa-

rable to that of the bare frame, or increased for all the systems. As shown in Fig. 7.11c,

the ratios F
b,c

/F
b,b

varied between 0.98 (MHF system) and 1.25 (Tri-D system) for the

low and high gains, respectively. This increment suggests that the inter-storey deforma-

tions in the frame were still significant, leading to high structural forces combined with

the control forces. This agrees with the low levels of displacement reduction described

before (Fig. 7.11a), which were around 33% for the MHF and SBL systems, and around

20% for the LBL and Tri-D controllers, respectively.
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Figure 7.11: Medium-rise RC frame: Average ratios of response including control
systems with di↵erent parameters.
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7.4 E�ciency of decentralised controllers

After the investigation of the influence of control parameters, three controllers (MHF,

SBL and Tri-D) were applied to the four multi-storey frames subjected to the El Centro,

Northridge, Kobe, Loma Prieta, Imperial Valley and Taft earthquakes scaled to 0.35 and

0.55g. The LBL control was not applied to the structures because, as it was observed

in the parametric study (Section 7.3), the performance was very similar to that of the

SBL control, but it also showed more sensitivity to the thickness of the boundary layer

�
a,i

.

The parameters selected for each controller were based on the study presented in the

previous section. Three gain factors g
i

= 98.1, 490.5 and 981kN/cm were included in the

MHF and SBL systems. For the latter, a boundary layer �
b,i

= 5 was selected. In the

case of the Tri-D system, the gain factor e was determined using the same methodology

described in Section 7.3.1, applying the Eq. 7.1 to calculate an initial value e0, which

was then used to determine three di↵erent gains as 0.5e0, 0.25e0 and 0.125e0. Hence,

the gains were 187.5, 375 and 750kN/cm for the low-rise steel frame; 655, 1310 and

2625kN/cm for the medium-rise steel frame; 50, 100 and 200kN/cm for the low-rise RC

frame; and 65, 135 and 270kN/cm for the medium-rise RC frame. The initial slip-load

f
p,i

was defined as 0.15f
y,i

, in all cases.

To measure the e�ciency of control systems, a series of evaluation indices was proposed

by Ohtori et al. (2004). Those indices evaluated di↵erent aspects of the structural

response and of the performance of the controller. The evaluation was divided in four

categories: building response (drift, acceleration and shear), building damage (ductility

demand, energy dissipated and number of plastic hinges in the beams), demand in control

devices (control force, stroke and power) and control strategy requirements (number of

devices, number of sensors and computational requirements). Based on those indices,

six indices were adopted for this study: three for building response, two for building

damage and one for demand in control devices.

• Building response indices

The first three indices were used to evaluate the level of reduction of the structural

response. Those indices are given by the following expressions:

J1 = max

0

BB@
max

|�
c,i

|
h
i

max
|�
b,i

|
h
i

1

CCA (7.2)



Chapter 7. SA control using existing algorithms 99

J2 = max

✓
max |ẍ

c,i

|
max |ẍ

b,i

|

◆
(7.3)

J3 = max

✓
max |F

b,c

|
max |F

b,b

|

◆
(7.4)

In the Eqs. 7.2 and 7.3, |�
c,i

|/h
i

and |�
b,i

|/h
i

represent the absolute values of the inter-

storey drift of level i in the controlled and uncontrolled (bare) frames, respectively. The

terms |ẍ
c,i

| and |ẍ
b,i

| are the absolute values of the maximum acceleration at level i

(controlled and bare frames, respectively).

In the Eq. 7.4, the term |F
b,c

| represents the absolute value of the shear force at the base
of the controlled frame, and |F

b,b

| is the absolute value of the maximum shear force at

the base of the bare frame.

• Building damage indices

The distribution of the energy dissipated during the earthquake is a good indicator of the

damage in the building. Thus, two indices for evaluation of the damage in the building

are given by the following expressions:

J4 =

✓
E

h

E
i

◆
(7.5)

J5 =

✓
E

c

E
i

◆
(7.6)

The energy dissipated through damage in the beams is quantified by E
h

, whereas the

amount of energy dissipated through the frictional mechanism of the dampers is given

by E
c

. The term E
i

represents the total energy exerted by the earthquake.

• Control force indices

Another factor evaluated in this investigation was the demand in the friction connections.

The index for assessing the control force required by the algorithm is given by the

following expression:

J6 = max

✓
max |f

s,i

|
f
y,i

◆
(7.7)
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where f
s,i

represents the control force required by the control algorithm, and f
y,i

is

the storey shear force that creates the first plastic hinge in the upper beams of the

corresponding storey.

7.4.1 Evaluation of building response

In general, lower values of the evaluation indices are desirable, as this would indicate a

better performance of the control system and higher level of response reduction. The

plots of the average indices J̄1 to J̄3 corresponding to the earthquakes scaled to 0.35g

are shown in Fig. 7.12.

In average, all control systems were able to reduce the inter-storey deformation of the

frames. The indices of reduction J̄1 (Fig. 7.12a), however, varied for each control system

and were slightly better for the Tri-D control. The MHF and SBL systems were very

e�cient for the low-rise steel frame, with indices J̄1 of 0.87, 0.70 and 0.63 for the low,

medium and high gains, respectively. Both systems also reduced the response in the

medium-rise steel frame and low-rise RC frame, resulting in indices of 0.95 and 0.87,

respectively, using the medium gain factor, and 0.92 and 0.80, using the high gain. In

the medium-rise RC frame, the index J̄1 was 0.88 and 0.99, using the MHF with medium

and high gain, respectively, and 0.90 and 0.83, using the SBL with medium and high

gain. In the case of the Tri-D control, the indices did not vary significantly with the

gain factors. The indices were around 0.58 for the low-rise steel frame, 0.64 for the

medium-rise steel frame, and 0.74 for the medium-rise RC frame. In the case of the

low-rise RC frame, the index J̄1 was around 0.80 for the low and medium gain, but the

value dropped to 0.71 when the gain factor was used.

There was a variability in the average peak acceleration of the controlled frames (index

J̄2), which was either increased of reduced, depending on the control system and the

gain factor used (Fig. 7.12b). For the low-rise steel frame, the MHF control resulted in

indices J̄2 of 0.87, 0.78 and 0.82, for the low, medium and high gain factors, respectively.

Very similar values were obtained with the SBL control using low and medium gains.

However, when the high gain factor was used, the index increased to 1.05. In the case

of the medium-rise steel frame, the indices were almost the same for both controllers,

resulting in 0.87 (low gain factor) and 0.76 (medium and high gain factors). In the case

of the RC frames, both the MHF and SBL systems slightly reduced the acceleration

when the low gain was used, resulting in J̄2 = 0.98, which was almost the same for the

low and medium-rise frame. The two control systems, however, were ine�cient when

the higher gains were used. The MHF led to indices of 1.02 and 1.31 for the low-rise

RC frame, and 1.20 and 1.42 for the medium-rise RC frame. The SBL led to indices of
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Figure 7.12: Indices J̄1 to J̄3 of the control systems included in the frame structures
subjected to earthquakes scaled to 0.35g.

1.15 and 1.48 for the low-rise RC frame, and 1.37 and 1.8 for the medium-rise frame. In

the case of the Tri-D control, the system with low and medium gain factors produced

indices J̄2 of 0.74 and 0.89, respectively, for the low-rise steel frame; 0.76 and 0.91 for

the medium-rise steel frame; 0.89 and 0.90 for the medium-rise RC frame; and around

1.0 for the low-rise RC frame. However, apart from the low-rise RC frame (whose index

did not vary), the average indices of all other frames were increased to 1.47 (low-rise

steel frame), 1.53 (medium-rise steel frame) and 1.14 (medium-rise RC frames), when

the high gain factor was used.

The average index J̄3 (Fig. 7.12c) did not indicate significant increases of the shear force,
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but important reductions in some cases. The smallest indices for any of the controllers

were obtained for the low-rise steel frame. The indices were 0.74, 0.66 and 0.59 for the

MHF system with low, medium and high gain, respectively, and were also very similar for

the SBL control. In the case of the Tri-D system, the index was around 0.65, regardless

of the gain factor. For all other frames, the three controllers produced similar indices. In

the case of the MHF and SBL systems, the average index of the medium-rise frame was

around 0.90, without significant variations between gain factors. Similarly, the indices

of the medium-rise RC frame did not vary significantly with the gains, and were around

0.90. The indices of the low-rise RC frame, however, resulted in 1.01, 0.89 and 1.11,

for the low, medium and high gains, respectively. In the case of the Tri-D control, the

indices slightly increased with the gains, resulting for each gain in 0.89, 0.99 and 1.06

(medium-rise steel frame); 0.97, 1.01 and 1.06 (low-rise RC frame); and 0.87, 0.90 and

1.01 (medium-rise RC frame).

The performance indices J1 to J3 corresponding to the control systems with di↵erent

gains are shown in Figs. 7.13 to 7.16, for each frame-earthquake system. In these figures,

the indices corresponding to the excitations of the El Centro (cn40), Northridge (nr94),

Kobe (ko95), Loma Prieta (lo89), Imperial Valley (iv79) and Taft (tf52) earthquakes

scaled to 0.35g are shown in grey line, and the indices corresponding to the same earth-

quakes scaled to 0.55g are shown in black line. In most of the cases, all the control

systems with medium and high gains were able to reduce the drift index J1, when the

frames were subjected to the earthquakes scaled to 0.35g. However, the e�ciency of the

systems was reduced for the earthquakes scaled to 0.55g, which may be attributed to

the non-linear response of the main structure. The development of plastic hinges in the

beams resulted in increase of energy dissipation in the main structure, but also reduced

the lateral sti↵ness, leading to increased deformations.

In the case of the low-rise steel frame, the MHF and SBL systems with low gain (g =

98.1kN/cm) did not reduce the drift in the frame subjected to Northridge, Kobe and

Taft excitations scaled to 0.55g (Fig. 7.13a). The system, however, was e�cient for all

other earthquakes, independently of the gain factor. The Tri-D control, on the other

hand, produced indices J1 smaller than 1.0, for any gain factor and for any earthquake

scaled to either 0.35 or 0.55g.

The index J2 (Fig. 7.13b) indicated an increase in the peak acceleration of the controlled

frames, specially for Loma Prieta, Imperial Valley and Taft, using the MHF and SBL

systems with the medium or higher gain factors. The Tri-D system was also not e�cient

when higher gain factors were applied, increasing the acceleration for the majority of

the earthquakes.
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Figure 7.13: Low-rise steel frame: Performance indices with existing control systems,
for earthquakes scaled to 0.35g (grey line) and 0.55g (black line).

As it can be seen in Fig. 7.13c, the index J3 indicated reductions of the base shear in

most of the earthquakes, depending on the gain factor.

In the case of the medium-rise steel frame, the MHF and SBL systems were not e�cient

for the earthquakes scaled to 0.55g, but the Tri-D system produced reductions of the

drift (index J1) for both PGAs (Fig. 7.14a). The Tri-D system, on the other hand, led to

significant increases of the indices J2 (acceleration), specially when the system included

higher gains, whereas the MHF and SBL systems, in general, produced indices J2 around

or below 1.0. Similarly, the indices J3 (base shear), were slightly higher for the Tri-D

system than those for the MHF and SBL algorithms, which moderately increased the
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Figure 7.14: Medium-rise steel frame: Performance indices with existing control
systems, for earthquakes scaled to 0.35g (grey line) and 0.55g (black line).

index when the system with higher gains was subjected to the Loma Prieta, Imperial

Valley and Taft earthquakes.

In the case of the RC frames, the MHF and SBL systems were e�cient or slightly

increased the drift in the majority of the earthquakes (Figs. 7.15a and 7.16a). One

exception was the medium-rise frame with higher gains under Taft (Fig. 7.16a), where

the index J1 resulted in high values, even in excess of 1.50. The Tri-D control was

e�cient in almost all the earthquakes, only slightly increasing the drift of the low-rise

frame under Northridge (0.55g), when the low gain was used. In general, all three

systems were ine�cient for the acceleration, leading to significant increases in most of
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the earthquakes, as it can be seen in Figs. 7.15b and 7.16b. Although in many cases the

three systems reduced the base shear of the frames under the earthquakes scaled to 0.35g,

there were increases in the shear force for the majority of stronger earthquakes with

PGA of 0.55g (Figs. 7.15c and 7.16c). However, the increases in shear were moderate,

as indicated by indices up to or below 1.5, in all earthquakes apart from Taft, whose

index exceeded 1.50. For all systems, the highest values of the indices J3 were produced

in the frames subjected to the stronger earthquakes (PGA=0.55g), when the control

systems included high gain factors. This is reasonable, as it indicates large structural

forces due to large inter-storey deformations, combined with large control forces.

Figure 7.15: Low-rise RC frame: Performance indices with existing control systems,
for earthquakes scaled to 0.35g (grey line) and 0.55g (black line).
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Figure 7.16: Medium-rise RC frame: Performance indices with existing control sys-
tems, for earthquakes scaled to 0.35g (grey line) and 0.55g (black line).

7.4.2 Evaluation of building damage

The indices J4 and J5 provided an indication of the energy dissipated by hysteretic

mechanisms in the structure. In particular, the index J4 was a good indicator of the

damage in the frame, since it reflected the energy dissipated through inelastic deforma-

tions at the end of the beams. There was also a relation between those two indices, as

it can be observed in Fig. 7.17 (corresponding to the low-rise steel frame), which shows

the typical distribution of energy dissipated in the frames. Since, in general, the control

systems with low gain factors resulted in large structural deformations and low control

forces, the amount of seismic energy dissipated through the inelastic rotations at the
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end of the beams was larger (as denoted by the high values of the index J4), and the

amount of energy dissipated through friction in the dampers was smaller (as denoted

by the low values of J5 ). As the gain factors increased, the predominant mechanism of

dissipation changed from the plastic hinges in the beams, to the frictional work in the

dampers.

As it can be seen in Fig. 7.17a and b, the Tri-D system was more e�cient than the

MHF and SBL in reducing the structural damage and increasing the dissipation in the

dampers. In the case of the MHF and SBL controllers, there was more energy dissipated

through damage when the low gain was used, in comparison with the same systems

using medium and high gains. Contrasting to this, the Tri-D control allowed for low

amounts of energy dissipated by the beams for all the frames, and larger amounts of

energy dissipated in the friction connections, regardless of the gain factor used. This is

reasonable, because the Tri-D control includes a relatively high initial slip-load (f
p,i

=

0.15f
y,i

, in this case), unlike the MHF and SBL algorithms.

Figure 7.17: Typical performance indices J4 and J5 with existing control systems,
for earthquakes scaled to 0.35g (grey line) and 0.55g (black line).
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7.4.3 Evaluation of control forces

The control forces required by each algorithm were larger when the systems included

higher gain factors. This was as expected, and resulted in largest reductions of defor-

mation for those same gains. Two representative cases of required control force (index

J6) are shown in Fig. 7.18, corresponding to the low-rise steel frame and medium-rise

RC frame.

In the case of the low-rise steel frame, the indices J6 (Fig. 7.18a) indicated that the Tri-D

system with the high gain factor required control forces in excess of 1.5f
y,i

, for most of

the earthquakes with PGA=0.55g. The MHF and SBL controllers required control forces

below 0.9f
y,i

, in the majority of the earthquakes, but the values exceeded 1.50f
y,i

when

the frame was subjected to the Taft excitation (PGA=0.55g) and the control system

used the high gain.

A similar e↵ect occurred for the medium-rise steel frame, where moderate control forces

(indicated by indices J6 below 0.60) were required by the MHF and SBL algorithms. Un-

like the low-rise steel frame, the forces required under Taft earthquake did not increase.

Again, the indices of the Tri-D system were higher than those of the MHF and LBL,

resulting in values above 1.50 for the system with high gains, in most of the stronger

earthquakes. These larger control forces, on the other hand, agree with the indices J1,

which were lower for the Tri-D system, in comparison with the other two controllers.

For the RC frames, the indices J6 corresponding to the MHF and SBL systems were

larger than those of the Tri-D algorithm. In the medium-rise frame (Fig. 7.18b), the

Taft earthquake (0.55g) required control forces larger that 1.5f
y,i

, when the MHF and

SBL systems included the medium or high gain factor. For these controllers, the forces

were between 1.0 and 1.50f
y,i

for the Loma Prieta and Imperial Valley earthquakes. For

all other earthquakes, the control forces were below 0.90f
y,i

. The Tri-D system with

any gain factor resulted in indices below 0.80 for most of the earthquakes. The only

exceptions were Loma Prieta, Imperial Valley and Taft, where the indices resulted in

1.06, 0.94 and 1.40, respectively.

In the case of the low-rise frame, the indices produced by the MHF and SBL systems

with high gain were higher than 1.0, and exceeded 1.5 when the frame was subjected to

the Loma Prieta, Imperial Valley and Taft earthquakes, scaled to 0.55g. For this frame,

the Tri-D system resulted in indices below 0.75, for all the earthquakes, regardless of

the gain factor used.

