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Abstract

In general, the main purpose of a structural control system is to apply powerful control tech-

niques that improve the behaviour of civil structures under various kinds of dynamic loading.

The first part of this thesis presents novel applications of posicast and input shaping control

schemes that have never previously been applied in the field of structural control. Numerical

simulations of a benchmark three-story building with an MR damper are used to verify the

efficiency of the proposed control theories. The superiority and effectiveness of the suggested

schemes at reducing the structure’s responses were demonstrated using six evaluation criteria

and by comparison to results achieved with well-established classical control schemes. More-

over, a comprehensive procedure for generating scaled real ground motion records appropriate

for a seismic analysis and design of structures using the linear spectrum matching technique is

presented based on a seismic hazard study.

To efficiently control a structure, it is necessary to estimate its real-life dynamical behaviour.

This is usually done using the Structural Identification approach, which is also addressed in this

thesis. Structural Identification is commonly utilized to bridge the gap between the real struc-

ture and its modeled behaviour. It can also be used to evaluate the structure’s health, detect

damage, and assess efficiency. Despite the extensive development of parametric time-domain

identification methods, their relative merits and the accuracy with which they predict the be-

haviour of vibrating structures are largely unknown because there have been few comparative

studies on their performance under diverse test conditions, and they have not been verified

against real-life data gathered over extended periods of time.

Thus, the second part of this thesis focuses on applications of parametric and non-parametric

models based on the Structural Identification approach in order to clarify their potential and ap-

plicability. In addition, a new strategy is proposed that combines this approach with techniques

based on Singular Value Decomposition (SVD) and Complex Mode Indicator Function (CMIF)

curves to detect structural damage.

The methods developed in this work are used to predict the vertical frequencies of the top

storey in a multi-storey building prefabricated from reinforced concrete in Stockholm, and to

detect and locate damage in a benchmark steel frame. In addition, the non-parametric structural

identification approach is used to investigate variation in the modal characteristics (frequency,

damping, and mode shapes) of a steel railway bridge.





NOTATIONS AND ABBREVIATIONS

Ek Kinetic energy

Es Elastic strain energy

Eh Dissipated energy due to inelastic deformation

E Total energy

CDF Cumulative distribution function

Drms Average root-mean-square deviation of the observed spectrum

DSHA Deterministic Seismic Hazard Analysis

M Earthquake magnitude

mb Short-period teleseismic P-wave magnitude from vertical components records

Md Local duration magnitude using different types of records

Ml Local magnitude from vertical and/or horizontal component records

Mmax The maximum possible magnitude for a given region

Ms Surface-wave magnitude from vertical and/or horizontal component records

Mw Moment magnitude based on the seismic moment of the earthquake

PSHA Probabilistic Seismic Hazard Analysis

SE Soil profile type according to the uniform building code 1997

σa The apparent stress

μ The strain drop

AMD Active mass damper

ASHD Accumulated semi-active hydraulic damper

CSI Core-suspended isolation

EDR Energy dissipating restraint

ER Electrorheological

FPS Friction pendulum system

HDNR High-damping natural rubber

HMD Hybrid mass damper

LDRB Low-damping natural and synthetic rubber bearing

LED Lead extrusion damper

LRB Lead-plug bearing

MR Magnetorheological

PFD Piezoelectric friction damper

PZT Piezoelectric and translators

SAHD Semi-active hydraulic damper

SAVA Semi-active vibration absorber

SAVS Semi-active variable stiffness

SMA Shape memory alloy



SPIS Sleeved-pile isolation system

TASS Teflon articulated stainless steel

TLCD Tuned liquid column damper

TLD Tuned liquid damper

TMD Tuned mass damper

VDW Viscous damping wall

VE Viscoelastic

Ms Mass matrix

Cs Damping matrix

Ks Stiffness matrix

n Number of stories

2n Number of degrees of freedom

x Vector of the displacements

ẋ Vector of the velocities

ẍ Vector of the accelerations

ẍg Vector of ground accelerations

r Size of ground accelerations vector

f Vector of measured control forces

m Size of measured control forces vector

Λ Vector specified by the placement of the MR dampers

Γ Influence coefficient matrix

q(2n×1) State vector

y(p×2n) Vector of measured outputs

p The number of outputs

v Measurement noise vector

A(2n×2n) System matrix

B(2n×m) Control matrix

E(2n×r) Excitation matrix

C(p×2n) Output matrix

D(p×(m+r)) Direct transmission matrix

z Evolutionary variable of the MR damper

γ MR-damper related parameter

β MR-damper related parameter

n MR-damper related parameter

A MR-damper related parameter

u Command voltage

αα MR-damper related parameter

αb MR-damper related parameter

coα MR-damper related parameter

c0b MR-damper related parameter

δ Normalized overshoot



Td Underdamped response period

A1 Amplitudes of the unit step components

A2 Amplitudes of the unit step components

fd Damper desired force

Vmax Damper maximum voltage value

H(.) Heaviside step function

ωn Natural frequencies

ζ Damping ratios

ωd Damped natural frequency

ZV Zero Vibration shaper

ZVD Zero Vibration and Derivative shaper

ZVDD Zero Vibration Derivative with Derivative

UMZV Unity Magnitude Zero Vibration Shaper

EI Extra-Insensitive Shaper

SP Sensitivity Plots

SNA Specified-Negative-Amplitude Shaper

ωi Undamped natural frequency of the ith mode

ζi Damping ratio of the ith mode

B∗ Control matrix for the controlled system

N1 No. of impulses

K State feedback gain

P Positive-definite matrix

ε scalar > 0
α scalar > 0
X(n×n) Positive definite matrix

Y(m×n) Positive definite matrix

ARMAV Auto-Regressive Moving average Vector

ARMAX Auto-Regressive Moving Average with eXternal input model

ARX Auto-Regressive Moving Average model

OE Output Error model

BJ Box-Jenkins model

G(q) Transfer functions of the deterministic part

H(q) Transfer functions of the stochastic part

e(t) Stochastic input

g(k) Impulse response or weighing function

k Sampling period

h(k) Noise weighing function

θ The parameters vector of the transfer function

MDOF Multi-Degree-Of-Freedom

{f(t)} Forcing vector

[B̄] Location of the inputs



[Ac] State or system matrix

[Bc] Control or input influence matrix

[Cc] Output influence matrix

[Dc] Direct transmission matrix

[Ca] Output location matrices for acceleration

[Cv] Output location matrices for velocity

[Cd] Output location matrices for displacement

Δ(t) Fixed sampling period

{x(k)} Discrete-time state vector

θ̂ Estimated parameters vector

LS Least Squares

PEM Prediction Error Method

IV Instrumental variable methods

N4SID Subspace Iteration Technique

FFT Fourier transform methods

pwelch Welch method

Pyu Cross-power spectral density of the input x and output y

Puu Power spectral density of the input

Pyu Cross power spectral density of u and y
Puu Cross power spectral density of u
nfft Number of the Fast Fourier Transform

fs Frequency function

FRF Frequency Response Functions

SVD Singular Value Decomposition

CMIF Complex Mode Indicator Function

H Mobility matrix

Ssj Damage scenario

sn Number of damage scenarios considered

Ccj Damage cases

cm Number of damage cases considered for each of damage scenarios

SISO Single Input Single Output model

ȳ(t) Sample mean

Mag(i) Magnitude part for each measurement point

Phz(i) Phase part for each measurement point

nf Numbers of floors

nmf
Number of measurement points per floor
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Part I

THE THESIS





CHAPTER 1

Introduction

1.1 Background
This doctoral thesis is divided into two parts. Part one consists of two sections describing

studies on structural control systems and the closely related structural identification approach,

while part two consists of journal articles on the research presented in the thesis.

1.1.1 Structural control systems
Structural control systems are widely used to alleviate the responses of civil engineering struc-

tures to various kinds of dynamic loading, and their usage is expected to increase in future.

Control systems have a long history. They were used by the ancient Egyptians in many remark-

able applications, such as a mechanism invented by Hero of Alexandria (B.C. 200-300) that

allowed temple doors to be opened in response to the lighting of a fire [1]. One of their earliest

applications in civil engineering was in water towers constructed during the 1900s.

In the 1950s, having concluded that it was impossible to reliably and accurately predict

the characteristics of seismic forces, the Japanese researchers Kobori and Minai developed the

concept of structural seismic response control, in which the structure of the building itself is

adjusted to compensate for changes in its dynamic loading [2]. In the USA, Yao [3] introduced

the concept of the “error-activated structural system”, whose properties are adjusted automati-

cally in response to unpredictable variations in loading and environmental conditions so as to

ensure desirable behavior under under all possible loading conditions. In structures of this kind,

unpredictable forces are counteracted by control forces in addition to the structural members.

Since the 1970s, passive dampers have been widely used in technical and civil engineering ap-

plications in order to control vibrations. This approach has been developed extensively around

the world, but Japan took the lead in its practical use. The first full-scale tests of control systems

were conducted in 1985, paving the way for diverse real-world applications [2].

The most widely used method for designing buildings and civil engineering structures is the

static approach, which focuses on the management of gravitational loads that are invariant over
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the structure’s lifespan. They are readily estimated based on occupancy requirements, which

can greatly simplify the design process. Structural engineers used to deal with lateral forces

such as seismic loads and wind loads in a similar manner, by using ‘equivalent static loads’,

which are allowed by many design codes [4]. Seismic design generally relies on a combination

of strength and ductility to cope with dynamic loading; structures are expected to remain within

the elastic range during a typical earthquake. During a large earthquake, the structural design

depends on the structure’s ductility to prevent severe damage to the building. Therefore, the

lateral force-resisting system should have the ability to absorb and dissipate energy in a stable

manner through plastic hinge regions in beams and columns’ bases over many cycles. These

plastic hinges sustain irreparable and concentrated but acceptable damage, which reduces the

building’s capacity to support gravitational loads but ensures that collapse is avoided and no

loss of life occurs [5].

However, it would be preferable for buildings and other important structures to retain their

full functionality after major earthquakes rather than simply not collapsing [6]. Moreover, mod-

ern buildings may contain expensive and sensitive equipment, such as electronic and industrial

machinery, that is very sensitive to motion [7]. Finally, many old buildings lack the features

required of ductile structures and thus have limited lateral resistance. Dramatic improvements

in lateral loading tolerance could be achieved by accounting for the dynamic behavior of struc-

tures [5] because structures designed according to classical codes and methods have fixed load

resistance and energy dissipation capacities. As such, they depend almost entirely on their spe-

cific stiffness to withstand seismic forces and on their limited materials damping to dissipate

dynamic energy resulting from these unpredictable and variable dynamic loads.

For structures to resist such loadings by conventional means, it is necessary to increase

their structural strength and ductility. However, this would increase the structures’ cost. Fur-

thermore, increasing the sizes of structural members will subject the structure as a whole to

stronger forces, to the extent that such solutions may only confer limited benefits or no benefits

at all. In addition, it is very difficult to change the damping capabilities of materials such as re-

inforced concrete or steel. To circumvent these limitations, researchers have developed natural

and man-made materials with unusual properties, called smart materials, and systems that can

automatically adjust themselves to different kinds of excitations, called adaptive systems. The

combination of these two concepts subsequently resulted in the development of so-called smart

structures [2].

Smart Structure Systems or Structural Control Systems for civil engineering structures rep-

resent solutions that can potentially overcome the limitations listed above and enable safer and

more efficient designs by reflecting and absorbing the energy produced by different forms of

dynamic loading such as seismic, wind and traffic loading. The protection is achieved by allow-

ing the structure to be damaged [8] according to the energy conservation relationship proposed

by Uang and Bertero [9]:

E = Ek + Es + Eh + Ed (1.1)

where E is the total energy input to the structure from the excitation, Ek is the kinetic energy

of the structure, Es is the elastic strain energy of the structure, Eh is the energy of the struc-

ture dissipated due to inelastic deformation (e.g., energy dissipated in a way that damages the

structure), and Ed is the energy dissipated by supplemental damping devices. For classical

structures, only the first three terms (Ek, Es, Eh) of Eq.1.1 are relevant. The last term, (Ed),

is only relevant for structures with structural control systems that incorporate supplemental

damping devices to dissipate energy [9]. It is very important to note that structural control sys-
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tems (except isolation systems) are not designed to resist gravitational loading, so they can be

temporarily removed from the structure for replacement if they have failed, for repositioning,

and for maintenance. Such devices make it possible to construct more economical, safer, and

more comfortable structures than is possible using classical techniques [2,4]. Figure 1.1 shows

various possible applications of structural control systems.

External retrofit of a building Retrofit with fluid viscous dampers

Santa Clarita city hall model Fluid viscous damper

A four-story base-isolated building Semi-active hangers for a bridge / Sweden

Figure 1.1: Possible applications for structural control systems [10–14]
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1.1.2 Structural Identification
Most civil engineering structures are exposed to vibrational loads throughout their service life.

Such structures may be substantially deformed by resonance phenomena induced by compara-

tively small forces that excite one or more of their resonances. In many cases, these deforma-

tions can cause discomfort, damage or even complete structural failure. A precise model of the

structure’s dynamics is required in order to predict or modify its responses to such forces. This

is typically done using the so-called modal model.

In a modal model, the behavior of a linear time-invariant system is expressed in terms of:

1) a linear combination of contributions from the structure’s different resonance modes; and 2)

the structure’s modal parameters, i.e. the damped natural frequency, the applied damping, the

mode shapes and the modal participation factors for each resonance mode. The determination

of the modal parameters is strongly affected by the material properties of the structure as well

as its geometry and boundary conditions, all of which must be known in order to construct the

stiffness and mass matrices from which the modal parameters are obtained [15–17]. It is very

difficult to precisely estimate these parameters for real-world civil engineering structures.

Furthermore, buildings constructed during the last few decades were mostly analyzed and

designed using basic and unrefined models. For instance, many designers model buildings as

plane frames. These simplistic procedures are robust when used in appropriate contexts, and

can produce economical and safe designs. However, they cannot accurately describe the ac-

tual behavior of real structures. Moreover, it has been increasingly recognized that FE models

developed from design drawings have many potential sources of error including discretization,

geometric error, numerical computation, the chosen shape function, the geometry of various

finite elements, the potentially inadequate representation of structural systems, boundary and

continuity conditions, and material properties and their variations [18]. The accuracy of fi-

nite element models is further limited by the ever-growing complexity of structures and the

introduction of new construction materials.

Despite these issues, current modeling tools are capable of simulating the three-dimensional

performance of real structures. However, accurate and general behavioral predictions require

more than just refinement of existing models. Many examples have shown that the difference

between simulated and measured responses can be as large as 500 % and 100 % for local and

global responses, respectively. This is because a refined finite-element model of a structure is

still affected by the approximation and finite-element assumptions.

Furthermore, owing to cost considerations, there is an urgent need for accurate and reliable

methods for evaluating the real conditions of aged infrastructures so that optimal decisions can

be made concerning their rehabilitation. Therefore, test-validated finite-element models with

proven performance and reliability are urgently needed [18, 19].

Finally, it is becoming increasingly common in civil engineering to rely on performance-

based design approaches, which place more emphasis on durability, serviceability limit states,

and maintenance than traditional design methods.

Consequently, the Structural Identification (St-Id) approach has been introduced to bridge

the gap between real structures and their models. Basically, St-Id is a procedure for constructing

/ updating a finite-element (i.e. physics-based) structure model using the structure’s measured

dynamic/static responses, which can be utilized to evaluate its health, detect damage, and as-

sess structural efficiency. St-Id is a transformation of the system identification concept, which

is widely used in electrical and control engineering to generate non-physics based models (e.g.

4



state-space, differential and/or difference equation models) of dynamic systems from their mea-

sured responses [20]. Figure 1.2 shows some potential applications of the System Identification

concept.

Computer industry Aircraft industry

Historical tower Building tower

Bridges Oil platform

Figure 1.2: Structures and fields whose study and analysis could be facilitated by the System

Identification concept
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1.2 Aim and objective
The main objective of this doctoral thesis is to gain knowledge on the subjects of Structural

Control and Identification of Civil Engineering Structures. The author’s main contributions are

to:

• Briefly review existing structural control systems and utilize, for the first time, the posi-

cast and input shaping control theories to control the forces generated by Magnetorheo-

logical dampers in buildings.

• Assist in better understanding the potentials of the parametric and non-parametric struc-

tural identification approaches, and propose a novel strategy that combines structural

identification with techniques based on Singular Value Decomposition (SVD) and Com-

plex Mode Indicator Function (CMIF) curves to detect damage in structures.

1.3 Contributions of this thesis
The structural control and identification of civil engineering structures is a broad area of study,

with a large amount of ongoing research. The main contribution of this Doctoral thesis is to

clarify the potential of this subject. The thesis includes nine articles whose contributions to the

field of structural control and identification are as follows:

1. Paper One: Selection of real earthquake accelerograms for estimation of seismic re-
sponse of buildings in Al-Mosul (Northern Iraq).

This study aims to apply a comprehensive procedure for generating scaled real ground

motion records appropriate for the seismic analysis and design of a typical multi-storey

building in the city of Al-Mosul in Iraq. The magnitude and distance ranges used in the

scaling process are defined based on the seismic hazard analysis.

2. Paper Two: A state-of-the-art review of structural control systems.

This article is a general literature review covering state-of-the-art technologies for struc-

tural control systems. Specifically, it discusses all of the vibration control systems that

have been reported to date and describes the state of the art for each one. In addition,

innovative practical applications of the reviewed technologies are described and used to

illustrate the potential of structural control systems in civil engineering as well as some

directions in which further progress could be made.

3. Paper Three: Posicast Control of Structures Using MR Dampers.

The main contribution of this article is: a) to present the design of posicast control in

buildings, b) to realistically present the efficiency of the proposed control strategy on a

simulated three-story building with a MR damper, based on the Bouc-Wen model, rigidly

attached, between the first floor of the structure and the ground, c) evaluate the perfor-

mance of the proposed scheme using six commonly accepted benchmark evaluation cri-

teria, and d) compare the results with well established structural control approaches such

as passive methods and the LQR approach.
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4. Paper Four: Semi-Active Control of Flexible Structures Using Closed-Loop Input
Shaping Techniques.

The main contribution of this article is to investigate the possibility of implementing

closed-loop input shaping techniques to control civil engineering structures and more

specifically, in a semi-active structural control system with an MR damper.

5. Paper Five: Comfort level identification for irregular multi-storey building.

In this article, the system identification concept is used to measure noise levels in an ir-

regular (long, narrow, and wedge-shaped) prefabricated multi-storey reinforced concrete

building in Stockholm. Black box linear parametric models including transfer-function

models (ARX, ARMAX, BJ, OE) and State Space Models are utilized to identify the

comfort level in the building’s top storey on the basis of three kinds of vibration tests: the

ambient vibration test and two types of forced vibration tests. In addition, a comparative

analysis of the tests is presented. The novelty of this work lies in the use of different

vibration measurements to study the relative merits and performance of well-established

identification methods and their correlation to measured structural vibrations.

6. Paper Six: Identification of building damage using ARMAX model: a parametric
study.

This article showcases the potential of AMRAX modeling and proposes a novel strategy

that combines this approach with techniques based on SVD and CMIF curves to detect

damage in structures and thereby clarify the extent to which damage in a multi-storey

steel building can be identified by evaluating changes in its modal parameters. The novel

methodology involves first implementing an ARMAX model for predicting Frequency

Response Functions (FRF) and then constructing the mobility matrix (H) from the pre-

dicted FRF and utilizing it to identify and localize damage. The proposed method resem-

bles Frequency-Domain Decomposition (FDD), which is widely used in structural iden-

tification. The difference is that FDD uses the power spectral density matrix for singular

value decomposition, whereas the new method uses the ARMAX model to construct the

FRF between the input and output.

7. Paper Seven: Investigation of changes in modal characteristics before and after dam-
age of a railway bridge: A case study.

In this article, the structural identification approach is utilized to investigate the variation

in the modal characteristics (frequency, damping, and mode shapes) of a steel railway

bridge in northern Sweden, and to detect and localize damage based on measurements

of ambient vibration due to passing trains, before and after the bridge entered an early

stage of failure. The results are used to provide experimental validation of the approach

used for damage detection. The utility of the percentage change in modal damping as a

general indicator of damage in steel railway bridges is assessed. The transfer functions

obtained from the quotient of the cross PSD are used together with the PSD to obtain

Frequency Response Functions (FRF) based on ambient vibration measurements. Due

to the rectangular shape of the mobility matrix (H), the Singular Value Decomposition

(SVD) method is utilized to determine how many significant eigenvalues exist and plot

the Complex Mode Indicator Function (CMIF) for the whole bridge.
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8. Paper Eight: A comparative study on the identification of buildings’ natural frequen-
cies based on parametric models.

This conference article presents a pilot study that evaluates the performance (in the ab-

sence of disturbances) of different black box linear parametric models such as the Trans-

fer Function model (TF), the Auto-Regressive model with eXternal input model (ARX),

the Auto-Regressive Moving Average with eXternal input (ARMAX) model, the Output

Error model structure (OE), and the Box-Jenkins model (BJ).

9. Paper Nine: Semi-active structural control strategies.

This paper reviews existing control strategies for semi-active systems utilized in civil

engineering structures.

1.4 Scientific approach
This thesis is divided into two sections. The first begins by discussing the concepts of structural

control systems and structural identification. It then presents a series of research questions,

followed by studies addressing these questions and some suggestions for future research.

A brief introduction to seismic hazards is given in Chapter 2, followed by a seismicity

evaluation of an area in Al-Mosul, Iraq. The results from the seismic hazard analysis include

estimates of the maximum expected earthquake magnitude, the depth of the seismogenic layer,

and the expected frequencies of future earthquake waves. Furthermore, scaled earthquake ac-

celerograms were obtained using linear spectrum matching techniques (Paper One). The next

two chapters introduce structural control. Chapter 3 summarizes the results of a general liter-

ature review on the state-of-the-art in structural control systems that covers all of the vibration

control systems and strategies that have been reported to date (Papers Two and Nine). Then,

Chapter 4 outlines the main contribution of this Doctoral thesis by introducing the Posicast and

Input shaping control schemes for structural control (Papers Three and Four).

Chapter 5 deals with structural identification. Special emphasis is placed on the structural

identification concept due to its importance, wide range of applications and strong connection

to the control of structures. The utility of structural identification for identifying the modal

characteristics of structures and detecting damage is discussed, and vibration measurements

from three distinct vibration tests (provided by Skanska Sweden AB Technology) are utilized

to study vibration propagation in a multi-storey building prefabricated from reinforced con-

crete in Stockholm. Then, five black box linear parametric time-domain models for structural

identification (ARX, ARMAX, BJ, OE and State Space Models) are implemented and used to

identify the vertical frequency in the top storey of the building on the basis of the tests’ results

(Paper Five). Another comparison between these parametric models is conducted by compar-

ing their output to the results of an Abaqus 6.12 frequency analysis, revealing good agreement

(Paper Eight).

Finally, a novel strategy that combines the ARMAX model with techniques based on SVD

and CMIF curves in order to detect structural damage is presented. The new strategy is used

to clarify the extent to which damage in a multi-story steel building can be identified by evalu-

ating changes in the building’s modal parameters (Paper Six). In addition, the non-parametric

approach to structural identification is investigated through a case study. Frequency Response

Functions (FRF) computed from the quotient of the cross power spectral density and the power
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spectral density are utilized to detect and localize damage in a steel railway bridge (Paper

Seven). Finally, the findings of all articles are condensed into an extended summary, supported

by peer-reviewed journal and conference papers that are presented in part 2 of the thesis.

1.5 Limitations
The primary limitation of this thesis work is its focus on structural control. This necessarily

limited the scope of the work on Structural Identification to methods that can be used for struc-

tural control. Therefore, the efficiency of the studied identification process was limited by their

potential applicability. More details about existing methods for damage detection can be found

in [21–24].

1.6 Structure of the thesis
The thesis largely deals with two closely related subjects: structural control systems and struc-

tural identification. To clarify the importance of integrating structural control systems into the

building design process, the discussion of the research conducted is preceded by a brief descrip-

tion of seismic hazards and seismic analysis in general, and of the seismic situation in Al-Mosul

city (Northern Iraq) specifically. The thesis is divided into seven chapters whose contents are

listed below. In addition, a chapter-by-chapter thesis outline is presented in Figure 1.3.

1.6.1 Part 1: Introduction to thesis
This section provides an extended summary of the thesis, ranging from an introduction to the

concepts of structural control and identification to a brief statement of its final conclusions and

recommendations for further research. The contents of the chapters of Part 1 are briefly de-

scribed below:

Chapter 1: Introduces the thesis’ subject, highlights its objectives and major research ques-

tions, outlines the scientific approach, and describes its structure.

Chapter 2: Reviews seismic hazards and their impact on civil engineering structures in gen-

eral.

Chapter 3: Presents an extensive literature review on vibration control systems.

Chapter 4: Introduces the Posi-cast and Input shaping strategies for structural control.

Chapter 5: Presents the theory of structural identification.

Chapter 6: Presents extended summaries of the appended papers. The aim is to allow the first

part of the thesis to stand alone; copies of the full articles are included as appendices.

Chapter 7: Highlights the thesis’ main conclusions, answers the research questions, and offers

some suggestions for future research.
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1.6.2 Part 2: Appended papers
This section includes copies of the the papers listed below.

Papers 1 to 9 have several authors, but I, Tarek Edrees, am the first author of all nine. This

means that I conducted all of the relevant literature searches and all of the calculations, pro-

vided all of the drawings and illustrations, and wrote the first draft of the text in all cases. My

co-workers contributed by improving the texts and providing helpful discussions concerning

the papers’ contents.

1. Paper One: Tarek Edrees Saaed, Dimitar Mihaylov, Savka Dineva, Jan-Erik Jonasson,

”Selection of real earthquake accelerograms for estimation of seismic response of build-

ings in Al-Mosul (Northern Iraq)”, Journal paper submitted to the Natural Hazards Jour-

nal in August 2014.

2. Paper Two: Tarek Edrees Saaed, George Nikolakopoulos, Jan-Erik Jonasson, Hans Hed-

lund, ”A state-of-the-art review of structural control systems”, Journal paper published

in the Journal of Vibration and Control, 2015, Vol 21(5) 919937.

http://jvc.sagepub.com/cgi/reprint/21/5/919.pdf?ijkey=HHkUmiw2bLJjdMy&keytype=ref

3. Paper Three: Tarek Edrees Saaed, George Nikolakopoulos, ”Posicast Control of Struc-

tures Using MR Dampers”, Journal paper submitted to the Structural Control and Health

Monitoring Journal in December 2014.

4. Paper Four: Tarek Edrees Saaed, George Nikolakopoulos, Leon Dritsas, ”Semi-Active

Control of Flexible Structures Using Closed-Loop Input Shaping Techniques”, Journal

paper submitted to the Engineering Structures Journal in January 2015.

5. Paper Five: Tarek Edrees Saaed, George Nikolakopoulos, Jan-Erik Jonasson, ”Comfort

Level Identification for Irregular Multi-storey Building”, Journal paper published in the

Automation in Construction Journal, (50)2015.

http://www.sciencedirect.com/science/article/pii/S0926580514002209#

6. Paper Six: Tarek Edrees Saaed, George Nikolakopoulos, Jan-Erik Jonasson, ”Identifi-

cation of Building Damage Using ARMAX Model: A parametric study”, Journal pa-

per submitted to the Mechanical Systems and Signal Processing Journal in March 2014

(Pending for revisions).

7. Paper Seven: Tarek Edrees Saaed, George Nikolakopoulos, Niklas Grip, Jan-Erik Jonas-

son, ”Investigation of changes in modal characteristics before and after damage of a

railway bridge: A case study”, Journal paper accepted for publication in the IES Journal

Part A: Civil & Structural Engineering, 2015.

http://dx.doi.org/10.1080/19373260.2015.1020889

8. Paper Eight: Tarek Edrees Saaed, George Nikolakopoulos, Jan-Erik Jonasson, ”A Com-

parative Study on the Identification of Building Natural Frequencies Based on Parametric

Models”, c© Proceedings of the 33rd IASTED International Conference on Modelling,

Identification and Contrl, MIC 2014, Austria, p.p.1-6, February 2014.

http://www.actapress.com/PaperInfo.aspx?paperId=455827
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9. Paper Nine: Tarek Edrees Saaed, George Nikolakopoulos, Jan-Erik Jonasson, ”Semi-

active structural control strategies”, c© Proceedings of the XXII Nordic Concrete Re-

search Symposium, Reykjavik, Iceland 2014.

https://www.tekna.no/ikbViewer/Content/918168/Proceeding%20XXII%20-%20FINAL

2014-08-04.pdf

Licentiate Thesis
Tarek Edrees Saaed. Structural Identification of Civil Engineering Structures. Licentiate The-

sis, Luleå University of Technology, Luleå, 2014.

http://pure.ltu.se/portal/files/100270316/Tarek Edrees Saaed.pdf
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CHAPTER 2

Seismic Hazards

2.1 Introduction
The lithosphere is the earth’s rigid outermost shell, consisting of the crust and upper mantle. It

is 10-200 km thick and broken up into a set of tectonic plates. There are seven main tectonic

plates (see Figure 2.1) and many minor plates. The relative motion of these plates along their

boundaries control the type of boundary; convergent, divergent, or transform. Seismological

natural disasters such as earthquakes and volcanic activity occur along these plate boundaries

[25]. The tectonic plates rest on top of the softer asthenosphere. The continuous but slow

Figure 2.1: Main tectonic plates of the Earth’s surface [26]
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motion of the plates generates large tectonic stresses that cause diverse seismic phenomena

including earthquakes of different magnitudes. The stresses and strain energy that are generated

as plates move relative to one-another can accumulate over hundreds of years before being

released via tremendous earthquakes. Relief occurs when a rupture is generated in the earth’s

crust, along a plane of weakness known as a fault. During the rupture, the strained lithosphere

will snap back into position in an elastic or plastic fashion, generating vibrations that travel

through the earth, i.e. an earthquake. It is important to note that earthquakes can happen on

faults that were previously unrecognized [27, 28].