An important aspect of the control algorithms is the actual forces acting in the connec-

tions, which depend on the seismic action and may not reach the required control force,
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in which case the connections remain locked. If the actual force is equal to the control

force, the connection is activated. This is an important factor for the performance of

the controller, since activation or locking of the friction connections depends on that

relation. An example of this e↵ect is shown in Fig. 7.19, for the medium-rise RC frame

including the MHF, SBL and Tri-D systems (with high gain factors). In the figure, the

response shown corresponds to the frame’s 7th storey, which had the highest relation of

controlled to uncontrolled deformations (i.e. index J1). The response shown corresponds

to Taft excitation scaled to 0.35g. As it can be seen in the figure, the control forces pro-

duced by the MHF controller were very large, thus locking the friction connection and

creating large residual deformations in the frame. This e↵ect was alleviated by the SBL

system, which produced control forces smaller than the MHF, and made the connection

slide continuously. The Tri-D system produced control forces significantly smaller than

the MHF and SBL systems, but also resulted in smaller deformations. This may be

attributed to the relatively high initial slip-load (i.e. 0.15f
y,i

) in this controller.

Figure 7.18: Control force indices with semiactive control systems, for earthquakes
scaled to 0.35g (grey line) and 0.55g (black line).
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Figure 7.19: Performance of friction connection in the medium-rise RC frame with
di↵erent semiactive controllers, under Taft earthquake scaled to 0.35g.

7.5 Comparison of semiactive control and passive control

In general, the passive and semiactive systems reduced the level of deformations, in

comparison with the bare frame, for certain levels of slip-loads (in the case of the passive

control) or gain factors (in the case of the semiactive systems). However, in some cases,

the inclusion of the control systems (either passive or semiactive) was not e↵ective, and

it led to increases in the deformation. This could be a result of changes in the sti↵ness

of the structure and the resulting frequency content of the response.

As concluded in Chapter 6, there was an interval of passive slip-loads between 0.25f
y,i

and 0.65f
y,i

that resulted in reductions of the top floor displacement of the frames under

any earthquake. That interval, as it can be observed in Figs. 7.20 to 7.23, generally

reduced the maximum inter-storey deformations under each earthquake, as indicated by

the index J1.

The inclusion of the semiactive systems had di↵erent e↵ects but, in general, it was

beneficial and reduced the response of the frames. In Figs. 7.20 to 7.23, the indices J1

corresponding to the highest gain factors are shown, along with the interval of control
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forces (indices J6) required by each algorithm. As it can be seen, the Tri-D control was

more e�cient than the MHF and SBL systems, allowing for the smallest indices J1.

In comparison with the passive control, the combination of MHF and SBL systems

improved the response of the buildings (either smaller of comparable to those of the

passive system) in 30% of the analysed cases, whereas the Tri-D system improved the

response in 62.5% of the cases. Considering the control forces, however, the semiactive

systems, especially the Tri-D algorithm, often led to high control forces, even in excess

of 2 times the highest optimum passive slip-load (i.e. 0.65f
y,i

).

The limited e�ciency of the MHF and SBL algorithms was due to the low initial slip-

load, which allowed for larger deformations in the early stages of response. Although the

control forces increased along with the deformations, this increase was not su�ciently

rapid to stop such deformations. An example of such an e↵ect was shown in Fig. 7.19,

where a sudden peak of ground acceleration created a large deformation and large control

force in the frame with the MHF system, thus locking the connection. The SBL system

alleviated the abrupt increase of slip-load, but it still resulted in deformations larger than

the Tri-D system. This latter controller was more e�cient due to the initial passive load

f
p,i

= 0.15f
y,i

.
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Figure 7.20: Low-rise steel frame: Comparison of indices J1 between passive and
semiactive systems, for earthquakes scaled to 0.35g (grey line) and 0.55g (black line).
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Figure 7.21: Medium-rise steel frame: Comparison of indices J1 between passive and
semiactive systems, for earthquakes scaled to 0.35g (grey line) and 0.55g (black line).
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Figure 7.22: Low-rise RC frame: Comparison of indices J1 between passive and
semiactive systems, for earthquakes scaled to 0.35g (grey line) and 0.55g (black line).
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Figure 7.23: Medium-rise RC frame: Comparison of indices J1 between passive and
semiactive systems, for earthquakes scaled to 0.35g (grey line) and 0.55g (black line).
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7.5.1 Frequency content of the seismic response

The modification of the seismic response in the buildings resulted from the increase of

structural damping and the sti↵ness added (or removed) by the friction connections. To

better understand the mechanism of the semiactive systems, the seismic response of the

medium-rise steel frame under the El Centro earthquake (PGA=0.35g) was analysed in

terms of its frequency content. The history of the top floor displacement (Fig. 7.24)

of the frame with passive, SBL and Tri-D (both with medium gain factor) systems

was divided in four segments of 10s, corresponding to di↵erent levels of seismic input

intensity: high (0-10s), medium (10-20s), low (20-30s) and decay (30-40s).

As it can be observed in Fig. 7.24a to d, in all four segments the amplitude of the bare

frame’s response was higher than that of the controlled frames, with peaks corresponding

to the first natural frequency of the bare frame (0.5Hz).

For the frame with passive control, there were peaks of amplitude at di↵erent frequencies,

but within the range of 0.5Hz to 1.0Hz (i.e. the fundamental frequencies of the bare frame

and the fully braced frame), which indicated the level of activation of the connections.

As expected, the level of activation in the passive frames decreased as the slip-load

increased. As a result, the response at the low frequencies was significantly reduced, but

the response at higher frequencies (i.e. 1Hz, the frequency of fully braced frame) was

increased. This is more evident for passive systems with higher slip-loads.

The semiactive systems showed more variability than the passive control. In the initial

segment (0-10s), the SBL system did not react su�ciently rapid, hence not increasing

the sti↵ness of the frame and showing large amplitudes at 0.5Hz. In the three following

segments, the system had peaks at the same frequency (0.5Hz), but with much smaller

amplitudes. This indicates that the sti↵ness of the frame remained low, but the energy

dissipation (and consequently, the damping) was increased. The Tri-D system, on the

other hand, produced peaks with amplitude significantly smaller than all other systems,

at frequencies varying between 0.5Hz and 1.0Hz, without increasing the response of

the higher frequencies. This shows that the Tri-D system increased both sti↵ness and

damping in the structure.

The frequency content of the top floor acceleration (Fig. 7.24f) agrees with the mech-

anism previously described, with peaks corresponding to the frequencies of the frame

with di↵erent conditions (bare, partially braced or fully braced). In this case, however,

there was an influence of the higher modes in the response, which have small e↵ect on

the deformations of the structure.
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Figure 7.24: Medium-rise steel frame: Frequency content of the top floor displacement
and acceleration, using di↵erent control systems.
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7.6 Concluding remarks

The performance of the four decentralised control algorithms existing in the literature

was evaluated by simulating the response of multi-storey buildings under a range of

di↵erent earthquakes. The set of algorithms included the MHF control (Inaudi, 1997),

the LBL and SBL control (He et al., 2003) and the Tri-D control (Chen and Chen,

2004c). The algorithms were implemented in the software ConStruc, developed as part

of this research.

Initially, a parametric study was performed to investigate the influence of the control

parameters in the performance of the systems. The study was performed by simulating

the response of a low-rise (6-storey) steel frame and a medium-rise (10-storey) RC frame,

subjected to the action of six historical earthquakes: El Centro (0.55g), Northridge

(0.35g), Kobe (0.82g), Loma Prieta (0.65g), Imperial Valley (0.70g) and Taft (0.22g).

In the simulations, three di↵erent gains were used for each control algorithm, as well as

three di↵erent boundary layers in the LBL and SBL, and two di↵erent levels of initial

slip-load f
p,i

in the Tri-D system. Generally, larger gain factors led to higher e�ciency

of the controllers: higher reduction of deformations and higher proportion of energy

dissipated in the friction connections.

The e�ciency of the semiactive control was examined for three algorithms (MHF, SBL

and Tri-D) and three levels of gain factors. Since the SBL proved to be less sensitive

than the LBL to the thickness of the boundary layer, the LBL was not used for further

study.

In most of the analysed cases, all systems were e�cient in reducing deformations with

little or no increase in base shear (indices J1 and J3, respectively). One exception was

for the frames under the Taft input, which in some cases resulted in increases of more

than 50% in the shear force, in comparison with the bare frames.

The damage in the main structure (index J4), characterised by energy dissipated in

plastic hinges in the beams was also reduced by all control systems. This behaviour can

be attributed to a combination of increased energy dissipation in the friction connections

(resulting in increased structural damping) and changes in the sti↵ness of the structure

(resulting in reduction of dynamic amplification).

The Tri-D control was the most e�cient of the three controllers, resulting in very little

damage in the main structure, for all frames, regardless of the gain factor and seismic

input.



Chapter 7. SA control using existing algorithms 119

Higher PGA in the input excitation reduced the e�ciency of the controllers, as the

damage in the frame increased and the associated energy dissipation in the beams became

proportionally larger than that in the friction connections.

The e�ciency of the systems did vary from earthquake to earthquake and for some

frames, for certain gain-input combinations, the deformations were larger than those

of the uncontrolled systems. This condition, however, was rare for the systems with

high gains, and occurred only in the MHF and SBL systems, accounting for 9.0% of the

total analysed cases. This number further reduced to 6% of the analysed cases, when

considering only moderate earthquakes (PGA=0.35g).

The comparison of the passive and the semiactive systems indicated a better performance

of the Tri-D control (in terms of deformation reduction), which produced response levels

comparable to or smaller than those of the passive system in 62.5% of the analysed

cases. Also, the Tri-D algorithm did not result in large increases in response that were

observed for the passive systems subjected to some seismic excitations (e.g. Northridge

and Kobe, Fig. 7.21), even within the optimum range of slip-loads (0.25f
y,i

to 0.65f
y,i

).

The e�ciency of the MHF and SBL algorithms was limited, and in some cases led to

increases of the deformations, in comparison with the bare frame. The reason for this

was that the initial sti↵ness of the frames was relatively low and the energy dissipation

in the early stages of response was not su�cient to generate enough damping to reduce

the deformations produced by the early large amplitudes of the seismic input. The

MHF and SBL controllers were, in fact, less e↵ective than the optimum passive systems,

improving the response in only 30% of the cases. In comparison, the e↵ectiveness of the

Tri-D control was largely due to the relatively high initial slip-load (f
p,i

= 0.15f
y,i

) in

the connections.

A drawback of the Tri-D control was that it required large control forces (more than

1.0f
y,i

, in many cases), which were outside of the interval of optimum slip-loads (0.25f
y,i

to 0.65f
y,i

).

This analysis shows that, in order to achieve good seismic control (i.e. reduction of

deformations without using control forces higher than 0.65f
y,i

), there is a need for new,

improved semiactive algorithms.



Chapter 8

New semiactive algorithms:

T�VG, a decentralised system

8.1 Introduction

Previously, a friction-based passive control system and several existing semiactive con-

trollers were applied to a set of four multi-storey frames (low- and medium-rise) and

their e�ciency was investigated by means of non-linear simulations of seismic response.

In general, the inclusion of the passive system in the multi-storey frames resulted in

reduction of the structural response, for most of the earthquake excitations (Chapter 6).

From the simulations, it was observed that the levels of response reduction varied for

di↵erent values of the dampers’ slip-loads. The e�ciency of the system was optimum for

a unique load (hence called optimum passive slip-load), which led to maximum reduction

of the top floor displacement, associated with large amounts of energy dissipated in

the friction connections and minimum damage in the frame. The optimum slip-load,

however, varied for each frame under di↵erent earthquakes. It was concluded that,

instead of a unique optimum slip-load for every frame, there was a narrow range of slip-

loads with good levels of response reduction and energy dissipation for all the frames. In

the study, such range of slip-loads varied between 0.25f
y,i

and 0.65f
y,i

, where f
y,i

is the

shear force that produces the first plastic hinge in the storey i. The lack of e�ciency of

the passive systems was evident in some cases, especially for near-fault type earthquakes,

such as Northridge and Kobe, where the response of the frame was increased, even for

some slip-loads within the optimum range.

In order to investigate possible solutions to the limited e�ciency of the passive control,

three semiactive controllers, taken from the literature, were applied to the set of frames

120
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Table 8.1: Summary of decentralised controllers selected from the literature.

Modulated homogeneous friction control, MHF (Inaudi, 1997)

f
s,i

(t) = g
i

µ|P [�
i

(t)]|sgn(�̇
i

(t))
where:

P [�
i

(t)] =

⇢
�
i

(t) if �̇
i

(t) = 0,
�
i

(t� s) if �̇
i

(t) 6= 0

Linear boundary layer friction control, LBL (He et al., 2003)

f
s,i

(t) =

8
><

>:

g
i

µ|P [�
i

(t)]|sgn(�̇
i

(t)) if |�̇
i

(t)| > �
a,i

,

g
i

µ|P [�
i

(t)]|
 
|�̇
i

(t)|
�
a,i

!
sgn(�̇

i

(t)), if |�̇
i

(t)|  �
a,i

,

Smooth boundary layer friction control, SBL (He et al., 2003)

f
s,i

(t) = g
i

µ|P [�
i

(t)]|tanh(�
b,i

�̇
i

(t))

Friction control w/passive, viscous and Reid damping, Tri-D (Chen and Chen,
2004c)

f
s,i

(t) =

(
µN

p,i

sgn(�̇
i

(t)), if e|�
i

(t)|+ g|�̇
i

(t)|  N
p,i

,

µ
⇣
e|�

i

(t)|+ g|�̇
i

(t)|
⌘
sgn(�̇

i

(t)), if e|�
i

(t)|+ g|�̇
i

(t)| > N
p,i

(Chapter 7). The three algorithms (MHF, SBL and Tri-D) were decentralised systems

that adjusted the dampers’ slip-loads during the ground motion, based on the feedback

of local inter-storey deformation and/or velocity. One of the advantages of these systems

was their simplicity, since adjustment of the slip-loads in each storey was proportional

only to the local feedback information, using the pre-defined, constant gain factors g

and e, as it is shown in Table 8.1. The LBL controller is also included in the table for

purposes of comparison only, but it was not applied to the multi-storey frames as it was

more sensitive to the thickness of the boundary layer than the SBL system, for similar

levels of e�ciency.

The results from the non-linear simulations indicated a variability in the e�ciency of

each control system. The MHF and the SBL controllers reduced the seismic response

of the bare frame under most of the earthquakes, but in general, both algorithms were

less e↵ective than the optimum passive system, resulting in higher levels of response.

The Tri-D algorithm, using a passive phase and two constant gain factors (each one to

generate control forces associated with the deformation and the velocity, respectively),

was the most e�cient of all three semiactive controllers, producing levels of response

either comparable or lower than those of the optimum passive control, depending on the

seismic input. The reason for this, as it was concluded in the study, is that the e�ciency

of the Tri-D system is related to: i) the relatively high initial sti↵ness of the frame, due

to relatively high initial slip-loads (in the order of 0.15f
y,i

), which delayed the activation

in the friction connections in the early stages of deformation; and ii) the increase of
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structural damping, which resulted from the slippage in the friction connections, hence

providing an additional mechanism for dissipation of seismic energy in the later stages

of response.

One disadvantage that was observed for the semiactive controllers was the di�culty of

tuning the constant gain factors, in order to generate control forces adequate to the

intensity of the ground motion, without saturating the devices. This was also the main

drawback of the Tri-D system, which required high levels of control forces, in many cases

beyond the optimum range of passive loads (0.25f
y,i

to 0.65f
y,i

).

After investigating the e�ciency of the passive and existing decentralised semiactive

controllers, the need for an improved semiactive control system was evident. As a

possible solution, the advantages of both the passive control and the decentralised control

systems were combined in a new semiactive algorithm. The new system was designed to

develop control forces within the optimum range of passive slip-loads, adjusting the gain

factors as function of the ratio between inter-storey drifts and pre-defined maximum

drift values. By combining such characteristics, it was expected that the controller

would reduce significantly the inter-storey deformations, with low or moderate increase

of shear forces in the frame.

8.2 Expected advantages of the new decentralised system

The passive system and the semiactive Tri-D algorithm reduced the seismic response of

low- and medium-rise frames. Both systems, however, showed several drawbacks. The

main disadvantage of the passive control was its lack of adaptability. In the case of the

Tri-D system, it was di�cult to tune the constant gain factors g and e, resulting in con-

trol forces significantly larger than the optimum passive system, for certain earthquake

excitations.

The justification for development of a new decentralised semiactive control system was

to reduce or eliminate those disadvantages, but also to combine desirable characteristics

of both systems, which included adaptability, elasto-plastic behaviour, avoidance of so-

phisticated materials, adequate long term behaviour and simplicity to install, replace or

recalibrate (Martinez-Rueda, 2002). Furthermore, an e�cient semiactive system would

be the one that kept levels of deformation comparable to the Tri-D control, but limiting

the control forces within the optimum range of passive loads (i.e. between 0.25f
y,i

and

0.65f
y,i

). An additional advantage of the new semiactive system would be to relate the

control forces not only to the seismic response, but also to the structural properties of

the frame, specifically to the limits of elastic deformation.
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One solution for improving the performance of the semiactive control would be to adopt

a centralised control strategy, which according to some researchers (Ng and Xu, 2007),

eliminate the limitations on available information. However, decentralised architecture

o↵ers many advantages, such as faster control response, low cost and simplicity of imple-

mentation. A decentralised system also allows for simpler control algorithms, which can

reduce the possibility of errors (Kobori et al., 1991). Besides, in a decentralised system,

if one local controller fails, the whole system is not critically a↵ected because there will

be still other local controllers functioning.

8.3 Disadvantages of using constant gain factors

The semiactive controllers including constant gain factors may have limited e�ciency in

practical applications, due to the random nature of the ground motion and the actual

slip-load capacity of the devices. By using constant gain factors without adequate tuning,

two possible scenarios may occur:

• The gain factor is too high, in which case the damper may reach its maximum

capacity even for low seismic loads, saturating and possibly locking the device.

Whilst this may reduce the structural deformations, the level of shear and axial

forces can be dramatically increased, as the structural behaviour would be similar

to that of a fully braced system.

• The gain factor is too low, in which case the damper may not develop adequate

control forces, hence slippage would occur during the entire ground motion, allow-

ing for large deformations similar to those of a bare frame, especially in the early

stages of response.

The possible disadvantage of using constant gain factors in a semiactive system was

demonstrated by programming a simple control algorithm in ConStruc. This algorithm

was decentralised and used the velocity across the dampers as only feedback.

In this algorithm, the velocity �̇
i

(t) of each damper i was monitored continuously. Then,

the maximum value of the velocity was determined at the end of a time interval of

decision, �t. The control force was determined as:

f
s,i

(t) = µ
⇣
g
i

|�̇
max,i

|�t

⌘
sgn(�̇

i

(t)), (8.1)

where g
i

represents the constant gain factor, with units of force/velocity and |�̇
max,i

|�t

represents the absolute value of the maximum velocity within the interval �t. The force
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determined with Eq. 8.1 was applied throughout the following interval (i.e. t+�t), when

new values of |�̇
max,i

|�t

and f
s,i

(t) were determined.

The control algorithm of Eq. 8.1 was used to modify the response of the single storey

frame shown in Fig. 7.4, in page 88. In the simulations, a coe�cient µ = 0.2 was used to

characterise the interface of the friction connections. This value is reasonable, and has

been used in other studies (Inaudi, 1997). The interval of decision �t was defined as

0.4s, corresponding to the fundamental frequency of the frame. Also, three gain factors

g = 5, 50 and 300kN(cm/s)�1 were applied as low, medium and high gains.

As shown in Fig. 8.1, the gain factor had an important influence on the performance of

the control system. The level of activation of the damper was reduced for the control

with higher gain g = 300kN-s/cm (Fig. 8.1c), where the device was activated only at the

beginning and towards the end of the excitation. Contrasting with that, in the control

with low gain g = 5kN-s/cm (Fig. 8.1a) the damper was activated practically during

the whole excitation. An optimum level of control force was produced by the medium

factor g = 50kN-s/cm (Fig. 8.1b). The activation of the connection depends on the ratio

between the required control force and the actual force in the connection.

The e↵ect of the three constant gain factors on the deformation of the frame is shown

in Fig. 8.2. The control with low gain resulted in a small reduction of deformation (only

25%), in comparison to the bare frame. The other two gain factors resulted in significant

reductions of deformation (around 75%). However, the comparison between the medium

and high gain factors shows larger control forces for g = 300kN-s/cm (in the order of 2

times larger than those of g = 50kN-s/cm), for slightly higher reductions of deformation

(only 30% smaller than those produced by the medium gain). Moreover, the increase of

control forces is unjustified for levels of deformation well within the elastic limits of the

frame.

8.4 Proposed target deformation with variable gain factors

(T�VG) control

A new decentralised semiactive control strategy was introduced with the aim to improve

some of the key drawbacks of the existing decentralised systems. The new decentralised

system had the following characteristics:

• Variable gain factors (rather than pre-specified, constant values), that are adjusted

as a function of the ratio between inter-storey drift values and pre-defined drift
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Figure 8.1: Performance of a velocity dependent semiactive control with constant
gain factors.

Figure 8.2: Time history of displacement of single storey frame with semiactive con-
trol.
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limits (target deformation), which depend on the elastic deformation limits of the

structure.

• Control force limits, within the optimum range of passive slip-loads (e.g. 0.25f
y,i

to 0.65f
y,i

). The level of control forces is related directly to the actual resistance

of the frame structure (f
y,i

).

The minimum and maximum slip-loads (f
s1,i and f

s2,i, respectively) and minimum and

maximum inter-storey deformations (�1,i and �2,i, respectively), are defined first. The

limits of forces and deformations are then used to determine an initial control system (a

simplified on-o↵ strategy), as:

f
s,i

(t) =

(
f
s1,i sgn(�̇i(t)), if |�

i

|  �1,i

f
s2,i sgn(�̇i(t)), if |�

i

| > �1,i
(8.2)

where �
i

represents the current deformation of inter-storey i. The new system retains

the advantages of the existing decentralised architecture.

In reality, the slip-load of a friction damper is modified by adjusting the clamping force

in the connections. Hence, the Eq. 8.2 can be re-written as:

f
s,i

(t) =

(
µN1,i sgn(�̇i), if |�

i

|  �1,i

µN2,i sgn(�̇i), if |�
i

| > �1,i
(8.3)

where N1,i and N2,i represent the clamping force limits (minimum and maximum).

The controller of Eq. 8.3 seems adequate for small inter-storey deformations, where

low slip-loads may allow slippage and dissipation of energy. However, increasing the

clamping force to the maximum level (N2,i) as soon as the deformation surpassed the

threshold �1,i may result in locking of the friction connections. A better solution would

be to gradually increase the clamping force as deformations increase (to prevent even

larger deformations), and to reduce the slip-load gradually during the motion reversal.

Combining this increase/reduce relation with the constraints of Eq. 8.3, a new expression

for the controller can be established as:

f
s,i

(t) =

8
>><

>>:

µN1,i sgn(�̇i), if |�
i

|  �1,i

µ (N1,i + g
i

(�(t))�N
i

) sgn(�̇
i

), if �1,i < |�
i

|  �2,i

µN2,i sgn(�̇i), if |�
i

| > �2,i

(8.4)
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In Eq. 8.4, �N
i

represents the di↵erence between the maximum and minimum clamping

force, i.e. �N
i

= N2,i�N1,i, and g
i

(�(t)) represents the variable gain factor, as function

of the current deformation.

The factor g
i

(�(t)) could be defined as a linear relation between the current deformation

�
i

and the target deformation �2,i. However, it would be more e�cient to have a higher

rate of adjustment of the slip-load at early stages of deformation. The gain factor can

be expressed as:

g
i

(�(t)) =

✓
|�
i

|� �1,i
�2,i � �1,i

◆
↵

(8.5)

To determine an appropriate relation between �
i

, �1,i and �2,i, three di↵erent values of

↵ were examined:

i) a linear relation, ↵ = 1,

ii) a square root relation, ↵ = 1/2,

iii) a cubic root relation, ↵ = 1/3.

The three relations of g
i

(�(t)) were used in the analysis of the low-rise (6-storey) steel

frame and the medium-rise (10-storey) RC frame subjected to the El Centro, Northridge

and Kobe earthquakes, with PGA of 0.35g. As shown in Fig. 8.3a and b, the ↵ = 1/3

relation resulted in smaller inter-storey deformations in both frames, for all earthquakes.

The ↵ = 1/3 relation also resulted in smaller top floor displacements, especially for the

El Centro and Kobe excitations. The top floor displacements of the steel frame with the

↵ = 1/3 relation were 16% and 6% smaller than those produced by the ↵ = 1 and ↵ = 1/2

relations, respectively, when the frame was subjected to the El Centro excitation (Fig.

8.4a), and 24% and 8% smaller when the frame was subjected to the Kobe earthquake

(Fig. 8.4c). There were no significant di↵erences in the top floor displacement when

the frame was subjected to the Northridge earthquake (Fig. 8.4b). In case of the RC

frame, the ↵ = 1/3 relation resulted in top floor displacements 18% and 8% smaller

than the ↵ = 1 and ↵ = 1/2 relations, respectively, for the El Centro excitation, and

12% and 3% smaller for the Kobe earthquake. Similar to the steel frame, the di↵erence

in displacements under Northridge were not significant.

The reason for the di↵erence in results, as shown in Fig. 8.5, was the faster increase of

the control forces for smaller deformations, produced by the cubic root relation of the

gain factor:



Chapter 8. New SA algorithms: Decentralised system 128

Figure 8.3: Storey deformation and top floor displacement of controlled frames with
di↵erent relations of gi(�(t)).

g
i

(�(t)) =

✓
|�
i

|� �1,i
�2,i � �1,i

◆1/3

.

By adjusting the control force only proportionally to the structural deformation, the

algorithm of Eq. 8.4 may not guarantee the damper to slip back during the motion

reversal, similarly to the passive systems and the MHF control. As a possible solution,

an additional parameter depending on the velocity was used in the SBL control (He et al.,

2003) as tanh(�
b,i

�̇
i

), in which �
b,i

was introduced to influence the smoothness of the

clamping force variation (Chapter 7). In the control proposed in this study, a similar

parameter depending only on the velocity was adopted as tanh(�̇
i

). The elimination

of the boundary layer �
b,i

may limit the smoothness of the slip-load variation, but,

according to the SBL results (presented in Section 7.3), such parameter did not have a

significant influence on the seismic response of the frames when they were subjected to

di↵erent earthquakes.
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Figure 8.4: Low-rise steel frame: Time history of top floor displacements for decen-
tralised control using di↵erent relations of gi(�(t)).

Figure 8.5: Gain factors using di↵erent relations of gi(�(t)).
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Table 8.2: Decentralised T�VG control system, programmed in ConStruc.

1. Initial time of analysis, t0 = t

(a) Input data:
Force limits, N1,i, N2,i

Deformation limits: �1,i, �2,i
Sampling time: ts

(b) Initial deformation and velocity, �0,i = 0, �̇0,i = 0

2. At every sampling time:

(a) Calculate the current velocity across the damper i:

! ��̇i =
�i � �0,i

ts
, and �̇i = �̇0,i +��̇i

(b) Check the limits of deformation to determine gi(�(t)):
! if �1,i < |�i|  �2,i

! then gi(�(t)) =

✓
|�i|� �1,i
�2,i � �1,i

◆1/3

! elseif |�i|  �1,i
! then gi(�(t)) = 0
! else gi(�(t)) = 1
! end

(c) Calculate the normal force:
! Ni(t) = N1,i + gi(�(t))�Ni

(d) Calculate the new slip-load:
! fs,i(t) = µNi(t) tanh(�̇i)

(e) Set �0,i = �i, �̇0,i = �̇i

The final controller including the velocity term was thus defined by the following ex-

pression:

f
s,i

(t) =

8
>><

>>:

µN1,itanh(�̇i), if |�
i

|  �1,i

µ (N1,i + g
i

(�(t))�N
i

) tanh(�̇
i

), if �1,i < |�
i

|  �2,i

µN2,itanh(�̇i), if |�
i

| > �2,i

(8.6)

or, in terms of control forces:

f
s,i

(t) =

8
>><

>>:

f
s1,itanh(�̇i), if |�

i

|  �1,i

(f
s1,i + g

i

(�(t))�f
s,i

) tanh(�̇
i

), if �1,i < |�
i

|  �2,i

f
s2,itanh(�̇i), if |�

i

| > �2,i

(8.7)

where the factor g
i

(�(t)) includes the cubic root relationship (↵ = 1/3) previously exam-

ined, and �f
s,i

= f
s2,i�f

s1,i. The programming algorithm of the decentralised controller

is presented in Table 8.2, and a flow chart is shown in Fig. 8.6.
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Figure 8.6: Flow chart of decentralised T�VG control system.

8.5 E�ciency of the new T�VG control system

8.5.1 Definition of control parameters

The e�ciency of the decentralised control algorithm of Eq. 8.6 was investigated by means

of simulations of non-linear response of four multi-storey frames (described in Chapter

4), subjected to six earthquakes: El Centro, Northridge, Kobe, Loma Prieta, Imperial

Valley and Taft, all with PGA of 0.35g and 0.55g.

One of the objectives of the new algorithm was to increase the adaptability of the system

through the variation of the dampers’ slip-loads. Such variation, however, was related

to the narrow range of passive slip-loads between 0.25f
y,i

and 0.65f
y,i

, that showed good

levels of response reduction (Chapter 6). Hence, the upper limit of control force f
s2,i

was defined as 0.65f
y,i

. In order to investigate the e↵ect of allowing a larger variability

of the slip-load, two values of the lower limit f
s1,i were used as 0.05f

y,i

and 0.25f
y,i

.
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In the case of the steel frames, since two dampers were installed in every storey, each

damper carried half of the force limits.

Another objective of the new algorithm was that it aimed at a target deformation �2,i.

In the simulations, this parameter was related to the yield deformation �
y,i

of the inter-

storey i, determined in pushover analysis (Chapter 5). Hence, the limits of deformation

�1,i and �2,i were defined as the ratios �1,i/�y,i and �2,i/�y,i, respectively. The lower limit

was defined as �1,i/�y,i = 0.10, i.e. the controller behaved passively for small deformations

below 10% of the yield deformation. For the upper limit, three di↵erent values were

defined as �2,i/�y,i = 0.50, 0.75 and 1.0, in order to reach the maximum capacity of the

dampers only for significant levels of elastic inter-storey deformation.

8.5.2 Evaluation of building response

The average indices J̄1, J̄2 and J̄3 for evaluation of inter-storey drift, acceleration and

base shear, corresponding to the control system with two levels of minimum slip-load

(f
s1,i = 0.05f

y,i

and 0.25f
y,i

) and three levels of upper limit of deformation (�2,i =

0.50�
y,i

, 0.75�
y,i

and 1.0�
y,i

) are shown in Fig. 8.7.

From the average of results corresponding to the earthquakes scaled to 0.35g, it can be

seen in Fig. 8.7a that the new control system, using both f
s1,i = 0.05f

y,i

and 0.25f
y,i

, was

e�cient in reducing the inter-storey deformation, in comparison to the bare frame. As

indicated by the index J̄1, the system with initial slip-load f
s1,i = 0.25f

y,i

produced lower

levels of deformation, with the index varying between 0.40 (for the low-rise steel frame)

and 0.77 (for the low-rise RC frame). The levels of reduction did not vary significantly

for di↵erent values of the limit of maximum deformation �2,i.

In the case of the average peak acceleration, it can be seen in Fig. 8.7b that the control

system with f
s1,i = 0.25f

y,i

produced increases in the order of 50 to 70%, in all four

frames, as indicated by the index J̄2. These values were lower than those of the system

using f
s1,i = 0.05f

y,i

, which resulted in indices higher than 2 for all frames, apart from

the low-rise steel frame, where the value varied between 1.62 and 1.84. The increase

of peak acceleration was caused by rapid changes of stick/slip phases, which generated

rattling in some floors. As an example, the time histories of acceleration in the top,

third and first floors of the low-rise steel frame under the El Centro earthquake scaled

to 0.35g (Fig. 8.8a), show that the maximum acceleration occurred when the controller

introduced the maximum levels of slip-load (Fig. 8.8b) with a rapid change of activation/

deactivation of the friction dampers (Fig. 8.8c). In the Fig. 8.8a, it can also be seen that,

once the rattling e↵ect finished, the controlled frame had smaller acceleration than the
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Figure 8.7: Average performance indices J̄1, J̄2 and J̄3 of decentralised T�VG control
with fs1,i = 0.05fy,i (left) and fs1,i = 0.25fy,i (right), for earthquakes scaled to 0.35g.

uncontrolled structure. Therefore, the increase of peak acceleration was not considered

as a critical, negative e↵ect in the performance of the control system.

The new algorithm increased moderately the shear force at the base of the frames. As

indicated by the index J̄3 (Fig. 8.7c), the average of shear force for the system with

f
s1,i = 0.25f

y,i

was reduced only for the low-rise steel frame, with an index around

0.90. For all other frames, the index varied between 1.21 (for the medium-rise RC

frame) and 1.48 (for the medium-rise steel and low-rise RC frames). The system with

f
s1,i = 0.05f

y,i

also reduced the shear force in the low-rise steel frame, with an index

around 0.80. Again, the shear force increased in all other frames, with indices between
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Figure 8.8: Low-rise steel frame: Time history of acceleration, control force and
damper activation under the El Centro earthquake (PGA=0.35g).

1.24 and 1.40. For both control systems, the upper limit of deformation �2,i did not have

a significant influence in the levels of the response.

The new control system was also e�cient for the frames under the set of stronger

earthquakes (PGA=0.55g), with smaller response obtained when the initial slip-load

f
s1,i = 0.25f

y,i

was used. In this case, the values of the average index J̄1 were around

0.40 for the low-rise steel frame, and around 0.70 for all other frames. The average ac-

celerations were increased, with indices J̄2 between 1.47 and 1.90. Due to the high levels

of drift reduction, there was also an increase of the base shear. The increase, however,

was moderate, as indicated by indices J̄3 ranging from 1.10, for the low-rise steel frame,

to 1.60, for the medium-rise steel frame, and 1.40 for the two RC frames.