In seismically active areas, response spectra are typically used to evaluate the effects of

seismic waves on civil engineering structures. However, in many situations estimates of the

structural response based on a scaled elastic response spectrum are not considered suitable for

validating earthquake resistance, particularly when dealing with critical facilities, highly irreg-

ular buildings, base-isolated structures, liquefaction analysis, and slope stability evaluations.

Moreover, in elongated structures such as bridges, power plants, dams, or shopping malls the

input motion during an earthquake is not expected to be identical at all points in contact with

the ground [29, 30]. In such situations, the seismic input must be defined using time-history

series and the seismic analysis should be performed using a non-linear model of the structure.

The seismic excitation should be represented using time histories in the form of an appropriate

suite of accelerograms [31]. Because it is not generally possible to obtain real accelerograms

recorded at the site of interest for an earthquake of arbitrary magnitude whose epicenter is an

arbitrary distance away, seismic design codes and guidelines typically stipulate that analyses

should be based on ground motion time histories recorded at places whose seismological and

geological parameters match those of the site of interest. These time histories must be scaled

so that they match or exceed the controlling design spectrum within the period of interest [32].

The matching of the design spectrum with target response spectra is very important because

it permits rational evaluation of the time history analysis [33]. The development of robust

methods for scaling real earthquake accelerograms is an area of active research.

2.2 Matching response spectra

2.2.1 Sources of time-acceleration series
There are three main sources of time acceleration records: (1) Real accelerograms, (2) Artifi-

cial accelerograms, and (3) Synthetic accelerograms. Real accelerograms are recorded during

earthquakes and provide information on all of the ground motion variables (amplitude, fre-

quency, energy content, duration and phase characteristics) as well as all of the features that

could potentially affect the accelerograms (i.e. the characteristics of the source, path, and

site) [34]. Real strong motion records are obtainable from many sources, and their retrieval

and handling are relatively straightforward [31]. However, the number and diversity of existing

strong motion earthquake records is not sufficient to satisfy the variety of seismological and

geological conditions and requirements defined in seismic codes [35].

2.2.2 Methods for matching response spectra
The philosophy of seismic design embodied in seismic design codes is mainly based on the

shape of the target spectrum. Therefore, real earthquake records whose properties (magnitude,
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distance, site conditions and faulting type) resemble those of the target site and the earthquake

to be designed against must be selected in order to match the elastic response spectrum given

in the code [35]. Three methods are available for adjusting time histories to match a given

design spectrum, namely: (1) Linear scaling, (2) Frequency-domain scaling, (3) Time domain

scaling [33].

In case of linear scaling, the acceleration time history is simply scaled up or down uniformly

by a constant scaling factor so that it matches the target spectral acceleration (Sa) without

changing the record’s frequency content and phase spectra. In other words, only the amplitude

of the accelerograms is scaled [33, 35]. Conversely, frequency-domain scaling involves ma-

nipulating the frequency content of the record [32]. Fourier spectral amplitudes of the original

record are adjusted keeping the Fourier phases unchanged during the entire process [34]. The

main disadvantage of this approach is the corruption of the velocity and displacement time-

series due to the change of the frequency content, which can create motions with an unrealistic

high-energy content [30]. Finally, the time-domain scaling approach is based on manipulat-

ing the record’s amplitude [32]. This method involves modifying the time history in the time

domain and limited durations of the original record to achieve compatibility with specified tar-

get response spectrum. The resulting modified records can have response spectra that are very

similar to the target spectrum [35]. The work presented in this thesis uses the Linear Scaling

approach developed for the PEER Ground Motion Database (PGMD) due to the robustness and

efficiency of the algorithms of the PGMD web applications.

2.2.3 Record selection norms
Nowadays, there are many sources of time history records. However, there are few guidelines

concerning record selection in current seismic design codes. Usually, for a given site, the

selection procedure will be governed by the availability of information on seismic hazard or

the design ground motion. General selection criteria include the selection of multiple free-

field records collected under the same tectonic conditions with similar faulting styles and site

conditions, and duration; essentially, the overall response spectrum shape must be close to

that of the target response spectrum. For small distances, the directivity effects for near-fault

conditions should also be taken into consideration [33].

According to Bommer and Acevedo [31], records can be selected on the basis of either

strong motion parameters or geophysical parameters. In cases involving strong motion pa-

rameters or where there is a lack of information about the seismic source, the selection of

suitable records is mainly dictated by compatibility with the response spectrum rather than

seismological/geophysical parameters. Conversely, when focusing on geophysical parameters,

dominating earthquake scenarios should be identified by Deterministic Seismic Hazard Anal-

ysis (DSHA) or Probabilistic Seismic Hazard Analysis (PSHA). These methods have two key

search parameters: (1) Earthquake magnitude and (2) Source-to-site distance. The site condi-

tions (class) depend on the specific case under consideration.

Loose limits should be applied when searching for matching earthquake records because

it is impossible to guarantee that any results will be obtained if very strict limits are applied.

Therefore, it is crucial to determine the search parameters to be used, their influence on the

matching process, and the tolerance for deviation between the record and the specified scenario

for each individual parameter. According to Stewart et al. [36] and Bommer and Acevedo

[31], earthquake magnitude is a very important search parameter due to its large effects on
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the record’s frequency content; the selected record should be within ± 0.2 to 0.25 units of the

target magnitude. The duration of the record is also important. Previous studies have shown

that the spectral shape is less affected by the distance than the magnitude, and it is generally

recommended to impose strict limits for magnitude with more relaxed limits on distance in

order to get the required number of records unless many of the selected records relate to soft soil

sites [31, 37–40]. According to David [41] the site class is a very important search parameter

because it strongly influences the amplitude and shape of the response spectra. Regardless,

there are limited numbers of earthquake records with exactly determined geotechnical profiles

or even accurate profiles for the uppermost 30 m. Therefore, from a practical point of view, it

is preferable to relax the site type search limits in cases where there are few records that match

the magnitude and distance criteria. The last search parameter is the rupture mechanism, which

could be taken into consideration if relevant data are available and the search yielded a good

number of records (10-20) that satisfied the other criteria. It should be noted that strong-motion

records from one place can be selected and applied in another only if the tectonic environments

in both places are similar [31].

2.2.4 Design code matching criteria
Regardless of the record selection method, it is crucial to certify that the chosen records satisfy

the requirements of the relevant seismic design codes, and are consistent with the ordinate of

the design response spectrum. According to the Uniform Building Code [42], each horizontal

ground motion component must be scaled in such a way that its average ordinate of the 5

percent-damped site-specific spectrum should be no less than 1.4 times the design spectrum

ordinates for periods from 0.2T second to 1.5T seconds, where T is the building’s fundamental

period of vibration. The code stipulates that either three or seven records should be used to

support numerical modeling. In cases involving three records, the maximum structural response

should be used for design whereas the average structural response should be used in cases where

seven records are selected [42].

2.3 Case study
A major goal of this thesis work was to identify a suitable comprehensive procedure for gen-

erating scaled ground motion records from existing records, and to apply this procedure to the

modeling of a typical building in one of the biggest cities in Iraq, Al-Mosul. The magnitude

ranges for the scaling process were defined on the basis of a seismic hazard evaluation based

on all of the available earthquake information for Iraq. The maximum possible magnitudes

(Mmax) of the earthquakes that can occur at different distances from the city of Al-Mosul

were estimated using a selection of probabilistic approaches. The linear spectrum matching

technique [33] for real accelerograms was found to be the most suitable for our aims and was

applied to selected real acceleration records to match the anticipated type of elastic design

spectrum (defined according to the UBC1997 code) for Al-Mosul city in Iraq. Five different

scenarios were examined to define the effects of the scaling and matching process on the ob-

tained accelerograms and the structural behavior of a typical multi-storey building. A detailed

presentation of this work can be found in the first of the appended papers.
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CHAPTER 3

A state-of-the-art review of structural control systems

3.1 Introduction
This chapter presents a general literature review covering all of the vibration control systems

and strategies that have been reported to date and the current state of the art of each one. In

addition, innovative practical implementations of these systems that demonstrate their potential

are highlighted, and some potential future developments of structural control systems in civil

engineering are discussed. The material presented in this chapter (aside from some of the

section on control strategies) was published in papers two and nine.

3.2 Structural control systems
Structural control systems, which are also referred to in the literature as Motion Control Sys-

tems, can be utilized to reduce structures’ responses to different types of dynamic loads such

as earthquakes, winds, traffic and other kinds of service loads. In general these devices can

be classified into four main groups (passive, active, semi-active, and hybrid) based on their

operating mechanisms, as shown in Figure 3.1 [2,4,5,8,28,43–45]. The following subsections

describe the main groups and subgroups of structural control systems in use today.

3.2.1 Passive control systems
Passive control systems aim to dissipate part of the input energy and rely heavily on isolation

and energy dissipation devices. In the past these systems have been regarded as smart sys-

tems because they generate greater damping forces as the magnitude of the structural response

increases [2]. Constantinou et al. [5] compared existing Passive Energy Dissipation Systems

based on their performance, while Symans et al. [43] reviewed the construction, hysteretic be-

havior, physical models, advantages, and disadvantages of passive energy dissipation devices

for seismic protection applications.
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Figure 3.1: Categorization of structural control systems

In general, smart structures that utilize passive systems can be considered to be systems

with ‘limited intelligence’ because they cannot adapt to the excitation and global structural re-

sponse, and thus exhibit only a limited control capacity. They are optimally tuned to protect

structures against a specified dynamic loading, and their efficiency will be sub-optimal in other
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cases involving other types of dynamic loading. The energy dissipation mechanism is totally

dependent on the relative movement of the structure and is governed entirely by the local struc-

tural response [2]. However, passive control devices are inherently stable, do not require any

external energy to operate or structural response measurements, and are relatively simple to de-

sign and construct [8]. Figure 3.2 shows the fundamental elements of Passive Control Systems.

Different types of passive control systems are discussed in more detail below.

Excitation Structure Response

PED

Excitation Structure Response

(2.1)

(2.2)

Figure 3.2: (2.1) Conventional structure (2.2) Structure with Passive Energy Dissipation [46]

3.2.1.1 Seismic isolation devices

Seismic isolation devices (Figure 3.3.1) are placed at the base of the structure to be controlled

and feature a layer that is flexible in the horizontal direction but very stiff in the vertical direc-

tion. As such, they increase the structure’s rocking stability and absorb some of the dynamic

input energy before it can be dissipated within the structure. Due to their horizontal flexibility,

the incorporation of seismic isolation devices into a main structure introduces a new vibration

mode without significant inter-story drifts (Figure 3.3.2). This capability lengthens the funda-

mental periods of the structure and ensures that they are well separated from the main period

contents of the excitation [4]. Seismic isolation devices are suitable for short to intermediate

height buildings with dominant vibration modes lying within a specified range. However, it

should be noted that they cannot provide sufficient horizontal flexibility to stabilize structures

under seismic excitations that are rich in long period components [28]. Seismic isolation is effi-

cient against vibrations transmitted through the ground such as traffic and seismic vibrations but

are not effective at resisting wind loading due to their flexibility in the horizontal direction [4].

Isolation devices can be placed at different positions within structures as shown in Figure 3.4.

There are many common types of isolation systems with well understood mechanisms and

structural behaviors including [48] Elastomeric-Based Systems, Low-Damping Natural and

Synthetic Rubber Bearings (LDRB), Lead-Plug Bearings (LRB), High- Damping Natural Rub-

ber (HDNR) Systems, Isolation Systems Based on Sliding, TASS System, Friction Pendulum

System (FPS), and Sleeved-Pile Isolation System.

Elastomeric-Based Systems consist of large natural rubber blocks without steel reinforce-

ment, and were introduced in 1969. Later on, steel plates were added to improve their behav-

ior and increase their vertical stiffness. Many buildings were built with these devices. Low-
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Figure 3.4: Potential locations of isolation layer within structures: (4.1) basement isolation;

(4.2) storey isolation with isolators above the first storey; (4.3) storey isolation with isolators

above a given storey of a superstructure; (4.4) top isolation; (4.5) skywalk linking isolation [47]
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Damping Natural and Synthetic Rubber Bearings (LDRB) consist of a layer of natural rubber

containing multiple steel shims, which is sandwiched between two thick steel plates. Bearings

of this kind have been utilized in Japan in conjunction with supplementary damping devices

(Figure 3.5.1). Lead-Plug Bearing (LRB) systems are similar to LDRB systems but contain

Figure 3.5: Different types of isolator [2]

one or more preformed holes into which lead plugs are press-fitted (Figure 3.5.2). These lead

plugs deform under horizontal movement in a pure shear; they yield even under relatively

low level stress, dissipating energy in a hysteretic manner that can be sustained over many

cycles [4]. This system (Figure 3.6.1) has successfully protected many buildings during earth-

quakes. High-Damping Natural Rubber (HDNR) systems were introduced in the UK in 1982

(Figure 3.6.2). These systems utilize rubber cores modified with extra-fine carbon black, oils,

resins, or other proprietary components that increase the inherent damping abilities of natural

rubber, eliminating the need for supplementary damping devices.

(6.1) (6.2) (6.3)

Figure 3.6: (6.1) A lead-Plug bearing under a hospital. (6.2) A high-damping rubber bearing.

(6.3) A Friction Pendulum System [47]

Isolation Systems based on Sliding contain blocks of low-friction materials such as Poly-

tetra-fluoroethylene (PTFE or Teflon) between stainless steel plates. The efficiency of these

devices is being influenced by factors such as temperature, interface motion velocity, degree of

wear and surface cleanliness. A theoretical analysis of structures equipped with these devices

has been presented [2].
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TASISEI Corp. in Japan developed the TASS system in which the entire vertical load is

carried by Teflon-stainless steel elements and the re-centering forces are provided by laminated

neoprene bearings that carry no load. Friction Pendulum Systems (FPS) combines a sliding

action and a geometry-based restoring force (Figure 3.5.3, Figure 3.6.3). An FPS consists of

an articulated slider on a spherical surface, which is covered with a polished stainless steel

overlay. A movement of the slider over the spherical surface causes the mass to rise, generating

a restoring force. Finally, the Sleeved-Pile Isolation System (SPIS) is a solution that reduces the

transmission of vibrations through piles by providing horizontal flexibility. In these systems,

the pile is enclosed in a tube with a suitable gap for clearance.

3.2.1.2 Energy dissipation devices

The main role of these relatively small elements, which are located between the main structure

and the bracing system, is to absorb or redirect some of the input energy in order to reduce the

amount of energy that must be dissipated in the main structure. Figure 3.7 depicts a structure

composed of two independent substructures: the main frame and the lateral load resistant sys-

tem (bracing + dissipators). These devices can be classified as follows:

Wind

Earthquake

2D frame equiped

with passive devices
Main frame

Bracing + passive

dampers combination
+=

Figure 3.7: Building equipped with an Energy Dissipation System [4]

3.2.1.2.1 Hysteretic devices As the name suggests, these devices dissipate energy via a

mechanism that is independent of the loading rate and can be divided into two groups: metal-

lic dampers, which exploit the yielding behavior of metals to dissipate energy; and Friction

dampers, which generate heat through dry sliding friction [5].

Metallic dampers: These devices were first used in 1972 by Kelly et al. [49] and have been

developed extensively since. They dissipate energy via the inelastic deformation of metallic

substances such as mild steel or lead. Two important factors must be considered when design-

ing dampers of this type: the post-yielding deformation range must be sufficient to allow the
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damper to tolerate a large number of loading cycles without undergoing premature fatigue, and

the dampers must exhibit stable hysteretic behavior under repeated inelastic deformation. The

key advantages of these systems are that they offer long term reliability, relative insensitivity

to temperature changes, and properties that do not vary greatly over time. In addition, they are

inexpensive. Their disadvantages are their limited number of working cycles and non-linear re-

sponse to loading [28]. X-shaped and triangular plate dampers like those shown in Figure 3.8.1

and Figure 3.8.2 have received considerable attention. The installation of such parallel plate

devices within a frame bay between a chevron brace and the overlaying beam will make the

dampers mainly resist the horizontal forces associated with inter-story drift via flexural defor-

mation of the individual plates, as shown in Figure 3.8.3. Supplemental energy dissipation will

cause the plates to yield once the applied force exceeds a certain threshold level. The tapered

shape of the plate ensures uniform yielding across the device’s length [5].

Another type of metallic damper is the yielding steel bracing system shown in Figure 3.8.4,

which was developed in New Zealand in 1980 and developed further in Italy. This device

is fabricated from round steel bars for cross-braced structures. Energy is dissipated via the

inelastic deformation of the rectangular steel frame in the diagonal direction of the tension

brace [28]. The final type of Metallic damper is the so-called Lead Extrusion Damper (LED),

which was developed in New Zealand by Robinson in 1987 (Figure 3.8.5). The purpose of these

dampers is to extrude the lead by forcing a lead piston through a hole or an orifice (created

either by constriction in the tube wall for the first type or by bulging of the central shaft for

the second type), thereby changing its shape. The LED has long life and does not need to

be replaced or repaired after an earthquake excitation due to the ability of the lead element to

regain its original shape after excitation. LED devices are also insensitive to environmental and

aging effects [28].

Friction dampers: These devices dissipate energy by generating friction between two solid

bodies that slide relative to one-another, i.e. via a solid sliding friction mechanism. They were

introduced by Keightley in 1977 and have since been developed extensively. Their purpose is

to slow down the building’s motion by ‘bracing rather than breaking’ [5]. Friction dampers

have good performance characteristics and can dissipate a large amount of energy. They are

relatively insensitive to the load frequency, number of load cycles or changes in temperature,

and exhibit rigid plastic behavior [28]. It is very important to ensure that the damper’s esti-

mated friction response is maintained over its life cycle. This response is largely dependent

on the conditions at the surfaces of the two solid bodies, which in turn is affected by environ-

mental factors [5]. Several types of friction damper have been developed, including [28]: 1)

X-braced dampers, 2) Bracing-damper systems, 3) Improved Pall friction dampers, 4) Uniaxial

friction dampers, 5) Energy Dissipating Restraints (EDR), 6) Slotted bolted dampers, and 7)

Concentrically braced frames. The X-braced damper was proposed by Pall in 1982. It consists

of a tension and compression brace connected by four links, which ensure that the energy dissi-

pated in the two braces will always be identical (Figure 3.8.6) provided that the slippage of the

device is sufficient to completely straighten any buckled braces. Bracing-damper systems are

more sophisticated versions of the Pall Friction damper, and are designed using a model that

accounts for the individual axial and bending characteristics of each member of the bracing-

damper system. Experimental studies have demonstrated that seemingly minor details of the

system’s fabrication can significantly affect the overall performance of friction dampers. The

pall friction damper was further refined in 2005 by the development of new construction tech-

niques that made it possible to simplify their manufacture and assembly without affecting their
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Figure 3.8: Different types of passive device: (8.1) Two X-shaped plate dampers, (8.2) Tri-

angular damper, (8.3) Installation details, (8.4) Yielding steel bracing system, (8.5) Two Lead

Extrusion Devices, (8.6) Pall Friction Damper, (8.7) Uniaxial (Sumitomo) Friction Damper,

(8.8) Installation of Sumitomo friction damper in steel frame, (8.9) Energy Dissipating Re-

straint [2, 28]
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mechanical properties.

The Uniaxial friction damper developed by Sumitomo Metal Industries Ltd. is based on a

more complex design. It depends on the transformation of force generated by a pre-compressed

internal spring through the action of inner and outer wedges into a normal force that acts on

a set of copper alloy friction pads (Figure 3.8.7 and Figure 3.8.8). These friction pads have

graphite plug inserts that provide dry lubrication. Experimental and numerical tests conducted

by Aiken and Kelly [50] showed that these dampers could dissipate about 60% of the tested

input energy and had regular and repeatable rectangular hysteresis loops. In addition, their be-

havior was independent of the loading frequency and amplitude, the number of loading cycles,

and the ambient temperature. Moreover, the base shear will not be significantly affected by

the positioning of such dampers. However, they will not dissipate energy resulting from forces

whose magnitude is below a certain threshold. The Energy Dissipating Restraint (EDR) shown

in Figure 3.8.9 was introduced by Fluor Daniel. Although the design concept is similar to the

Sumitomo damper because it also contains an internal spring and wedges encased in a steel

cylinder, it has very different response characteristics. Steel and bronze friction wedges are

used to convert the force generated by the axial spring into a normal pressure acting against

the cylinder wall. In this case, internal stops within the cylinder are used to bind the tension

and compression gaps. Another important type of friction damper is the Slotted bolted damper,

which exists in many different variations that differ primarily in the materials used in their slid-

ing interfaces. In 1989, Fitzgerald [28] proposed a damper utilizing slotted bolted connections

consisting of a gusset plate, two back-to-back channels, cover plates, and bolts with washers,

with a sliding interface made of steel as shown in Figure 3.9.1. In 1991, Constantinou replaced

the steel interface with graphite-impregnated bronze plates to improve the frictional behavior

of the sliding interface.

Another type of friction damper is the rotating slotted bolted friction damper, which was

proposed and tested successfully in 1999. Finally, concentrically braced frames are considered

to be among the most efficient lateral load-resisting systems available due to their strength,

stiffness, low weight and simple construction. However, the application of light tension to

such systems during earthquakes may lead to hazardous “soft-storey mechanism” failure due

to irrecoverable tensile yielding. This problem can be eliminated by the incorporation of special

sliding plates that move in the vertical plane [51].

3.2.1.2.2 Viscoelastic devices (VE) These devices include a wide range of mechanisms that

dissipate energy in a rate-dependent manner, i.e. their displacement characteristics depend on

the frequency of the motion and the relative velocities of the different ends of the damper. The

damping force in these devices is proportional to the velocity and their behavior is viscous.

Research and development of VE devices for earthquake engineering began in the early 1900s

and they are mostly used in structures where shear deformations are expected. Two major

groups of VE devices exist, as discussed below.

Viscoelastic solid dampers: Solid VE dampers (Figure 3.9.2) are usually made from

copolymers or glassy substances that dissipate energy through shear deformation in the VE

material. During deformation, the VE material exhibits features of both elastic solids and vis-

cous liquids, but it returns to its original shape after each complete deformation cycle and

dissipates energy in the form of heat. Many variants of the VE solid damper have been devel-

oped. Notably, experiments using the bitumen rubber compound VE damper developed by the

Showa and Shimizu corporations reduced the magnitude of seismic responses by 50%, while
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Figure 3.9: Different types of passive devices: (9.1) Three types of slotted bolted dampers,

(9.2) Typical solid VE damper, (9.3) Cylindrical Pot Fluid Damper (9.4) Viscous damping wall

system, (9.5) Orificed fluid damper, (9.6) Pressurized fluid damper, (9.7) Models of SDOF
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Company) [28]
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reductions of up to 60% were achieved for a half scale 3-storey building fitted with the super-

plastic silicone rubber VE shear damper developed by Kumagai-Gumi Corporation. A recent

experimental and numerical study conducted by Xu [52] confirmed the efficiency of Solid VE

dampers at reducing the seismic responses of structures.

Viscoelastic fluid dampers: All of the passive devices mentioned prior to this point utilize

solids to increase the structure’s tolerance of lateral loads. However, fluids can also be used for

this purpose. In recent years, major efforts have been made to develop viscous fluid dampers

for structural engineering; such systems are already widely used in military and heavy indus-

trial applications. Various fluid-based dampers exist [5], including: 1) Cylindrical Pot Fluid

Dampers, 2) Viscous damping wall systems (VDW), and 3) Fluid Viscous Dampers.

The Cylindrical Pot Fluid Damper is one of the simplest viscous fluid dampers (Figure 3.9.3).

It dissipates mechanical energy by using it to drive a piston, which deforms a thick viscous sub-

stance such as silicone gel, converting the mechanical energy into heat in the process. Devices

of this sort have been used in seismic isolation systems [53]. Sumitomo Construction Company

in Japan developed the related Viscous damping wall system (VDW), which has two main com-

ponents (Figure 3.9.4): a narrow steel tank that is connected to the lower floor and filled with

a highly viscous fluid, and a steel plate that is attached to the upper floor and extends into the

fluid in the tank. The system must be protected from fire and impacts with covering walls made

from reinforced concrete or fireproof materials. Relative inter-story motion (velocity) shears

the fluid, dissipating some of the associated energy. Experimental tests conducted by Arima et

al. [54] on a full scale 4-story steel frame showed that fitting a viscous wall system reduced the

frame’s response by 66 to 80%. A system of this sort has been fitted to a 78 m high steel-framed

building in Shizuoka City in Japan, reducing the building’s response by 70% to 80% [28].

The Cylindrical Pot Fluid Damper and Viscous damping wall system mentioned above

depend on the deformation of a viscous fluid in an open container. The disadvantage of these

devices is that to maximize the dissipation of energy, it is necessary to use materials with very

high viscosities. Such materials exhibit both frequency- and temperature-dependent behavior.

Fluid Viscous Dampers are an alternative class of Viscoelastic Fluid Dampers that avoid this

problem by dissipating energy via the flow of fluids within a closed container instead of an open

one. The motion of a piston forces the fluid to pass through small orifices rather than inducing

local deformations, leading to efficient energy dissipation. These dampers are not suitable for

stiff structures because they are only effective when the applied force is high. Although they

were invented for military purposes, they are also used in seismic base isolation systems to

provide supplemental damping during seismic waves and to confer resistance to wind-induced

vibrations [5]. A typical orifice fluid damper is shown in (Figure 3.9.5); it is a cylindrical

device that contains compressible silicone oil, which is forced to flow through a fluidic control

orifice by a stainless steel piston with a bronze head. The device also features an accumulator to

manage the change in volume resulting from the movement of the rod [55]. The main advantage

of Fluid Viscous Dampers is their ability to simultaneously reduce deflection and stress, since

the force exerted by the damper is totally out of phase with the stresses resulting from the

structure’s flexing. Moreover, these dampers are relatively insensitive to temperature changes.

One of their main disadvantages is that it is difficult to reduce the peak structural response

during the early stages of loading, mainly because the damper’s resisting force depends on the

velocity of the piston. It has been suggested that this drawback could be overcome by using

modified fluid dampers with tapered-plate energy absorbers [56].
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3.2.1.2.3 Re-centering devices These devices possess an inherent re-centering capability

because they retain a small degree of residual deformation after load removal [5]. Common re-

centering devices include Pressurized Fluid Dampers and Preloaded Spring-Friction Dampers.

Pressurized Fluid Dampers as shown in Figure 3.9.6 were first proposed by Tsopelas and

Constantinou [57] as components of base isolation systems with both damping and re-centering

capabilities. Their load resistance is sensitive to several factors including the initial pressuriza-

tion, the device’s stiffness (which depends on the compressibility of its silicone oil), the seal

friction, and the damping due to the passage of fluid through the orifices. Preloaded Spring-

Friction Dampers are similar to pressurized fluid dampers but their resisting force is generated

by frictional wedges in addition to a preloaded internal spring [5].

3.2.1.2.4 Phase transformation dampers In recent years, a new class of metal alloys known

as Shape Memory Alloys (SMA) have been developed. These materials have the ability to shift

reversibly between martensitic and austenitic crystalline phases in response to stress or changes

in temperature. For example, at low temperatures, an SMA specimen will exist in the marten-

sitic phase and will distort in an apparently irreversible manner. However, if it is then heated

to a certain temperature, it will spontaneously transition to the austenitic phase and return to

its original undistorted shape [5]. These materials offer many advantages: they provides a self-

centering mechanism, are insensitive to environmental temperature changes (after appropriate

heat treatment), offer excellent fatigue and corrosion resistance, and can produce large control

forces even for slow response time. To date these materials have been studied extensively but

have not yet found any practical applications. It has been suggested that their use in dampers

might be problematic because they may be highly sensitive to earthquake excitations, which

could potentially change the stiffness of an SMA-based damper in a way that would shift the

structure’s first natural frequency towards the dominant frequency of the earthquake [28].

3.2.1.2.5 Dynamic vibration absorber The last class of passive systems is the dynamic

vibration absorber which is used also to reduce the energy dissipation demand on primary

structural members under dynamic loading. The reduction is achieved by transferring (rather

than directly dissipating) some of the vibrational energy to the absorber. This system includes

mass, stiffness and damping. The dynamic properties should be tuned to those of the primary

structure. The primary applications of this system are for mitigation of wind loads. The util-

ity of these devices in seismic applications is limited by the detuning that may occur as the

primary structure yields, the high level of damping required, and their inability to efficiently

control higher modes. The three most common types of dynamic vibration absorbers are: 1)

Tuned Mass Dampers (TMD), 2) Tuned Liquid Dampers (TLD), and (3) Tuned Liquid Column

Dampers (TLCD) [5].

The Tuned Mass Damper (TMD) contains a mass that moves relative to the structure and

is attached to the structure by a spring and a viscous damper in parallel as presented in Fig-

ure 3.9.7. The TMD will be excited by the structural vibrations, and the kinetic energy gen-

erated by these structural vibrations, will be transferred from the structure to the TMD and

absorbed by the TMD’s damping component. A TMD will usually experience large displace-

ments. They have been successfully used to mitigate wind and harmonic loads, and have been

installed in several buildings. However, there is no general agreement concerning their effi-

ciency in seismic applications. The Tuned Liquid Damper (TLD) has a similar mechanism to
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the TMD; it improves structural behavior by applying indirect damping to the structure. En-

ergy is dissipated by the viscous action of fluid and wave breaking. The TLDs presented in

(Figure 3.9.8) consist of rigid tanks filled with liquid. The liquid’s sloshing motion absorbs the

energy and dissipates it through the viscous action of the liquid. TLDs have many advantages

over TMDs: they can reduce motion in two directions simultaneously, do not require large

stroke lengths, require no activation mechanism, and have lower maintenance costs. They are

also insensitive to the frequency ratio between the primary and secondary systems [28]. Tuned

Liquid Column Dampers (TLCD) have similar mechanisms to TMDs; they improve structural

behavior by applying indirect damping.

A TLCD consists of a liquid-filled tube-like container that is rigidly attached to the structure

(Figure 3.9.9). Energy is dissipated by the passage of liquid through an orifice in the tube that

has inherent head-loss characteristics. It is possible to tune the vibration frequency of the

device by changing the liquid column length. Major advantages of this system are its ease of

installation in existing buildings without affecting existing vertical and horizontal load paths (as

shown in Figure 3.9.10), the fact that it does not require space for large stroke lengths, and the

ability to control the damping by adjusting the orifice opening. Research has shown that such

systems can reduce displacement and acceleration responses by up to 47% [28]. De la Cruz [4]

compared the efficiency of Isolation systems, Energy dissipators and Mass dampers, and found

that the latter performed well. Tait [58] proposed a preliminary design procedure for initial

TLD sizing and a damping screen design for a TLD equipped with damping screens. Love

and Tait [59] outlined a design methodology for designing a TLD tank for situations where the

availability of space is limited.

3.2.1.2.6 Other energy dissipators Housner et al. [44] list a number of other innovations

that could be classified as passive energy dissipation devices. The first of these are dampers

used to connect adjacent structures at the roofs in order to mitigate the vibration of high-rise

buildings during strong earthquakes by optimizing the mass and stiffness ratio between the

structures. The second are high-damping rubber dampers, which contain low-stiffness unvul-

canized rubber components that have a greater high-energy absorption capacity than the vulcan-

ized high damping rubber materials used for rubber bearings. The third are rubber composite

dampers used for cable-stayed bridges. The fourth are V-stripe or U-stripe configurations of

bridge cables. Moreover, Korkmaz at el. [60] showed that damping trenches located a certain

distance away from a building efficiently mitigate the effects on traffic-induced vibrations on

the structural behavior of masonry buildings. The current state of Passive control systems and

their characteristics is summarized in Table 1.

3.2.2 Semi active control
Semi active control devices are a natural extension of passive devices. They are commonly

called ‘controllable’ or ‘intelligent’ dampers because they include adaptive systems that tune

their responses and efficiency. In order to improve performance, these adaptive systems regu-

late the damper’s behavior on the basis of information concerning the excitation and structural

response. The components of a semi active system (Figure 3.10) include: sensors (which

measure the input and/or output), a control computer (which processes the measurement and

supplies a control signal to the actuator), a control actuator (which regulates the behavior of the

passive device) and a passive damping device. The actuator in semi active devices is used to
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Table 3.1: State of the art in passive control systems

Control System Key Features Applications

Seismic - LDRB, LRB, HDNR, TASS System, FPS, Sleeved-Pile Many

isolation Isolation System buildings

devices - More safe and economic than the traditional structural have been built with

systems these devices

- Metallic dampers, Friction dampers They are

Hysteretic - Energy dissipation is independent of loading rate mostly

devices - Have long term reliability used in

- Fabrication details can significantly affect the overall performance of structures

the friction dampers

Viscoelastic - Viscoelastic solid dampers, Viscoelastic fluid dampers They are

devices - Their displacement characteristics depend on the frequency mostly used in

devices of the motion and relative velocity between the ends of the damper structures

Re-centering - Possess an inherent re-centering capability Many buildings have been

devices built with these devices

- Use Shape Memory Alloys Still

Phase - Self-centering mechanism in the

transformation - Insensitivity to environmental temperature changes stage of

dampers - Excellent fatigue resistance research

- Corrosion resistance

- Capable of producing large control forces

- TMD, TLD, TLCD Successfully

- Dissipation is achieved by transferring some of the applied in

Dynamic vibrational energy to the absorber mitigation of

vibration - The dynamic properties should be tuned to those of the wind loads

absorber primary structure in a number

- Detuning may occur of buildings

- No need for any activation mechanism

- Less maintenance cost

control the device’s properties instead of directly applying a force to the structure. Devices of

this sort only require a relatively modest power supply (which could be provided by batteries),

which is very important because main power supplies may fail during an earthquake, leading

to structure destabilization.

Despite their greater complexity compared to passive devices, semi active systems are still

easy to manufacture, fail-safe, reliable in operation, and can outperform purely passive systems.

The disadvantage of these devices is that because they act via passive devices, their control

potential is limited. Nevertheless, they are very promising because they combine the merits of

both passive and active devices. Some illustrative semi active devices are discussed below [2]:

3.2.2.1 Semi active Tuned Mass Dampers

Semi active Tuned Mass Dampers were developed in 1983 to control wind-induced vibrations

in tall buildings and are still in the research stage. The damper consists of a TMD and an actu-

ator installed on top of the main structure. As shown in Figure 3.11.1, the key characteristics

of the TMD are its mass (md), damping (cd), and stiffness (kd), while those of the main struc-

ture are its mass (m), damping (c), and stiffness (k). SA represents the actuator and (u) is the

control force it generates. The TMD damping will be continuously adjusted by the actuator

control force u, and only a small amount of external power is required to make this adjustment

because the mass of the TMD (md) is much smaller than that of the main structure (m), and the

active control force is being utilized to change the damping force of TMD, which is appreciably
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Figure 3.10: Structure with Semi-Active Control Systems [46]

smaller than its inertial force [2].

3.2.2.2 Semi active tuned liquid dampers

Semi active concepts have been developed for TLD and TLCD systems, and are under ongoing

development. For TLD systems, a set of rotatable baffles (Figure 3.11.2) were added in the

liquid tank of a sloshing TLD. The orientation of these baffles is adjusted by an actuator ac-

cording to application-specific algorithms. Since the natural frequency of the contained liquid

changes with the tank length, the TLD’s behavior can be tuned by rotating of the baffles to a

desired inclination. When the baffles are in the horizontal position, the full length of the tank

is available, but when the baffles are in the vertical position, the tank is divided into a number

of shorter tanks. The actuator thus only needs to rotate the lightweight baffles to change the

damper’s responses [2].

For TLCD, Yalla [62] used a variable orifice (Figure 3.11.3) to maintain the optimal damp-

ing conditions. According to the proposed control algorithm, an electro-pneumatic actuator

is used to control a ball valve in order to change the cross section of the TLCD. This in turn

improves the damper’s damping capabilities at relatively little cost.

3.2.2.3 Semi active friction dampers

The first device of this sort was developed by Akbay and Aktan in 1991 using an electromechan-

ical actuator. Another type has been developed by Chen and Chen [64] using PZT actuators in

order to improve the efficiency of passive friction dampers. PZT is a smart material which can

produce a significant amount of stress when exposed to an electrical field under restrained mo-

tion. This device, presented in Figure 3.11.4 and Figure 3.11.5, is called a Piezoelectric Friction

Damper (PFD). It consists of four preloading units, four PZT stack actuators (to apply normal

forces), a friction component (consisting of a thin steel plate with brake lining as a friction

material bonded to its top and bottom surfaces) and a steel box for housing other components.

The friction generated due to the relative movement of the isolation plate and the bottom plate

will dissipate energy. The normal forces generated by the PZT stack actuator are controlled by

adjusting the electric field, which in turn tunes the friction forces within the damper, allowing
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Figure 3.11: Examples of Semi active devices: (11.1) Semi active TMD, (11.2) Semi active

TLD with some standing rotatable baffles, (11.3) Semi active TLCD structure combined, (11.4)

View of Piezoelectric friction damper, (11.5) Schematic of Piezoelectric friction damper, (11.6)

Schematic of ASHD, (11.7) View of ASHD, (11.8) Setup of ASHD system [2, 61–63]
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its efficiency to be altered in real time at low cost [2]. This device can be adapted to varying ex-

citations caused by weak and strong earthquakes, but further improvements in force generation

are needed [64].

3.2.2.4 Semi active vibration absorbers

These types of devices are still being developed, and their operating mechanism depends on

adjusting both their stiffness and damping properties. A representative system of this class is

the Semi Active Vibration Absorber (SAVA), which is also known as the Semi Active Hydraulic

Damper (SAHD). The damping capacity in such systems comes from a viscous fluid, and their

stiffness is regulated by the opening of a flow valve [2]. A new device called the Accumulated

Semi-active Hydraulic Damper (ASHD) [63] is presented in Figure 3.11.6, Figure 3.11.7, and

Figure 3.11.8. It consists of a hydraulic jack, a directional valve and an accumulator. The

optimal rate of energy dissipation is achieved by controlling the flow of oil in the hydraulic jack

(using a controlling algorithm) to regulate the direction in which the device acts. Extended test

results showed that the energy dissipation of ASHD is extremely good and requires very little

input energy.

3.2.2.5 Semi active stiffness control devices

A Semi Active Variable Stiffness (SAVS) device has been developed by Kobori in Japan. As

shown in Figure 3.12.1, it consists of a balanced hydraulic cylinder, a double acting piston rod, a

normally closed solenoid control valve and a tube that connects the two cylinder chambers. The

fluid will flow freely and will unlock the beam brace connection when the valve is open, thereby

reducing the device’s structural stiffness. In contrast, when the valve is closed the fluid cannot

flow and the beam is effectively locked to the brace, increasing structural stiffness [2, 45].

3.2.2.6 Electrorheological Dampers

These devices use smart ER fluids, i.e. non-conducting viscous fluids that contain suspended

dielectric particles. The dielectric particles polarize and become aligned when they are exposed

to an electrical field, resulting in resistance to the fluid’s flow. This mechanism allows the flow

resistance of ER fluids to be changed dramatically and reversibly in milliseconds. Adjusting

the applied electrical field thus makes it possible to straightforwardly control the behavior of

ER fluids. ER dampers were first proposed by Makris [66], who used the smart properties of

ER fluids to adjust the generation of the damping force. As shown in Figure 3.12.2, this damper

consists of a cylinder containing a balanced piston rod and a piston head.

Adjustment of the voltage (V) changes the electric field and therefore controls the behavior

of the ER fluid as well as the capacity of the ER damper. Energy dissipation is achieved via

two effects: a) ER effects due to shearing of the fluid, and b) friction effects arising from the

orificing of the viscous fluid. There are three factors that limit the utilization of ER dampers for

response control in large structures: a) their limited yield stress (which is on the order of 5-10

kPa), b) potential limits on their applicability stemming from manufacturing impurities, and c)

the high voltages needed to control the ER fluid (about 4000 V) [2].
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Figure 3.12: Different types of Semi active devices: (12.1) Semi active variable stiffness

device, (12.2) Schematic of an Electrorheological Fluid Damper, (12.3) Magnetorheological

fluid, (12.4) Magnetorheological fluid Damper, (12.5) Schematic of a semi active Viscous Fluid

Damper [2, 65–68]
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3.2.2.7 Magnetorheological Dampers

MR fluids were discovered by Jacob Rabinow in the early 1950s. These smart materials change

their fluid properties when exposed to a magnetic field [67]. An MR fluid is a magnetic equiva-

lent of an ER fluid, and typically consists of micron-size magnetically polarizable particles dis-

persed in a viscous fluid such as silicone oil. The particles in the fluid polarize (Figure 3.12.3)

when exposed to a magnetic field, and the fluid displays viscoplastic behavior that causes re-

sistance to flow.

When subjected to a magnetic field, MR fluids can shift from being free-flowing linear

viscous materials to semi-solids in milliseconds, in the same way that ER fluids shift in re-

sponse to electric fields. The control force produced by an MR fluid can be adapted by vary-

ing the strength of the magnetic field according to a control scheme. In the system shown in

Figure 3.12.4, the magnetic field is applied perpendicular to the direction of fluid flow. The

advantages of MR fluids over ER fluids are: a) their higher yielding strength (on the order of

50-100 kPa), b) their stability over a broad range of temperatures [2], c) their insensitivity to

contaminants and thus their low production cost, and d) their low power requirements (20-50

watts) [69].

Experimental tests done by Wu and Cai [70] showed that MR dampers are suitable for cable

vibration control in cable-stayed bridges. Moreover the efficiency of implementing magneto-

rheological (MR) dampers for vibration suppression for a space truss structure using a fault-

tolerant controller was confirmed by Huo et al. [71].

3.2.2.8 Semi active viscous fluid damper

These devices have been investigated by Shinozuka et al [72] for bridges. They utilize a nor-

mally closed solenoid valve to control the intensity of the fluid through bypass loop (Fig-

ure 3.12.5). By adjusting the valve opening according to a predefined control algorithm, it

is possible to tune the damper’s behavior using only a small amount of power. The fluid can

easily flow through the valve when the valve opening is large, reducing the damping force ex-

erted by the system. In contrast, when the opening is small, the damper provides a stronger

control force due to the flow resistance. Energy is dissipated via the friction between the flow,

the bypass loop and orifices in the piston head [2]. The current state of the art in semi active

control systems is summarized in Table 2.

3.2.3 Active control systems
Despite the cost efficiency and reliability of passive and semi active devices, these systems have

a limited capacity for structural seismic response control and only a limited scope for ‘intelli-

gence’. For instance, passive systems have simple mechanisms and are easy to manufacture but

cannot adapt to ever-changing excitations because they neither sense excitation and responses

nor use external power.

In addition, some of them are effective at controlling one dominant vibration mode but

ineffective for other modes or loadings types. Semi active devices, as mentioned before, are

somewhat adaptable but their efficiency is restricted by the maximum capacity of the passive

devices on which they are based.

These issues have prompted the development of active control systems [2]. An error-

activated control system as proposed by Yao (1972) can automatically apply a force to the
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Table 3.2: State of the art in Semi active control systems

Control System Key Features Applications

Semi active Still in

Tuned TMD + actuator the research

Mass Dampers stage

Semi active Still in

tuned (TLD + actuator) or (TLCD + actuator) the research

liquid dampers stage

Semi active - Electromechanical actuator Still in

friction - PZT actuators the research

dampers - Adapted to varying excitations stage

Semi active - SAVA, SAHD, ASHD Still in

vibration - Can adjust both stiffness and damping properties the research

absorbers - Energy dissipation is extremely good with stage

minimal energy requirements

Semi active - SAVS Still in

stiffness - Adjusting the stiffness SAVS the research

control devices stage

- Use smart ER fluids Still in

Electrorheological - Limited yield stress the research

Dampers - Manufacturing impurities may reduce applicability stage

- High voltage demand

- Use smart MR fluids

Magnetorheological - High yielding strength Still in

Dampers - Stable over a broad range of temperatures the research

- Low production cost stage

- Low power requirements

Semi active Still in

viscous Utilizes a normally closed solenoid valve the research

fluid damper stage

structure that will counteract the unpredictable vibrations due to different dynamic loadings

and thus reducing the dynamic response for different vibration modes.

Given suitable measurements of the global system response, an active control system can

potentially offer superior efficiency to a passive control system, whose behavior is exclusively

governed by local responses. Active Control Systems require significant energy to counteract

dynamic loadings, which cannot be ensured during severe natural hazards due to the failure

of energy supplies during such events. Moreover, Active Control Systems are complicated:

they require sensors and controller equipment, and change the structure’s dynamic behavior by

adding or removing energy from it. This may put the structure in an undesired or even unstable

state [8]. The advantages of active control systems are [2]: 1) enhanced control effectiveness

with no theoretical limits on efficiency; 2) adaptability to ground motion, with the ability to

sense excitations and automatically adjust to compensate, 3) selectivity of control objectives

- active systems can be designed to achieve different objectives such as structural safety or

human comfort, and 4) applicability to different excitation mechanism - active systems can be

tuned to cope with loadings over a wide frequency range.

Figure 3.13 depicts the elements of active control systems [2]. Several excellent reviews

have been published on structural control theories and control strategies, all of which are rele-

vant to active control systems [44,73,74]. For the sake of brevity, this thesis only provides brief
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discussions of these topics at most. However, existing active control systems can be categorized

as follows:

Sensors
Computer

Controller
Sensors

Excitation Structure Response

Control

Actuators

Figure 3.13: Structure with an Active Control System [46]

3.2.3.1 Active Mass Damper (AMD) Systems

To overcome the limited capability of TMDs and their exclusive applicability to structures

with a dominant first mode (e.g. structures under wind loads), in the early 1980s researchers

began exploring the AMD concept. AMDs are effectively TMDs with an active control mecha-

nism that improves their applicability over a wide range of frequencies. Figure 3.14.1 presents

a schematic comparison of AMDs and TMDs. The actuator installed between the primary

(structure) and the auxiliary (TMD) system has been utilized to adjust the motion of the TMD

according to predefined control algorithms. Analytical and experimental studies have shown

that AMDs have an economic benefit in full-scale structures since both the control force and

the actuation are much smaller than those required by other types of active systems. This is

mainly because the actuator in other active systems generally acts on the structure directly,

while the actuator in an AMD is only utilized to drive the auxiliary mass. However, AMDs

are only highly efficient at the fundamental frequency; their efficiency at higher frequencies is

appreciably lower.

3.2.3.2 Active Tendon Systems

These devices consist of a set of pre-stressed tendons whose tension is controlled by electro-

hydraulic servomechanisms. As shown in Figure 3.14.2 the system is installed between two

stories of a building. The actuation cylinder is fixed on the lower floor. One end of the ten-

don is attached to the device’s piston, while the other end is connected to the upper floor. The

inter-story drift resulting from earthquake excitations drives the movement of the actuator pis-

ton relative to the actuator cylinder and thus change the tendon’s tension, applying a dynamic

control force to the structure. Both experimental studies and simulations indicate that impor-

tant reductions in structural response can be achieved by using active tendon systems. The

advantage of this system is its applicability in both pulsed and continuous time modes and its

compatibility with existing structural members, which minimizes the need for modifications of

the structure.
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Figure 3.14: Different types of active Control System: (14.1) Schematic comparison of AMDs

and TMDs, (14.2) Schematic diagram of an active tendon system, (14.3) Active bracing system

with hydraulic actuator [2]

3.2.3.3 Active Brace Systems

As shown in Figure 3.14.3, these active control devices (i.e. actuators) are like ATS in that

they too can be retrofitted to existing structural braces. The device can be integrated into all

three common types of bracing systems: diagonal, K-braces and X-braces. A large control

force can be generated by the servo valve-controlled hydraulic actuator, which is mounted on

the bracing systems between two adjacent floors. This system consists of a servo valve, a servo

valve controller, a hydraulic actuator, a hydraulic power supply, sensors and a control computer

with a predefined control algorithm. The control computer utilizes the control algorithm to

process the sensor measurements and then order the control signal, which is used by the servo

valve to adjust the flow direction and intensity. This in turn creates pressure differences in the

two actuator chambers, which creates the control force required to resist seismic loads.

3.2.3.4 Pulse Generation Systems

These devices produce active control forces using pulse generators, which depend on pneumatic

mechanisms that utilize compressed air instead of hydraulic actuators that use high pressure flu-

ids. A smart structure can be protected against seismic loadings by installing pulse generators

at several locations within it. The generators’ pneumatic actuators will be triggered when a

large relative velocity is detected in their vicinity, causing a control force opposing the velocity

to be applied to the structure. Tests conducted by Masri and Caughey [75] showed that pulse

generators have considerable potential in seismic response control. The disadvantages of this

38



system are: a) even though the compressed gas energy used by pulse generators is cheap, it

may not be powerful enough to stabilize full-scale buildings, and b) the high nonlinearity of

these devices.

The current state of the art in Active control systems is summarized in Table 3.3.

Table 3.3: State of the art in active control systems

Control System Key Features Applications

- TMD + actuator

Active Mass - Only efficient at the Analytical and

Damper fundamental frequency Experimental studies

- Economical in full scale structures

- Pre-stressed tendons + electrohydraulic

servomechanisms

Active Tendon - Applicability in both the pulsed and the Analytical and

Systems continuous time modes Experimental studies

- Possibility to use existing structural

members (minimizes costs)

- Utilize the existing structural braces +

Active Brace Actuator Analytical and

Systems - The device can be integrated within the Experimental studies

three common types of bracing systems

- Pulse generators

Pulse - Promising device for seismic response control Analytical and

Generation - Cheap Experimental studies

Systems - Not powerful enough to stabilize full-scale buildings

- High nonlinearity

3.2.4 Hybrid control devices
As discussed above, active control systems were introduced to address the restricted capacity

and intelligence of passive and semi active dampers. Unfortunately, active control systems have

some major drawbacks: their operation generally depends on an external power supply, which

limits their applications; they require complicated sensor arrays and a signal-processing sys-

tem, which reduces control reliability; and they require substantial force-generating equipment,

which is costly [2]. For these reasons the three main types of control system (passive, active,

semi active) can be arranged in series or parallel combinations in order to obtain the advan-

tages of each while minimizing the impact of their individual drawbacks. Combined systems

of this type are referred to as Hybrid control devices (Figure 3.15), and have been regarded as

attractive solutions for seismic control since the 1990s.

The passive devices in this group can be used to achieve the bulk of the response reduction

required to keep the structures within the desired performance range, while the active ones are

used to tune and adjust the response, for instance to minimize displacements and accelerations

in order to protect sensitive equipment inside the structures. Hybrid devices have a greater

capacity and efficiency than passive systems, and cost less [2]. Moreover, they are more reliable

and require less energy than active devices since there is no need for large control forces,

although their energy consumption is still significant [4, 8]. According to Wu [76], hybrid

control systems are very efficient at protecting structures from different types of excitation

with dissimilar intensities and frequency contents. In addition, research done by Yan and Wu
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Figure 3.15: A structure with a Hybrid Control System [46]

[77] confirmed the reliability and efficiency of these systems. Because of their promising and

unique capabilities, there is great interest in using hybrid control systems for seismic response

reduction in civil engineering structures. Extensive discussions on the merits of hybrid control

system and some recent applications of these systems are available in the literature [59, 78].

Some typical hybrid control systems are shown below and are discussed at greater length in the

following sections.

3.2.4.1 Hybrid Mass Damper

A hybrid mass damper (HMD) consists of either a passive TMD with an active control actuator,

or a combination of an AMD with a TMD, as shown in Figure 3.16.1. Connecting an AMD to

a TMD rather than the main structure makes it possible to reduce the mass of the AMD, which

will be 10-15% of that of the TMD. The energy and forces required to activate an HMD are far

smaller than those required for a full AMD system with similar performance, mainly because

the AMD in an HMD will only be designed to increase control efficiency for the structure’s

higher modes; the fundamental mode is controlled by the TMD. This feature makes HMDs

relatively inexpensive control solutions, which has contributed to their widespread adoption in

full-scale building structure applications. However, space limitations can impede their use [2].

3.2.4.2 Hybrid Base-Isolation System

Hybrid Base-Isolation systems account for the majority of the hybrid control solutions deployed

in the United States. This class of systems can be subdivided into two types [44]. The first type

was proposed and tested by Yoshioka et al. [79] and is depicted in Figure 3.16.2; it uses MR

fluid dampers on the superstructure instead of the active tendon used in systems of the second

type. The second type was studied and tested by Cheng and Jiang [80], and consists of a base

isolation unit positioned between the foundation and the structure, and an active tendon control

system on the super structure as shown in Figure 3.16.3.
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Figure 3.16: Different types of Hybrid devices: (16.1) Schematic of a hybrid mass damper,

(16.2) Hybrid Base-Isolation system with MR damper, (16.3) Hybrid Base-Isolation system

with actuators, (16.4) Schematic of a Hybrid Bracing system and control devices [2, 79]
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3.2.4.3 Hybrid Damper-Actuator Bracing Control

Hybrid damper-actuator bracing control systems that are mounted on structures using K-braces

were introduced in the 1990s (Figure 3.16.4) by Cheng and Jiang [80]. Many passive devices

can be used in these systems, including liquid mass dampers, spring dampers, and viscous fluid

dampers. Due to their great force-generating capacity, hydraulic actuators are recommended as

the active components of these systems. Many experiments and studies have shown that these

systems are more capable of reducing seismic structural responses than passive alternatives, and

that they require weaker active control forces than equivalent active systems in order to achieve

specific control objectives. However, the main advantage of this system is that it provides the

ability to either combine the damper and the actuator or to separate them. In addition, it is

possible to use existing structural braces to fix control devices, in which case the active control

force is applied directly to the structure. Thus, a hybrid bracing system costs less than a base-

isolated/actuator system and offers greater control capacity than an HMD [2]. The current state

of the art in Hybrid control devices is summarized in Table 3.4.

Table 3.4: State of the art in Hybrid control devices

Control System Key Features Applications

- TMD + active control actuator The most common

Hybrid Mass - or (AMD + TMD) control device

Damper - Inexpensive employed in

- Space limitations full-scale buildings

- Low activation forces

Hybrid - Base isolation system + Active The majority of the hybrid

Base-Isolation tendon control system control applications

System - Base isolation system + MR fluid dampers in the United States

- Hydraulic actuators + passive device

- Mounted on the structure using K-braces Analytical

Hybrid Damper- - Many passive devices can be used in this system and

Actuator Bracing - Possibility to either combine the damper and Experimental

Control actuator, or separate them studies

- Costs less than a base-isolated/actuator system

- Offers greater control capacity than an HMD

Finally, Table 3.5 presents a general comparison of the different kinds of structural control

systems discussed in the preceding sections.

3.3 Control Strategies
As the preceding discussion clearly shows, it is very important for any successful smart struc-

ture technology to have an effective control algorithm to compute the magnitude of the control

forces to be applied to the structure. Owing to the large size and complexity of civil engineer-

ing structures, and the stochastic nature of external dynamic excitations, an effective control

algorithm must be robust and valid for various dynamic loading conditions. Existing control

algorithms developed for other fields such as aerospace engineering were utilized in the first

attempts at structural control. Recently, the focus of research has shifted to modifying existing

control algorithms or the development of new ones that are designed exclusively to meet the

needs of civil engineering structures [7]. According to a previously published classification
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Table 3.5: Comparison among the different kinds of structural control systems

Seismic Passive Semi active Active Hybrid

isolation devices control systems control systems control systems control systems

Dissipate part Absorb or diverge Natural extension Automatically apply Mixture

of the input part of the of passive a force to

energy input energy devices the structure

- Increase the structure’s - Dependent on - Depend on the

horizontal flexibility relative movement global response

- Lengthen the - Related only to the - Include adaptive - Ability to sense Mixture

fundamental periods local structure response systems excitation and

of the structures - No structural response automatically adjust

measurements control efforts

- Suitable for short - Optimally tuned - Broader applicability - Superior efficiency - Suitable for

to medium height to a specified than Passive systems but compared to all types

buildings dynamic loading more than Active systems passive of structures

control systems

- Efficient against - Not optimal for other - Capable of acting better - Designed for different - Greater capacity

vibrations transmitted types of dynamic loadings than passive systems objectives than a

through the ground - Unable to adapt to the - Limited control capacity - No theoretical limits passive system

- Not efficient at excitation and global on efficiency - Greater

resisting wind structural response - Wide frequency range efficiency than

- Limited control capacity a passive system

Safe Inherently stable - Fail-safe - Detuning may - More reliable

- Reliable occur

Economic No energy Little power Significant energy Costs less than

requirement requirement consumption active system

Simpler to design - Easy to manufacture Complicated

and construct

Very promising Very promising

scheme [81] and the needs of different control strategies, various types of control system can

be delineated:

• Open loop control system: Only measured excitations are used as feedback information

for the control algorithm

• Closed loop control system: Only structural responses are measured and used as feedback

information for the control algorithm

• Open-Closed loop control system: Both excitations and structural responses are mea-

sured and used as feedback information for the control algorithm

• Adaptive control system: A variant of open-close loop control with a controller that

can adjust the system’s parameters. Systems of this sort are frequently used to control

structures whose key parameters are unknown.