The results of the frames under each earthquake indicated lower levels of deformation

(i.e. lower indices J1) for the systems with �2,i = 1.0�
y,i

(Figs. 8.9a to 8.12a), in 47% of
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Figure 8.9: Low-rise steel frame: Performance indices J1, J2 and J3 with T�VG
control, for earthquakes scaled to 0.35g (grey line) and 0.55g (black line). Left: T�VG

control with fs1,i = 0.05fy,i; Right: T�VG control with fs1,i = 0.25fy,i.

the analysed cases, followed by the systems with �2,i = 0.75�
y,i

(34% of the cases) and

�2,i = 0.50�
y,i

(19% of the cases). Between the systems using either f
s1,i = 0.05f

y,i

or

f
s1,i = 0.25f

y,i

in combination with �2,i = 1.0�
y,i

, the second system resulted in lower

indices in the majority of the cases (73% of the cases). Due to the di↵erent characteristics

of each earthquake (i.e. duration and frequency content), there was a large variability

in the levels of response reduction, for each frame. In general, the system was less

e�cient for the stronger earthquakes (PGA=0.55g), especially for Northridge. Under

this earthquake, the values of the index J1 varied between 0.88 (for the low-rise RC

frame) and 0.98 (for the low-rise steel frame and medium-rise RC frame). In the case of

the medium-rise steel frame, the value of the index even increased to 1.1, which indicated
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Figure 8.10: Medium-rise steel frame: Performance indices J1, J2 and J3 with T�VG
control, for earthquakes scaled to 0.35g (grey line) and 0.55g (black line). Left: T�VG

control with fs1,i = 0.05fy,i; Right: T�VG control with fs1,i = 0.25fy,i.

a slight increase of the maximum deformation, in comparison to the bare frame.

As it can be seen in Figs. 8.9b to 8.12b, the new system produced high increases in the

peak acceleration. In the great majority of the cases, the indices J2 were higher than 1.0,

and even exceeded 2.0 in many cases. However, as concluded before, this increase is due

to the rapid changes in the stick/slip phases of the dampers. Outside of this transient

e↵ect, the accelerations in the controlled frames are lower than those of the bare frames.

The base shear (evaluated by the index J3) was increased for all the controlled frames,

apart from the low-rise steel frame (Figs. 8.9c to 8.12c). For the latter frame, the

shear force was reduced for the majority of the earthquakes (scaled to either 0.35g or
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Figure 8.11: Low-rise RC frame: Performance indices J1, J2 and J3 with T�VG
control, for earthquakes scaled to 0.35g (grey line) and 0.55g (black line). Left: T�VG

control with fs1,i = 0.05fy,i; Right: T�VG control with fs1,i = 0.25fy,i.

0.55g), and was slightly increased (in the order of 20%) only under Kobe, Imperial Valley

and Taft earthquakes with PGA of 0.55g. The increase of shear in all other frames was

moderate, in most of the cases, ranging from 10% to a maximum of 78%. The maximum

increase of shear occurred for the medium-rise steel frame under Kobe earthquake scaled

to 0.55g.
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Figure 8.12: Medium-rise RC frame: Performance indices J1, J2 and J3 with T�VG
control, for earthquakes scaled to 0.35g (grey line) and 0.55g (black line). Left: T�VG

control with fs1,i = 0.05fy,i; Right: T�VG control with fs1,i = 0.25fy,i.

8.5.3 Evaluation of building damage

The T�VG system reduced the inter-storey deformations su�ciently so as to avoid sig-

nificant damage in the structure. As indicated by low values of the average index J̄4 (Fig.

8.13a), the structures practically remained elastic under the earthquakes scaled to 0.35g.

For some strong earthquakes (0.55g), there was some little damage in the structure, but

even in this case, it was not significant and the amount of energy dissipated through

hysteresis in the beams was very small. The largest damage among all four buildings

occurred in the medium-rise RC frame under the Taft excitation. In this situation, the

index J4 (Fig. 8.14a) was 0.21, which was, nevertheless, a very low value.
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Figure 8.13: Average performance indices J̄4 and J̄5 of new T�VG control with
fs1,i = 0.05fy,i (left) and fs1,i = 0.25fy,i (right), for earthquakes scaled to 0.35g.

As a result of the little damage in the beams, the slippage in the friction connections

became the supplemental mechanism for energy dissipation in the frames. This situation

is indicated by the high values of the average index J̄5 (Fig. 8.13b) and the index J5

(Fig. 8.14b), corresponding to the medium-rise RC frame under each earthquake.

The distribution of the seismic energy in the frames with and without control is shown

in Fig. 8.15. The inclusion of the control system had the immediate e↵ect of increasing

the sti↵ness of the bare frame, hence increasing the amount of energy exerted. This is

reasonable because the energy is a reflection of the amount of work done by the structural

elements, which was calculated as the product of the force and the displacement and/or

deformation. Although an increase of the sti↵ness generally produced a reduction of the

displacements in the frame, the level of structural forces was increased, resulting in a

higher amount of energy exerted. Considering the distribution of energy in Fig. 8.15a,

it can be seen that large amounts of energy were dissipated in the uncontrolled frame

through two mechanisms: i) inherent structural (viscous) damping, and ii) damage in

the beams. On the other hand, it can be seen that the mechanism of dissipation in the

controlled frame (Fig. 8.15b) consisted mainly in the friction connections, with small

amounts of energy being dissipated through the inherent structural damping, and none

through damage in the beams, which means that the frame remained elastic.
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Figure 8.14: Medium-rise RC frame: Performance indices J4 and J5 with new T�VG
control, for earthquakes scaled to 0.35g (grey line) and 0.55g (black line). Left: T�VG

control with fs1,i = 0.05fy,i; Right: T�VG control with fs1,i = 0.25fy,i.

Figure 8.15: Low-rise steel frame: Distribution of energy in uncontrolled and con-
trolled frames, under the El Centro earthquake (0.35g).
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8.5.4 Evaluation of control forces

As it was designed, the level of control forces required by the algorithm (evaluated by the

index J6) varied within the optimum range of passive loads (i.e. 0.25f
y,i

to 0.65f
y,i

). For

most of the stronger earthquakes (PGA=0.55g), the controller required the maximum

slip-load capacity of the dampers. However, for many of the moderate earthquakes

(PGA=0.35g), the required control forces were below the maximum capacity, with values

as high as 0.50f
y,i

.

In Figure 8.16, typical values of the index J6 are shown for the low-rise steel and the

medium-rise RC frames subjected to the earthquakes scaled to 0.35g (grey line) and

0.55g (black line).

Figure 8.16: Performance index J6 (control force) with new T�VG control, for earth-
quakes scaled to 0.35g (grey line) and 0.55g (black line). Left: T�VG control with

fs1,i = 0.05fy,i; Right: T�VG control with fs1,i = 0.25fy,i.
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8.6 Comparison of passive, Tri-D and T�VG control sys-

tems

8.6.1 Drift reduction and required control forces

The new T�VG control with f
s1,i = 0.25f

y,i

and �2,i = 1.0�
y,i

was compared to the

passive control and the semiactive Tri-D system (with f
p,i

= 0.15f
y,i

and high gain

factor), in terms of maximum drift reduction (index J1) and range of required control

forces, expressed as the ratio f
s,i

/f
y,i

. As it can be seen in Figs. 8.17 to 8.20, the two

semiactive controllers reduced the maximum inter-storey drift of the bare frames under

all earthquake excitations, although the level of reduction varied from frame to frame

and earthquake to earthquake.

In comparison with the optimum passive control, the new T�VG improved the response

of the frames in 62.5% of the analysed cases, showing the same level of e�ciency than

the Tri-D system. However, the disadvantage of the passive system was that the max-

imum reductions were obtained only for one slip-load, which was di↵erent for most of

the earthquakes. In practical applications, this can limit the e�ciency of the control

strategy, since only one value of slip-load can be selected. On the other hand, the main

disadvantage of the Tri-D algorithm, as it can be observed in Figs. 8.17 and 8.18, was

the range of required control forces, which was significantly larger than 0.65f
y,i

, for most

of the earthquakes, especially when this system was applied to the steel frames.

In comparison with the Tri-D algorithm, the T�VG control produced improvements in

54% of the cases. In the majority of the cases there were no significant di↵erences

between the levels of drift reduction produced by each control system. However, the

new control algorithm produced those response levels by requiring much smaller control

forces, capped by the upper limit of 0.65f
y,i

. This results in significant reduction in

demand on the structural elements, the components of the friction connection and the

control system.

The new system was not very e�cient for the frames under the Northridge earthquake

scaled to 0.55g. In the case of the low-rise steel frame and the medium-rise RC frame,

the system only reduced the drift by 5%. In the case of the medium-rise steel frame,

the drift was slightly increased around 10%. The reason for this can be attributed to

the impulse of the excitation, which suddenly activates the friction connections, possibly

creating some little damage and reducing the restoring forces in the structure.
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Figure 8.17: Low-rise steel frame: Comparison of drift reduction with passive control,
existing semiactive Tri-D control and new semiactive T�VG control, for earthquakes

scaled to 0.35g (grey line) and 0.55g (black line).
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Figure 8.18: Medium-rise steel frame: Comparison of drift reduction with passive
control, existing semiactive Tri-D control and new semiactive T�VG control, for earth-

quakes scaled to 0.35g (grey line) and 0.55g (black line).
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Figure 8.19: Low-rise RC frame: Comparison of drift reduction with passive control,
existing semiactive Tri-D control and new semiactive T�VG control, for earthquakes

scaled to 0.35g (grey line) and 0.55g (black line).
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Figure 8.20: Medium-rise RC frame: Comparison of drift reduction with passive
control, existing semiactive Tri-D control and new semiactive T�VG control, for earth-

quakes scaled to 0.35g (grey line) and 0.55g (black line).
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8.6.2 Top floor displacement and drift distribution

The average top floor displacement produced by each control system was compared as

the ratio of controlled to uncontrolled displacement (i.e. d̄
c

/d̄
b

). In the comparisons, the

T�VG system with f
s1,i = 0.25f

y,i

and �2,i = 1.0�
y,i

was included because this set of

control parameters resulted in better levels of response reduction for the majority of the

earthquakes.

As shown in Fig. 8.21, all three systems resulted in large reductions of the average

top floor displacement, in some cases even more than 50%. In the case of the steel

frames (Figs. 8.21a and b), the reductions produced by the Tri-D and T�VG systems

were comparable to those of the optimum passive control (with small di↵erences of

about 5%). However, as it can be observed in the figures, the maximum reductions of

the passive control were obtained for di↵erent values of slip-load. The Tri-D system

resulted in better levels than the T�VG control, but considering that the deformations

of the T�VG algorithm were within elastic limits of the frame, this improvement is not

important. On the other hand, the control forces required by the Tri-D system were

significantly larger (more than 2 times, in some cases), which leads to large axial forces

in braces and columns.

In the case of the RC frames (Fig. 8.21b and c), large levels of displacement reduction

were also produced by all three control systems, with small di↵erences of up to 10% for

the low-rise frame, and 20% for the medium-rise frame. The T�VG control resulted in

responses comparable or slightly larger than the optimum passive control, but smaller

than those of the Tri-D system.

As mentioned in Section 8.2, the e�ciency of decentralised systems may be limited be-

cause there is no exchange of information between each local controller. This limitation,

in the case of the Tri-D and the T�VG system was evident only as a non-uniform distri-

bution of the inter-storey drift, even when the seismic response in each floor was largely

reduced. As an example of the drift distribution, the history of top floor displacement

and the envelopes of maximum drift and maximum control forces are shown in Figs.

8.22 and 8.23, for the frames under the El Centro earthquake scaled to 0.55g.
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Figure 8.21: Comparison of top floor displacement (average) with passive, Tri-D and
T�VG controllers, for earthquakes scaled to 0.35g (grey line) and 0.55g (black line).
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Figure 8.22: Seismic response of steel frames with Tri-D and T�VG controllers, under
the El Centro earthquake (0.55g).
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Figure 8.23: Seismic response of RC frames with Tri-D and T�VG controllers, under
the El Centro earthquake (0.55g).
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8.6.3 Frequency content of the seismic response

The modification of the seismic response in the controlled frames resulted from the

increase of initial sti↵ness, the increase of structural damping and the variation of the

dynamic properties of the frame due to the activation/deactivation of the dampers during

the ground motion (Section 7.5.1).

In order to have an insight of the mechanism of the T�VG control, the top floor dis-

placement of the medium-rise steel frame was analysed in terms of its frequency content

and compared to the bare frame, the braced frame (represented by the passive system

with f
s,i

/f
y,i

= 2.5) and the Tri-D system. The history of displacements of the frame

under the El Centro earthquake (PGA=0.35g) was divided in four segments, according

to the intensity of the excitation (high, medium, low and decay). As shown in Fig.

8.24, the spectral amplitude of the semiactive systems was much smaller than those of

the bare frame and the braced frame. These two systems (bare and braced) showed

peaks of amplitude corresponding to their fundamental frequencies (0.49Hz and 1.09Hz,

respectively).

From 10s to 40s, both Tri-D and T�VG systems produced small peaks between 0.49Hz

and 1.09Hz, with the largest amplitudes around 0.9Hz. Both systems, however, showed

no significant amplification of any frequency component of the earthquake. This con-

dition, in combination with no important peaks at 0.49Hz, indicated that the inclusion

of the friction connections was e↵ective in increasing the sti↵ness of the frame during

the ground motion, but the smaller amplitudes in comparison with the braced system,

indicated an increase of the structural damping, due to increased slippage in the con-

nections.

8.7 Concluding remarks

A new semiactive control system was developed in order to overcome the limitations

of existing passive control and four decentralised semiactive systems (MHF, LBL, SBL

and Tri-D). The major limitation of those systems is their lack of adaptability. In

the case of the passive control, the forces in the connections are pre-set and the best

force distribution varies from earthquake to earthquake. In the case of the semiactive

systems, the gain factors were constant, which again made it di�cult to choose the right

parameters for di↵erent structure-earthquake combinations, thus resulting in excessively

large control forces.
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Figure 8.24: Medium-rise steel frame: Frequency content of top floor displacement
with passive, Tri-D and T�VG controllers, under El Centro earthquake.

The new T�VG control system maintained the advantages of the passive and exist-

ing semiactive algorithms: simplicity of devices and decentralised control architecture.

However, the novelties of the system are:

• Variable gain factors (rather than pre-specified, constant values), which are ad-

justed in accordance with the response and pre-defined characteristics of the struc-

ture. A cubic root relationship of the ratio between inter-storey drift values and
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pre-defined drift limits (or target deformation, which depends on the elastic defor-

mation limits of the structure), was found to be the most e↵ective of the relation-

ships examined in this study.

• Control force limits, within the optimum range of passive slip-loads (i.e. 0.25f
y,i

to

0.65f
y,i

). The level of control forces is related directly to the actual resistance of the

frame structure (f
y,i

). The ratios used in this study (0.25 to 0.65) were determined

on the basis of a parametric study with di↵erent buildings and earthquakes.

The T�VG system was applied to four multi-storey frames subjected to di↵erent earth-

quakes: El Centro, Northridge, Kobe, Loma Prieta, Imperial Valley and Taft, scaled to

0.35g and 0.55g. Di↵erent limits of target deformation, �2,i, were also used in the control

algorithm. In general, the controller with largest limit of deformation (i.e. �2,i = 1.0�
y,i

)

and highest initial slip-load (i.e. f
s1,i = 0.25f

y,i

) was the most e�cient in reducing de-

formations and top floor displacements, with moderate increases of the base shear in

average (in the order of 40%) or no increase at all (in the case of the low-rise steel

frame). The higher e�ciency of the system with those control parameters was caused

by a mechanism similar to that of the existing semiactive algorithms (Chapter 7): i) an

increase of initial sti↵ness, in the early stages of deformation, due to delayed activation

of the friction connections, and ii) an increase of structural damping, which resulted

from the delay to reach the maximum slip-load, in the later stages of response.

The e�ciency of the T�VG system was reduced for some seismic excitations with higher

PGA. This was the result of a smaller proportion of energy dissipated through the friction

connections and an increased proportion of energy dissipated through damage in the

beams, which, however, was very small in all cases. The level of control forces required

by the algorithm also increased for the frames under the set of stronger excitations,

reaching the upper-limit in most of the cases.

The responses produced by the new T�VG controller were compared with those of the

passive and the semiactive Tri-D systems. In general, the optimum passive system pro-

duced smaller inter-storey deformations than both semiactive controllers. However, due

to the lack of adaptability, the optimum slip-load varied from earthquake to earthquake.