• Learning control system: A system with the ability to learn and shift from open-loop to

closed-loop behavior as required.

An alternative classification scheme has been proposed on the basis of mathematical mod-

eling [81]:

• Linear Control System: All mathematical equations and operations are linear

• Non-linear Control System: The operations are non-linear
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• Time-Varying Control System: The control functions and parameters change over time

• Discrete Time Control System: The control parameters vary at discrete time intervals

• Lumped parameter Control System: The control parameters are lumped

• Distributed Control parameter system: The parameters are functions of space

• Deterministic Control System: All mathematical operations are deterministic

• Stochastic Control System: The mathematical equations and operations are stochastic

Following the first conception of active control structures by Zuk in 1968, active control

systems were classified into two groups: systems designed to generate structural motion, and

systems designed to reduce structural motion [81].

3.3.1 Active Control Theories (Strategies)
There are several control algorithms that have been established for the active control of struc-

tures. Most are based on the closed-loop control strategy. Active control algorithms produce

the control signal that drives the actuators of the control device. The effect of control forces

on the structure’s response can be predicted using the following general equation of motion,

which is valid for all control methods [82]:

Mẍ+ Cẋ+Kx = Du−MIẍg (3.1)

where M,C,K are n × n mass, damping and stiffness matrices, respectively; x is the n
dimensional displacement vector; ẍg is a ground acceleration vector of size r, I is an influence

coefficient matrix of size n × r, D is the control force location matrix of size n × m, and u
is the control force vector of size m. It is assumed that the control force vector u is linearly

proportional to the responses x and ẋ and the excitations ẍg. Then u may be written as:

u = K1x+ C1ẋ+ Eẍg (3.2)

Where K1,C1 and E are time-dependent matrices of size m × n and m × r, respectively.

Substituting Eq.3.1 into Eq.3.2, results in:

Mẍ+ (C −DC1)ẋ+ (K −DK1)x = DE −MIẍg (3.3)

It is clear from Eq.3.3 that the contribution of structural control is to mathematically change

the damping, the stiffness and the excitations in such a way that the system’s response is con-

trolled. The matrices K1, C1, E are called gain matrices. The goal of any control algorithm is

to find these quantities so that the response of the system fulfills the desired criterion. Theoret-

ically, they can be obtained in such a way (for instance, by generating a control force at each

time t that is equal and opposite to the earthquake force) that the response can be completely

reduced. Practically it is not possible to completely reduce the response and thus, control of

the response is accomplished with respect to a certain norm. The choice of the norm dictates

the control algorithm. Thus, different amounts of response control are attained by deriving the

control gain matrices K1, C1, E. Control algorithms differ in the way they find these gain matri-

ces or the control force vector, bearing in mind an objective function that reduces the structural
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response [81]. There are three very important factors to consider relating to the design of

the controlled system: Stability, Controllability and Observability. The solution of the con-

trol problem and the development of the control algorithm are obtained by writing the control

equation of motion in state space of the form [82]:

Ẋ = AX +Bu+Hẍg (3.4)

in which:

A =

[
0 I

−M−1K −M−1C

]
, B =

[
0

−M−1D

]
, H =

[
0
−I

]
(3.5)

Where Ẋ is the state vector; I is an identity matrix. There are a number of algorithms

utilized for finding the control force u(t). Many of them derive the control force by minimizing

the norm of some responses or some appropriate performance index, so they are called optimal

control algorithms. They are also called linear optimal control algorithms because the derived

control force is obtained as a linear function of the state vector. In addition, there are other types

of control algorithms based on stability criteria or some alternative consideration instead of an

optimality criterion. Finally, there are control algorithms in which control forces are defined in

terms of non-linear functions of the state vector. Real-world applications of control laws must

contend with problems such as modeling error spillover effects, limited numbers of response

measurements, and time delay effects. These problems must all be accounted for within the

control algorithm [81].

A brief overview of some common active control strategies for structures is presented be-

low. More detailed descriptions of these systems are available in the cited references.

1. Classical Linear Optimal Control (LQR): These closed-loop algorithms are probably

the most popular control algorithms for structural applications. The control force is as-

sumed to be a linear function of the state vector, and control of the responses is achieved

by minimizing a quadratic performance function. Therefore, control using these algo-

rithms is often described as linear quadratic regulator (LQR) control. It involves mini-

mizing the following quadratic performance index J [81]:

J =

∫ tf

0

[xTQx+ uTRu]dt (3.6)

in which: tf represents the time period over which the control force acts, and Q and

R are referred to as weighting (or importance) matrices. The Q matrix is a 2n × 2n,

usually diagonal and semi-definite matrix used to weight each floor motion and velocity

as required by the designer, and the R matrix is a n × m positive definite matrix used

to weight the energy cost of each actuator. The R matrix consists of a single (usually

very small) positive term [67]. The relative values of the matrices’ elements are selected

according to the importance attached to the different control parameters. For instance, if

the elements of the Q matrix are given large values compared to those of the R matrix,

response reduction is upweighted at the expense of the control force, and vice versa.

Similarly, assigning relatively large values to the diagonal elements of the Q matrix that

correspond to the displacement response means that the velocity response is penalized

in the minimization procedure. The minimization procedure involves solving a Riccati
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matrix equation (for more details, see [82]), leading to the control force vector which is

given as:

u = −1

2
R−1BTPX = −KX (3.7)

Where K represents the control gain matrix. In MATLAB, the gain matrix K can be ob-

tained directly using the command lqr(A,B,Q,R) [2]. This control algorithm is not truly

optimal because the minimization procedure does not take into account the external exci-

tation since the properties of future earthquakes are unknowable. Also, the development

of the control algorithm is simplified by setting the excitation to zero [82].

2. Linear Quadratic Gaussian (LQG): This strategy combines a linear quadratic estima-

tor with a linear quadratic regulator [83]. In an LQG (Linear system, Quadratic cost,

Gaussian noise) controller, two issues are very important, especially for structures: the

determination of the weights of the performance index, which are required to fulfill the

performance requirements; and controller order reduction, which is required to reduce

the complexity of the control application [84].

3. Pole Placement Technique: In the state-space equation for the controlled system con-

sidered in Eq.3.4, the eigenvalues of A are called the poles of the original system. By

writing u as a function of state vector and introducing a gain matrix K [82], u can be

expressed as:

u = KX (3.8)

Substituting Eq.3.8 into Eq.3.4 yields:

Ẋ = AX +Hẍg (3.9)

In which A = A + BK. The eigenvalues of the matrix A are called the poles of the

controlled system. The poles of the system can be written as:

S = λ = −ζωn ± iωd, ωd = ωn

√
1− ζ2 (3.10)

In which ζ is the damping ratio, and ωn is the undamped natural frequency. The gain

matrix is obtained after obtaining the poles of the uncontrolled system (by finding the

eigenvalues of the matrix A), then the desired poles of the controlled system are chosen

by shifting (or assuming) the poles of the uncontrolled system to the farthest points on

the left-hand side of the S-plane shown in Figure 3.17. Thus, the gain matrix K that is

produced from the desired poles is not unique. Different K matrices can be generated by

placing the poles at various locations; each such matrix provides a different control of

the responses and different peak values of the control force. There are different methods

for generating the gain matrix K, including the Ackermann formula used in MATLAB.

The gain can be obtained directly using the MATLAB command K=acker(A,B,J) [2].

Only the eigenvalues corresponding to the first few modes are considered. Therefore, the

control scheme is useful for structures whose dominant modes of vibration are among

these first few modes [81].

4. Instantaneous Optimal Control: In contrast with the Classical Linear Optimal Control,

in this strategy, the information of external excitation up to the current time is used in

finding the improved control algorithm which makes use of the time-dependent perfor-

mance function J(t) [82].
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Figure 3.17: stable and unstable regions for the poles of the system [82].

5. Independent Modal Space Control: In this system, the equation of motion is decoupled

because the state space equation is written in modal co-ordinates by defining a modal

control force uj(t) and a modal load fi(t). A modal quadratic performance function Jj
of the form shown in Eq.3.6 can be constructed, and the minimization is conducted on a

total performance function J =
∑

Jj to obtain the modal control force [81].

6. Bounded State Control: In this case, the control force is applied to keep the response

within an allowable range. This approach is used in all pulse control strategies. The basic

idea of these systems is to apply a train of force pulses to create responses similar to

those produced by a continuous random loading. The pulse magnitudes are determined

analytically to minimize a non-negative cost function of the linear quadratic regulator

type. This scheme requires continuous monitoring of the system state variable. The

major merits of this system are its applicability to inelastic structures and its energy-

saving nature [81].

7. Non-linear Control: To achieve superior response control with a relatively weak con-

trol force, a higher-order performance function is minimized utilizing the control force

as a non-linear function of the state variable. Many researchers have developed such

strategies. For instance, in 1995 Wu proposed a non-linear control strategy related to

the LQR problem by introducing the weighted non-linearity feedback parameter. When

the value of this parameter is zero, the control force becomes identical to that generated

under LQR conditions. A variant on this strategy includes the stiffness and damping

non-linearities [81].

8. Generalized Feed-Back Control: This control strategy involves the dynamic equations

of the controller. Therefore, in addition to the structure’s displacement and velocity, the

absolute acceleration of the structure is treated as an important feed-back variable. This

means that the modified LQR performance function contains the acceleration feed-back

vector, making the control force a function of the structural displacement, velocity and

acceleration [81].
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9. Sliding Mode Control (SMC): This strategy was proposed by Utkin in 1978 and has

proven efficiency in linear and nonlinear dynamic systems. The main idea of SMC is

that for any dynamic system, it is possible to define sliding surfaces on which the system

is stable. The system is forced to stay on these surfaces by applying an external force.

The resulting sliding surface is composed of a linear combination of state variables (for

instance, a state vector covering the structural displacement and velocity, and a state

vector comprising parameters governing the predominant frequencies of excitations in

addition to structural displacement and velocity) [85]. The sliding surface is obtained by

minimizing a performance function of the LQR type. An improvement was introduced

by taking nonlinear feed-back into consideration to account for uncertainties arising from

the excitation in order to make the control strategy reliable for all types of uncertainties

in the system [81].

10. Time Delay Compensation: All of the previously mentioned control algorithms rely on

the assumption of instantaneous effect. In other words, they assume that there is no time

delay between the response measurement and the control action, which is impossible

to achieve in practice. The inclusion of time delay effects in the control scheme and

the process of defining the control force in terms of a delay state vector is not trivial

because it converts the system of equations into a non-linear system of parameterized

differential equations. Consequently, it becomes important to perform stability analyses

of the system, and if time delay effects are not properly compensated for, the system

may become unstable. Researchers have proposed many methods for dealing with time

delay effects, either by modifying the control gain or by updating the measured quantities

dynamically [81].

11. Active Control Using Neural Networks and Fuzzy Logic: To circumvent the need to

analytically develop a control algorithm, it has been suggested that neural networks and

the theory of fuzzy logic could be used in structural control. However, in some cases the

use of these strategies to minimize an objective function may reduce the strength of the

structural response. Furthermore, these strategies do not yield optimal control responses

for a given structure response. Nevertheless, their performance in practice has proven

to be quite good, and they are quite versatile. In systems based on neural networks, the

neural nets supply the control forces required for structural response reduction. Many

types of neuro-controllers have been developed. A trained emulator network is typically

used to train the neuro-controller via the minimization of certain criteria such as a cost

function [81]. Once trained, the neuro-controller can establish a preferred relationship

between the recent history of the structure’s responses and the adjusted actuator control

signal. An ANN-based control scheme for response reduction in a multi-storey frame

was proposed by [86]. This system predicts the structure’s modal response and then

determines the control force that must be applied with time-delay effects accounted for.

In strategies based on fuzzy control theory, the MATLAB environment is frequently used

in conjunction with Simulink and fuzzy tool boxes to solve the control equation of mo-

tion. Many kinds of fuzzy rule bases are used to map control forces according to the

levels of the structural responses. The rule bases can be constructed by considering

various feed-backs: (i) velocity alone, (ii) velocity and displacement, or (iii) velocity,

acceleration, and displacement. The main merits of this method include its inherent ro-
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bustness, its ability to handle the non-linear behavior of the structure, and the simplicity

of the computations required to derive the controller [81].

12. Wavelet-based control algorithm: Although classical feedback control algorithms like

the LQR and LQG algorithms are among the most popular optimal feedback control algo-

rithms owing to their simplicity and ease of application, they have a number of limitations

including their susceptibility to parameter uncertainty and modeling error, and their gen-

eral failure to suppress vibrations when the frequency of the external disturbance differs

even slightly from the natural frequencies of the structure. Kim and Adeli developed a

wavelet-hybrid feedback LMS algorithm through clever integration of a feedback control

algorithm such as the LQR or LQG algorithm with the filtered-x LMS algorithm. This

unique algorithm minimizes vibrations over the entire frequency range and is thus less

susceptible to modeling error and inherently more stable [7].

13. H∞ and H2: The design of the LQG controller involves several assumptions; notably,

that the control inputs are collocated with the disturbances and the control outputs are

collocated with their site of evaluation. These assumptions impose significant restrictions

on the LQG controller’s potential and applications. The locations of control inputs do

not always match those of the disturbance, and the locations of controlled outputs are not

necessarily collocated with the locations where the system performance is evaluated. The

H∞ and H2 controllers address the controller design problem in its general configuration

of non-collocated disturbance and control inputs, and non-collocated performance and

control outputs [84].

14. Other types of Control strategies: There are other types of control strategies includ-

ing hybrid control, adaptive control and stochastic control [87]. As mentioned above,

Hybrid control involves a combination of passive and active control. The formulation of

the active control problem remains unchanged, except that the structural system is non-

classically damped. Adaptive controllers are controllers with adaptable parameters and

mechanisms for adapting these parameters; they are frequently used to control structures

with unknown parameters. The implementation of such systems requires the choice of

a performance function, on-line evaluation of the performance with respect to some pre-

ferred behavior, and on-line regulation of the control parameters to bring the performance

closer to the preferred behavior. Finally, Stochastic active control is implemented in cases

where: (i) uncertainty exists regarding both the external forces and the inherent nature

of the structure, (ii) one is dealing with structures having infinite degrees of freedom and

which are not completely observable with the available sensors, or (iii) the data from the

available sensors are contaminated with noise. The determination of the control force in

such systems involves minimization of the probable values of the cost function [81].

3.3.2 Semi-active control Theories (Strategies)
Semi-active control devices can only dissipate energy. Therefore, they cannot produce unstable

systems even in worst-case scenarios because they are considered to be passive dampers with

changing characteristics that are adjusted on-line [88]. In general, the equation of motion for a

semi-active structure has the following form [82]:

Mẍ+ (C + Cv)ẋ+ (K +Kv)x = −MIẍg (3.11)
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In which Cv and Kv are variables that can take positive discrete values (within specified

bounds) and depend on the state. Brief descriptions of the most common structural semi-active

control strategies are presented below; further information on these strategies can be found in

the cited publications:

1. Open Loop Control: This strategy considered to be the simplest and cheapest way of

implementing a control law. In these systems, there is no need for feedback because the

control law is set in advance, and no information about the state variable is necessary. The

damping properties of the devices can be adjusted continuously or stepwise according

to the working conditions. Generally, the variable dampers work in a bi-state (on-off)

manner. In other words, the variable damper can be considered to be a traditional passive

device in which the dissipative properties can be switched from one value to another.

This control strategy is useful for structures with well-known dynamic characteristics

and loading conditions [88].

2. Clipping control: This strategy was proposed by [68]. The process of designing a con-

troller for this type of control strategy can be divided into two parts. The first involves

designing an active control law assuming that an ideal active device is present, and the

second involves designing a clipping controller that allows the semi-active damper to de-

velop the force that the active device would have applied to the structure. In the first part,

any type of control strategy can be selected (for instance, optimal control, generalized

feed-back control, H∞, or H2 control) because the second step is independent of the

first. The following rule (depicted in Figure 3.18) is generally used to clip the active con-

trol law to a semi active one: when the magnitude of the force Fd produced by the damper

(which is the control force f in this case) is smaller than the required target force fc and

the two forces have the same sign, the voltage applied to the current driver is increased to

the maximum level until the required control force is generated; otherwise, the command

voltage is set to zero. This approach is usually referred to as the ‘clipped on-off strategy’

and is implemented according to the formula given in Eq.3.12 below [88]:

desiered 

control force fc

Actual

 control force f

Valve closed

Valve open

Valve open

Valve closed

Figure 3.18: The Clipping Control Strategy [88]

v = VmaxH[(fc − f)f ] (3.12)
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Where v is the command signal, H[.] is the Heaviside function, Vmax is the maximum

voltage applicable to the semi active device to achieve maximal damping, and f and fc
are the measured and required control forces, respectively.

3. Direct Lyapunov control: This strategy involves applying Lyapunov’s direct method of

stability analysis in the design of a feedback controller. A Lyapunov function, denoted

V(z), is used with the assumption that the origin is a stable equilibrium point. If the

rate of change of the Lyapunov function V̇ (z), is negative semi-definite, the origin is

theoretically stable. Thus, in developing the control law, the aim is to select control

inputs for each device that will make V̇ as negative as possible. A variety of control laws

will result because there is an unlimited number of Lyapunov functions may be selected.

A Kalman filter is required to estimate the states based on the available measurements

(device displacement, device forces and structural accelerations) and good performance

is most likely when full response measurements of the structure are available. It should

be noted that this method is dependent on the sign of the measured control force [69].

4. Bang-bang control: In this strategy, the Lyapunov function is selected to represent the

total vibratory energy in the structure. This method requires only measurements of the

floor velocities and applied forces [69].

This strategy works like a brake depending on the relative displacement and the relative

velocity of the two ends of the damping device. If the two ends’ relative velocities are

oriented in the same direction, bang-bang control increases the friction forces within the

device to a maximum. In contrast, if they are oriented in opposite directions, the control

law reduces the friction forces to a minimum to make the device’s motion as easy as

possible [88].

5. Maximum Energy Dissipation: This strategy is a variant of the previously mentioned

decentralized Bang-bang control. Whereas bang-bang control uses a Lyapunov function

to represent the total vibrational energy of the structure, the Maximum Energy Dissipa-

tion strategy uses a Lyapunov function to represent the structure’s relative vibratory en-

ergy, i.e. the vibratory energy without including the velocity of the ground in the kinetic

energy term. The resulting algorithm is described as the Maximum Energy Dissipation

algorithm because the control law applies the maximum possible voltage when the mea-

sured force and relative velocity are dissipating energy (i.e. producing large dissipative

forces), and the minimum voltage when energy is not being dissipated [69].

6. Modulated homogeneous friction control: In this strategy, whenever the deformation

of the device reaches a local extreme (i.e. whenever the relative velocity between the

ends of the semi-active device is zero), the normal force applied at the friction interface

is updated to a new value. The normal force, Ni(t), is chosen to be proportional to the

absolute value of the deformation of the semi-active device. The control law is expressed

as:

Ni(t) = gi|P [Δi(t)]| (3.13)

Where gi is a positive gain, and the operator P [.] is the so-called prior-local-peak opera-

tor. Because this strategy was originally developed for use with a variable friction device,

it requires some modification for use with devices of other kinds [69, 88].
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7. Fuzzy logic control: Fuzzy logic is utilized in a number of controllers since it does

not need a precise model of the system to be controlled. Its mechanism is based on

implementation of rules that correlate the controller inputs with the required outputs.

These rules are usually created on the basis of the designer’s perceptions or knowledge

of the system being controlled. Any fuzzy logic control process involves three basic

common steps: the fuzzification of the controller inputs, the execution of the controller’s

rules, and the defuzzification of the output to a crisp value that can be implemented by

the controller. These three steps are repeated for each input point to produce a continuous

output [88].

8. Neural network: The major advantage of the neural network concept is that the identi-

fication of an unknown system and evaluation of responses can be accomplished without

constructing a mathematical model of the system. Neural networks are simplified mod-

els of the biological structures found in human brains and feature elementary processing

units known as neurons. They are very useful for predictive purposes and classification

due to the vast numbers of potential interconnections between these neurons and their

ability to learn from data. Neural networks can be classified into two main groups: Feed-

forward neural networks and feedback neural networks [89].

Jiang and Adeli proposed a new nonlinear control model for active control of 3D building

structures, using skillful integration of two soft computing techniques: neural networks

and fuzzy logic, and wavelets. Their approach involves both geometrical and material

nonlinearities and two dynamic coupling actions in the structural control formulation:

coupling between lateral and torsional motions of the structure, and coupling between

the actuator and the structure [7].

9. Instantaneous Optimal control: This type of control involves minimizing the following

time-dependent objective function J(t) at every time point t for the entire duration of the

excitation to obtain the command signal u(t).

J(t) = qdx
2(t) + qff

2(t) + ru2(t) (3.14)

Here, x is the relative displacement. The normalized friction force f indirectly represents

the magnitude of the response acceleration and also serves as a measure of the transfer of

induced force to the structure. The weighting coefficients qd and qf are non-negative and

r is positive. They indicate the relative importance in the control objectives of relative

displacement, response acceleration and the control signal, respectively. The main goal of

this control approach is to create a device that dissipates the greatest possible amount of

energy within a suitable range and simultaneously minimizes the transmitted force [88].

3.4 Recent applications
According to Ikeda [90], Japanese research and development in active and semi-active vibration

control of civil engineering structures can be divided into four stages. In the first stage, which

concluded in the late 1980s, the fundamental dynamic properties of active control as applied to

civil engineering were investigated theoretically and experimentally. An active mass damper

was applied to a building for the first time in 1989, marking the beginning of the second stage.
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The 1995 Hyogo-ken Nanbu (Kobe) Earthquake initiated the third stage during which methods

were developed that allowed buildings to remain under semi-active control even during a severe

earthquake. Finally, the fourth stage began with the first efforts to integrate structural control

with health monitoring. As a result of these efforts, around 70 buildings featuring active and

semi-active control systems have been constructed in Japan since 1989; Ikeda [91] presented

a list of 52 practical applications of active control systems in Japanese buildings constructed

between 1989 and 2007. The first full-scale building to feature active control was the Kyobashi

Center Building in Tokyo, which is depicted in Figure 3.19.

11th floor

6th floor

Basement

Observation System

Wind vane

Figure 3.19: The actively controlled Kyobashi Seiwa building in Tokyo, Japan [8]

The same researcher has also presented another survey describing practical applications of

semi-active control in Japanese buildings constructed between 1990 and 2006. Spencer and

Nagarajaiah [45] presented a detailed summary of controlled buildings in Japan for the period

1989 to 2002, with information on their control systems and actuation mechanisms. Their

review suggests that the Nihon-Kagaku-Miraikan (the Tokyo National Museum of Emerging

Science and Innovation), which was constructed in 2001, was the first instance in which MR

dampers were installed in a civil engineering structure, while the Dongting Lake Bridge in

Hunan, China, constructed in 2003, represents the first full-scale application of MR dampers in

a bridge. Ahsan Kareem et al. [92] presented a report on the number of installations of different

types of damping devices in Japan during the 1990s and detailed examples of applications of

different types of control systems in Australia, Canada, China, Japan, and the United States.

In addition to these active and semi-active systems, base-isolation systems, which entered

widespread practical use in Japan during the 1980s, have been implemented in over 2000 build-

ings and have allowed performed effectively during Richter scale 7 earthquakes. According to

Shinozaki et al. [93], base isolation systems have been added to Japanese buildings not just

to improve their seismic performance but also to enable more flexible architectural planning.

These authors proposed the world’s first semi-active base isolation system for a tall building and

subsequently implemented it in Tokyo’s Metropolitan building (Figure 3.20.1, Figure 3.20.2) in

order to ensure the building’s stability and function. The system consists of rubber bearings, 12

variable oil dampers, and 12 passive oil dampers as depicted in Figure 3.20.3. Another exam-

ple of an innovative isolation system is the Core-Suspended Isolation system (CSI), which was
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37.2 m

1
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Braced damper

mega-truss
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Laminated rubber bearing
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Semi-active oil damper

Area directly underneath
the high rise part

Figure 3.20: Semi-active base isolation system of a building in Tokyo, Japan. (20.1) The

building. (20.2) The underlying structural system. (20.3) layout of the base isolation system

[93].

developed and implemented for the first time by Nakamura et al. [94]. In addition to providing

seismic stability, this system also satisfies architectural requirements such as supporting trans-

parent facades that enable a suspended structure with a functional and attractive open space

underneath the suspended building. The CSI system consists of a reinforced concrete core on

top of which a seismic isolation mechanism composed of a double layer of inclined rubber

bearings is installed to create a pendulum isolation mechanism. A multi-level structure is then

suspended from a hat-truss or an umbrella girder constructed on the seismic isolation mecha-

nism. Fluid dampers are placed between the core shaft and the suspended structure to control

the building’s motion. Figure 3.21 depicts the first building in Japan to use the CSI system. The

building is a four storey building with a total area of 213.65 m2 located in Tokyo.

The first rubber bearing system for seismic isolation to be installed in China was incorpo-

rated into an 8-storey building constructed in 1993. This system proved to be both safer and

more economical than traditional structural systems and has since been successfully used in

more than 500 full-scale buildings and bridges [47]. The Isolation House Buildings on the

Subway Hub (IHBSH) located in the center of Beijing (shown in Figure 3.22) are considered to

be the largest base-isolated area in the world. They have a very large platform composed of a

2 story RC frame that is used as a railway hub. The platform is 1500 m wide and 2000 m long.

Over the top floor of the platform, there are 50 residential buildings (with 7 ∼ 9 RC frames)

built on a layer of rubber bearings. The total floor area of the structure is approximately 480000

m2 [95]. In china, TMD systems have also been used to add one or more stories supported by

rubber bearings on the roof of a main building structure in order to effectively reduce seismic

displacements and accelerations, as shown in Figure 3.23.

An AMD control system was designed and implemented in the Nanjing Communication

Tower in China as depicted in Figure 3.24. The physical size of the damper was limited to a

ring-shaped floor area with inner and outer radii of 3 m and 6.1 m, respectively. The damper

was elevated above the floor by steel supports with Teflon bearings to allow free access to the
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Figure 3.21: The First Core-Suspended Isolation system (CSI) building in Tokyo, Japan. (21.1)

Photo. (21.2) Perspective. (21.3) Prototype of the CSI system. (21.4) Rubber bearing isolation

details [94]

Ground

Isolators

Figure 3.22: Front elevation of IHBSH [47]

Adding story

Rubber bearing

Existed building

Figure 3.23: Adding four stories to the top of a building in Shenyang, China [47]

floor area [47]. A hybrid TMD control system (Figure 3.25) consisting of two water tanks used

as mass blocks was installed in the Guangzhou TV and Sightseeing Tower. The tower, which is

610 m tall, is a very flexible structure with a first period of about 10.03 seconds, and is exposed

to strong winds. The Taipei 101 Tower in Taiwan was completed at the end of 2004 and is a

famous application of the tuned mass damper (TMD) approach. The tower is 508 m tall and has

101 storeys with a 5 storey basement. The design of such a building is challenging because both
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Figure 3.24: Nanjing Communication Tower with AMD [47]

Water tank

Figure 3.25: Hybrid TMD Control system for Guangzhou TV Tower [47]

seismic and wind-induced effects must be taken into consideration. Therefore, the megastruc-

ture concept was utilized when designing its structural system. The tower’s lateral movement

resistance system features a combination of braced frames in the core, outriggers extending

from the core to the perimeter, shear walls, super-columns and moment-resisting frames, as

shown in Figure 3.26. Most importantly, a passive TMD system has been incorporated to im-

prove the wind-resistance of this very tall building. This passive TMD system consists of a

ball-shaped mass block weighing 600 tons, with 41 layers of 125 mm thick round plates, 8 sets

of high strength steel cables running from the 92nd floor to the 87th floor to suspend the mass

block, 8 primary viscous dampers around the cradle for energy absorption, a bumper ring, and

8 sets of snubbed dampers underneath the mass block on the 87th floor to control oscillations

of unexpected amplitude. In addition, there are two TMDs installed at the top of the pinnacle

to alleviate concerns about crosswind-induced fatigue [96]. The mid-story isolation technique

is becoming increasingly common in Taiwanese buildings. Isolation systems of this type are

typically installed on the top of the first story of a building in order to satisfy architectural con-

cerns relating to aesthetics and functionality. In addition, this concept can increase the viability

of construction in highly populated areas where fixing an isolation system beneath the base of

a building is very tough if building separation and property lines are of particular concern [96].