On the other hand, it was observed that, for the semiactive systems, larger control forces

resulted in larger reductions of deformation. The main advantage of T�VG over Tri-

D algorithm was a significant reduction of maximum control forces (0.65f
y,i

in T�VG

versus more than 1.5f
y,i

, in some cases, in Tri-D). This resulted in a small increase of

deformations (compared to Tri-D), but since they were still within the elastic limits of

the structures, the performance of the structure was not a↵ected.
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Due to the decentralised architecture of the T�VG controller, there was no exchange

of information between the local controllers. As a result, there was a non-uniform

distribution of the inter-storey drift throughout the height of the frames. Whereas this

situation did not a↵ect the performance of the control, in terms of response reduction,

one possible alternative would be to use a partially decentralised system in which the

control forces were generated based on the relation of the local feedback to the global

structural response.



Chapter 9

New semiactive algorithms:

A�VG, a partially decentralised

system

9.1 Introduction

In the previous Chapter, a new semiactive control algorithm (T�VG) was proposed as

a solution to the limitations of existing passive and semiactive systems. This algorithm

utilised variable gain factors which adjusted the slip-loads as a function of the relation

between real-time inter-storey deformations and pre-defined deformation limits.

The T�VG control system was applied to a set of low-rise and medium-rise structures

subjected to di↵erent seismic inputs. Similarly to the passive system and the semiactive

Tri-D system (Chen and Chen, 2004c), this algorithm could achieve significant reduc-

tions of inter-storey deformation. In many cases, the new control produced deformations

smaller than those of the passive and Tri-D systems. One clear advantage of the T�VG

algorithm was the enhancement in adaptability of the control: significant response re-

ductions were obtained using a range of relatively low slip-loads, which was within the

range of optimum passive loads (i.e. 0.25f
y,i

to 0.65f
y,i

, where f
y,i

is the shear force

which produced the first plastic hinge in the storey i, determined from pushover analy-

sis). The control forces produced by T�VG were significantly lower (even in the order

of 50% lower, in some cases) than those in the Tri-D system, in most of the cases.

One possible limitation of the T�VG system was its (totally) decentralised architecture.

However, from the results of the seismic simulations, the drawback of such an architec-

ture was observed only in the non-uniform distribution of the inter-storey deformations

155
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throughout the height of the buildings. This, however, was expected, because each

controller reacted to local feedback only.

In order to investigate the potential for better levels of response reduction, along with

more uniform distribution of inter-storey deformations, another control system was in-

vestigated in this study. The new algorithm uses a partially decentralised architecture, in

which local, variable gain factors were determined as a function of the relations between

local inter-storey deformations and their distribution along the height of the building.

Similarly to the T�VG algorithm, the new system was designed to maintain the level of

slip-loads within a range of relatively low values (0.25f
y,i

to 0.65f
y,i

).

9.2 Expected advantages of partially decentralised control

systems

Similarly to passive systems, in (totally) decentralised semiactive systems, such as those

examined in the previous chapters, the magnitude of the control forces depends only on

local structural response. Although the e�ciency of the control system can be high (in

terms of large levels of response reduction), there can also be a non-uniform distribution

of the deformations throughout the height of the buildings.

Partially decentralised systems, on the other hand, o↵er a possibility to control the dis-

tribution of deformations because the local controllers are inter-connected. In such a

control architecture, the local controllers have a partial knowledge of the overall struc-

tural response. Thus, modifications in the local slip-loads would aim at adjusting the

global response of the structure, in this case the distribution of inter-storey deformations.

Although requiring transference of information between local controllers, partially de-

centralised systems still allow for simple control algorithms, two of which were examined

in this investigation. As illustrated in Fig. 2.8 on page 17 (Chapter 2), a partially decen-

tralised system required a central computer in this research. However, the function of

such computer was only to average the response, so that the local controllers would only

process small amounts of information, similar to decentralised algorithms. This would

avoid delays in generation of control signals.

In order to keep the simplicity of decentralised algorithms, in this study the feedback

information used by the partially decentralised systems was limited to the inter-storey

deformations. This could simplify monitoring tasks in practical applications by using a

simple displacement sensor, such as a linear variable di↵erential transducer (LVDT).
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9.3 Proposed control algorithms

9.3.1 Algorithm for partially decentralised control with fixed force

increment (FFI)

Based on the idea of decentralised modified bang-bang control proposed by Akbay and

Aktan (1990) and Kannan et al. (1995), in which the control forces were adjusted at

pre-defined time intervals by fixed force increments, a new, simple control algorithm was

initially considered in this investigation.

The objectives of the new partially decentralised FFI controller were to reduce the seismic

response of buildings and in the same time to produce a uniform distribution of the

inter-storey deformations. In order to do so, the dampers’ slip-loads were adjusted at

pre-defined intervals of decision �t, by either adding or subtracting pre-defined, fixed

force increments �f
s,i

, which could be di↵erent for the damper on each storey i.

In the FFI controller, for a building with n-controllers (one per storey), their initial slip-

loads were pre-set by following a design distribution (in this case proportional to the yield

strength of each storey, f
y,i

), as f
s1,i = ↵

i

f
y,i

, where ↵
i

is a factor of proportionality.

The control force for the first floor i = 1 was kept constant throughout the earthquake

(i.e. |f
s,1(t)| = f

s1,1 = ↵1fy,1). The control forces on the other floors were varied during

the ground excitation as:

f
s,i+1(t) =

8
>>>>>>>>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>>>>>>>>:

if t < �t : . . .

f
s1,i+1sgn(�̇i+1(t))

if t � �t : . . .

(|f
s,i+1(t��t)|+�f

s,i+1) sgn(�̇i+1(t)), if

�����
�̂
i+1(t)

�̂
i

(t)

����� > (1 + tol)

|f
s,i+1(t��t)|sgn(�̇

i+1(t)), if (1� tol) 

�����
�̂
i+1(t)

�̂
i

(t)

�����  (1 + tol)

(|f
s,i+1(t��t)|��f

s,i+1) sgn(�̇i+1(t)), if

�����
�̂
i+1(t)

�̂
i

(t)

����� < (1� tol)

(9.1)

In Equation 9.1, the control force f
s,i+1(t) represents an update of the slip-load deter-

mined in the previous interval t��t, by means of adding or subtracting the pre-defined,

fixed force increment �f
s,i+1. The system is partially decentralised because there is an
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Table 9.1: Control parameters used for the partially decentralised FFI algorithm.

Case Slip-load pre-sets tol �f
s,i

�t

1
f
s1,i = 0.35f

y,i

0.10 0.10f
s1,i T

f

/2f
s2,i = 0.25f

y,i

f
s3,i = 0.65f

y,i

2
f
s1,i = 0.35f

y,i

0.10 0.10f
s1,i T

f

f
s2,i = 0.25f

y,i

f
s3,i = 0.65f

y,i

3
f
s1,i = 0.35f

y,i

0.10 0.05f
s1,i T

f

/2f
s2,i = 0.25f

y,i

f
s3,i = 0.65f

y,i

4
f
s1,i = 0.65f

y,i

0.10 0.05f
s1,i T

f

f
s2,i = 0.25f

y,i

f
s3,i = 0.65f

y,i

exchange of information between consecutive controllers, i.e. the slip-load is determined

based on the ratio between �̂
i+1(t) and �̂

i

(t) (the maximum deformation of the storey

i+1 and i, respectively, within the interval �t). The parameter tol represents a pre-set

tolerance of the ratio between consecutive inter-storey deformations.

In order to represent the physical constraints of the friction connections in practical

applications, the magnitude of the slip-load was capped in the control algorithm. Thus,

the control load varied within a pre-defined upper limit f
s2,i+1, and a lower limit f

s3,i+1.

The control system was applied to low- and medium-rise RC frames subjected to three

earthquake inputs: El Centro, Northridge and Kobe, scaled to 0.55g. In the seismic

simulations, di↵erent values for the control parameters of the FFI algorithm were used

(Table 9.1). The initial, maximum and minimum slip-loads (f
s1,i, fs2,i and f

s3,i) were

defined as 0.35f
y,i

, 0.65f
y,i

and 0.25f
y,i

, respectively. The tolerance for the ratio between

consecutive deformations, tol, was defined as 0.10. The fixed force increment �f
s,i

was

defined as 0.10f
s1,i and 0.05f

s1,i, and finally, the interval of decision �t was defined as

T
f

and T
f

/2, where T
f

is the fundamental period of the frames.

The history of inter-storey deformation �
i

(t), maximum deformation in the previous

interval of decision �̂
i

(t), control force f
s,i

(t) and actual forces f
i

(t) in the dampers of

storeys i = 1, 2 and 3 of the medium-rise RC frame, under El Centro input, are shown

in Fig. 9.1. As required by the control the algorithm, the slip-load of the damper in

storey 1 was not modified, but the dampers in floor 2 and 3 were adjusted by adding or

subtracting the increment �f
s,i

. The ratios of deformation |�̂
i+1(t)/�̂i(t)| shown in Fig.

9.2 determined the action of the algorithm: for ratios beyond 1.1 or below 0.9 (since

the tolerance tol was pre-specified as 0.10), the control force was increased or reduced,

respectively; for ratios within that interval, the slip-load was not modified.
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Figure 9.1: Time history of deformation and forces of medium-rise RC frame (first to
third floor) with FFI control (�t = Tf = 2s).

Figure 9.2: Ratios of deformation |�̂i+1/�̂i| of medium-rise frame (first to third floor)
with FFI control (�t = Tf = 2s).
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Figure 9.3: Parameters for calculation of the average (�̄i) and the standard deviation
(�i) of the absolute values of simultaneous deformations.

In order to evaluate the e�ciency of the control system and to have an insight in the

distribution of deformation in the structure (which was one objective of this partially

decentralised system), two performance indices, J7 and J8, were defined. The index J7

assess the ratio of inter-storey deformations of controlled to uncontrolled (bare) frames:

J7 =
max(�̄

c,i

)

max(�̄
b,i

)
(9.2)

where �̄
c

and �̄
b

represent the average of absolute values of simultaneous inter-storey

deformations in the building at the time of the ith maximum inter-storey deformation,

for controlled and bare frames, respectively. The averages were calculated as:

�̄
i

=
1

n

nX

j=1

(�
j,i

) (9.3)

where the sub-indices c and b were removed because the process is the same for either

controlled or bare frame. In this equation, �
j,i

is the absolute value of deformation of

inter-storey j at the time of maximum deformation of inter-storey i (Fig. 9.3).

The index J8, on the other hand, evaluates the distribution of the inter-storey deforma-

tions, by means of ratios of standard deviation between controlled and bare frame. The

index was calculated as:

J8 =
max(�

c,i

)

max(�
b,i

)
(9.4)
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Figure 9.4: Indices of average deformation reduction (left) and deformation distribu-
tion (right) for frames with FFI control.

where �
c,i

and �
b,i

represent the standard deviation of the distribution of deformations in

the building at the time of maximum deformation in the inter-storey i, for the controlled

and bare frames, respectively. The standard deviation � of either frame was given by:

� =

0

@ 1

n

nX

j=1

�
�
j,i

� �̄
i

�2
1

A
1/2

(9.5)

where n is the number of storeys in the building, �
j,i

is the absolute value of deformation

of inter-storey j at the time of maximum deformation of inter-storey i, and �̄
i

is the

average inter-storey deformation of the building at the time of maximum deformation

of inter-storey i (Fig. 9.3).

The results from the simulations showed that the FFI control reduced the deformation

in the controlled frames, in comparison to the bare frame, for all three earthquakes.

As shown in Fig. 9.4, the indices J7 (average of simultaneous inter-storey deformation)
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indicated reductions between 47% and 33%, for the low-rise frame, and between 50% and

35%, for the medium-rise frame, depending on the earthquake. The levels of reduction,

as it can be seen in the same figure, were very similar to those of the T�VG system, which

is reasonable, since the control forces in both systems were limited to the range 0.25f
y,i

to 0.65f
y,i

. As it is shown in Fig. 9.4, the levels of reduction did not vary significantly

in the four cases of analysis using di↵erent control parameters.

On the other hand, the FFI system was ine�cient in producing more uniform distri-

butions of the deformation than the decentralised algorithm. In Fig. 9.4, the index of

deformation distribution (J8) indicated a larger deviation for the new system, in the

case of the low-rise frame, and no improvement, in the case of the medium-rise frame.

9.3.2 Control algorithm using average deformation with variable gain

factors (A�VG)

The FFI control algorithm (Section 9.3.1) did not improve the distribution of the inter-

storey deformations (in comparison with the decentralised T�VG system). A possible

reason for the ine�ciency was that the slip-load was adjusted by fixed force increments,

rather than proportionally to the amount of deformation.

As a possible solution, another control algorithm using the average inter-storey defor-

mation with variable gain factors (A�VG) was proposed as:

f
s,i

(t) =

(
f
s1,i sgn(�̇i(t)) if t < �t

g
i

(�(t))|f
s,i

(t��t)|sgn(�̇
i

(t)) if t � �t
(9.6)

where f
s,i

(t) is the controlled slip-load of damper i, determined at the end of the current

interval of decision (�t), and |f
s,i

(t��t)| is the absolute value of the semiactive slip-load

determined at the previous interval of decision (t��t). In the algorithm, the variable

gain factor g
i

(�(t)) was introduced to adjust the slip-loads as a function of the ratios

between the local inter-storey deformations and their distribution along the height of

the building. The variable gain factor was thus defined as:

g
i

(�(t)) =
|�̂
i

(t)|
�̄(t)

(9.7)

where �̂
i

(t) represents the largest deformation of the inter-storey i, within the current

interval of decision. The variable �̄(t) represents the average of maximum deformations

|�̂
i

(t)| in all inter-storeys, determined at the end of the current interval �t:
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Figure 9.5: Schematic representation of new A�VG control algorithm.

�̄ =
1

n

nX

i=1

|�̂
i

(t)| (9.8)

where n is the number of storeys in the structure. Similar to the FFI algorithm, in the

A�VG system the slip-loads were capped by the upper and lower limits f
s2,i and f

s3,i.

A schematic representation of the operation of the A�VG algorithm and its control

parameters is shown in Fig. 9.5. The algorithm starts with a pre-defined initial slip-load

f
s1,i, which is maintained during the first interval of decision (from t = 0 to t = �t

seconds). At the end of the interval, the variable gain factor g
i

(�(t)) is determined with

Eq. 9.7 and used in Eq. 9.6 to determine the control force f
s,i

(t). This new force will be

maintained until the end of the new interval (t = 2�t). The process is repeated for the

following intervals, i.e. t = 3�t, t = 4�t, and so on.

In terms of the clamping force in the friction connection, Eqs. 9.6 can be re-written as:

N
i

(t) =

(
N1,i if t < �t

g
i

(�(t))N
i

(t��t) if t � �t
(9.9)

f
s,i

(t) = µN
i

(t) sgn(�̇
i

(t)) (9.10)

where N1,i and N
i

(t ��t) are the initial clamping force and the clamping force deter-

mined in the previous interval of decision t ��t, respectively. Similarly, the clamping

force is constrained by upper and lower limits (N2,i and N3,i, respectively):

N
i

(t) =

(
N2,i if N

i

(t) > N2,i

N3,i if N
i

(t) < N3,i

(9.11)
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9.3.3 Preliminary investigation of the e�ciency of A�VG algorithm

The preliminary investigation of the e�ciency of the new partially decentralised control

algorithm was carried out by simulating the response of a medium-rise (10-storey, 3-bay)

RC frame with an abrupt change of storey sti↵ness in the upper three levels (Caudana,

2009). The frame was modelled using a reduced modulus of elasticity to simulate a state

of cracks. The first three natural frequencies of the frame were 0.49, 1.31 and 2.29Hz.

In the simulations, the frame was subjected to the first 15 seconds of the El Centro,

Northridge and Imperial Valley earthquakes, scaled to 0.35g (Caudana and Petkovski,

2013). The semiactive control system was applied to the frame as a possible solution

to the limited e�ciency and lack of adaptability of a passive control system in which

optimum slip-loads varied for each earthquake, as shown in Fig. 9.6, and, in some cases,

even resulted in increases of the response (i.e. under Northridge excitation).

In the simulations with the A�VG algorithm, two values of the maximum slip-load f
s2,i

were defined as 0.35f
y,i

and 0.65f
y,i

, for El Centro and Imperial Valley, and 0.55f
y,i

and

0.65f
y,i

for Northridge. These values were selected in order to compare the response

produced by the semiactive system with that of the passive system using the same

values of slip-load. The initial and minimum slip-loads (f
s1,i and f

s3,i, respectively),

were defined as a ratio of the maximum slip-load: for all earthquakes, the ratios of initial

load f
s1,i/fs2,i were 0.50, 0.75 and 1.0, whereas the ratios of minimum load f

s3,i/fs2,i

varied at 0.10, 0.25, 0.50 and 0.75. The intervals �t were defined as T
f

, T
f

/2 and T
f

/4.

The results from the simulations indicated a good performance of the semiactive strategy,

improving the seismic response of the frame. As indicated by the ratios of controlled to

uncontrolled top floor displacement d
c

/d
b

(Fig. 9.7), the response of the system to all

earthquakes was generally smaller, in comparison to the bare frame, and either slightly

larger, similar or smaller than those of the passive system, depending on the combination

Figure 9.6: Ratios of top floor displacement of RC frame with passive control.
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of control parameters used. The semiactive control was particularly beneficial for the

Northridge excitation (Figs. 9.7e and f), avoiding the increase in response caused by the

passive control with slip-loads of 0.55f
y,i

and 0.65f
y,i

.

Figure 9.7: Top floor displacement ratios for passive and A�VG systems, with di↵erent
control parameters.

For all three earthquakes, the control system tended to produce levels of response similar
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to those of the passive strategy, for increased values of the minimum slip-load f
s3,i, i.e.

when the range of slip-load variation was narrowed. Although there were no significant

di↵erences in the response using each interval of decision (in most of the cases), the

system with longer interval of decision (�t = T
f

) resulted in smaller ratios d
c

/d
b

, for

the majority of simulations (55% of analysed cases).

As indicated by the index J8 (Fig. 9.8), there was a variability in the distribution of

the deformation, but, in general, the semiactive system resulted in smaller indices than

the passive control, especially for El Centro and Northridge inputs. In the case of the

Imperial Valley earthquake, however, the values of the index J8 were very similar to

those of the passive system, with some exceptions when the system used the shorter

interval of decision (�t = T
f

/4).

The deformed shapes of the frame at the time of maximum top floor displacements

under each excitation are shown in Fig. 9.9. Apart from reducing the response of the

bare frame for all earthquakes, the semiactive system prevented large deformations at

the weaker upper levels, unlike the passive control. In the figure, the response of the

frame with semiactive system using f
s1,i = 0.50f

s2,i, fs3,i = 0.50f
s2,i and �t = T

f

under

Figure 9.8: Index J8 for medium-rise frame with passive and A�VG control.
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the El Centro and Imperial Valley earthquakes is shown. In the case of Northridge, the

response corresponds to the system using f
s1,i = 0.75f

s2,i, fs3,i = 0.10f
s2,i and �t = T

f

.

Although the new semiactive system was e�cient in reducing the seismic response of

the medium-rise frame and also produced more uniform distributions of inter-storey

deformation in comparison with the passive system, one limitation was observed in the

control forces: since the magnitude of the force f
s,i

(t) depended only on the relation

of inter-storey deformation and global deformed configuration, there were cases where

the control force was not reduced towards the end of the earthquake, similar to the

decentralised MHF algorithm (Chapter 7). The reason for such an e↵ect was that,

towards the end of the excitation, the gain factor g
i

(�(t)) still increased, even for small

inter-storey deformations. As an example, the configuration of deformation of the frame

acquired by the algorithm at each interval of decision (with �t = 2s), from 15s to 25s

(i.e. in the interval of response decay), are shown in Fig. 9.10, along with the gain factors

and the corresponding control forces determined by the algorithm. As it can be seen,

although the deformations at this stage were very small, the gain factor increased in

Figure 9.9: Absolute values of simultaneous displacements (top) and deformed con-
figurations (bottom) at time of maximum top floor displacement.
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some floors, resulting in large control forces at the end of the excitation. This situation

leads to locking of the connections and permanent deformation of the frame after the

earthquake.

Figure 9.10: Response of the frame, control gains and forces during the decaying part
of the earthquake (t>15s), with A�VG control.
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9.3.4 Modified A�VG algorithm

As a possible solution to the large forces produced for very small deformations at the

end of the ground excitation, one additional gain factor related to the velocity was

introduced in the control algorithm. In order to investigate an appropriate factor, two

di↵erent expressions were used to determine the second gain factor, as:

g2,i(�̇(t)) =

 
1

n

nX

i=1

|�̇
i

|
!

↵

(9.12)

and

g2,i(�̇(t)) = tanh(|�̇
i

|) (9.13)

where �̇
i

is the current velocity at the end of the interval of decision.

The gain factor calculated with Eq. 9.12 represents a global factor, which is dependent

on the average of the velocity of all inter-storeys. Therefore, the same factor is applied

to the controllers on each floor, during each interval of decision. In order to investigate

the e�ciency of this expression, two values of the factor ↵ were used as 0.5 and 1.0.

On the other hand, the gain g2,i(�̇(t)) calculated with Eq. 9.13 represents a local factor,

which depends only on the local inter-storey velocity.

The modified algorithm A�VG was thus re-written as:

f
s,i

(t) =

(
f
s1,i sgn(�̇i(t)) if t < �t

g
i

(�(t))g2,i(�̇(t))|fs,i(t��t)|sgn(�̇
i

(t)) if t � �t
(9.14)

with the same restraining conditions as before.

The modified control was applied to a low-rise and medium-rise RC frames designed as

part of this research (Chapter 5). These two frames were subjected to a stronger set

of earthquakes: El Centro, Northridge and Kobe, scaled to 0.55g. In the simulations,

the maximum and minimum control forces (f
s2,i and f

s3,i) were defined as 0.65f
y,i

and

0.25f
y,i

, respectively. The initial force f
s1,i was defined as a function of the maximum

slip-load, as 0.38f
s2,i (equivalent to 0.25f

y,i

), 0.75f
s2,i and 1.0f

s2,i. The interval of

decision �t was defined as T
f

/4, T
f

/2 and T
f

.

The results produced by the A�VG controller with three di↵erent settings for the

g2,i(�̇i(t)) gain factor:
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(i) Eq. 9.12, with ↵ = 0.5: g2,i(�̇(t)) =

✓
1

n

nP
i=1

|�̇
i

|
◆0.5

,

(ii) Eq. 9.12, with ↵ = 1.0: g2,i(�̇(t)) =

✓
1

n

nP
i=1

|�̇
i

|
◆1.0

,

(iii) Eq. 9.13: g2,i(�̇(t)) = tanh(|�̇
i

|),

are shown in Figs. 9.11, for the low-rise frame, and 9.12, for the medium-rise frame. As

indicated by the indices J7 and J8, there was an influence of the length of the interval

of decision, but in most of the cases, for both low-rise (Fig. 9.11) and medium-rise (Fig.

9.12) frames, the shorter interval (�t = T
f

/4) resulted in smaller deformations and

smaller deviations. The system with gains determined with Eq. 9.12 (with ↵ = 0.5

and 1.0) showed large values of standard deviation (i.e. less uniform distribution of

deformation) for the low-rise frame under Northridge and Kobe (Fig. 9.11b and c).

Among the three gains, the factor g2,i(�̇(t)) = tanh(|�̇
i

|) showed less sensitivity to �t.

In order to investigate if any of the gain factors produced saturation-like e↵ects, in which

the friction connections stayed at its maximum or minimum capacity throughout the

simulations, an additional evaluation index J9 was calculated as:

J9 = max

✓
f̄
s,i

f
y,i

◆
(9.15)

Figure 9.11: Low-rise RC frame: Indices J7 (top) and J8 (bottom) using di↵erent
control parameters and gain factors.
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Figure 9.12: Medium-rise RC frame: Indices J7 (top) and J8 (bottom) using di↵erent
control parameters and gain factors.

Figure 9.13: Index J9 for low-rise frame (top) and medium-rise frame (bottom) using
di↵erent control parameters and gain factors.



Chapter 9. Partially decentralised system 172

where f̄
s,i

represents the average control force of damper i, throughout each simulation.

As it can be seen in Fig. 9.13, there was a variability in the control force, indicated by the

index J9, denoting that the saturation-like e↵ects were avoided using any of Eqs. 9.12 or

9.13. However, as it can be seen in the same figure, the control forces generated in the

algorithm by introducing the gain g2,i(�̇(t)) = tanh(|�̇
i

|) were always smaller than those

produced by the other two gains. This situation, in combination with lower sensitivity

to the interval of decision, was the reason to adopt this factor for further investigation

of this control algorithm.

A flow chart of the final algorithm is shown in Fig. 9.14, whereas the programming

sequence is presented in Table 9.2.

Figure 9.14: Flow chart of partially decentralised A�VG control system.



Chapter 9. Partially decentralised system 173

Table 9.2: Partially decentralised A�VG control, programmed in ConStruc.

1. Initial time of analysis, t0 = 0

(a) Input data:
Force limits: N1,i, N2,i, N3,i

Interval of decision: �t
Sampling time: ts

(b) Set initial deformations and velocity: �0,i = 0, �̂i = 0, �̇0,i = 0

2. At every sampling time, ts

(a) Calculate the current velocity across the damper i:

! ��̇i =
�i � �0,i

ts
, and �̇i = �̇0,i +��̇i

(b) Determine the maximum deformation �̂ of each damper i:
! if |�i| > �̂i
! then �̂i = |�i|
! end

(c) Set �0,i = �i, �̇0,i = �̇i

(d) Determine the semiactive slip-load:
! fs,i(t) = |fs,i(t��t)|sgn(�̇i(t))

3. When t = t0 +�t

(a) Calculate average deformation and gain factors:

! �̄ =
1

n

nP
i=1

|�̂i|

! gi(�(t)) =
|�̂i|
�̄

! g2,i(�̇(t)) = tanh(|�̇i|)
(b) Determine the clamping force:

! Ni(t) = gi(�(t)) · g2,i(�̇(t)) ·Ni(t��t)

(c) Determine the new semiactive slip-load:
! fs,i(t) = µNi(t)sgn(�̇i(t))

(d) Set new time t0 = t and �̂i = 0
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9.4 E�ciency of A�VG algorithm and comparison with de-

centralised T�VG control

In addition to the low- and medium-rise RC frames, the proposed control system was

applied to the low- and medium-rise steel frames described in Chapter 5. Simulations

of the seismic response of the frames were performed in the program ConStruc, using

six di↵erent earthquakes as input: El Centro, Northridge, Kobe, Loma Prieta, Imperial

Valley and Taft, all scaled to 0.55g.

In the control algorithm, the upper and lower limits of the slip-loads were defined as

0.65f
y,i

and 0.25f
y,i

, respectively. Since the results of the previous simulations (Section

9.3.4) indicated that the initial slip-load did not a↵ect significantly the e�ciency of the

system, in this new set of simulations the initial slip-load was defined as 0.25f
y,i

, in all

the analysis cases.

On the other hand, the interval of decision �t did a↵ect the performance of the system.

Even though the shortest interval (�t = T
f

/4) generally showed better results, the three

intervals (T
f

/4, T
f

/2 and T
f

) were used in the new set of simulations.

The results indicated a good performance of the control system, for all four frames, in

terms of maximum inter-storey deformation and shear force (evaluated by the indices J1

and J3, respectively). As it can be seen in Fig. 9.15, the A�VG control with �t = T
f

/2

produced comparable or smaller indices J1 than the system with other intervals, in

all four frames under most of the earthquakes (in 75% of the cases), except for a few

cases (e.g. El Centro, for the low-rise RC frame, and Taft, for the medium-rise RC

frame), where the system using either the shortest interval (�t = T
f

/4) or the longest

interval (�t = T
f

) resulted in significantly smaller responses. The levels of inter-storey

deformation varied for each frame under each earthquake, but in general, the reductions

(in comparison to the bare frame) could be as high as 50% (e.g. the medium-rise steel

frame under El Centro earthquake). The control system, however, was not e�cient in

reducing the maximum inter-storey deformation of the frames under Northridge (apart

from the low-rise steel frame). In the case of the medium-rise RC frame, the maximum

inter-storey deformation was slightly increased, in the order of 15%.

Since the introduction of the control system increased the sti↵ness of the structures, there

was also an increase of the shear forces. However, as shown in Fig. 9.16, the increases

were not excessive, with a maximum value of 44% for the control system with �t = T
f

/2

(which occurred for the medium-rise RC frame under Loma Prieta earthquake). In the

case of the low-rise steel frame, the system resulted in either reductions of the shear
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Figure 9.15: Performance index J1 for multi-storey frames with new semiactive con-
trol systems A�VG and T�VG.

forces, in the order of 20% (for Loma Prieta input) or 30% (for El Centro and Northridge

excitations), or very small increases (for all other earthquakes).

The comparison of indices J1 and J3 between the new partially decentralised A�VG

system and the new decentralised system T�VG (Chapter 8) showed variable e�ciency

of each system, depending on the frame and the earthquake. For the majority of the

earthquakes, the levels of maximum deformation produced by each control algorithm

were not significantly di↵erent, with a maximum of 20% and 30% in the most notable

cases: Northridge, for the low-rise steel frame, and Taft, for the medium-rise RC frame

(Fig. 9.15a and d, respectively).

On the other hand, the comparison of the indices J3 (base shear), indicated a better

performance of the partially decentralised system. As it can be seen in Fig. 9.16, the

levels of shear force produced by the A�VG were either comparable or smaller than those

of the decentralised system T�VG, for all the frames under each earthquake.



Chapter 9. Partially decentralised system 176

Figure 9.16: Performance index J3 for multi-storey frames with new semiactive con-
trol systems A�VG and T�VG.

The average of maximum simultaneous deformations and their standard deviation (eval-

uated by indices J7 and J8, respectively) were also compared, as a means to verify if the

partially decentralised system produced more uniform deformation distributions than

the decentralised system. As it can be seen in Fig. 9.17, the values of the index J7

were very similar between both controllers, with small di↵erences of up to 20%. Simi-

larly, both systems showed comparable levels of the index J8, which indicated that the

new system, despite being e�cient in reducing the seismic response, was not able to

introduce an e↵ective control on the distribution of the inter-storey deformation. This

situation, however, is not critical for the controller, because, as it can be seen in the

same figure, the values of the index J8 are relatively small, indicating small deviations

of the deformation distribution, associated to relatively large reductions of the seismic

response.
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Figure 9.17: Performance index J7 (left) and J8 (right) for multi-storey frames with
new semiactive control systems A�VG and T�VG.
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9.5 Concluding remarks

New partially decentralised control algorithms were developed, in order to investigate

whether or not it was possible to improve the performance of the decentralised T�VG

control system (Chapter 8). An additional objective of the partially decentralised systems

was to control the distribution of the inter-storey deformation throughout the height of

the building.

The partially decentralised with fixed force increment (FFI) algorithm adjusted the

dampers’ slip-loads according to the relation between consecutive inter-storey deforma-

tions, by either adding or subtracting fixed increments of the slip-load. This algorithm

showed good reductions of the average deformation of low- and medium-rise RC frames

(in comparison to the bare frame), with levels similar to those of the decentralised T�VG

system. However, comparison of the indices of standard deviation did not show any im-

provement by the new algorithm, in terms of deformation distribution.

A second system, the average deformation with variable gain factors (A�VG) algorithm,

was developed as a possible solution. This new control system adjusted the dampers’

slip-loads using variable gain factors. These factors determined the slip-loads propor-

tionally to the ratios of local inter-storey deformation to global deformed configuration.

A preliminary investigation of the e�ciency of the system showed good levels of response

reduction and improved distribution of the inter-storey deformation (in comparison to

a passive system), when the semiactive control was applied to a medium-rise RC frame

with significant di↵erences of storey sti↵ness. However, the results also made evident

the necessity to include a term related to the velocity, in order to prevent large residual

control forces at the end of the ground excitations.

The final A�VG algorithm, including a velocity term (Eq. 9.14), was applied to a set

of two low-rise and two medium-rise (steel and RC) frames, subjected to a series of six

strong earthquakes. The results indicated a good performance of the new semiactive

system in terms of maximum inter-storey deformation and maximum base shear, for the

majority of the earthquakes. Similarly to the decentralised T�VG control, the partially

decentralised system was less e�cient when the frames were subjected to the Northridge

excitation, resulting in slight increases of inter-storey deformation, in some cases.

In terms of average inter-storey deformation and its deviation, the A�VG algorithm did

not show significant improvements, producing levels of average and deviation comparable

to those of the decentralised T�VG system.
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Summary of results

10.1 Introduction

The methodology used in this research consisted of simulations of non-linear dynamic

response of four di↵erent frame structures, analysed as bare frames, passively controlled

frames (using bracing with friction dampers) and using four existing semiactive control

algorithms (modulated homogeneous friction, MHF; linear and smooth boundary layer,

LBL and SBL; friction control with passive, viscous and Reid damping, Tri-D) and two

new algorithms developed as part of this research (target deformation with variable gain

factors, T�VG; and average deformation with variable gain factors, A�VG).

All structure-control combinations were subjected to a set of six di↵erent earthquakes

(historical records), scaled to two di↵erent peak ground acceleration levels, i.e. a total of

12 excitations. In addition, series of parametric studies of each control algorithm were

performed using additional PGAs with four historical records.

A total of 1464 simulations (not including parametric studies) were performed using

ConStruc, a new program developed here for non-linear dynamic analysis of frame struc-

tures equipped with semiactive control system. The full list of simulations, organised

by control algorithm, is given in Table 10.1. In this table, the number of simulations

includes only those used for comparison of performance between controllers, and do not

include the simulations performed in the parametric studies of each algorithm.

The performance of all structures was assessed through indices (J1 to J8) that take

into account the response of the buildings, in terms of deformations, accelerations and

internal forces; damage of structural elements; and control forces required by the control

algorithms.

179
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Table 10.1: Number of simulations for comparison of controllers using ConStruc.