Important installations of Tuned Mass Dampers (TMDs), Tuned Liquid Dampers (TLDs),

and Tuned Liquid Column damper (TLCD) around the world are presented in [97]. The concept
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Figure 3.26: Applications of TMD in Taipei 101 [96]

of coupled buildings has been studied extensively, and the resulting theories and principles were

put into practice in the design of Shanghai Shimao International Plaza in China [98]. This tall

structure consists of a main building of 60 storeys with a total height of 333 m, and a large

surrounding podium-like structure of 10 storeys with a total height of 49 m. A set of 40 linking

viscous fluid dampers were used to link the podium structure to the main building in order to

decrease the seismic torsional response of the podium structure that was caused by its large

eccentricity of stiffness and mass distribution. Figure 3.27 shows a model of the building and

the installation of the linking damper. Another innovative coupled building, which is shown

(27.1) (27.2)

Figure 3.27: Application of the coupled building concept in the Shimao International Plaza,

Shanghai. (27.1) Scaled model of the building. (27.2) A close-up view of a linking damper

installed in the building [98]

in Figure 3.28, was proposed and implemented by Koike et al. [99] in the three high towers of

Harumi Island Triton Square, Tokyo, Japan. The new active vibration control system used in

this structure is known as the active-damping bridge, and was developed to reduce vibration by

connecting adjacent high-rise buildings. Test results showed that this technique can improve

the damping of buildings by a factor of 2-3.
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Figure 3.28: The Active-Damping Bridge system implemented in three Towers in Tokyo, Japan.

(28.1) Plan displaying the installation floors of the active building bridge. (28.2) Photo. (28.3)

General View. (28.4) 3D structure [99]
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CHAPTER 4

Structural Control strategies

4.1 Introduction
Civil engineering structures are subject to different kinds of dynamic loading due to earth-

quakes, winds, and traffic loading among other things. In the past, these structures had to

depend on their own strength and stiffness to resist such loadings [100]. However, over the

last few decades, a great variety of structural control systems have been developed to alleviate

the effects of such loads on structures [101]. Semi-active control systems are considered to

be particularly effective for structural control of this sort because they combine the merits of

passive and active control systems [44].

Many different control theories have been implemented to control buildings and structures

in general, each of which is effective for specific kinds of structure and inadequate for oth-

ers. The reason for this variety of control strategies is related to many factors including the

mathematical models on which they are based, the availability of prior knowledge concerning

the controlled structure, the disturbances involved, and the dynamics of the actuators that are

used [102]. A number of detailed discussions on these control theories and their applications

have been presented [44, 69, 73, 88, 102–104].

In general, the main purpose of a structural control system is to apply powerful control

techniques that can effectively improve the behaviour of such structures under various kinds of

dynamic loading. This task is complicated by several factors including potential nonlinearities,

actuator dynamics, dynamic coupling, resonance conditions, uncertainties, and measurement

limitations. Consequently, structural control remains an area of active research in which novel

control principles are regularly proposed, implemented and evaluated [102, 103, 105].

This chapter outlines the principles of the posicast and input shaping control theories. De-

tailed results obtained using these schemes together with numerical simulations and evaluations

of their performance are presented in appended papers three and four, respectively.
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4.2 Structure model
The dynamics of a seismically excited structure with multiple degrees of freedom that is con-

trolled with m MR dampers can be described by Eq.4.1 below. This equation is applicable

based on the assumption that the control forces generated by the MR dampers are appropriate

to maintain the structure’s response within the linear range.

Msẍ+Csẋ+Ksx=−MsΓẍg+Λf (4.1)

where Ms, Cs, and Ks are 2n× 2n mass, damping, and stiffness matrices, respectively; n is

the number of stories of the structure; 2n is the number of degrees of freedom of the structure;

x is the n dimensional vector of the displacements of the floors of the structure relative to the

ground; ẋ and ẍ are the n dimensional vectors of the velocities and accelerations of the floors

of the structure, respectively; ẍg is the vector of ground accelerations of size r; f is the vector of

measured control forces of size m produced by the m MR dampers, which are calculated using

Eqs. 4.6-4.7; Λ is the vector of size m that specifies the placement of the MR dampers; and Γ
is the influence coefficient matrix of size n × r. This equation of motion can be appropriately

transformed in a state space formulation as follows [82, 103]:

q̇ = Aq +Bf + Eẍg (4.2)

y = Cq +Df + v (4.3)

where q(2n×1) is the state vector, y(p×2n) is the vector of measured outputs, p is the number

of outputs, and v is the measurement noise vector. The associated matrices have the following

dimensions: system matrix A(2n×2n), control matrix B(2n×m), excitation matrix E(2n×r), output

matrix C(p×2n), direct transmission matrix D(p×(m+r)). The mathematical definitions of these

matrices are:

A =

[
0 I

−M−1
s Ks −M−1

s Cs

]
, B =

[
0

M−1
s Λ

]
, E = −

[
0
Γ

]
,Λ =

⎡⎣−1
0
0

⎤⎦ (4.4)

C =

⎡⎣ I 0
0 I

−M−1
s Ks −M−1

s Cs

⎤⎦ , D =

⎡⎣ 0
0

−M−1
s Λ

⎤⎦ , f =

⎡⎣ 0
0
−1

⎤⎦ ,Γ = −
⎡⎣11
1

⎤⎦ (4.5)

4.3 Semi-active MR dampers
MR dampers are commonly utilized as semi-active control devices [101, 106]. In the general

case, the control force generated by the MR damper is regulated by adjusting the strength of

the magnetic field according to the utilized control scheme. Efficient and precise modeling of

the MR damper is crucial for accurate estimation of the controlled structure’s response [107].

According to Zapateiro [108], the mathematical models available to predict the dynamics

of MR dampers can be classified into two main categories: parametric and non-parametric

models. In the parametric models, physical quantities such as viscosity and friction are uti-

lized to determine the dynamic behaviour of the damper. Classical approaches of this kind

include a) the Bingham model [109], b) the Bouc-Wen model [110], c) the Hyperbolic tangent
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model [111], and d) the Dahl friction model [112]. Non-parametric models utilize soft com-

puting methods such as fuzzy logic and neural networks to describe the dynamic behaviour of

the damper, typically on the basis of some experimental tuning.

The studies presented in this thesis utilize the well-known Bouc-Wen hysteretic model,

with a dashpot to enhance its nonlinear behaviour. This model has been used extensively in

the structural control field [113] and is regarded as one of the most efficient existing models.

Importantly, its mathematical complexity is low and it can accurately describe a wide range of

hysteric behaviors [114, 115]. The discussion below outlines the fundamental properties of the

model.

Figure 4.1 shows the Bouc-Wen mechanical model of an MR damper that generates a force

f which can be estimated as follows:

Figure 4.1: Bouc-Wen mechanical model of MR damper

f = coẋ+ αz (4.6)

ż = −γ|ẋ|z|z|n−1 − βẋ|z|n + Aẋ (4.7)

where x is the MR damper’s displacement, z is an evolutionary variable that provides infor-

mation on the history dependence of the response, and the parameters γ, β, n, and A govern the

linearity and smoothness of the MR damper’s behavior. The relationship between the command

voltage u and the MR damper’s parameters can be defined as [116]:

α=α(u)=αa+αbu ; co=co(u)=coa+cobu (4.8)

where αα, αb, coα and c0b are MR damper-related parameters.

4.4 Posicast control theory
The proposed Posicast framework represents a control strategy that has never previously been

applied or evaluated in the context of structural control. However, the simplicity of the proposed

scheme and the ease of its implementation suggest that it could be a very useful control theory

for structural control engineering that merits careful evaluation.

The Posicast control theory has been successfully and widely utilized in applications involv-

ing time delays in electrical, mechanical, and chemical systems [117]. It was introduced [118]
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as an open-loop feed forward method to improve the description of the dynamic behaviour of

lightly damped systems. It was later successfully applied to vibrating structures by Cook [119],

who subsequently extended the method to cover high-order systems and flexible structures. The

results presented by Cook [120] demonstrated the method’s validity in these diverse applica-

tions. According to Hung [121], the posicast method provides very good results when the

predominant lightly damped poles of the system are known. It has however been suggested

that it may be preferable to utilize posicast control within a feedback system, rather than its

original feed forward formulation to circumvent the method’s sensitivity to modeling errors.

Posicast or half-cycle Posicast control is achieved by reshaping the input command sig-

nal into two parts using two parameters, the normalized overshoot (δ) and the underdamped

response period (Td) as shown in Figure 4.2 [122]. More generally, posicast methods can be

classified as Input Shaping approaches [123].

a) Natural response with overshoot b) Posicast command (two parts)

c) Resulting response

Figure 4.2: Structural response before and after application of a Posicast controller

The size of each part and the delay before applying the second part are derived from the

structure’s dynamics. The first part is a scaled step that lowers the first peak of the oscillating

response to exactly achieve the desired final steady-state performance by holding a portion of
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the input command signal, represented by δ
1+δ

. The second part of the reshaped input is scaled

and time-delayed by releasing the portion held in part one after Td

2
seconds) to exactly omit the

residual oscillatory response (see Figure 4.4), thereby ensuring that the structure output remains

at the vibrational minimum [122]. From another point of view, the cost of this straight forward

and effective oscillation reduction is the induction of a system delay, as shown in Figure 4.2,

where the rise time of the resulting response is longer than that for the natural response.

From a control oriented approach, the overall architecture of the Posicast control is depicted

in Figure 4.3. where the transfer function between the input and output of this system can be

A1

A2 sdT

e 2

+

Transport
delay

Shaped
signal

Unshaped
signal

Figure 4.3: Classical application of Posicast

expressed as follows:

G(s) = A1 + A2e
−Td

2
s (4.9)

Substituting for A2 gives:

G(s) = A1 + (1− A1)e
−Td

2
s (4.10)

Here, A1 and A2 are the amplitudes of the two unit step components, while Td is the under-

damped time period. Eq.4.10 can be simplified as [122]:

G(s) =
1

1 + δ
+

δ

1 + δ
e−

Td
2
s = 1 + P (s) (4.11)

with

P (s) =

(
δ

1 + δ

)(
− 1 + e−

Td
2
s

)
(4.12)

where δ denotes the first overshoot and the step amplitudes are calculated from the over-

shoot as:

A1 =
1

1 + δ
and A2 =

δ

1 + δ
(4.13)

with δ to be calculated as:

δ = e
−πζ√
1−ζ2 ; 0 ≤ ζ < 1 (4.14)

The term δ
1+δ

is referred as the corresponding Posicast gain.

The proposed system architecture for implementing the Posicast control approach based

on Eq.4.12 in the field of structural control engineering (specifically, in applications based on

damping the effects of incoming seismic waves) is depicted in Figure 4.4.

The state space equations governing the behaviour of the structure (Eqs.4.2- 4.3) are imple-

mented in the block named Structure, while the state space equations describing the dynamic

behaviour of the MR damper (Eqs.4.6- 4.7) are realized in the MR damper block. Only the

voltage v applied to the MR damper can be commanded directly, not the damper force. The
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Figure 4.4: Simulink block diagram with Posicast controller

clipped control theory proposed by Dyke [103] and shown in Figure 4.4 was used to command

the force in the MR damper according to Eq.4.15:

v = VmaxH(fd − f)f (4.15)

Eq.4.15 is the foundation of the algorithm for voltage choice, which is based on the differ-

ence between the actual measured force and the desired force and states that the voltage applied

to the damper remains unchanged if the actual measured force generated by the MR damper f
is equal to the desired force fd (i.e., f=fd). Conversely, the applied voltage is set to its maxi-

mum value Vmax, if the magnitude of the actual measured force f is smaller than the magnitude

of the desired force fd and both forces are of the same sign; this is done to increase the force

produced by the MR damper. Otherwise, the commanded voltage v is set to zero. It should be

noted that H(.) is the Heaviside step function. This algorithm can be mathematically expressed

as follows:

v = 0 for | fd |<| f |,
v = v for | fd |=| f |,

v = Vmax for | fd |>| f | and f × fd ≥ 0 (4.16)

If full state feedback is available, which requires the installation of a larger number of sen-

sors in the building, no estimation is needed. The Posicast controller is instead applied to the

estimated full state feedback and appropriate control actions are derived for the MR damper.

Based on the previously established Posicast framework, the appropriate amplitude gains and

the time delays based on the natural frequencies of the building should thus be calculated in a

way that will effectively shape the control signals to attenuate seismic effects in the structure

under investigation. Because the MR damper is a semi-active component, the presented ap-

proach utilizes the direct displacement of the system to directly drive the mechanical passive

control element while the active control element is directly controlled by the proposed Posicast

scheme.
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The proposed methodology extends the Posicast approach, which was originally derived

for second order systems, to achieve structural control of higher-order structures. Based on

the global transfer function of the structure under investigation, the natural frequencies ωn and

the corresponding damping ratios ζ have been calculated. The posicast control scheme treats

the first frequency of the structure as the most important frequency that reflects the structure’s

dynamic behaviour. However, without any loss in generality, other frequencies could also be

selected if required in specific applications, increasing the flexibility of the posicast approach

to structural control. Posicast control reshapes the input command signal for the first natural

frequency of the structure, so the corresponding damped natural frequency ωd is provided by:

ωd = ωn

√
1− ζ2, (4.17)

while the corresponding time delay Td can be calculated as:

Td =
2π

ωd

(4.18)

4.5 Input shaping
Input shaping is another control strategy that had never previously been applied and evaluated

in the context of structural control engineering. Basically, command shaping or command gen-

eration is a process by which a selected signal is adjusted to enhance the performance of a

given system. Low-pass filters can be regarded as an illustrative implementation of input shap-

ing. There are several kinds of command shaping techniques, each of which is most effective

for specific types of application; the input shaping method proposed by Singer [124] is one of

the most generally useful. The basic concept of input shaping control is based on the idea that

if an actuator is driven with an arbitrary input F(t) in a vibrating system, then convolution of the

input with the system’s shaped impulse sequence will produce a vibrationless response after an

initial time delay [125, 126]. Input shaping is commonly used to significantly eliminate or at

least reduce the command-induced system vibration by convolving the command input with a

sequence of impulses. In general the input shaping method can be utilized in real time in both

open and closed-loop systems [124, 125].

The input shaping method was initially developed in the 1950s, when John Calvert pro-

posed a time-delay based filter [127]. Smith subsequently implemented this filter in the form of

what is now called ”Posicast Control” in the late 1950’s [118]. Since then, many improvements

and new input shapers have been introduced by various researchers. The most important input

shapers today include: a) the Zero Vibration shaper (ZV) [118, 125, 128], b) the Zero Vibra-

tion and Derivative shaper (ZVD) [125, 128], c) the Zero Vibration Derivative with Derivative

(ZVDD) [129], d) the Unity Magnitude Zero Vibration Shaper (UMZV) [128, 130], e) the

Extra-Insensitive Shaper (EI) [128, 131], f) Sensitivity Plots (SP) [128], and g) the Specified-

Negative-Amplitude Shaper (SNA) [128, 132].

Due to its ease of implementation, the input shaping method has been utilized successfully

in many mechanical and electrical engineering applications. For instance, it is used in systems

such as cranes, flexible spacecraft, long-reach manipulators and computer disc drive manu-

facturing machines [128, 133–135]. Some notable examples of its use include the successful

application of a feed-forward control strategy based on the input shaping method for vibra-

tion control in a flexible robot manipulator by Mohamed and Tokhi [129], and the use of input
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shaping for precise positioning and vibration reduction in a flexible spacecraft by Hu [136], In

addition, Singhose and Vaughan [137] compared the performance of digital filtering and input

shaping, and showed that the latter was much more effective at suppressing vibrations.

Most current applications of input shaping are in open-loop schemes. There have been

very few attempts to use input shaping with feedback loops [128]. However, one of the most

important contributions to the input shaping literature was presented by Kapila et al. [126,

138], who developed a closed-loop input shaping method for flexible structures such as cranes

and flexible manipulator systems, and demonstrated that their proposed scheme guarantees the

stability and performance of the closed-loop system even when the impulse train is activated

with imprecise timing.

According to input shaping control theory, Eq.4.2 and Eq.4.3 can be rewritten in the forms

of Eq.4.19 and Eq.4.20, respectively:[
q̇(t)

q̈(t)

]
=

[
0

−M−1
s Ks

∣∣∣∣∣ I

−M−1
s Cs

][
q(t)

q̇(t)

]
+

[
0

−M−1
s Λ

]
f + Eẍg (4.19)

y = C

[
q(t)

q̇(t)

]
+Df + v (4.20)

Thus, based on the method proposed by Kapila et al. [126], the partial fraction expansion

of the system transfer function for the dynamic model described by Eq.4.19 & Eq.4.20 can be

given by Eq.4.21 below, assuming that D is equal to zero:

G(s) = C(sI − A)−1B∗ =
n∑

i=1

Liω
2
i

s2 + 2ζiωis+ ω2
i

(4.21)

where ωi is the undamped natural frequency of the ith mode, ζi is the damping ratio and

B∗ is the control matrix for the controlled system. This transfer function can be cast into the

following equivalent state space description [126]:

ẋ(t) =

⎡⎢⎢⎢⎢⎢⎣
0 1 · · · 0 0

−ω2
1 −2ζ1ω1 · · · 0 0

...
...

. . .
...

...

0 0 · · · 0 1
0 0 · · · −ω2

n −2ζnωn

⎤⎥⎥⎥⎥⎥⎦ x(t) +

⎡⎢⎢⎢⎢⎢⎣
0

L1ω
2
1

...

0
Lnω

2
n

⎤⎥⎥⎥⎥⎥⎦ u(t) (4.22)

where x is the new state vector, while Eq.4.22 can be written in a more compact matrix form

as follows:

ẋ(t) = Axx(t) + Bxu(t) (4.23)

Following the presentation in [126], equation 4.23 can be equivalently re-written as the

combination of the input impulse convolver with the system dynamics, which corresponds to a

linear system with multiple input delays. The system is defined mathematically as follows:

ẋ(t) = Axx(t) + Bx

[(
Πn

i=1Ai,1

)
u(t) + A1,2

(
Πn

i=2Ai,1

)
u(t− t1,2)+

· · ·+
(
Πn

i=1Ai,Ni

)
u
(
t−

n∑
i=1

ti,Ni

)]
(4.24)
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4.5.1 Input shaping control theory
The basic idea of the input shaping method is that the residual vibrations resulting from the

application of a command signal to a flexible system can be canceled or eliminated if the nat-

ural frequency ω and damping ratio ζ are known in advance. The principles by which input

shaping works can be explained in different ways. One is to say that the method inserts zeros

into the system at the relevant positions of the system poles. Another perspective suggests that

the new command signal modified by the input shaping process ensures that the structure’s nat-

ural frequency is not excited by filtering it out from the command signal. A third perspective

suggests that the ability of input shaping to to eliminate vibrations stems from the destructive

interference of sinusoidal waves. Figure 4.5 depicts the block diagram of an input shaping con-

volver, which convolves an input command signal with a sequence of impulses having suitable

magnitudes and time intervals to achieve the desired effect.

Structure

Input Shaping filter

x(t)

[A1,1δ(t) +…+A1,N1δ(t-

t1,N1)]*...*[An,1δ(t) +…+An,Nnδ(t-tn,Nn)]
u(t)

…
t

Figure 4.5: Block diagram of the open-loop control configuration

The case of one mode is considered here to simplify and clarify the process of input shaping.

Consider a train of N1 impulses being applied to the system with amplitudes A1,j, j = 1 . . .N1,

at times t1,j, j = 1, . . .N1. If every impulse has an appropriate magnitude with respect to

the first impulse and is delayed by an appropriate amount of time, then the superposition of

the N1 impulse responses will be equal to zero after the implementation of the final impulse.

According to [125, 126, 139], the expressions for the instances of the impulse application and

amplitudes based on Zero Vibration shaper (ZV), for j = 1, . . .N1, are:

A1,j =

(
N1−1
j−1

)
Kj−1

1∑N1−1
i=0

(
N1−1

i

)
Ki

1

(4.25)

t1,j = (j − 1)
Π

ω1

√
1− ζ21

(4.26)

K1 � e−ζ1Π�
√

1−ζ21 (4.27)

For the two-impulse sequence Eq.4.25 & Eq.4.26 can be rewritten in the form of Eq.4.28 &

Eq.4.29 [129]:

A1,1 =
1

1 +K
, A1,2 =

K

1 +K
(4.28)

t1,1 = 0, t1,2 =
Π

ω1

√
1− ζ21

(4.29)
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It is clear from Eq.4.25 to Eq.4.29 that the amplitudes of the impulses are independent of the

modal frequency but the timing of their implementation depends on it strongly. The previously

mentioned input shaping process can be expanded to include multiple modes (n > 1). In such

cases, impulse sequences are calculated for each mode separately and then convolved to obtain

the final impulse sequence. Consequently, the convolved impulse sequence for a structure with

n-modes and Ni, i = 1, . . . , n, applied impulses per mode is given by the following equation:

[A1,1δ(t) + · · ·+ A1,N1δ(t− t1,N1)]  · · ·  [An,1δ(t) + · · ·+ An,Nnδ(t− tn,Nn)] (4.30)

where the convolution operator has been denoted by .

4.5.2 Full-state feedback controller design
According to [126, 140], an nth-order stabilizable dynamic system with multiple input delays

can be described using an expression of the form:

ẋ(t) = Ax(t) + Bu(t) +
k∑

i=1

Bdiu(t− τdi), t ∈ [0,∞)

τdk > τdk−1
> · · · > τd1 > 0, u(t) = 0, t ∈ [−τdk , 0], x(0) = x0 (4.31)

u(t) = Kx(t) (4.32)

where u(t) represents the input to a full-state feedback controller as depicted in Figure 4.6.

Structure

Input Shaping filter

x(t)

[A1,1δ(t) +…+A1,N1δ(t-

t1,N1)]*...*[An,1δ(t) +…+An,Nnδ(t-tn,Nn)]
u(t)

…
t

K

+
+Excitation

Figure 4.6: Block diagram of the closed-loop control configuration

The state feedback controller u(t) = Kx(t) should fulfill the following design require-

ments: a) stability of the closed-loop system given by Eq.4.31 & Eq.4.32, and b) minimization

of the quadratic performance function given by Eq.4.33 below:

J(K) �
∫ ∞

0

zT (t)z(t)dt (4.33)

where:

z(t) = E1x(t) + E2u(t), z ∈ Rp (4.34)
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Eq.4.31 & Eq.4.32 can be rewritten in the following form:

ẋ(t) = Ãx(t) +
k∑

i=1

Bdiu(t− τdi), x(0) = x0

t ∈ [0,∞), τdi > 0, i = 1, · · ·, k (4.35)

where:

Ã � A+ BK (4.36)

For such a system representation, the state feedback gain K for the closed-loop system can

be determined using Eq.4.37 [126]:

0 = ÃTP + PÃ+ εP + Σk
i=1α

2
iK

TR2K + Σk
i=1α

−2
i PBdiR

−1
2 BT

di
P +R (4.37)

where:

Ẽ � E1 + E2K, R1 � ET
1 E1, R2 � ET

2 E2 > 0, R � ẼT Ẽ (4.38)

and E1 & E2 are defined such that:

ET
1 E2 = 0 (4.39)

P is an n × n positive-definite matrix and scalars ε and α are defined such that ε, αi > 0, i =
1, · · ·, k.

After these definitions, the Lyapunov function, which guarantees the stability for the closed-

loop system given by Eq.4.31 & Eq.4.32 for all τdi > 0, i = 1, · · ·, k. is provided by:

V (x) = xTPx+ Σk
i=1α

2
i

∫ t

t−τdi

xT (s)KTR2Kx(s)ds (4.40)

To solve Eq.4.37, which is a non-standard Riccati equation, a Linear Matrix Inequality

(LMI) approach should be used. Thus, Eq.4.37 can be rewritten as follows:

ÃTP + PÃ+ εP + Σk
i=1α

2
iK

TR2K + Σk
i=1α

−2
i PBdiR

−1
2 BT

di
P +R < 0 (4.41)

With the following modifications, changes of variables and assumed values for ε, αi that satisfy

ε, αi > 0, i = 1, · · ·, k:

ET
1 E2 	= 0 (4.42)

X � P−1, Y � KX (4.43)

Â � AX +BY, Ê � E1X + E2Y (4.44)

R2a � Σk
1α

2
iR2, R2b � Σk

1α
−2
i BdiR

−1
2 BT

di
(4.45)

equation can be equivalently defined as the following Linear Matrix Inequality (LMI) [126],

with X(n×n) and Y(m×n) positive definite matrices:⎡⎣Â+ ÂT + εX +R2b Y T ÊT

Y −R−1
2a 0(m×p)

Ê 0(p×m) −Ip

⎤⎦ (4.46)
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Then, the feedback controller gain can be calculated as:

P = X−1, K = Y P (4.47)

The architecture proposed for the application of closed-loop input shaping control in struc-

tural control engineering (specifically, for damping the effects of incoming seismic waves) is

depicted in Figure 4.7.
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Figure 4.7: Simulink block diagram with input shaping controller

The state space equations (Eqs.4.2- 4.3) governing the behaviour of the structure are imple-

mented in the block named Structure, while the state space equations describing the dynamic

behaviour of the MR damper (Eqs.4.6- 4.7) are realized in the MR damper block. Only, the

applied voltage v to the MR damper can be commanded directly, not the force exerted by the

damper. Thus, the clipped control theory proposed by Dyke [103] and presented in Figure 4.7

was used to command the force exerted by the MR damper according to Eq.4.15 as discussed

previously.
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Finally, in cases where full state feedback is available, which requires the installation of

large numbers of sensors in the building, no estimation is required. The input shaping controller

thus utilizes the estimated full state feedback and appropriate control actions are derived for

the MR damper. According to the previously established input shaping framework, appropriate

amplitude gains and time delays based on the natural frequencies of the building should thus

be obtained that will appropriately shape control signals to attenuate seismic effects in the

structure under investigation.

In the outlined approach and since the MR damper is a semi active component, the direct

displacement of the system is being used to directly drive the passive control part (mechanical),

while the active control part is being directly controlled by the proposed input shaping scheme.

In the proposed methodology, the input shaping approach, originally derived for second

order systems, is expanded to account for the case of higher-order structures in the area of

structural control. Based on the global transfer function of the structure under investigation,

the natural frequencies ωn and the corresponding damping ratios ζ have been determined.
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CHAPTER 5

Structural Identification

5.1 Introduction
The finite-element method and experimental modal analysis have been used extensively for a

long time as tools for weakness assessment and rehabilitation of civil engineering structures.

However, it is increasingly recognized that FE models developed from design drawings are

likely to have many errors due to (among other things) discretization, geometric error, numer-

ical computation, shape function errors, the geometry of various finite elements, inadequate

representation of structural systems, boundary and continuity conditions, and material proper-

ties as well as their variation. In addition, the ever-growing complexity of structures and the

use of new construction materials imposes further limitations on the accuracy of finite-element

models.

Consequently, there is a pressing need for test-validated finite element models in order to

secure the required performance and reliability. Furthermore, cost considerations mean that ro-

bust and reliable methods for evaluating the real condition of aged infrastructure are urgently re-

quired to allow optimal decision making concerning the rehabilitation of old structures [18,19].

Finally, there has been a general shift from specification-based to performance-based engineer-

ing in recent years for a variety of reasons [141]; among other things, unpredictable extreme

loading events like earthquakes, hurricanes, and floods require the continuous improvement of

design methods and procedures.

The System Identification concept, which can be simply defined as the modeling of dy-

namic systems on the basis of experimental data, was introduced after the Second World War

in the aircraft and spacecraft industry by Kennedy [142]. The sixties and seventies witnessed

the early development of system identification methods for civil engineering due to the con-

struction of many large structures and the growing need to measure their dynamic properties.

One of the main factors that motivated the development of system identification in civil engi-

neering during the early seventies was the desire to understand the dynamic performance of

offshore oil installations during the design stage [143].

A comprehensive overview of the early development of system identification and its contri-

butions prior to 1971 was presented by Åström and Eykhoff [144], who discussed methods
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for identifying linear and non-linear systems, as well as real time identification methods. A

very important contribution to system identification was provided by Hart and Yao [145], who

first introduced the concept to researchers in engineering mechanics and then to structural en-

gineers by presenting and formulating its core problem. Furthermore, they proposed viable

applications of different testing procedures for system identification and outlined its potential

practical applications in damage detection [146].

Imai et al. [147] reviewed the fundamentals and methods of parameter identification for

linear and nonlinear behavior in structural dynamics that had been developed prior to 1989.

According to Catbas et al. [20], system identification can be used to fulfill various investiga-

tive goals (see Figure 5.1), including: (1) Design verification and construction planning, (2)

measurement-based delivery of a design-build contract, (3) documenting as-is structural char-

acteristics to serve as a baseline for assessing any future changes, (4) Load-capacity rating for

inventory or special permits, (5) Evaluating possible performance deficiencies and their causes,

(6) Evaluating reliability and vulnerability, (7) Designing structural modifications and retrofits

or hardening, (8) Health and performance monitoring, (9) Asset management based on bene-

fit/cost, and (10) Helping civil engineers to better understand how actual structural systems are

loaded. Appended papers five, six, seven, and eight present the work done in this thesis using

the structural identification concept.
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Understanding
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structural
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loaded

Load-capacity

rating for
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Means of
measurement-
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Figure 5.1: System Identification applications in civil engineering
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Nowadays system identification is widely used in civil engineering, especially for dam-

age detection [148]. For instance, the Hilbert-Huang transform was used to detect damage in

benchmark buildings [149] and for experimental health assessment of bridges exposed to am-

bient vibrations [150, 151]. Similarly, Minami et al. [152] utilized an ARX model for system

identification of super high-rise buildings with limited available vibrational data.