Control System Parameters in simulations Number of simulations
Passive 11 slip-load x 4 frames x 12 eq 528
MHF 3 gains x 4 frames x 12 eq 144
SBL 3 gains x 1 layer x 4 frames x 12 eq 144
Tri-D 2 f

p,i

x 3 gains x 4 frames x 12 eq 288
T�VG 2 f

s1,i x 3 �t x 4 frames x 12 eq 288
A�VG 1 f

s1,i x 3 �t x 4 frames x 6 eq 72
Total 1464

The list of indices used for assessing the performance of the semiactive control systems

in comparison with bare frames and passively controlled structures is summarised in

Table 10.2, where the response parameter assessed is also indicated. The indices, in

general, represent the ratios of maximum response between controlled and uncontrolled

(bare) frames (e.g. �
c

vs �
b

). As it can be observed in the table, the indices J1 to

J3 evaluate the building response (maximum drift, acceleration and shear force), the

indices J4 and J5 evaluate the damage in the building (expressed as energy dissipated

in the predominant dissipative mechanism), the index J6 assess the maximum control

force required by the algorithm, and finally, the indices J7 and J8 are a measurement of

the deformation distribution along the height of the building (uniform or non-uniform).

The last two indices were applied only to compare the performance of the new control

algorithms.

Table 10.2: Indices for assessing of control performance.

Category Index Parameter assessed Equation

Building re-
sponse

J1 Deformation J1 = max

✓
max(|�

c,i

|/h
i

)

max(|�
b,i

/h
i

)

◆

J2 Acceleration J2 = max

✓
max |ẍ

c,i

|
max |ẍ

b,i

|

◆

J3 Base shear J3 = max

✓
max |F

b,c

|
max |F

b,b

|

◆

Building
damage

J4
Energy dissipated through
plastic hinges in beams

J4 =

✓
E

h

E
i

◆

J5
Energy dissipated through
friction dampers

J5 =

✓
E

c

E
i

◆

Control
force

J6
Maximum control force re-
quired by the algorithm

J6 = max

✓
max |f

s,i

|
f
y,i

◆

Deformation
distribution

J7
Average of simultaneous de-
formations

J7 =
max(�̄c,i)

max(�̄b,i)

J8
Standard deviation of simul-
taneous deformations

J8 =
max(�

c,i

)

max(�
b,i

)
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10.2 Summary of results of passive control and semiactive

algorithms, in terms of deformation, base shear and

control force (indices J1, J3 and J6)

The simulations of the frame with passive control showed the e�ciency of the system

in reducing the maximum inter-storey deformation of the bare frames (evaluated by

the index J1). For each earthquake, the response of the controlled frames varied with

the dampers’ slip-loads, but in general, for all earthquakes, there was a narrow range

of slip-load values (f
p,i

= 0.25f
y,i

to 0.65f
y,i

) that resulted in good levels of response

reduction. Slip-loads beyond this range did not improve the performance of the control

system, showing excessive increases of shear forces (assessed by the index J3) acting on

the structure, without significant reductions in deformation. The e�ciency of the control

system was limited for impulse-like excitations (i.e. Northridge), which in many cases

led to increase of the frame response, even for slip-loads between 0.25f
y,i

and 0.65f
y,i

(i.e. medium-rise steel frame, low- and medium-rise RC frames).

For the passive control, the average index J̄1 indicated deformation reductions in the

frame under moderate earthquakes (PGA=0.35g) between 40% (low-rise steel frame)

and 25% (low-rise RC frame). For the stronger earthquakes (PGA=0.55g), as shown in

Fig. 10.1, the reductions were smaller, varying between 30% (low-rise steel frame) and

17% (low-rise RC frame).

A parametric study of the semiactive algorithms MHF, LBL and SBL showed that their

e�ciency is related to the gain factor used. In general, larger gain factors led to smaller

deformations in the frame. The thickness of the boundary layer did not significantly

influence the performance of the LBL and SBL controllers. Only the SBL was selected

for further study due to similar levels of frame response, in comparison with the LBL

algorithm, but less sensitivity to the boundary thickness.

Since smaller deformations were produced by the MHF and SBL with high gain factor,

these two systems were compared with the passive control. The comparison showed

smaller levels of deformation for the passive control, for the majority of the earthquakes

(only 14/48 and 15/48 analysis cases showed better or equal response with the MHF

and SBL systems, respectively). In average, both the MHF and SBL controllers al-

ways resulted in indices J̄1 higher than those of the passive control (Fig. 10.1), with

values higher than 1.0 in case of the medium-rise steel frame (using either MHF or SBL

algorithm) and the medium-rise RC frame (J̄1 = 1.54, using MHF algorithm).

From the parametric study of the Tri-D algorithm, it was noticed that the initial slip-

load f
p,i

and gain factors had a significant influence on the performance of the control.



Chapter 10. Summary of results 182

Figure 10.1: Average indices J̄1, J̄3 and J̄6 of frames with di↵erent control systems.
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Table 10.3: Comparison of average performance indices for di↵erent control systems.

Control System Average index J̄1 Average index J̄3 Average index J̄6 Cases(1)

Low-rise steel frame

Optimum Passive 0.71 1.02 0.55
MHF 0.79 (+11%) 0.80 (-22%) 0.90(+64%) 4/12
SBL 0.76 (+7%) 0.82 (-20%) 0.83 (+51%) 4/12
Tri-D 0.67 (-6%) 0.92 (-10%) >1.5(>100%) 8/12
T�VG 0.69 (-3%) 1.01 (-1%) 0.63 (+15%) 6/12
A�VG 0.68 (-4%) 0.88 (-14%) 0.65 (+18%) - -

Medium-rise steel frame

Optimum Passive 0.77 1.28 0.35
MHF 1.11 (+44%) 1.07 (-16%) 0.42 (+20%) 1/12
SBL 1.11 (+44%) 1.07 (-16%) 0.42 (+20%) 1/12
Tri-D 0.74 (-4%) 1.37 (+7%) >1.5 (>100%) 9/12
T�VG 0.78 (+1%) 1.51 (+18%) 0.61 (+74%) 4/12
A�VG 0.76 (-2%) 1.21 (-5%) 0.65 (+86%) - -

Low-rise RC frame

Optimum Passive 0.83 1.16 0.35
MHF 0.92 (+11%) 1.42 (+22%) 1.5 (>100%) 5/12
SBL 0.88 (+6%) 1.38 (+19%) 1.5 (>100%) 6/12
Tri-D 0.76 (-8%) 1.23 (+6%) 0.55 (+57%) 9/12
T�VG 0.72 (-13%) 1.39 (+20%) 0.64 (+83%) 9/12
A�VG 0.75 (-10%) 1.26 (+9%) 0.65 (+86%) - -

Medium-rise RC frame

Optimum Passive 0.77 1.44 0.65
MHF 1.54 (+100%) 1.19 (-17%) 1.35 (+100%) 4/12
SBL 0.95 (+23%) 1.19 (-17%) 1.13 (+74%) 4/12
Tri-D 0.79 (+3%) 1.18 (-8%) 0.89 (+37%) 4/12
T�VG 0.73 (-5%) 1.35 (-6%) 0.62 (-5%) 11/12
A�VG 0.84 (+9%) 1.20 (-17%) 0.65 (0%) - -

Note 1: Analysis cases where semiactive algorithm resulted in individual index J1 equal or smaller
than passive control, for 12 analysis cases (six earthquakes at 0.35 and 0.55g).

In general, higher values of these two parameters led to lower levels of response. In

comparison to the optimum passive control, for every earthquake, the Tri-D algorithm

using initial slip-load f
p,i

= 0.15f
y,i

and high gain factor, resulted in smaller or equal

levels of peak deformation (indicated by the index J1) in 30/48 cases. In average,

the Tri-D algorithm resulted in larger reductions than the optimum passive control,

as indicated by the index J̄1 (Fig. 10.1): for the low-rise steel frame, 33% vs 29% of

reduction, respectively; medium-rise steel frame, 26% vs 23%; low-rise RC frame, 24%

vs 17%; and slightly smaller for the medium-rise RC frame, 21% vs 23%. The main

drawback of the Tri-D system, however, was the large range of control forces required

by the algorithm (evaluated by the index J̄6), which, in the case of the steel frames, was

more than 2 times the optimum range of passive slip-loads (i.e. 0.65f
y,i

).

From these results, it was concluded that one limitation of the existing algorithms was

the use of pre-defined, constant gain factors. This limitation was associated with slip-

loads which were too low or too high, hence reducing the e↵ectiveness of the systems.
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As an alternative to the use of pre-defined, constant gain factors, the new T�VG control

was developed in this project. The algorithm uses variable gain factors (rather than

constant, pre-defined values), which adjust the control forces based on the relation of

the local, real-time inter-storey deformation, and pre-defined upper and lower boundaries

associated with the elastic limits of inter-storey deformations of the frame structures.

The upper and lower limits of control forces were related to the range of optimum

passive loads (i.e. 0.25f
y,i

to 0.65f
y,i

). The dynamic simulations showed an increased

e�ciency when higher upper limits of deformation (i.e. �2,i = 1.0�
y,i

) were included in

the algorithm, along with higher values of initial slip-load (i.e. f
s1,i = 0.25f

y,i

).

In comparison with the optimum passive control, for every earthquake, the T�VG al-

gorithm with f
s1,i = 0.25f

y,i

and �2,i = 1.0�
y,i

resulted in lower or equal levels of

deformation in 30/48 of the analysed cases, indicating the same level of e�ciency as the

Tri-D system, for much lower levels of required control forces. In average, deformation

levels of the T�VG systems were 3%, 13% and 5% lower than those of the optimum

passive system, for the low-rise steel frame, low-rise RC frame and medium-rise RC

frame, respectively (Table 10.3). In the case of the medium-rise steel frame, its peak

deformation with the T�VG system was 1% higher than that of the optimum passive

control.

As it is shown in Fig. 10.1, the introduction of the control systems also resulted in

the increase of shear forces (indicated by the index J̄3), in the majority of the frames,

compared to those in the bare frames. Only in the case of the low-rise steel frame,

there were reductions (with a maximum of 20%) of the base shear, for slip-loads below

0.55f
y,i

, in the case of the passive system. The MHF, SBL and Tri-D systems also

resulted in reductions of the base shear, despite requiring a higher level of control forces.

The reason for this is that the shear at the base results from the combination of the

structural forces (due to simultaneous deformed configurations along the height of the

building) and the control forces. The index J3 is only a measure of the maximum control

force at any storey, but does not reflect the configuration along the height of the building.

The T�VG, requiring a maximum control force of 0.65f
y,i

, did not increase the shear

force in this frame. For the rest of the structures, the semiactive systems produced

reasonable increases of the shear, up to 50%. Similar increases were produced by the

passive control, for slip-loads below 0.65f
y,i

.

The second control algorithm, A�VG, developed in this research, used a partially de-

centralised control architecture, in order to investigate the possibility of improving the

performance of decentralised T�VG system, for the same range of control forces (0.25f
y,i

to 0.65f
y,i

). In this case, the control forces were adjusted based on the relation of local

inter-storey deformations and the average deformation along the height of the building,
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determined at pre-defined intervals of decision, �t. Among three di↵erent intervals of

decision, the system with interval �t = T
f

/2 (where T
f

is the fundamental period of

the frame), resulted in lower levels of response, for the majority of earthquakes (only six

stronger earthquakes with PGA of 0.55g were used in these simulations). In comparison

with the T�VG algorithm, the A�VG resulted in lower or equal levels of the index J1

only in 11/24 cases. The indices J7 and J8, which assessed the average and standard de-

viation of maximum simultaneous deformations, did not show significant improvements

when using this partially decentralised system. However, from the average indices J̄1

and J̄3 shown in Fig. 10.1, it can be seen that, although the A�VG resulted in com-

parable or slightly higher values of deformation, it also resulted in lower levels of base

shear (indicated by the indices J̄1 and J̄3, respectively) in all the frames, showing about

25% lower forces, in comparison to the T�VG system. The lower level of shear forces is

attributed to the smaller control forces acting simultaneously in the frame.

10.3 Concluding remarks

Passive and semiactive control systems applied to four multi-storey frames showed vari-

able e�ciency depending on di↵erent factors. In case of the passive control, the ef-

ficiency was closely related to the dampers’ slip-load. Maximum response reductions

were achieved for optimum slip-loads, which varied between the frames and the earth-

quakes. For all frames, however, the range of slip-loads 0.25f
y,i

to 0.65f
y,i

resulted in

good levels of response reduction. In the case of the existing semiactive algorithms, the

e�ciency was strongly related to pre-defined, constant gain factors.

In comparison to the passive control, the MHF and SBL systems showed an improvement

in only 30% of the analysis cases (determined as the number of cases with equal or lower

levels of deformation, over a total of 48 cases).

The Tri-D algorithm, on the other hand, showed an improvement in 62.5% of cases, in

comparison to the optimum passive control. Furthermore, in average, this semiactive

system resulted in reductions of 6%, 4% and 8% over the deformations of the average

passive system, for the low-rise steel frame, medium-rise steel frame and low-rise RC

frame, respectively. Only in the case of the medium-rise RC frame, there was a slight

increase of 3% over the optimum passive.

One drawback of the existing algorithms was the large range of required control forces.

In the case of the Tri-D algorithm, the required forces were more than two times higher

than the optimum passive loads (i.e. 0.65f
y,i

), in some cases.
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As a possible solution, the T�VG algorithm, which used variable gain factors, was de-

veloped in this project. The e�ciency of this control was similar to the Tri-D, with an

improvement in 62.5% of all analysed cases, compared to the optimum passive. The

di↵erence between the Tri-D and the T�VG algorithm was the level of control forces

required. The maximum force required by the T�VG system was close to 0.65f
y,i

, which

was similar to the optimum passive range, and more than two times lower than the

forces required by the Tri-D control.

Considering the base shear, all semiactive control systems resulted in moderate increases

of up to 50%, in comparison to the bare frame. However, the base shear forces were

similar to those obtained for the passive systems with high slip-load (i.e. 0.65f
y,i

).

The second control algorithm, A�VG, also used variable gain factors, but it was applied

using a partially decentralised architecture. In comparison to the T�VG algorithm, the

A�VG resulted in comparable or slightly higher deformations, for all four frames. How-

ever, this control resulted in smaller shear forces, below 25% of those in the T�VG. These

smaller forces denoted a combination of smaller control forces acting simultaneously in

the buildings.
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Conclusions and

recommendations for future work

11.1 Conclusions on the performance of the new control

systems

The introduction of the new control algorithms alleviated some of the limitations of

the existing control algorithms, especially those related to the required control forces,

without compromising the simplicity of implementation in frame structures.

A possible limitation of existing semiactive algorithms is associated with the use of pre-

defined, constant gain factors. By using these constant factors, it is possible to produce

inappropriate control forces (either too small or too large), leading to a limited reduction

of deformations and/or excessive increases of shear forces.

The levels of response reduction achieved by the new decentralised T�VG and partially

decentralised A�VG algorithms were, in general, comparable to those of the passive con-

trol system (within the optimum range of slip-loads) and those of the existing semiactive

algorithms. One advantage of the new controllers is that the levels of response reduc-

tion were achieved for much smaller levels of control forces. This is important because,

by capping the control forces to reasonable levels, the adaptability and reliability of

the control was enhanced, as the new systems would prevent excessive additional forces

acting on braces and other structural members, especially the axial loads on columns.

187
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11.2 Conclusions on the mechanisms of control systems

From the results obtained in this research, the conclusions on the mechanism of friction-

based control systems are:

• The passive control system applied to multi-storey frames reduced their seis-

mic response, with varied e�ciency depending on the slip-load capacity of the

dampers. For di↵erent earthquakes, there were di↵erent optimum slip-loads pro-

ducing largest levels of response reduction, associated with large levels of energy

dissipated by the friction connections. The mechanism behind the performance of

passive systems consists in the variation of the vibrational frequencies of the bare

frame, which can avoid resonance conditions by shifting away from the predomi-

nant frequencies of the excitation. As such, the frequencies of a passively controlled

frame may vary between those of a bare frame (when all dampers are activated),

those of a fully braced frame (when all dampers are locked), or as intermediate,

partially braced frames.

• The performance of semiactive algorithms greatly depends on their control param-

eters, especially the initial slip-load and gain factors. The first parameter has a

direct influence in the delayed activation of the friction connections, whereas the

gain factors make the control forces proportional to the structural response. In

addition to shifting the frequencies of the bare frame due to activation/locking of

the friction connections (similar to passive systems), the mechanism of semiactive

systems is also governed by a combination of (i) initial increase of structural sti↵-

ness (due to delayed activation of the connections), which avoids deformations at

early stages of the seismic response, and (ii) the increase of structural damping

(due to slippage in the connections) in the later stages of response.

11.3 Recommendations for future work

The results obtained in this research demonstrated some of the limitations of existing

passive and semiactive control systems, especially in terms of limited adaptability, the

former systems, and inappropriate control forces, the latter. This research also demon-

strated that the two new semiactive control systems, i.e. T�VG and A�VG, overcome

some of the limitations of the existing control systems, and are, thus, a viable alternative

for structural control. However, the performance of the control systems was investigated

under a series of modelling assumptions. It would be interesting, in a future work, to

investigate such performance using refined structural models, which included the follow-

ing:
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• Non-linearity in the columns, which would constitute another hysteretic mecha-

nism for dissipation of seismic energy, but it would also reduce the sti↵ness (and

the restoring forces) of the frame structure.