Loh et al. [153] implemented the recursive stochastic subspace identification method to

identify the time-varying dynamic properties of a mid-storey isolation building on the basis of

ambient vibration test data, while the recursive subspace identification method was used for

same purpose in conjunction with earthquake response data. Kampas and Makris [154] applied

the Parameter Estimating Method (PEM) to identify the modal characteristics (damping and

frequency) of a bridge, compared the results with the previous studies, and concluded that

linear models were able to accurately fit the measured response.

Valuable information about system identification and its applications in damage detection

are presented by Nagarajaiah [155]. These authors also developed a new interaction matrix

formulation and input error formulation, which proved to be important for level 4 damage de-

tection (i.e. assessing the extent of damage) in structural members. A comprehensive overview

of the principles of system identification principles, recent developments and illustrative case

studies showing its successful application in buildings around the world has been presented by

Catbas et al. [20]. Despite the extensive development of parametric time-domain identification

methods, knowledge of their relative merits and performance in the context of vibrating struc-

tures remains incomplete. This lack of knowledge is due to the absence of comparative studies

examining different system identification approaches under various test conditions [156] and

the lack of extended applications and verification of these methods against real life data.

5.2 System Identification
Dynamic systems are typically described using mathematical models. Differential equations

are used to define such models in continuous time systems while difference equations are used

for discrete time systems. Two approaches are frequently used to create mathematical models:

Physical modeling and System identification. Physical modeling utilizes physical principles

and laws such as Newton’s laws of motion and can provide very accurate results. However, it is

usually unsuitable for experimental modeling purposes because it is difficult to measure all of a

system’s degrees of freedom, and physical models are necessarily in continuous time whereas

measurements are obtained at discrete time points.

Moreover, noise from unknown excitation sources and/or measurement noise should be

taken into consideration in order to accurately represent the vibrating structure. The System

Identification approach is used to avoid these problems and develop mathematical models in

cases where only limited physical information concerning the dynamic system of interest is

available. Models created using this approach can represent and replicate the behavior of the

system based on existing knowledge and input/output data. The accuracy of system identifica-

tion models depends on their proposed usage [157].

Three types of system identification model can be created (see Figure 5.2): (1) White box

models, in which the structure is selected based on full physical insight; (2) Black box models,

created when the structure is selected without regard for physical insight but is known to be a

member of a class that has been successfully modeled in the past; and (3) Grey box models,
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created when some incomplete physical insight is available [158, 159].

System Identification 

Models

White box model

(full physical insight)

Black box model

(without any physical insight)

Grey box model

(some physical insight)

Physical Models

Mathematical Models

Figure 5.2: Kinds of mathematical models

5.3 Classification of System Identification Methods
A key process of system identification modeling is to select a specific mathematical model

structure and then estimate the parameters of the selected model utilizing measured data [157].

Mathematical models of dynamic systems can be classified in various ways. Generally, system

identification methods can be categorized based on their analysis domain. Time Domain mod-

els are based on parameter estimation methods that utilize the time histories of output signals;

such methods include state estimation using a Kalman filter, Maximum likelihood, recursive

least squares, Recursive instrumental variable, and stochastic analysis and modeling. Con-

versely, Frequency-Domain models rely on parameter estimation methods based on Fourier

transformation of signals.

It is always possible to transform signals between these two domains which suggests that

this division is artificial. However, practical experience has shown that there are some important

differences between the two domain methods. For example, the time-domain methods are

signal based and therefore suitable for output-only modal identification. They are best used

when dealing with noisy data that is free from signal processing errors such as leakage, and are

better conditioned than their frequency-domain counterparts due to the effect of the powers of

frequencies in frequency domain equations. In contrast, averaging is easier and more efficient

for noisy measurement conditions in frequency-domain models [155, 160, 161].

System identification models can also be classified as: (1) Univariate models (Single input-

single output) or Multivariable models (Single input-several output), (2) Linear or non-linear

models, (3) Deterministic or stochastic models, (4) Time variant or invariant models, (5) Lumped

models or distributed parameter models, (6) Discrete or continuous time models, (7) Time do-

main or frequency domain models, and (8) Parametric or non-parametric models [159, 162].

Figure 5.3 depicts these kinds of mathematical models of dynamic systems. The final category

relates to the subject of the current thesis, so further information about this classification and

the distinction between the two model types is provided below.
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Figure 5.3: Classification of mathematical System Identification models

5.4 Parametric model structures
Power spectral density functions (PSDs) are usually used to determine the strength of variations

(energy) as a function of frequency. More precisely, PSDs are very useful tools for identifying

oscillatory signals in time series data and specifying their amplitude because a PSD will reveal

the frequencies at which variations are pronounced and those at which they are weak. Broadly

speaking, there are two main methods of power spectral density estimation: parametric and

non-parametric.

Parametric methods usually assume some kind of signal model prior to calculation of the

power spectral density estimate. Thus, it is supposed that some prior knowledge of the signal is

available. The mathematical models are assumed to feature set parameters to be estimated by

system identification. This mathematical model takes the form of a differential equation in the

case of a linear and time-invariant continuous-time system while a corresponding discrete-time

model would take the form of a difference equation. Figure 5.4 shows a typical dynamic system

subjected to an input u(t) whose response is described by the output y(t), which is affected by

a disturbance v(t). It is clear from this figure that the output is determined by a combination of
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the input and disturbance. It is worth mentioning that the disturbance cannot be controlled, and

even the input may be unknown and uncontrollable in some systems.

Andersen [159] divided the parametric model structures into two main categories based on

the measurement of the structural system’s excitation (i.e. the nature of the available input) and

the nature of the excitation. These two categories are: 1) Model Structures using Deterministic

Input, and 2) Model Structures using Stochastic Input. Having made this distinction, a model

structure suitable for the second category was developed. This model structure is known as the

Auto-Regressive Moving average Vector (ARMAV) model. Figure 5.5 outlines the classifica-

tion of parametric models.

System
y(t) : outputu(t) : input

v(t) : disturbance

+

Figure 5.4: A dynamic system with input u(t), output y(t) and disturbance v(t)

Parametric Models
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ARMA Models

ARX ARMAX Output Error Box-Jenkins
Transfer-

Function

State-Space

Models

Distributed

Parameter Models
ARMAV model

Deterministic

state-space

Stochastic

state-space

Figure 5.5: Classification of parametric models

5.4.1 Model Structures using Deterministic Input
This approach is used when the input is measured, and produces parametric models with a

deterministic term as well as a stochastic term that defines the unknown disturbance. The Auto-
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Regressive Moving Average with eXternal input (ARMAX) approach defined by Eq.5.4 is the

general input/output model structure for modeling linear and time-invariant dynamic systems

excited by deterministic inputs.

y(t)=G(q)u(t)+H(q)e(t) (5.1)

where G(q) and H(q) are the transfer functions of the deterministic part and the stochastic

part, respectively, while e(t) represents the stochastic input corresponding to noise and predic-

tion errors. The parametric model structure is said to be a multivariate model structure if there

are several outputs, or a univariate model structure if there is only one output. For linear sys-

tems of this kind, the relationship between the input and output is given by the transfer operator

or transfer function shown in Eq.5.2 (for a detailed derivation of this expression, see [163]):

G(q) =
∞∑
k=1

g(k)q(−k) (5.2)

Where g(k) is the impulse response or weighing function and k is the sampling period. An

additional term should be added to represent the contribution of noise from unknown excitation

sources or/and measurement noise. This is done by introducing the transfer function H(q) as

shown in Eq.5.3 below:

H(q) =
∞∑
k=0

h(k)q(−k) (5.3)

where h(k) is the noise weighing function. With this done, the basic complete description

of a linear system including the impulse response, additive disturbance, and the probability

density function (PDF) of the disturbance e(t) is given by Eq.5.4, using the previously defined

terms:

y(t)=G(q)u(t)+H(q)e(t) (5.4)

where u(t) is the input signal, y(t) is the output signal, and e(t) is the white noise (equation

error). The parameters in the transfer function of Eq.5.4 above are determined during the

system identification process. The vector θ is usually used to designate these parameters and

the system description given in Eq.5.4 can be rewritten in the following form:

y(t)=G(q,θ)u(t)+H(q,θ)e(t) (5.5)

Three different approaches are available to solve Eq.5.5 in terms of θ as shown in the fol-

lowing sections:

5.4.1.1 ARMA Models

The direct way of parameterizing G and H is to consider them as rational functions and uti-

lize their parameters as the numerator and denominator coefficients. This approach can be

fulfilled using various techniques, which are collectively known as black box models. Mod-

els of this type include the ARX model, ARMAX model, Output Error Model Structure (OE),

Box-Jenkins Model (BJ), and Transfer-Function Model (see Figure 5.5). The corresponding

signal flows for these models are depicted in Figure 5.6. Full derivations of these models are

presented elsewhere in the literature [158, 162].
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Figure 5.6: Signal flows for model structures

• The ARX model: This model represents the simple relationship between the input and

output provided by the linear difference equation (Eq.5.6), which is also sometimes called

the equation error model due to its description of white noise as a discrete error. The

signal flow for this model is depicted in Figure 5.6-(a):

y(t) + a1y(t− 1) + ...+ anay(t− na) = b1u(t− 1) + ...+ bnbu(t− nb) + e(t) (5.6)

The vector θ of adjustable parameters can be formulated in the following form:

θ =
[
a1 a2 ... ana b1 b2 ... bnb

]T
, (5.7)

By introducing q-notation, which is widely used in the system identification literature for

the sake of compatibility with the traditional definition of the z-transform, the numerator

and denominator can be defined as the following polynomials:

A(q) = 1 + a1q
−1 + ...+ anaq

−na (5.8)

B(q) = 1 + b1q
−1 + ...+ bnbq

−nb (5.9)
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It is clear that Eq.5.6 corresponds to Eq.5.5:

G(q, θ) = B(q)/A(q), and H(q, θ) = 1/A(q) (5.10)

It should be noted that the ‘AR’ part of ‘ARX’ denotes the autoregressive part A(q)y(t)
while the letter ‘X’ denotes the extra input B(q)u(t).

• The ARMAX model: The main problem with the ARX model (Eq.5.6) is the limited

scope for defining the disturbance term. ARMAX models overcome this problem by

defining the equation error as a Moving Average (MA) of the white noise in the ARX

model. The signal flow for the ARMAX model is depicted in Figure 5.6-(b):

y(t) + a1y(t− 1) + ...+ anay(t− na) =

b1u(t− 1) + ...+ bnbu(t− nb) + e(t) + c1e(t− 1) + ...+ cnce(t− nc) (5.11)

with

C(q) = 1 + c1q
−1 + ...+ cncq

−nc (5.12)

Eq.5.11 can thus be rewritten as shown below:

A(q)y(t)=B(q)u(t)+C(q)e(t) (5.13)

obviously Eq.5.13 corresponds to Eq.5.5 with

G(q, θ) = B(q)/A(q), and H(q, θ) = C(q)/A(q) (5.14)

and the vector θ

θ =
[
a1 ... ana b1 ... bnb c1 ... cnc

]T
, (5.15)

In this model, the Moving Average (MA) part is given by C(q)e(t). It is worth mentioning

that it is also possible to model the equation error as an auto-regression in which case the

obtained model would be called an ARARX model if the equation error was modeled

using the AR approach, or an ARARMAX model if an ARMA approach was used.

• Output Error model: In the previous two models (equation error model structures),

the polynomial A was used as a common factor in the denominator for determining the

transfer functions G and H. Conversely, in the output error model structure, these transfer

functions are parameterized separately because it is more natural physically. The signal

flow for this model is depicted in Figure 5.6-(c). Let the relationship between the input

and the undisturbed output (w) be given by the following linear difference equation:

w(t) + f1w(t− 1) + ...+ fnfw(t− nf ) = b1u(t− 1) + ...+ bnbu(t− nb) (5.16)

y(t) = w(t) + e(t) (5.17)

with

F (q) = 1 + f1q
−1 + ...+ fnfq

−nf (5.18)
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Rewriting Eq.5.16:

y(t)=(B(q)/F(q))u(t)+e(t) (5.19)

Eq.5.19 is referred to as an Output Error (OE) model. The parameter vector θ can be

defined as:

θ =
[
b1 b2 ... bnb f1 f2 ... fnf

]T
(5.20)

• Box-Jenkins model: This type of model is an extension of the output error model in

which the output error is described using an ARMA model (see Figure 5.6-(d)) and can

be expressed in the following form:

y(t)=(B(q)/F(q))u(t)+(C(q)/D(q))e(t) (5.21)

• Transfer Function model: The effects of disturbance are ignored as shown in Eq.5.22.

The signal flow for this model is depicted in Figure 5.6-(e):

y(t)=(G(q,θ)=B(q)/A(q) (5.22)

Finally, it should be noted that it would in principle be possible to create a family of 32 dif-

ferent transfer function model types according to the configuration used of the five polynomials

A,B,C,D,and F. The general form for models of this kind is:

A(q)y(t)=(B(q)/F(q))u(t)+(C(q)/D(q))e(t) (5.23)

5.4.1.2 State-Space Models

5.4.1.2.1 Deterministic state-space models: The major difference between ARMA models

and state-space models is that whereas ARMA models only describe the input-output behav-

ior of the system, state-space models describe both the input-output behavior and the system’s

internal structure [159, 161]. In this case, the relationship between the input, the output, and

noise is provided by a system of first-order differential or difference equations utilizing an aux-

iliary state vector x(t). Broadly, the dynamic behavior of a general Multi-Degree-Of-Freedom

(MDOF) structure can be described by the following set of linear second order differential

equations written in matrix form Eq.5.24:

[M ]{q̈(t)}+[C]{q̇(t)}+[K]{q(t)}={f(t)} (5.24)

[M ], [C] and [K] refer to the mass, damping and stiffness matrices; {q̈(t)}, {q̇(t)} and

{q(t)} are the acceleration, velocity and displacement vectors, respectively; and {f(t)} is the

forcing vector. This matrix equation (Eq.5.24) assumes that the structure is a linear and time-

invariant (i.e. [M ], [C] and [K] are constant) observable system with viscous or proportional

damping. So, the equations of motion coupled in this formulation can be decoupled by solv-

ing an eigen problem, and the superposition of the eigen solutions can be used to obtain the

solution [161, 164].

This second order equation of motion (Eq.5.24) is converted into two first order equations

(the state and observation equations) using the state space models. The state equation can be

obtained from Eq.5.24 after some mathematical manipulation, as shown below:
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The forcing vector {f(t)} is factorized into two components: 1) the matrix [B̄], which

describes the location of the inputs; and 2) the vector {u(t)}, which defines the inputs in time.

Thus, rewriting Eq.5.24:

[M ]{q̈(t)}+[C]{q̇(t)}+[K]{q(t)}={f(t)} = [B̄]{u(t)} (5.25)

simplifying Eq.5.25 yields:

{q̈(t)}+[M ]−1[C]{q̇(t)}+[M ]−1[K]{q(t)}=[M ]−1{f(t)}=[M ]−1[B̄]{u(t)} (5.26)

{q̈(t)}=-[M ]−1[C]{q̇(t)}-[M ]−1[K]{q(t)}+[M ]−1[B̄]{u(t)} (5.27)

The state vector {x(t)} can be defined as follows:

{x(t)} =

{
q(t)
q̇(t)

}
(5.28)

Then, substituting Eq.5.28 into Eq.5.27 gives Eq.5.29 below:

{ẋ(t)} =

[
[0] [I]

−[M ]−1[K] −[M ]−1[C]

]
{x(t)}+

[
[0]

−[M ]−1[B̄]

]
{u(t)} (5.29)

Eq.5.29 has two distinct parts:

The first part is the state or system matrix, which is denoted by [Ac] and defined as:

[Ac] =

[
[0] [I]

−[M ]−1[K] −[M ]−1[C]

]
(5.30)

while the second part is the control or input influence matrix, which is denoted by [Bc] and

determined as follows:

[Bc] =

[
[0]

−[M ]−1[B̄]

]
(5.31)

Thus, the state equation is given by:

{ẋ(t)} = [Ac]{x(t)}+ [Bc]{u(t)} (5.32)

where the subscript c denotes continuous time.

The observation equation can be expressed as follows:

{y(t)} = [Ca]{q̈(t)}+ [Cv]{q̇(t)}+ [Cd]{q(t)} (5.33)

where [Ca], [Cv] and [Cd] are the output location matrices for acceleration, velocity and

displacement, respectively, and {y(t)} is the vector of the outputs.

Substituting Eq.5.27 (for {q̈(t)}) into Eq.5.33 yields:

{y(t)} =
(
− [Ca][M ]−1[C] + [Cv]

)
{q̇(t)}+

(
− [Ca][M ]−1[K] + [Cd]

)
{q(t)}+(

[Ca][M ]−1[B̄]
)
{u(t)} (5.34)
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Then, utilizing the definition of the state vector:

{y(t)} = [Cc]{x(t)}+ [Dc]{u(t)} (5.35)

where [Cc] is called the output influence matrix and defined according to Eq.5.36 below.

[Dc] is called the direct transmission matrix (or feed-forward matrix) and is given by Eq.5.37:

[Cc] =
[
[Cv]− [Ca][M ]−1[C] [Cd]− [Ca][M ]−1[K]

]
(5.36)

[Dc] =
[
[Ca][M ]−1[B̄]

]
(5.37)

[Dc] allows for the system input to affect the system output directly (not via the states), and

is assumed to be a zero matrix in most cases. In such cases, the continuous-time state-space

model is obtained by combining Eq.5.32 and Eq.5.35:

{ẋ(t)} = [Ac]{x(t)}+ [Bc]{u(t)}
{y(t)} = [Cc]{x(t)}+ [Dc]{u(t)}

(5.38)

The state space model given in Eq.5.35 must be converted to discrete time since the vi-

bration measurements are taken at discrete time instants. Thus, by selecting a fixed sampling

period Δ(t), the continuous-time equations are discretized and solved at all discrete time in-

stants. It is necessary to make reasonable assumptions about the behavior of the time-dependent

variables between any two samples. The Zero Order Hold (ZOH) assumption is usually used

with discrete-time models, which states that the input is piecewise constant over the sampling

period. More details about the interconversion of continuous-time and discrete-time models is

available in [161, 165, 166]. Having made a suitable assumption, the discrete-time state-space

models are defined as:

{x(k + 1)} = [A]{xk}+ [B]{uk} (5.39)

{y(k)} = [C]{xk}+ [D]{uk} (5.40)

where {x(k)} is the discrete-time state vector yielding the sampled displacements and ve-

locities, {u(k)} and {y(k)} are the sampled input and output.

Moreover, [A] is the discrete state matrix, [B] is the discrete input matrix, [C] is the discrete

output matrix and [D] is the discrete direct transmission matrix. These matrices are defined as

follows:

A =

⎡⎢⎣α11 ... α1n
...

. . .
...

αn1 ... αnn

⎤⎥⎦ , B =

⎡⎢⎣β1
...

βn

⎤⎥⎦ , (5.41)

and

C =
[
γ1 ... γn

]
, D =

[
δ
]
, (5.42)

while the parameter vector is defined as:

θ =
[
b1 b2 ... bnb f1 f2 ... fnf

]T
(5.43)

where n is the order of the system. As noted previously, θ represents the n-vector of un-

known parameters. To obtain an estimate of this vector (θ̂ ) from the measurements, it is not

possible to let the number of measurements N equal the number of unknown parameters of
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vector θ due to the effects of noise, which will impose the requirement that N > n. This in

turn will make the linear system of equations over determined. Thus, no exact solution will be

possible; instead, one of several optimization methods must be used to determine the optimal

estimate by minimizing the disturbance. Classical methods used in this context include off-line

methods such as Least Squares (LS), the Prediction Error Method (PEM), and Instrumental

variable methods (IV); and on-line methods such as recursive identification methods and the

Subspace Iteration Technique (N4SID). More details of these methods and their derivation can

be found in [158, 162].

5.4.1.2.2 Stochastic state-space models: The discrete-time deterministic-stochastic state-

space model is given as follows:

{x(k + 1)} = [A]{xk}+ [B]{uk}+ {wk} (5.44)

{y(k)} = [C]{xk}+ [D]{uk}+ {vk} (5.45)

{wk} and {vk} are unmeasurable vector signals, {wk} represents the process noise due to

disturbance (excitation) and model incorrectness, while {vk} refers to the measurement noise

resulting from sensor inaccuracy. Further information on these two vectors is available in theory

of control books such as [165, 166].

5.4.1.3 Distributed Parameter Models

A distributed parameter model is obtained when the relationship between the input and output

features partial differential equations (PDEs). Models of this sort are beyond the scope of this

thesis.

5.4.2 Model Structures using Stochastic Input
When the input is unknown, the input and disturbance are defined by a single stochastic term.

In such cases, the ARMAX model cannot be used and a model structure of the Auto-Regressive

Moving Average (ARMA) kind given in Eq.5.46 is appropriate. ARMA models use one transfer

function H(q) to describe both the system’s dynamic properties and the noise.

y(t) = H(q)e(t) (5.46)

This model structure is called an Auto-Regressive Moving average Vector (ARMAV) model.

While the use of a parametric model structure may involve significant computational effort, this

is justified because it will provide a refined estimate of the system’s modal parameters, which

will help in obtaining a better understanding of the structure’s dynamic behavior.

5.5 Non-parametric model structures
Non-parametric methods are used when little information about the signal is available in ad-

vance. They usually have less computational complexity than parametric models. Although

non-parametric models are quite simple to implement, their accuracy is limited and parametric

methods should be used when an accurate picture of the system is required [162]. Nevertheless,
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there are many non-parametric methods for computing PSDs using curves, functional relation-

ships or tables. Four widely used analytical methods are shown in Figure 5.7: (1) Transient

analysis, (2) Frequency analysis, (3) Correlation analysis, and (4) Spectral analysis.

Methods for 

Non-parametric

Models

Frequency analysisSpectral analysisTransient analysis

Tuy

Correlation analysis

Figure 5.7: Methods for constructing non-parametric models

When the excitation is transient (impulse or step excitation), transient analysis is used to

identify the dynamic behavior of the system. Conversely, frequency analysis is used with de-

terministic, periodic or pseudo-random and periodic excitations. This method involves trans-

forming the measured excitation and corresponding system response to the frequency domain

and then calculating the frequency response as the ratio of the transformed excitation to the

response. The correlation and spectral analysis are used with a stationary stochastically (white-

noise input) excited system. In these methods, the excitation and the system response can be

described either by the correlation functions in the time domain or the spectral densities in the

frequency domain [159, 162].

All of these methods are based on the Fast Fourier Transform (FFT) due to its speed and

reliability. However, the FFT has some disadvantages that may lead to erroneous estimates of

the system’s behavior. For instance, FFT is global in nature and offers average information over

time. As such, it is not capable of accommodating the random nature of some signals [167].

Moreover, FFT assumes that the amount of data is infinite, which is not true for all kinds of

excitations. Furthermore, FFT assumes periodic data, which is not a realistic assumption in this

case because the sampled stochastic signals are non-periodic. This leads to systematic errors

called leakage errors that result in higher damping of the corresponding modes and make it

difficult to distinguish between closely spaced modes. To fix the problem of leakage errors and

secure the periodicity, appropriate windowing functions should be applied to the data prior to

the FFT. When windowing is not used in the correct manner, the data will be contaminated with

errors known as random measurement errors due to the introduction of extra damping into the

system. Thus, the FFT amplitude, frequency and overall shape of the spectrum may be altered.

To fix the problem of windowing errors, several kinds of averaging (such as linear averaging)

are applied either after or before the FFT. This may help to eliminate random errors but not

leakage errors. Finally, the sampling frequency should be at least twice the frequency above
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which the energy is approximately zero in order to overcome another class of serious errors

known as aliasing errors. Consequently, high sampling frequencies must be used. Despite

these drawbacks, FFT approaches are widely used in civil engineering due to their simplicity

compared to parametric model approaches [159, 167].

In this thesis, transfer functions are computed with Matlab’s ”tfestimate” function, which

uses the Welch method (pwelch) to estimate the cross-power spectral density of the input x and

output y (Pyu), as well as the PSD (Puu) of u. Figure 5.8 presents a typical dynamic system that

is subject to an input u(t) and whose response is described by an output y(t). It should be noted

that this non-parametric model Txy does not account for the disturbances of the system. For

Figure 5.8: A dynamic system with input u(t) and output y(t)

this system, the transfer function can be obtained from the quotient of the cross power spectral

density Pyu of u and y and the power spectral density Puu of u as given by Eq.5.47 below:

Tuy=
Pyu

Puu

(5.47)

The transfer functions can then be calculated using Matlab’s ”tfestimate” function accord-

ing to Eq.5.48 below:

Txy=f(u(t), y(t), window type, noverlap, nfft, fs) (5.48)

Since the excitation is random and not periodic, the appropriate window type must be ap-

plied to reduce the effects of leakage on the recorded signals. However, this method is not

completely effective. Moreover, each window type has its own advantages and disadvantages.

According to [168], the Hanning window performs well, offering good frequency resolution,

good spectral leakage suppression, and fair amplitude accuracy. Therefore, the Hanning win-

dow with 1024 samples per window was utilized in the studies conducted during this thesis

work. The parameter noverlap determines the number of samples by which the windows over-

lap and was assumed to be equal to 50% of the total sample number. The parameter nfft specifies

the number of the Fast Fourier Transform FFT points used to calculate the transfer functions

for each window and thus controls the resolution of the frequency function obtained, while fs
is the sampling frequency of the measurements in Hz.
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CHAPTER 6

Extended summary of appended papers

An extended summary of the journal- and/or conference papers is presented here. The papers

can be found in part II of this thesis.

6.1 Paper One

Selection of real earthquake accelerograms for estimation of seismic response of buildings
in Al-Mosul (Northern Iraq).
Authors: Tarek Edrees Saaed, Dimitar Mihaylov, Savka Dineva, Jan-Erik Jonasson

Journal paper submitted to the Natural Hazards Journal in August 2014.

Summary: The analysis of the effects of seismic vibrations on critical facilities, highly irreg-

ular buildings, base-isolated structures, etc. requires a nonlinear model of the structure and

input signals defined as time-history series (accelerograms). This study aims to apply a com-

prehensive procedure for generating scaled real ground motion records appropriate for seismic

analysis and the design of a typical multi-storey building (see Figure 6.1) in the city of Al-

Mosul in Iraq. The magnitude and distance ranges used in the scaling process are defined

based on a seismic hazard analysis conducted after compilation of a homogeneous earthquake

catalog covering the period between 1927 and 2013 using the International Seismological Cen-

tre (ISC) database. The results include the strongest expected earthquakes for areas within radii

of 50 to 300 km from the city of Al-Mosul defined by different procedures, and the depths of

the seismogenic layers for these areas. The expected earthquake frequencies for the predicted

magnitudes (which extend from 4.75 to 8.0) are in the range of 0.01 Hz and 1.34 Hz, which is

very close to the theoretical resonant frequencies of reinforced concrete buildings.

A linear spectrum matching technique for real accelerograms was used to match the antici-

pated type of SE elastic design spectrum given in the UBC1997 for Al-Mosul city in Iraq and

a suite of appropriate records was created. Five different scenarios were examined to define

the effects of different scaling and matching processes on the obtained accelerograms and the
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Figure 6.1: 3D view of the building during vibrations.

corresponding structural behavior of a multi-storey building. The results showed that buildings

designed using scaled and unscaled records offered similar performance in terms of horizontal

drift, but a building designed using unscaled records exhibited much more severe horizontal

acceleration than the building designed using scaled records, which clearly shows that using

unscaled records will produce unjustified and unrealistic responses that may be up to 10 times

stronger than those suggested by scaled records as shown in Figure 6.2 .
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Figure 6.2: Maximum stories displacements and horizontal accelerations for the five seismic

scenarios
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6.2 Paper Two

A state-of-the-art review of structural control systems.
Authors: Tarek Edrees Saaed, George Nikolakopoulos, Jan-Erik Jonasson, Hans Hedlund

Journal paper published in the Journal of Vibration and Control, 2015, Vol 21(5) 919937

Summary: The use of structural control systems to alleviate the responses of civil engineering

structures to various kinds of dynamic loading has rapidly become standard, although there is

still considerable ongoing research aimed at increasing the effectiveness of these systems. The

aim of this article is to present state-of-the-art technologies for structural control systems via a

general literature review covering every type of vibration control system that has been reported

to date. These systems can be classified into four main groups on the basis of their operating

mechanisms: (a) passive; (b) semi-active; (c) active; and (d) hybrid systems. A brief description

of each of these groups and their subgroups, as well as their advantages and disadvantages, is

provided.

State of the art applications of these systems clearly demonstrate their great potential and

capabilities, and their importance in modern buildings. Notably, these systems can be used

to meet new and challenging architectural requirements while simultaneously fulfilling their

original functions of controlling structural vibrations. The article concludes with an overview

of some innovative practical implementations of devices that illustrate the potential of current

structural control systems in civil engineering and suggest some directions for future research.

Full details of these control systems with various illustrative photographs are provided in chap-

ter two of this thesis.

6.3 Paper Three

Posicast Control of Structures Using MR Dampers.
Authors: Tarek Edrees Saaed, George Nikolakopoulos

Journal paper submitted to the Structural Control and Health Monitoring Journal in December

2014.

Summary: In this article, a novel application of a Posicast control scheme for structures with

Magneto-Rheological (MR) dampers is presented. MR dampers are considered to be highly

promising semi-active control systems, which are becoming increasingly popular for alleviating

the effects of dynamic loads on civil engineering structures because they combine the merits

of both passive and active control systems. The main contribution of this article relates to the

design, application, tuning and performance evaluation of the novel Posicast control scheme

for structural control.

The efficiency of the suggested control strategy was evaluated by performing numerical

simulations of a benchmark three-story building with an MR damper rigidly attached between

the first floor and the ground (see Figure 6.3). The damper’s behavior was simulated using the

Bouc-Wen model. Six evaluation criteria were used to assess the performance of the proposed
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Figure 6.3: Diagram of a three-story building model controlled with a MR damper

posicast control scheme in reducing the excited structure’s responses to dynamic loading. The

simulations’ results indicated that the posicast control scheme had significant advantages over

conventional alternatives in terms of performance and efficiency, as shown in Table 6.1.

Table 6.1: Results from the evaluation of the posicast controllers

No. Control strategy J1 J2 J3 J4 J5 J6

1 Passive-Off 0.6722 0.7073 0.6295 0.5688 0.4586 0.4517

2 Passive-On 0.5385 0.5903 0.6127 0.4020 0.2764 0.2645

3 LQR 0.5963 0.6814 0.4885 0.4550 0.3864 0.3136

4 Posicast 0.6702 0.6862 0.5607 0.5512 0.4347 0.4138

6.4 Paper Four

Semi-Active Control of Flexible Structures Using Closed-Loop Input Shaping Techniques.
Authors: Tarek Edrees Saaed, George Nikolakopoulos, Leon Dritsas

Journal paper submitted to the Engineering Structures Journal in January 2015.

Summary: This manuscript describes a novel implementation of the input shaping control

theory and its application in structures fitted with Magneto-Rheological (MR) dampers. The

MR damper is regarded as a particularly promising component of semi-active structural control

systems. Semi-active systems are becoming increasingly popular for attenuating the effects of
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Figure 6.4: Photo of the benchmark three-story test structure [103]

dynamic loads on civil engineering structures because they combine the advantages of active

and passive structural control systems. The main contribution relates to the design, applica-

tion, tuning, and performance evaluation of a novel input shaping control theory for structural

control.

A numerical simulation of a benchmark three-story building with an MR damper is pre-

sented (see Figure 6.4) and used to verify the efficiency of the proposed control theory. The

behaviour of the MR damper, which is rigidly connected between the first floor of the structure

and the ground, was simulated using the Bouc-Wen model. The performance and effectiveness

of the input shaping control scheme in reducing the responses of the structure to dynamic load-

ing were evaluated with respect to six criteria. Comparisons to established alternative control

schemes (see Table 6.2) indicated that the input shaping control strategy is very well suited for

use in structural control.

Table 6.2: Results from the evaluation of the input shaping controller

No. Control strategy J1 J2 J3 J4 J5 J6

1 Passive-Off 0.6722 0.7073 0.6295 0.5688 0.4586 0.4517

2 Passive-On 0.5385 0.5903 0.6127 0.4020 0.2764 0.2645

3 LQR 0.5963 0.6814 0.4885 0.4550 0.3864 0.3136

4 Input Shaping 0.5541 0.7294 0.4851 0.4622 0.3624 0.3066

% of reduction (input shaping - LQR) -0.0422 0.0481 -0.0034 0.0072 -0.024 -0.007
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6.5 Paper Five

Comfort Level Identification for Irregular Multi-storey Building Subjected to Vibrations.
Authors: Tarek Edrees Saaed, George Nikolakopoulos, Jan-Erik Jonasson

Journal paper published in the Automation in Construction Journal, (50)2015.

Summary: On the basis of three different tests, this article concludes that the ARMAX and

Disturbing
vibrations

Figure 6.5: Location of the disturbing vibrations in the building

Output Error model structures performed better than the other three tested models at predicting

the propagation of vibrations in the studied building (see Figure 6.5). A residential building

near railway tracks in Sweden was reported to vibrate in a way that made tenants on the top

floor feel uncomfortable. Tests were conducted to determine why this was and to assess the

performance of different model structures in describing the building’s behavior. None of the

tested parametric models was able to explain the building’s dynamic response during ambient

vibration testing. Better results were achieved with data from forced vibration tests (see Fig-

ure 6.6, Figure 6.7, and Figure 6.8) but once again no one model fully captured the structure’s

behavior. Tests such as the forced vibration testing using a modified train carriage can be used

to excite structures and obtain satisfactory results. All of the test types and model structures

were able to identify a concentration of vertical frequencies in the range of 7.5 - 12.5 Hz on the

10th floor of the building, as shown in Figure 6.9.

This suggests that the tenants’ complaints were due to the resonance of these low frequency

modes and those of human body parts. All of the measured floor accelerations were found to be
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Figure 6.6: Testing the building’s response to ambient vibration

Figure 6.7: The trailer used for forced vibration testing of the building

within acceptable limits, confirming the results of earlier theoretical and experimental studies

on the building. Nevertheless, the authors strongly recommend reducing the level of noise and

vibrations at the source by using track dampers or other means of reducing the vibration of the

nearby railway tracks rather than adding vibration isolation devices at the foundation level of

the building or a viscous damping system inside the building.

95



Figure 6.8: Forced vibration test of the building using harmonic loads (counterweight) of about

300 kg
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Figure 6.9: Average Bode plots of the five predicted models for the 10th floor using forced

vibration test on the rails

6.6 Paper Six

Identification of Building Damage Using the ARMAX Model: A parametric study.
Authors: Tarek Edrees Saaed, George Nikolakopoulos, Jan-Erik Jonasson

Journal paper submitted to the Mechanical Systems and Signal Processing Journal in March

2014 (Pending for revisions)

Summary: In this article, the Structural Identification approach is used to identify the existence

of damage and damage locations for a benchmark steel frame depicted in Figure 6.10. Auto-

Regressive Moving Average with eXternal input (ARMAX) black box linear parametric models

were used to construct Frequency Response Functions (FRF), based on simulated results. Two

damage scenarios were considered for the frame. Figure 6.11 shows the CMIF curves for all

damage cases under damage scenario no.1. The efficiency of the estimated models and their
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Figure 6.10: Steel frame

suitability for describing the dynamical behavior of the frame were demonstrated. In a follow-

up investigation, the magnitudes predicted by the parametric model was utilized to construct

the mobility matrix (H), while the phase part of the model was utilized to plot the frame’s mode

shapes.
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Figure 6.11: Comparison of CMIF curves for all damage cases of damage scenario no.1

The Singular Value Decomposition (SVD) method was adopted to identify the frame’s sig-

nificant eigenvalues and plot the Complex Mode Indicator Function (CMIF) for the complete

frame. Three damage indices were used to evaluate the state of damage in the frame, namely

frequency, modal damping, and mode shapes. The results obtained indicated that the linear

parametric model ARMAX is a robust scheme for constructing the mobility matrix (H) and

that the identified frame’s natural frequencies are very close to the theoretical ones obtained

from an Abaqus frequency analysis. Additionally, the frequency and modal damping indices

were very effective at revealing damage in the frame, while the mode shape index could be

used to detect and locate damage within the frame.

97



6.7 Paper Seven

Investigation of changes in modal characteristics before and after damage of a railway
bridge: A case study.
Authors: Tarek Edrees Saaed, George Nikolakopoulos, Niklas Grip, Jan-Erik Jonasson

Journal paper accepted for publication in the IES Journal Part A: Civil & Structural Engineer-

ing in January 2015

Summary: This study presents the results of the modal identification of the Åby river railway

steel bridge in Sweden. The bridge’s ambient response was recorded (see Figure 6.12) before

and after being tested to failure as depicted in Figure 6.13 and Figure 6.14 respectively. The

Figure 6.12: Mounting an accelerator on the bridge

Figure 6.13: The steel Åby river railway bridge in its original location with a passing train

aim of this investigation was to implement the structural identification approach to investigate

the variation in the modal characteristics (frequency, damping, and mode shapes) of a steel

railway bridge that had been selected as a case study, and to compare the modal characteristics

of the functional bridge and the bridge after being tested to failure. Frequency Response Func-

tions (FRF) were obtained from the identified transfer functions, which were computed from
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Figure 6.14: The steel Åby river railway bridge in its temporary location with a passing train

the quotient of the cross power spectral density and the power spectral density. Subsequently,

the magnitude part of the FRF was utilized to construct the mobility matrix (H), while the phase

part was utilized to plot the bridge’s mode shapes. Singular Value Decomposition (SVD) was

used to determine how many significant eigenvalues the bridge had by plotting its Complex

Mode Indication Function (CMIF) before and after its collapse, as shown in Figure 6.15.
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Figure 6.15: CMIF curves for the bridge before and after the collapse

The results obtained showed that the linear time-invariant transfer function Txy is a pow-

erful model for constructing the mobility matrix (H). Furthermore, the proposed procedure is

reliable and can be utilized further for the purposes of damage detection and localization. The

difference in the damping ratio between the healthy and collapsed bridge was about 206%,

which suggests that the damping ratio could be used as an index for detecting serious damage

in steel bridges.
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6.8 Paper Eight

A Comparative Study on the Identification of Building Natural Frequencies Based on Para-
metric Models.
Authors: Tarek Edrees Saaed, George Nikolakopoulos, Jan-Erik Jonasson

Presented at the 33rd IASTED International Conference on Modeling, Identification and Con-

trol, MIC 2014, Austria, p.p.1-6, February 2014

Summary: The analysis and design of civil engineering structures is a complex problem and

many assumptions are typically made to simplify the calculations that are required. This in

turn leads to differences in the structural behaviors predicted by calculation-based models and

real structures. Many researchers have suggested that structural identification may be a useful

tool for reducing this difference between models and actual structures. Moreover, paramet-

ric and non-parametric models have both been used intensively for system identification by

various researchers. This work used the system identification concept to identify the natural

frequencies of a steel building’s frames. Different black box linear parametric models such as

the Transfer Function model (TF), Auto-Regressive model with eXternal input model (ARX),

Auto-Regressive Moving Average with eXternal input (ARMAX) model, Output Error model

structure (OE), and Box-Jenkins model (BJ) were examined to assess their ability to identify

the first 10 natural frequencies for the building’s frames, based on simulated results.

The Abaqus 6.12 finite-element software package was utilized to perform the time history

analysis for the examples and the obtained responses at one point of the roof (arbitrarily se-

lected as the location of a hypothetical sensor) were further processed using the parametric

models to obtain the building’s natural frequencies based on the Abaqus time history analysis

results (which were treated as though they were measurements for the purposes of paramet-

ric modeling). Abaqus 6.12 was then used to perform a separate frequency analysis to obtain

the building’s natural frequencies and mode shapes based on the building’s (known) stiffness

and mass rather than measurements. The results showed that the linear parametric models TF,

ARX, ARMAX, OE, and BJ were robust and capable of identifying the building’s natural fre-

quencies, so they are recommend for future work. Figure 6.16 shows the identified frequencies

for the regular frame.

6.9 Paper Nine

Semi-active structural control strategies.
Authors: Tarek Edrees Saaed, George Nikolakopoulos, Jan-Erik Jonasson

c© Proceedings of the XXII Nordic Concrete Research Symposium, Reykjavik, Iceland 2014,

p.p.31-34, August 2014.

Summary: The utilization of structural control systems to alleviate the responses of civil engi-

neering structures under the effects of dynamic loading has become standard, although research

aimed at increasing the effectiveness of these systems is ongoing. It is important for successful
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Figure 6.16: Identified frequencies for the regular frame

application of smart structure to provide an effective control algorithm to compute the control

forces to be applied on the building in order to reduce the impact of external disturbances. The

aim of this article is to provide a review of control strategies for tuning the performance of

semi-active systems utilized in civil engineering structures.

101



102



CHAPTER 7

Conclusions and Future research

7.1 Conclusions
There are many conclusions that can be drawn from the results presented in this thesis. First,

the results clearly revealed that the utilization of unscaled records in seismic analyses will

produce unjustifiable and unrealistic responses that may be up to ten times greater than those

predicted by scaled records. Furthermore, the state of the art review clearly demonstrated the

vast potential of structural control systems and their importance in modern buildings. These

systems can be used to fulfill architectural requirements in addition to their original functions

of controlling structural vibrations. Moreover, the posi-cast and input shaping control theories

were successfully implemented, applied in the context of civil engineering, and used to predict

the impact of vibration mitigation in (simulated) buildings. On the basis of six selected evalua-

tion criteria - the peak inter-storey drift ratio, level acceleration, base shear, normed inter-storey

drift ratio, normed level acceleration, and normed base shear - both new methods performed

well compared to conventional alternatives and merit further investigation.

Another strategy proposed in this work based on combining the ARMAX and Txy models

with techniques based on SVD and CMIF curves was shown to be very effective at detecting and

locating damage in civil engineering structures. The ARMAX model and Output Error model

structures showed excellent performance in predicting the propagation of vibrations through a

residential building. Moreover, it was shown that artificial tests such as a forced vibration test

on rails can be used to excite nearby structures quite effectively. Furthermore, it was shown that

sharp increases in the amplitudes of a structure’s CMIF curves reveal the existence of damage,

and a large percentage change in modal damping clearly indicates the occurrence of serious

damage.

7.2 Future research
The results presented in this doctoral thesis suggest a number of avenues of future inquiry.

To better understand seismic hazards, it will be essential to study the effects of scaling on the
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responses of different kinds of structures and different seismic excitations to precisely quantify

the effects of seismic record scaling.

With regards to structural control, the posi-cast and Input shaping control strategies pro-

posed in this thesis both warrant further study. They should be applied in other contexts, using

different damping devices, different structure types (e.g. flexible structures) and different exci-

tations. Moreover, other sets of evaluation criteria should be used to verify their performance.

Extensive further evaluation of these control schemes will be required before they can be con-

sidered for use in the construction of real structures.

Finally, with respect to the structural identification work, it is recommended to improve

the proposed methodology by including the detection of damage up to levels 3 and 4 (i.e.

determination of the size of the damaged area and the actual safety of the structure). However,

it would be desirable to consider the modal participation factors for each of the structure’s

modes in order to overcome the main drawback of the proposed strategy, which is its limited

capability to handle closely spaced modes by specifying the contribution from each one.
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[162] Torsten Söderström and Petre Stoica. System identification. Prentice-Hall, Inc., 1988.

[163] Ljung Lennart. System identification: theory for the user. Prentice Hall PTR, USA,

1999.

[164] Anil K Chopra. Dynamics of structures, volume 3. Prentice Hall New Jersey, 1995.

[165] Katsuhiko Ogata and Yanjuan Yang. Modern control engineering. Prentice-Hall Engle-

wood Cliffs, 1970.

[166] Gene F Franklin, J David Powell, Abbas Emami-Naeini, and J David Powell. Feedback
control of dynamic systems, volume 3. Addison-Wesley Reading, 1994.

[167] LDS AN014 1203. Application note, understanding fft windows. Technical report,

http://www.lds-group.com/, 2003.

[168] Robert W Ramirez. MThe FFT. Fundamentals and concepts. Englewood Cliffs:

Prentice-Hall, 1985.

117





Part II

THE APPENDED PAPERS





Paper One

Selection of real earthquake accelerograms for estimation of
seismic response of buildings in Al-Mosul (Northern Iraq)

Authors:
Tarek Edrees Saaed, Dimitar Mihaylov, Savka Dineva, Jan-Erik Jonasson

Journal paper submitted to the Natural Hazards Journal in August 2014.

(edited to fit the format of the thesis - content has not been altered)





1 
 

Selection of real earthquake accelerograms for estimation of seismic  
response of buildings in Al-Mosul (Northern Iraq)  

 
 
Tarek Edrees Saaed1,2, Dimitar Mihaylov3, Savka Dineva4, Jan-Erik Jonasson5 
 
1PhD student, Dept. of Civil, Environmental and Natural Resources Engineering, Luleå 
University of Technology, SE – 97187 Luleå, tarek.edrees@ltu.se 
2University of Mosul, Dept. of Civil Engineering  
3Researcher, Dept. of Civil, Environmental and Natural Resources Engineering, Luleå University 
of Technology, SE – 97187 Luleå, dimitar.mihaylov@ltu.se 
4 Professor, Dept. of Civil, Environmental and Natural Resources Engineering, Luleå University 
of Technology, SE – 97187 Luleå, savka.dineva@ltu.se 
5Professor, Dept. of Civil, Environmental and Natural Resources Engineering, Luleå University 
of Technology, SE – 97187 Luleå, jan-erik.jonasson@ltu.se 

 

Abstract 
The analysis of the effect of seismic vibrations on critical facilities, highly irregular buildings, base-isolated 
structures, etc. requires a suite of a nonlinear model of the structure and input signals defined as time-history series 
(accelerograms). This study aims to apply a comprehensive procedure for generation of scaled real ground motion 
records appropriate for a seismic analysis and design of a typical multi-storey building in the city of Al-Mosul in 
Iraq. The magnitude and distance ranges used in the scaling process are defined based on the seismic hazard analysis 
conducted after compilation of a homogeneous earthquake catalog from 1927 till 2013 using the International 
Seismological Centre (ISC) database. The results include the maximum expected earthquakes for areas with radius 
from 50 to 300 km from the city of Al-Mosul defined by different procedures, and the depth of the seismogenic 
layers for these areas. 

Linear spectrum matching technique for real accelerograms is applied to match the anticipated type of SE elastic 
design spectrum given in the UBC1997 for Al-Mosul city in Iraq and suite of records have been created. Five 
different scenarios are examined to define the effects of scaling and matching process on the obtained accelerograms 
and the corresponding structural behavior of a multi-storey building. The results showed similar performance for the 
building with scaled and unscaled records in the case of building horizontal drift while using unscaled record resulted 
in more severe horizontal acceleration than the scaled records, which clearly reveals that the use of unscaled records 
will produce non justified and unrealistic responses about 10 times higher than the expected from the scaled records. 

Keywords: Seismic Hazard, Ground Motion Scaling, Response Spectrum Matching, Dynamic Analysis of 
Buildings 



2 
 

1. Introduction 
In seismically active areas the response spectrum is usually used to evaluate the effect of seismic waves on civil 
engineering structures. However, in many situations, the evaluation of the structural response via a scaled elastic 
response spectrum is not considered suitable to validate the earthquake resistance, i.e. for critical facilities, highly 
irregular buildings, base-isolated structures, liquefaction analysis, and slope stability evaluation. Moreover, in 
elongated structures such as bridges, power plants, dams, shopping malls, etc. the input motion during an earthquake 
is not expected to be identical in all points in the contact with the ground (Hancock et al. 2006; Vanmarcke et al. 
1997). In all these situations, the seismic input needs to be defined in the form of time-history series and the analysis 
to be made using a non-linear model of the structure. The time histories which can represent the seismic excitation 
are an appropriate suite of accelerograms (Bommer and Acevedo 2004). As accelerograms recorded at the specific 
site for a specific magnitude and distance range usually are not available, the seismic design codes and guidelines 
call for scaling of selected ground motion time histories recorded in other places so that they match or exceed the 
controlling design spectrum matching the seismological and geological parameters of the site under consideration 
within the time period of interest (Naeim et al. 2004). The matching of the design spectrum with the target response 
spectra is very important as it permits rational evaluation of the time history analysis (Little 2007).  Scaling of real 
earthquake accelerograms is still an active research area. 
 
This study aims to find a suitable comprehensive procedure for generation of scaled ground motion records available 
in the database and to apply it for a typical building in one of the biggest cities in Iraq – Al-Mosul. The suitable 
magnitude ranges for the scaling process, are defined as a result of a seismic hazard evaluation based on all available 
earthquake information for Iraq. The maximum possible magnitudes Mmax of the earthquakes that can occur at 
different distances from the city of AL-Mosul are estimated using a probabilistic approach using a few different 
procedures.  
The linear spectrum matching technique (Little 2007) for real accelerograms was found to be the most suitable for 
our aims and was applied for selected real acceleration records to match the anticipated type of elastic design 
spectrum given in the UBC1997 for Al-Mosul city in Iraq. Five different scenarios were examined to define the 
effects of scaling and matching process on the obtained accelerograms and the structural behavior of a typical multi-
storey building.  
 
The present study is organized as follows: first, the available information about the seismicity and tectonics of Iraq is 
analyzed and a suitable approach for the seismic hazard is defined after which the maximum possible  magnitude for 
different distances is defined; second, some aspects of matching process are reviewed briefly; third the matching of 
design response spectra for Iraq are demonstrated, and then an example with a comparison of the structural response 
for unscaled and differently scaled ground motion time histories is presented.  
 

2. Analysis of existing earthquake information 
 
2.1. Seismotectonics of Iraq and the area around the city of Al-Mosul 
Tectonically Iraq is located in the northeastern part of the Arabian Plate. The city of Al-Mosul is located in the 
northeastern part of Iraq near the seismically active northeastern boundary between the Arabian Plate and Eurasian 
Plate, or the so-called Zagros – Tauros Belt, which manifests the subduction of the Arabian plate under the Iranian 
and Anatolian Plates. This is the seismically most active area of Iraq. The seismic activity decreases to the south and 
southwest of Iraq (Alsinawi and Al-Qasrani, 2003).  
 
The tectonic forces along the plate boundary in eastern and northeastern Iraq cause stress-strain accumulation, 
deformation and in turn produce strong earthquake activity with high probability (Ameer et al. 2005). Thus, 
relatively large destructive earthquakes can be expected in this region.  In addition there are some intra-plate type 
events in the tectonically stable zone (Alsinawi and Banno, 1976) to the west.  
A seismotectonic map of Iraq with the earthquake epicentres superimposed on the tectonic framework of Iraq as 
published in Ameer et al. (2005) is shown on Figure 1.   
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 Six tectonic subdivisions were suggested by Buday and Jassim (1987) which extend from the southwest to the 
northeast as follows: Stable Shelf, Mesopotamian Zone, Simply Folded Zone, Imbricated Zone, Thrust Zone and the 
Central Iranian Zone (see Figure 1). These subdivisions are transversely dissected by a number of east-west fault 
systems.  
A number of researchers studied the seismicity and the seismic hazard of Iraq.  The historical seismicity of Iraq for 
the period 1260 B.C. to 1900 A.D. and the modern seismicity were investigated by Ambraseys (1971), Alsinawi and 
Ghalib (1975a,b), Poirier and Taher (1980), Alsinawi and Issa (1986), and Alsinawi (1988), and later on by Alsinawi 
and Al-Qasrani  (2003). The first seismic zoning map of Iraq was presented by Alsinawi & Ghalib (1975a) where 
Iraq was divided into five regions with intensity ranging between V and IX on the Modified Mercali (MM) scale. 
There are also other zoning maps. One of the most recent comprehensive seismic hazard studies was conducted by 
Alsinawi and Al-Qasrani (2003). The latter study is based on a catalog of 1031 seismic events with magnitudes 
between 3.0 and 7.4 for the period 1900-1988. It was found that 90.95 % of the seismic events on the territory of Iraq 
had magnitudes mb in the range of 4.0 to 5.5 and 6.03% of the events in the range 5.5 to 7.4.  The events with focal 
depth in the range from 0 to 50 km are 75.5 %, and the events with depths below 90 km are 2.61%.  It was found that 
the past seismicity is relevant to the recent one.  
 
One of the first seismotectonic maps of Iraq by Alsinawi and Banno (1976) showed a maximum intensity for the city 
of Al-Mosul around VIII MM. Based on the historical seismicity and the seismicity until 1988 the territory of Iraq 
was divided into zones with no damage (IMM  III); minor damage zones (IMM = IV – V) covering Zagros Foothills 
and the Mesopotamian Geosyncline; moderate damage zones (IMM = VI – VII) covering Zagros-Tauros thrust zone; 
and major damage zone (IMM =  VIII) located on the Zagros thrust zone outside the Iraqi borders. The city of Al-
Mosul was in the minor damage zone with IMM = IV – V.   
 

 
 
Figure 1. Earthquakes around the city of Mosul from 1927 to 2013 (ISC catalog) and the main structural zones of 
Iraq (modified from Ameer et al. 2005). 
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The size and the color of the circles are proportional to the magnitude of the earthquakes. The names or type of the 
main faults, fault zones, and features given in the legend are: 1) Thurst fault; 2) Major faults; 3) Mosul faults; 4) 
Hadhar-Bekhma faults; 5) Qala-Dizeh-Fatha-Horan faults, 6) Surdash Tikrit Kubaisa faults; 7) Diyala fault; 8) Ubaid 
fault; 9) Amara Somawakut fault; 10) Euphratian fault; 11) Tectonic elevation; 12) Abujir fault. The circular areas 
around the city of Mosul (red triangle) are for 50, 100, 200, and 300 km.   
 
Later the most destructive earthquakes in northern Iraq, most of them near the city of Al-Mosul were summarized in 
Teikari et al. (1981). Although there were no macroseismic intensities assigned in the summary the description of the 
damage and casualties showed that the city of Al-Mosul experienced frequent and damaging earthquakes in the past. 
Some of these earthquakes caused a lot of damage and killed many people (e.g. the earthquakes in 847, 986-987, 
1058, 1227, 1503). Based on seismic data from 139 to 1978 A.D. the city of Al-Mosul falls also in a seismic 
province with intensity VIII (Teikari et al. 1981). The greatest intensity in Iraq (VIII) was observed just southwest of 
Al-Mosul. A seismic province with intensity IX is defined in the same study in Zagros Mountains, approximately 
100 km northeast from the city of Mosul.  
 
Alsinawi and Al-Moosawi (1980) calculated the effective peak acceleration values for Iraq. For the city of Mosul 
this value is in the range between 0.05 and 0.1 g. The probabilistic seismic hazard analysis (PSHA) conducted by 
Ameer et al. (2005) estimated maximum regional magnitude  of 7.87  0.86 for the entire Iraq, with return 
period of 705 years for magnitude 6.0. The predominant frequencies of the earthquakes that may affect Al-Mosul fall 
in the range 0.23 to 3.5 Hz (Alsinawi and Al-Shukri 1981; Jassim and Goff 2006).  
 
1.2. Seismic sources 
The input parameters for simulation of accelerograms for the city of Al-Mosul required seismic sources to be defined 
with their maximum possible magnitudes and locations either deterministically or probabilistically. First, we looked 
at the definitions of the seismic sources in all available previous studies to define if it would be possible to use the 
deterministic approach. In Buday and Jassim (1987) five line sources and four areal sources are defined with their 
extend, number of events, average focal depth and the highest observed magnitude. The criteria for outlining the 
sources were not defined. There is also a seismotectonic map of the area (Al-Daghastani and Daood 2005) but no 
maximum magnitudes were defined for different faults. In other studies the possible seismic sources in Iraq and the 
adjacent areas were defined but no maximum magnitudes for each source were defined (Alsinawi and Al-Qasrani 
2003, Ameer et al. 2005, Alsinawi and Ghalib 1975b). The conclusion of the review of the available source 
representations in the previous studies showed that they were very different from study to study, incomplete, and the 
available information was not enough to judge how reliable is the definition of the sources and their parameters in 
each one of the studies.   
As the seismotectonic model of the study area was not the aim of this study but to find the  maximum possible 
magnitudes of the earthquakes from different sources that can affect the city of Al-Mosul we decided to proceed with 
a probabilistic analysis of the available data within circular areas around the city of Al-Mosul with different radii and 
to estimate the maximum possible magnitude for each one of them.  
 
1.3. Homogeneous magnitude catalog 
In order to define the possible maximum earthquakes that can affect the city of Al-Mosul from different distances a 
catalog was compiled for the period from 1927 to January 2013.  The already compiled Iraqi catalog (Al Abbasi and 
Fahmi 1989) was not used in this study for two reasons: (1) It contains events only until 1985 while this study tries to 
cover the well-known recent events in Iraq until 2013; (2) The compiled catalog does not cover the whole study area; 
and (3) It contains mixture of different kinds of magnitudes from different sources some of which converted to Ms. 
Al Abbasi and Fahmi (1989) utilized a relation given by Marshall (1970) for conversion from  to  and they did 
not justify the reason behind adopting this relation.  
 
The compiled catalog in this study is for an area up to 300 km from the city of Al-Mosul which covers Iraq and its 
surrounding areas between latitude 28.5º to 38.5ºN and longitude 38.5º to 49ºE. This study area includes territories 
outside of Iraq formal boundaries, because the seismic sources on these territories may have seismic effect in Iraq. 
Data for 6850 events was extracted from the International Seismological Centre (ISC) (http://www.isc.ac.uk; last 
accessed 13-3-2013). 
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The ISC catalog includes different types of magnitudes. Only the most common magnitude types were selected ( , 
, , ), and the last three magnitude types were converted to  in order to obtain a homogeneous catalog. The 

following empirical conversion equation was derived to convert  to  valid for ( ) from the 
interpolation for the events (  and  only) extracted from the ISC for the period 1900-2013: 

(1) 

with correlation coefficient R2 of 0.6175. This relation is very close to other relations such as the relation given by 
Al-Amri (1994) for the Arabian Plate. 