• A refined hysteretic model of both beams and columns, which included non-

linearities due to shear deformation and also degradation of sti↵ness.

• A non-linear behaviour of the braces, including failures due to axial load and

buckling.

Since refined hysteretic models of the structures could be used, it would also be inter-

esting to check the actual available ductility and the ductility demand. In the present

investigation, it was assumed that the beam elements supplied su�cient ductility, re-

gardless of the magnitude of the inelastic rotations. The e↵ectiveness of the control

systems in high-rise buildings would be another aspect for further investigation.

Regarding the control system, possible future work may include investigation of optimal

control configurations (e.g. locations and capacity of the friction dampers). Further work

could also include simulation of cases with failure of one or more autonomous controllers

(which would result in a hybrid passive-semiactive system), and its e↵ect on the control

performance.

Furthermore, as a recommendation for future work, experimental investigation would

validate the results obtained from analytical models, either from this research or those

obtained using the recommendations previously mentioned. Experimental testing would

require development of a control device prototype and would allow to investigate di↵erent

aspects of the control, such as e↵ect of delays in the control signals and in the generation

of required control forces.



Appendix A

ConStruc

c� v1.0: User Guide

The computer program ConStruc v1.0 developed as part of this research does not include

a graphical user interface. In order to perform static or dynamic simulations, the data

must be declared in three di↵erent input files, containing information for definition of

the frame model and type of analysis, the parameters for seismic time-history analysis,

and the seismic input, respectively.

The data in each of these three files (“inputdata1-FR.m”,“inputdata2-EQ.m” and “in-

putEQ.m”) must be declared inside data matrices, following a pre-defined order. The

declaration of data is based on the format used by Drain-2DX (Prakash et al., 1993),

although not as rigorous, in terms of spacing and precise positioning of the parameters

in the input files.

A.1 Input file: “inputdata1-FR.m”

Geometry of the frame and assignment of sections and supports

Table A.1: Data matrix: matNod, for definition of nodes and their coordinates.

Parameter Column Comments
n
i

1 Consecutive numbering of the nodes in the frame. It is rec-
ommended that numbering starts lower to upper floors, left
to right. Also, nodes corresponding to dampers must be
numbered after all elements. One node per line, starting
with number 1.

x
i

2 x-coordinate and y-coordinate of the node i, in global coor-
dinate system (see Fig. 4.1 on page 38).y

i

3

190
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Table A.2: Data matrix: matSupp, for support conditions.

Parameter Column Comments
n
i

1 Corresponding node number. One node per line. Note: This
version of ConStruc only accepts supports at the base of
the building, with fully restrained conditions in x, y and z
(rotation).

rx
i

2 For each direction:
ry

i

3 1: For restrained condition.
rz

i

4 0: For unrestrained condition.

Table A.3: Data matrix: matCol, for definition of column elements.

Parameter Column Comments
Col

i

1 Consecutive numbering of columns. It is recommended to
start with columns of lower to upper levels, left to right.
One column per line.

n
i,i

2 Number of the i-th column’s nodes i and j (see Fig. 4.1 on
page 38)n

j,i

3
Group 4 For columns: 1
Type 5 For columns: 1 -Beam-column element (see Section 4.2.1 on

page 38)
CroSec 6 Number of the corresponding cross-section (see also Table

A.7)
Y
i,i

7 Number of the corresponding yield surface of nodes i and j.
Note: For columns= 0.Y

j,i

8
�eta 9 Rayleigh � coe�cient for modelling of inherent viscous damp-

ing (see Section 4.2.4 on page 43)

Table A.4: Data matrix: matBeam, for definition of beam elements.

Parameter Column Comments
Beam

i

1 Consecutive numbering of the beams. It is recommended to
start with beams of lower to upper levels, left to right. Note:

The numbering must continue the sequence after columns
numbering.

n
i,i

2 Number of the i-th beam’s nodes i and j (see Fig. 4.1 on
page 38)n

j,i

3
Group 4 For beams: 2
Type 5 For beams: 1 -Beam-column element (see Section 4.2.1 on

page 38)
CroSec 6 Number of the corresponding cross-section (see also Table

A.7)
Y
i,i

7 Number of the corresponding yield surface of nodes i and j
(see also Table A.8)Y

j,i

8
�eta 9 Rayleigh � coe�cient for modelling of inherent viscous damp-

ing (see Section 4.2.4 on page 43)
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Table A.5: Data matrix:matBar, for definition of bar elements.

Parameter Column Comments
Bar

i

1 Consecutive numbering of the bars. It is recommended to
start with bars of lower to upper levels, left to right. Note:

The numbering must continue the sequence after beams num-
bering.

n
i,i

2 Number of the i-th bar’s nodes i and j (see Fig. 4.1 on page
38)n

j,i

3
Group 4 For bars: 3
Type 5 For bars: 2 -Bar element (see Section 4.2.1 on page 38)
CroSec 6 Number of the corresponding cross-section (see also Table

A.7)
Y
i,i

7 Number of the corresponding yield surface of nodes i and j.
Note: For bars=0.Y

j,i

8
�eta 9 Rayleigh � coe�cient for modelling of inherent viscous damp-

ing (see Section 4.2.4 on page 43)

Table A.6: Data matrix: matDamper, for definition of friction damper elements.

Parameter Column Comments
Damper

i

1 Consecutive numbering of the dampers. It is recommended
to start with dampers of lower to upper levels, left to right.
One damper per line, starting with number 1.

n
i,i

2 Number of the i-th damper’s nodes i and j (see Fig. 4.1 on
page 38)n

j,i

3
Type 4 For dampers: 4 -Zero length element (see Section 4.2.1 on

page 38)
Y s

i

5 Number of the corresponding damper’s capacity (see also
Table A.9)

�eta 6 Viscous damping coe�cient. Note: For friction dampers=0.
Dir 7 Direction of the damper mechanism (1-for axial direc-

tion; 2-for transversal direction). Note: For the friction
dampers=1.

Definition of mechanical properties and loading conditions

Table A.7: Data matrix: matProp, for description of mechanical properties.

Parameter Column Comments
CroSec

i

1 Consecutive numbering of the cross-sections.
Asect 2 Area
Esect 3 Modulus of elasticity
appa 4 Ratio of post-yield to initial sti↵ness of beams (see Section

4.2.1 on page 38)
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Table A.8: Data matrix: matYield2, for description of beams’ yield surfaces.

Parameter Column Comments
Y
i

1 Consecutive numbering of the yield surface.
Type 2 Type of yield surface. Note: For beams=2 (bending moment

only)
M

y+ 3 Positive moment of resistance of the section
M

y� 4 Negative moment of resistance of the section

Table A.9: Data matrix: matYield4, for description of dampers’ capacity.

Parameter Column Comments
Y s

i

1 Consecutive number of the damper’s capacity.
k
d

2 Sti↵ness
appa 3 Ratio of post-yield to initial sti↵ness. Note: For friction

dampers=0.
F
y+ 4 Passive slip-load, in positive and reversal direction of mo-

tion. Note: For SA control, F
y+ and F

y� = 0.F
y� 5

Table A.10: Data matrix: matLoad, for description of external, static, nodal loads.

Parameter Column Comments
n
i

1 Initial node to be loaded.
n
j

2 Final node to be loaded.
f
x

3 Nodal load in x-direction.
f
y

4 Nodal load in y-direction.
m

z

5 Bending moment.
�

n

6 Nodal increment to generate nodes with same loading condi-
tions, i.e. n

i

: �
n

: n
j

.

Table A.11: Data matrix: matMass, for generation of mass matrix.

Parameter Column Comments
n
i

1 Initial node to be assigned with mass.
n
j

2 Final node to be assigned with mass.
M

x

3 x-translational, y-translational and rotational masses.
Note: This version of ConStruc uses only x-translational
masses in the analysis.

M
y

4
M

z

5
�

n

6 Nodal increment to generate nodes with same mass, i.e.
n
i

: �
n

: n
j

.
↵lpha 7 Rayleigh ↵lpha coe�cient for modelling of inherent damping

(see Section 4.2.4 on page 43).
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Type of analysis

Table A.12: Data matrix: AnlType, for specification of analysis type.

Parameter Column Comments
Option1 1 1: For static analysis;

2: For dynamic analysis.
Option2 2 1: For linear-elastic analysis;

2: For non-linear analysis.

Option3 3

Control algorithm (see also Tables A.13 to A.17)
0: No control
1: Passive control
81: Modulated homogeneous friction (MHF) control
51: Linear boundary layer (LBL) control
121: Smooth boundary layer (SBL) control
85: Tri-D control
61: T�VG control
57: A�VG control

Control parameters for semiactive algorithms

The following information, corresponding to the control parameters required by each

algorithm, must be declared in the data matrix CSinput. The number of columns in

this matrix varies depending on the algorithm used.

Table A.13: Control parameters for MHF algorithm.

Parameter Column Comments
Y s

i

1 Consecutive number of damper’s capacity.
µ 2 Friction coe�cient.
f
s1,i 3

Initial and maximum slip-load. Note: For MHF=0.
f
s2,i 4
g
i

5 Gain factor.
t
s

6 Sampling time.
Rate 7 Loading rate. Note: Not activated in ConStruc v1.0.

Table A.14: Control parameters for LBL and SBL algorithms.

Parameter Column Comments
Y s

i

1 Consecutive number of damper’s capacity.
µ 2 Friction coe�cient.
f
s1,i 3 Initial and maximum slip-load. Note: For LBL and SBL =

0.f
s2,i 4
g
i

5 Gain factor.
t
s

6 Sampling time.
�ambda 7 Thickness of boundary layer.
Rate 8 Loading rate. Note: Not activated in ConStruc v1.0.
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Table A.15: Control parameters for Tri-D algorithm.

Parameter Column Comments
Y s

i

1 Consecutive number of damper capacity.
µ 2 Friction coe�cient.
e 3 Gain factor e.
f
f

4 First frequency of the frame [Hz].
f
p,i

5 Pre-defined passive slip-load.
f
s2,i 6 Maximum slip-load. Note: For Tri-D = 0.
t
s

7 Sampling time.

Table A.16: Control parameters for T�VG algorithm.

Parameter Column Comments
Y s

i

1 Consecutive number of damper capacity.
µ 2 Friction coe�cient.
d
min

3 Lower limit of deformation.
d
max

4 Upper limit of deformation.
f
s1,i 5 Initial (minimum) slip-load.
f
s2,i 6 Maximum slip-load.
t
s

7 Sampling time.

Table A.17: Control parameters for A�VG algorithm.

Parameter Column Comments
Y s

i

1 Consecutive number of damper capacity.
µ 2 Friction coe�cient.
f
s1,i 3 Initial slip-load.
f
s2,i 4 Maximum slip-load.
f
s3,i 5 Minimum slip-load.
�t 6 Interval of decision [s].
Blank 7 0.
Blank 8 0.
t
s

9 Sampling time, [s].
Rate 10 Loading rate and trigger deformation. Note: Not activated

in ConStruc v1.0.d
min

11

Output

The software automatically produces a plot of the frame’s wire view, showing its general

dimensions. In this wire view, the plastic hinges (if any) at the ends of the beams are

also showed, with size allocated proportionally to the amount of energy dissipated.

In addition to this, the software also gives the option to plot other results, as described

in the following tables:
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Table A.18: Data matrix: disPlot, for nodal displacements.

Parameter Column Comments
n
i

1 Initial node to be plotted.
n
j

2 Final node to be plotted.
�

n

3 Nodal increment to generate nodes, i.e. n
i

: �
n

: n
j

.
key 4 100: to plot x-translations, y-translations and z-rotations.

Table A.19: Data matrix: levdefoPlot, for inter-storey deformations.

Parameter Column Comments
Only 2 lines of data:

Line 1: Upper floor nodes.
Line 2: Lower floor nodes.

n
i

1 Initial node.
n
j

2 Final node.
�

n

3 Nodal increment to generate nodes, i.e. n
i

: �
n

: n
j

.

Table A.20: Data matrix: forcePlot, for beam-column element forces.

Parameter Column Comments
E

i

1 Initial element.
E

j

2 Final element.
�

E

3 Increment to generate elements, i.e. E
i

: �
E

: E
j

.

Table A.21: Data matrix: barraPlot, for bar element forces.

Parameter Column Comments
B

i

1 Initial bar element.
B

j

2 Final bar element.
�

B

3 Increment to generate elements, i.e. B
i

: �
B

: B
j

.

Table A.22: Data matrix: damPlot, for damper action (f � � curve, history of
control force, deformation, acting force and activation).

Parameter Column Comments
D

i

1 Initial damper element.
D

j

2 Final damper element.
�

D

3 Increment to generate damper elements, i.e. D
i

: �
D

: D
j

.

Table A.23: Data matrix: bshPlot, for shear forces.

Parameter Column Comments
One line per storey. Order must be lower to top storey.

C
i

1 Initial column in the storey.
C
j

2 Final column in the storey.
�

C

3 Increment to generate columns, i.e. C
i

: �
C

: C
j

.
B

i

4 Initial and final brace in the storey. Note: 0, if there are
no braces.B

j

5
�

B

6 Increment to generate bars, i.e. B
i

: �
B

: B
j

.
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Table A.24: Data matrix: axlPlot, for axial force on columns.

Parameter Column Comments
One line per storey. Order must be lower to top storey.

C
i

1 Initial column in the storey.
C
j

2 Final column in the storey.
�

C

3 Increment to generate columns, i.e. C
i

: �
C

: C
j

.

A.2 Input file: “inputdata2-EQ.m”

Parameters for time-history analysis

Table A.25: Data matrix: parameters.

Parameter Column Comments
A

g,0 1 Initial acceleration=0.
t1 2 Initial time of simulation.
t2 3 Final time of simulation.
dt 4 Time step for analysis. Note: inT/dt must be an integer

(see also Table A.26).
Blank 5 0

Table A.26: Data matrix: accelParam, for definition of ground acceleration param-
eters.

Parameter Column Comments
Form 1 Format of the acceleration input: (see also Section A.3)

1: For data in rows.
2: For data in columns.

tSca 2 Time scale factor. Note: In this version of ConStruc= 1.0.
aSca 3 Acceleration scale factor.
inT 4 Sampling time of acceleration data (see also Table A.25).
stT 5 Initial time of acceleration data.

A.3 Input file: “inputEQ.m”

The third input file contains the ground acceleration data. Such data must be declared

in the data matrix EQinput (acceleration only), arranged either in rows or in columns.
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Selected examples of verification

of non-linear simulations

The computer program for non-linear simulations developed as part of this research was

verified by comparing the results of several structures under di↵erent earthquakes. For

the comparisons, the seismic response of the frames was also simulated using Drain-2DX,

a popular academic software developed in the early 1990s (Allahabadi and Powell, 1988;

Prakash et al., 1993).

The simulations were performed in the two computer programs using similar parameters,

including a time step dt of 0.005s. Non-linearity was included in beams and/or dampers

only. In order to simulate elastic response of columns and bars in Drain-2DX, high

values of the resistance were specified in the models.

One feature of Drain-2DX is the ability to reduce the degrees of freedom at the inter-

storey level by slaving secondary nodes to a master node. This option, however, was

deactivated because there is not matrix condensation (i.e. reduction of degrees of free-

dom) in ConStruc. Another di↵erence between the two programs is the use of overshoot

factors for earlier yielding of elements in Drain-2DX, which aims at speeding up the

analysis. Since ConStruc does not have that option, a small overshoot factor of 0.01 was

used in Drain-2DX.

B.1 Low-rise steel frame

The response of the low-rise steel frame (Chapter 5) was simulated using El Centro 1940

with a PGA of 0.55g, Kobe 1995 with a PGA of 0.82g, and Taft 1952 with PGA of

0.55g.

198



Appendix B. Verification examples 199

Figure B.1: Seismic response of low-rise frame, using ConStruc and Drain-2DX.
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Figure B.2: Seismic response of low-rise steel frame with passive control, using
ConStruc and Drain-2DX.
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Figure B.3: Seismic response of low-rise frame, using ConStruc and Drain-2DX.
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B.2 Medium-rise steel frame

Figure B.4: Seismic response of medium-rise frame, using ConStruc and Drain-2DX.
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Figure B.5: Seismic response of medium-rise frame with passive control, using
ConStruc and Drain-2DX.
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B.3 Low-rise RC frame

Figure B.6: Seismic response of low-rise frame, using ConStruc and Drain-2DX.
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Figure B.7: Seismic response of low-rise RC frame with passive control, using
ConStruc and Drain-2DX.



Appendix B. Verification examples 206

B.4 Medium-rise RC frame

Figure B.8: Seismic response of medium-rise frame, using ConStruc and Drain-2DX.
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Figure B.9: Seismic response of medium-rise RC frame with passive control, using
ConStruc and Drain-2DX.
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