It was assumed that the relation between moment magnitude  and duration magnitude  derived for Turkey and 
given by Yenier et al. (2008) for can be used: 

  (2) 

as the magnitude range is close to the range in our catalog.  

Next, a relationship between the Ms and Mw was derived from the equation (Kanamori and Anderson 1975)  

  (3) 

where  represents the apparent stress, and   is the rigidity. The seismic moment Mo and the moment magnitude 
MW are related as (Hanks and Kanamori 1979) 

  (4) 

Assuming an average apparent stress  =16.5*105 Pa (Zafarani and Hassani 2013) and =3*1010 Pa we obtained 

   (5) 

The local magnitude  were converted into  using the following equation (Gutenberg and Richter 1956): 

  (6) 

The epicentral map for all events in the catalog is shown in Figure 1 where the size of the circles is proportional to 
the magnitude MS.  

1.4. Maximum magnitude – probabilistic approach
Data from the compiled catalog in this study within circular areas with four different radii (50, 100, 200 and 300 km) 
were analyzed to obtain the maximum magnitude for the corresponding areas. The maximum magnitude is defined as 
the upper limit of earthquake magnitude for a given area and is the largest possible earthquake. The definition is 
similar to the definition used by many earthquake engineers (e.g. EERI Committee, 1984). This definition assumes a 
sharp cut-off magnitude at a maximum magnitude Mmax, so that, no earthquakes with magnitude exceeding Mmax 
should be expected. Several statistical techniques for evaluation of Mmax are described and applied by Kijko and 
Singh (2011). The same procedures and the Matlab software provided by these authors are used in this study.  
 
The adopted methodology assumes that in the study area all earthquakes with magnitude larger than Mmin (threshold 
magnitude) that occurred within a specific time interval have been recorded. It is also assumed that the seismic 
events (and the magnitudes) are independent, identically distributed, random values with probability density function 
(PDF), fM(m), and the cumulative density function (SDF), FM(m). The upper limit of the magnitudes Mmax is the 
unknown parameter, termed the maximum regional earthquake magnitude Mmax, which is to be calculated using a 
few different techniques. 
 
The strategy for calculation of Mmax following Kijko and Singh (2011) used in this study is given in Table 1. The 
estimators can be divided into three main types: Parametric estimators (group A), Non-parametric estimators (group 
B), and fit of Cumulative Distribution Function (CDF) of earthquake magnitudes (group C).  
 
Parametric estimators (group A), the procedures from P1 to P5 (see Table 1), are very effective when the parametric 
models of the frequency-magnitude distributions are known, while the non-parametric estimators (group B), the 
procedures from P6 to P10 in Table 1 are suitable for the situations when it is impossible to use the parametric 
estimators, for instance, when the log-frequency-magnitude relation has a strong non-linear component. The fit of 
CDF estimators (group C), which includes procedures P11 and P12 is very useful only when the data are unreliable, 
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or they come from different sources and contain significant outliers. Full details about these estimators and the 
procedures are available in (Robson and Whitlock, 1964; Cooke, 1979; Pisarenko et al. 1996; Kijko 2004; Kijko and 
Singh 2011).

The available Matlab software (Kijko and Singh 2011) utilizes the aforementioned procedures in two main cases, 
namely: methods based on statistical procedures and methods based on past seismicity and for each one of these 
cases there are two subcases. So, the total number of cases considered in the Matlab software is four cases for each 
procedure (except procedures P6, P7, P8, P11 and P12 which utilize Case3 and Case4 only)  as it is presented in 
Table 1 where the hatched areas represent the procedures applicable in each case. Thus, Case1 and Case3 are based 
on the Statistical procedures and past seismicity methods respectively and consider the integration from Mmin to Mmax 
observed, while Case2 and Case4 are based on the statistical procedures and past seismicity methods respectively
and consider the integration from Mmin to Mmax, calculated as an average of Cooke (1980) estimator.

Table 1: Estimators and procedure types used for Mmax calculations based on (Kijko and Singh 2011).  Case1: based 
on statistical methods with integration from Mmin to Mmax observed; Case2: based on statistical methods with 
integration from mmin to Mmax; Case3: based on the past seismicity with integration from Mmin to Mmax observed; 
Case4 based on the past seismicity with integration from Mmin to Mmax.

Estimators Type Procedure Matlab Considered Cases
A. Parametric: Abb. (code) Case1 Case2 Case3 Case4
1 Tate–Pisarenko P1
2 Kijko–Sellevoll  (Cramér’s 

approximation)
P2

3 Kijko–Sellevoll  (exact solution) P3
4 Tate–Pisarenko–Bayes P4
5 Kijko–Sellevoll–Bayes P5
B. Non-parametric:
1 Non-parametric with Gaussian kernel P6
2 Non-parametric based on order 

statistics
P7

3 Based on a few largest earthquakes P8
4 Robson–Whitlock P9
5 Robson–Whitlock–Cooke P10
C. Fit of CDF of 

earthquake 
magnitudes:

1 L1-norm fit of CDF P11
2 L2-norm fit of CDF P12

* The hatched area represents the procedures applicable in each case.

In this study, different suites of procedures mentioned above were applied for the areas with different radius (50, 
100, 200, and 300 km). The suite depended on the available data. The preliminary analysis of the data for three of 
the areas – from 100 km up to 300 km showed that the magnitude distributions followed the Gutenberg-Richter law. 
The correlation coefficients using the least-square fit is above 0.80. The threshold magnitude for these areas is 
around 4 (see Figure 2). For the 50-km area there were only 19 events recorded and the magnitude distribution did
not follow the Gutenberg-Richter law because of the small number of events so the threshold magnitude was difficult 
to define. The twelve procedures (P1 to P12) listed in Table 1 for the possible cases (Case1 to Case4) were applied 
for each area to calculate the Mmax magnitude. Tables A1 to A4 in the Appendix display the Matlab software results 
for Mmax calculations utilizing the twelve procedures with their applicable cases for the four areas with different 
radius.
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Figure 2. Gutenberg-Richter graph for the 200-km area around the city of Al-Mosul. The parameters of the linear 
least-square fit and the correlation coefficient R2 are shown on the graph. 

 
Due to the low number of events available for the area within 50 km radius, only the N-P-Gaussian Kernel procedure 
was able to estimate Mmax, while the rest of estimators failed to give any estimation for Mmax. As a general criterion 
for defining the final intervals for each area from Tables A1-A4, we disregarded any estimated values for Mmax less 
than really observed Mmax. Furthermore, we accepted the estimated values of Mmax with the lowest possible standard 
deviation (up to 0.5 or in some cases 0.7). The summary of all results are given in Figure 3 and Table 2. The last row 
of Table 2 gives the final range for the earthquake magnitude values to be used for the scaling of the accelerograms 
in Section 3.  
 

Table 2: Summary of the calculated Mmax values for four areas around the city of Al Mosul 
 Cases R50 R100 R200 R300 

Mmax based on the statistical methods (Case 1) 4.75-5.0 5.4-6.5 5.4-6.5 7.1-8.4 

Mmax based on the statistical methods (Case 2) 4.75-5.0 5.4-6.2 5.4-6.3 7.1-8.5 

Mmax based on the past seismicity methods (Case 3) 4.75-5.0 5.1-6.3 5.4-6.1 7.1-8.4 

Mmax based on the past seismicity methods (Case 4) 4.75-5.0 5.1-6.3 5.5-6.4 7.1-8.4 

  

Final selected Mmax ranges 4.75-5.0 5.1-6.3 5.4-6.3 7.1-8.5 
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Figure 3. Estimated maximum earthquake magnitude Mmax and their standard errors for all circular areas – 50, 100, 
200 and 300 km: 
Case1: based on statistical methods with integration from Mmin to Mmax observed. 
Case2: based on statistical methods with integration from Mmin to Mmax. 
Case3: based on the past seismicity with integration from Mmin to Mmax observed. 
Case4: based on the past seismicity with integration from Mmin to Mmax. 
 
2.5. Depth Distribution 
 
The seismic events with truly calculated depth (ISC reviewed) in the compiled catalog were utilized to find the 
seismogenic layers for the areas with different radius. The depth distribution of the seismic events (Figure 4) 
revealed that the depth of the earthquakes is down to 120 km (for the largest areas – up to 200 and 300 km). For the 
100-km area it is 80 km with a second maximum in the depth range roughly between 40 and 70 km, and a single 
event at 120 km.  For the smallest 50-km area the maximum depth is 60 km. Around 70% of the events in all areas 
have depth less than 20 km.  
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Figure 4. Depth distributions for four circular areas with radius 50 km, 100 km, 200 km, and 300 km around the city 

of Al-Mosul. 
 
2.6. Expected Earthquake frequencies 
 
Assuming that the following relation between   and  given by Zafarani and Hassani (2013) for the Iranian 
plateau is applicable for Iraq: 
 

 
 
we substituted the definition of the moment magnitude (eq. 4) and the relationship between the Ms and moment 
magnitude MW (eq. 5) to obtain the corner frequencies as a function of the magnitude: 
 

 
 
Equation (8) was utilized to calculate the expected frequencies of the seismic waves from the maximum possible 
earthquakes at Al-Mosul city. For   in the range from 4.75 to 8 these frequencies are in the range between 0.01 Hz 
and 1.34 Hz. These frequencies are lower than the predominant frequencies (0.23 to 3.5 Hz) given in the previously 
mentioned studies (Alsinawi and Al-Shukri 1981; Jassim and Goff 2006), which did not clearly specify for which 
magnitude type and range, they were calculated. 
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2. Matching Response Spectra 

2.1. Sources of Time-acceleration series 
 There are three main sources for obtaining the time acceleration records: (1) Real accelerograms, (2) Artificial 
accelerograms, and (3) Synthetic accelerograms. The real accelerograms are recorded during earthquakes, and they 
convey all the ground motion characteristics (amplitude, frequency, energy content, duration and phase 
characteristics) and reveal all the features that could modify the accelerograms (characteristics of the source, path, 
and site) (Fahjan et al. 2007). Real strong motion records are obtainable through many sources, and their retrieval 
and handling are relatively straightforward (Bommer and Acevedo 2004). However, there is still deficiency of strong 
motion earthquake records to satisfy the variety of seismological and geological conditions and requirements defined 
in seismic codes (Fahjan and Ozdemir 2008).  

 
2.2. Matching Response Spectra Methods
The philosophy of seismic design in seismic design codes is based mainly on the shape of the target spectrum. So, 
real earthquake records, which possess alike characteristics (magnitude, distance, site conditions and faulting type) 
with the site under consideration, have to be selected to match the elastic response spectrum given in the code 
(Fahjan and Ozdemir 2008). Three methods are available for adjusting time histories to match a given design 
spectrum, namely: (1) Linear scaling, (2) Frequency-domain scaling, (3) Time domain scaling (Little 2007). 
In case of linear scaling, the acceleration time history is simply scaled up or down by a constant scaling factor 
uniformly to be compatible with the target spectral acceleration (Sa) without changing the frequency content and 
original phase spectra of the record. In other words, only the amplitude of the accelerograms is scaled (Little 2007; 
Fahjan and Ozdemir 2008). Frequency-domain scaling method includes manipulation of the frequency content of the 
record (Naeim et al. 2004). Fourier spectral amplitudes of the original record are adjusted keeping the Fourier phases 
unchanged during the entire process (Fahjan et al. 2007). The main disadvantage of this approach is the corruption of 
the velocity and displacement time-series due to the change of the frequency content and as a result unrealistically 
high-energy content of the motions (Hancock et al. 2006). Lastly, the time-domain scaling is limited to just 
manipulating the amplitude of the record (Naeim et al. 2004). This method involves a modification of the time 
history in a time domain and limited durations of the original record to accomplish compatibility with specified 
target response spectrum. The resulting records can have response spectra very close to the target spectrum (Fahjan 
and Ozdemir 2008). In this study, the Linear Scaling approach utilized by the PEER Ground Motion Database 
(PGMD) is adopted due to the robustness and efficiency of the algorithm of the PGMD web applications.  
 
2.3. Records selection norms 
Nowadays, there are many sources of time history records. However, there are limited rules for record selection 
process in the seismic design codes. Usually, for a given site, the available information for seismic hazard or the 
design ground motion will control the record selection procedure. General selection criteria include the selection of 
multiple free-field records collected in the same tectonic conditions, similar faulting styles, site conditions, and 
duration; the overall response spectrum shape must be close to that of the target response spectrum. For small 
distances the directivity effects for near-fault conditions should be taken into consideration too (Little 2007).   
 
According to Bommer and Acevedo (2004), the records can be selected either by strong motion parameters or 
geophysical parameters. In the case of strong motion parameters, and in case of lack of information about the seismic 
source, the selection of suitable records is mainly concentrating on the compatibility with the response spectrum 
rather than seismological/geophysical parameters, while in the case of geophysical parameters, dominating 
earthquake scenarios should be determined by Deterministic Seismic Hazard Analysis (DSHA) or Probabilistic 
Seismic Hazard Analysis (PSHA) results. The latter seismic hazard methods give the required search parameters: (1) 
Earthquake magnitude, and (2) Source to site distance. The site conditions (class) depend on the specific case study. 
In this research, the geophysical parameters approach for record selection was used as it is illustrated in the Section 
3.1.  
 
The search for matching earthquake records should be less limiting because it is impossible to guarantee that there 
will be a result for very strict limits. Therefore, it is crucial to determine the search parameters to be used, their 
influence on the matching process, and the tolerance for each one of these parameters between the record and the 
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specified scenario. According to Stewart et al (2001) and Bommer and Acevedo (2004)  the earthquake magnitude is 
a very important search parameter due to its large effects on the frequency content the selected record should be 
within 0.2 to 0.25 units of the target magnitude. The duration of the record is also important. So, previous studies 
found that the spectral shape is less affected by the distance than the magnitude, and it is generally recommended to 
impose strict limits for magnitude and use fewer strict limits for distance in order to get the required number of 
records unless the site of selected records was a soft soil site (Campbell 1997; Boore et al. 1997; Abrahamson and 
Silva 1996; Abrahamson 2008; Bommer and Acevedo 2004) . According to David (2004) the site class is very 
important search parameter because it strongly influences the amplitude and shape of the response spectra. Anyway, 
there are limited numbers of earthquake records, which possess exactly determined geotechnical profile or just for 
the upper 30 m. So from a practical point of view, it is preferable to lessen the search limits for site type in case of 
shortage of records matching the magnitude and distance norms. The last search parameter which is rupture 
mechanism could be taken into consideration if these parameters are known and the search retained good numbers of 
records (10-20). Finally, strong-motion records from one place can be selected and applied in another one only if the 
tectonic environment is similar (Bommer and Acevedo 2004). 
 
 
2.4. Design code matching Criteria 

Regardless of the record selection method, it is crucial to certify that the records are fulfilling the requirements 
imposed by seismic design codes, and in agreement with the ordinate of the design response spectrum. According to 
the Uniform Building Code (UBC 1997), each horizontal ground motion component shall be scaled in such a way 
that its average ordinate of the 5 percent-damped site-specific spectrum should be no less than 1.4 times the design 
spectrum ordinates for periods from 0.2T second to 1.5T seconds, where T is the fundamental period of vibration of 
the building. The maximum structural response shall be used for design in case of selection and average of three 
records or the average structural response in case of selection and average of seven records (UBC 1997). 
 
3. Case Study 

3.1. Matching design response spectra 
According to the UBC (1997), different sites can be seismically classified into five different zones (1, 2A, 2B, 3, and 
4). The classification of these zones is based on the probability of occurrence of a damaging earthquake. Zone 1 
represents the regions with the lowest probability of damaging earthquake, while zone 4 represents the regions with 
higher probability of damaging earthquake. Zones 2A, 2B, and 3 represent the regions in-between Zone 1 and Zone 
4. Furthermore, each zone can be classified into six different site classes from SA to SF depending on the upper 30 m 
of the site soil profile. SA represents the case of hard-rock soil profile, while SF represents the soft soil profiles that 
require specific investigations.  According to Al Abbasi and Fahmi (1989), Al-Mosul city lays between Zone 1 and 
Zone 2. In this study, the case for seismic Zone 2 and soft soil profile (class SE) with undrained shear strength less 
than 50 kN/m2 are considered for the example. The horizontal elastic design response spectra can be constructed for 
Al-Mosul city (Figure 5) using seismic coefficients =0.3, and  =0.5 as they were defined in the UBC 1997 
(Tables 16 Q and 16 R respectively), and utilizing UBC control equations below (UBC 1997): 
 

 
 

 
 

In this study, the geophysical parameters approach for record selection was used and the strong motion records were 
obtained from The PEER Strong motion Database (http://peer.berkeley.edu/smcat; last accessed 08-05-2014). The 
PEER Ground Motion Database (PGMD) contains 1557 records from 143 earthquakes from tectonically active 
regions. These records were processed in a uniform manner and reviewed by many people. Search in the PEER 
database can be made for different parameters to choose events with similar tectonic environment. Search parameters 
include mainly: fault mechanism, magnitude (different types), and distance to the fault (see Table 3 for other 
parameters). PGMD utilized the linear scaling approach to scale the recorded and corrected (for instrumental errors) 
strong ground motion acceleration time series to match the design target spectrum without any changes to the 
frequency content of the selected records. 
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Figure 5. Construction of design response spectra based on UBC 1997. , and  are the seismic coefficients as 
they were defined in the Tables 16 Q and 16 R of UBC 1997, T is the fundamental period of vibration of the 

building. 
 

The required period range is the whole period of the design target spectrum (0 - 10 sec); the Mean Squared Error 
(MSE) of the difference between the ground motion spectral acceleration and the design target spectrum was used as 
criteria to evaluate the extent of concordance between them. The MSE is calculated according to the equation (PEER 
2011): 
 

 

   
where  represents a linear scale factor used for the total period of the response spectrum calculated according to eq. 
(12) below. , is the geometric mean (GM) of spectral acceleration for the two components of the horizontal 
accelerations calculated as follows (PEER 2011): 
 

 
 
where  refers to the fault-normal acceleration components, and  refers to the fault-parallel acceleration 
components. , is a weight function to be used when it is required to specify relative weights to certain 
segments of the required period range. In this study, more importance was assumed for the period range (0.2 – 2 sec) 
which is expected to be close to the predominant period of the buildings and the value given for  was (1.5) as it 
is presented in Table 3. This means that the spectral shapes of the selected records will be alike to the target for the 
specified period and fluctuate for the remaining period of the target. 
 

 

 
In this study, five record selection scenarios were implemented as it is shown in Table 3. Four of these scenarios are 
for the areas with different radius defined in Section 1.4. They differed only in the magnitude ranges used for record 
selection, the Joyner-Boore distance (defined as the distance from a place to the surface projection of the rupture 
surface), and the closest distance to rupture plane while other parameters were kept the same. The fifth scenario 
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involved direct implementation of an arbitrary selected strong earthquake, and Kobe’s earthquake (Japan, 1995-01-
16) of magnitude 6.90 was selected here.  
 
Seismic design codes specify that the two horizontal acceleration records (fault-normal and fault-parallel 
accelerations) should be used for the purposes of time history analysis of structures. This means that two sets of 
responses should be obtained to evaluate the seismic response of the structure (Reyes and Kalkan 2012). For the 
example here, only the fault-normal acceleration record was used. 
 

Table 3: Parameters used for records selection scenarios. 
 Records selection scenarios 

Scaling Scenarios No Scaling 
Scenario 50 km 100 km 200 km 300 km 

M= 4.75–5.0 M= 5.1–6.3 M= 5.4–6.1 M= 7.1–8.4 
Fault Type All types All types All types All types Kobe 

earthquake with 
fault-normal 
acceleration 

record recorded 
at Takarazuka 

station 

Joyner-Boore distance 
(km) 5 – 50 50 – 100 100 – 200 200 – 300 

Closest distance to 
rupture plane (km)   0 – 20 50 –100 100 – 200 200 – 300 

Average shear wave 
velocity of top 30 
meters of the site (m/s).  

150 – 500 150 – 500 150 – 500 150 – 500 

Pulse characteristics of 
the searched record 
(plus like or no plus 
like) 

Any Any Any Any 

Total target spectrum 
period (sec) 10 10 10 10 

Special target spectrum 
period (sec) 0.2 – 2 0.2 – 2 0.2 – 2 0.2 – 2 

Weight factor 1.5 – 1.5 1.5 – 1.5 1.5 – 1.5 1.5 – 1.5 
 
The results of records selection scenarios – matching between the target response spectrum and the arithmetic mean 
spectrum of selected horizontal records for the four areas with radius 50, 100, 200 and 300 km are shown in Figure 6. 
While Figure 7 displays the ground acceleration time history record for the Kobe’s earthquake (Japan, 1995-01-16) 
of magnitude 6.90, which was used for the fifth scenario. 
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Figure 6. Results of records selection scenarios: matching between the target response spectrum and the arithmetic 

mean spectrum of selected horizontal records for the four areas with radius 50, 100, 200 and 300 km. 
 

 
Figure 7. The ground acceleration time history record for the Kobe’s earthquake (Japan, 1995-01-16) of magnitude 

6.90, which was used for the fifth scenario. 
 

3.2 Simulation results 
A typical eight storeys reinforced concrete building 45 m by 30 m in plan, and 40 m in elevation with two 
underground levels was analyzed in this study. This kind of structures is common in AL-Mosul. The bay spacing is 
9.0 m on center, in the long direction and 6.0 m in the short direction. The floor-to-floor height is 4.0 m for all 
stories. This bench mark building was proposed and designed by the National Earthquake Hazards Reduction 
Program (NEHRP) (Welt 2010). Figure 8 shows the rectangular floor layout for this building. The structural lateral 
resisting system is composed of two perimeters special moment resisting frames in the long direction and four full 
height shear walls in the short direction as it is depicted in Figure 9.  
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Figure 8. Plan layout and dimensions of the model building chosen for the case study. 

 
The columns and the beams are not participating in the lateral resistance, and they are designed to resist the gravity 
loads only. Table 4 displays the sections of structural system parts. Abaqus finite element software was used for 
structural analysis. Elements types (B32) from Abaqus beam library were used for simulating the structural behavior 
of beams and columns. The floor slabs and shear walls were simulated using shell elements type (S8R) from Abaqus 
shell elements library. The analysis was conducted for the short direction only with fixed support condition 
assumption. The live load used is 2.5kN/m2. The partition and finishing load is assumed to be 1.25kN/m2 for all the 
stories. The lumped seismic mass for each storey was calculated to be 2052 ton applied at the center of each level. 
One case of UBC load combinations (UBC) was considered in this example as follows: 
 

 
 
where  represents the dead loads,  represents the earthquake loads, and  represents the live loads. 
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Figure 9. 3D view of the building during vibrations.

Table 4: Section dimensions and properties.

Section Dimensions (m) Fc (MPa) Fy (MPa)
Beams of moment resisting frames 0.60×0.80  (width×depth) 35 420
All other beams 0.40×0.50  (width×depth) 35 420
All columns 0.70×0.70 35 420
Shear wall thickness 0.40 35 420
Slab thickness 0.12 35 420

The seismic base shear under the effects of the scaled records were compared with the seismic base shear calculated 
from the equivalent static method, as specified in UBC97 for regular buildings. The analysis results showed closed 
performance for the building under the scaled and unscaled records in the case of building horizontal drift while the 
unscaled record resulted in a more severe horizontal acceleration than the scaled records as it is depicted in Figure 
10.
The maximum acceleration of the building at the first level for all the scaled cases is about 0.01 g, while its 
corresponding value using unscaled record is about 0.1g. Similarly, the maximum acceleration of the building at the 
roof level for all the scaled cases is about 0.009g, while its corresponding value using unscaled record is about 1.1g. 
This clearly reveals that the use of unscaled records will produce non justified and unrealistic acceleration responses
about 10 times higher than could be expected from the scaled records.
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Figure 10. Maximum stories displacements and horizontal accelerations for the five scenarios. 
 

4. Conclusions 
The main objective of this work was to compile a suite of scaled earthquake records to be used for the structural 
design at Al-Mosul city located at the north of Iraq based on the defined sets of magnitudes and epicentral distances 
for various possible scenarios of future earthquakes and to apply them for a case scenario. The analysis of the 
available information about the past and modern seismicity and seismic hazard revealed serious risks to this city. The 
city of Al-Mosul is located in one of the most seismically active areas of Iraq close to seismically very active plate 
boundary (the Zagros thrust zone) at the border with Iran and Turkey. 
 
The results from the seismic hazard analysis include the determination of the maximum expected earthquakes, the 
depth of the seismogenic layer, and the expected frequencies of the future earthquake waves. The maximum 
earthquake magnitude expected for Al-Mosul city based on the probabilistic analysis conducted in the study using 
the Kijko and Singh procedures and Matlab code (Kijko and Singh 2011) is between from 4.75 to 8.4 for distances 
between 50 and 300 km. The earthquakes that occurred already have comparatively shallow hypocenters and form 
very shallow seismogenic layer with around 70% of the events in all areas with depth less than 20 km. Moreover, the 
expected earthquake frequencies for the magnitudes range between from 4.75 to 8.0 are in the range between 0.01 Hz 
and 1.34 Hz, which is very close to the theoretical resonant frequencies of reinforced concrete buildings.  
 
As a result from this study, four scaled earthquake accelerograms were obtained using linear spectrum matching 
techniques, and they are recommended for use in the structural design of the buildings in this city (provided as 
supplementary material). The accelerograms were applied for the case of a bench mark eight storeys reinforced 
concrete building, and the results showed similar performance for the building under the scaled and unscaled records 
in the case of building horizontal drift while the unscaled record resulted in a more severe horizontal acceleration 
than the scaled records, which clearly reveals that the use of unscaled records will produce non justified and 
unrealistic responses about 10 times higher than the expected from the scaled records. 
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Appendix 
 
Table A1 Estimation of the maximum earthquake magnitude Mmax based on statistical methods with integration from 
Mmin to Mmax (Observed) (Case1). 
 

  
Procedure Distances 

R50 R100 R200 R300 
1.  Tate-Pisarenko  NA  7.40 ±1.83 6.01 ±0.46 big ±big 
2.  Kijko-sellevoll (Approx.)  NA  6.07 ±0.53 5.81 ±0.29 8.01 ±0.83 
3.  Kijko-sellevoll (Exact)  NA  6.07 ±0.52 5.81 ±0.29 8.01 ±0.84 
4.  Tate-Pisarenko-Bayes  NA  6.76 ±1.19 5.83 ±0.30 8.49 ±1.31 
5.  Kijko-sellevoll-Bayes  NA  6.01 ±0.48 5.75 ±0.25 7.75 ±0.58 
6.  Robson-Whitlock  NA 6.00 ±0.61 5.83 ±0.50 8.40 ±1.28 
7.  Robson-Whitlock-Cooke  NA  5.79 ±0.38 5.71 ±0.34 7.80 ±0.68 

Maximum Observed 4.75 5.58 5.6 7.2 
  Final Selected 4.75-5.0 5.4-6.5 5.4-6.5 7.1-8.4 

Notes:  
The cells shaded with black diagonal lines represent Mmax(calculated) with standard deviation > 0.5 
The cells shaded with green diagonal lines represent Mmax(calculated) with standard deviation  < 0.7. 
Here and in Tables A2-A4 ‘big’ means not realistic values (greater than 9.0), and ‘inf’ means infinity. 

 
Table A2 Estimation of the maximum earthquake magnitude Mmax based on statistical methods with integration from 
Mmin to Mmax (Case2). 
 

  
Procedure Distances 

R50 R100 R200 R300 
1.  Tate-Pisarenko NA  inf ±inf inf ±inf inf ±inf 
2.  Kijko-sellevoll (Approx.)  NA  7.60 ±2.03 6.12 ±0.56 big ±big 
3.  Kijko-sellevoll (Exact)  NA  7.58 ±2.01 6.12 ±0.56 big ±big 
4.  Tate-Pisarenko-Bayes NA  inf ±inf big ±big inf ±inf 
5.  Kijko-sellevoll-Bayes  NA  7.03 ±1.46 5.83 ±0.31 8.83 ±1.64 
6.  Robson-Whitlock  NA  6.00 ±0.61 5.83 ±0.50 8.40 ±1.28 
7.  Robson-Whitlock-Cooke  NA 5.79 ±0.38 5.71 ±0.34 7.80 ±0.68 
  Maximum Observed 4.75 5.58 5.6 7.2 
  Final Selected 4.75-5.0 5.4-6.2 5.4-6.3 7.1-8.5 

Notes:  
The cells shaded with black diagonal lines represent Mmax(calculated) with standard deviation > 0.5 
The cells shaded with green diagonal lines represent Mmax(calculated) with standard deviation < 0.7 
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Table A3 Estimation of the maximum earthquake magnitude Mmax based on the past seismicity with integration from 
Mmin to Mmax(Observed) (Case3). 

  
Procedure Distances 

R50 R100 R200 R300 
1.  Tate-Pisarenko NA 5.73 ±0.63 5.71 ±0.23 big ±big 
2.  Kijko-sellevoll (Approx.)  NA 5.40 ±0.32 5.69 ±0.22 8.60 ±1.42 
3.  Kijko-sellevoll (Exact)  NA 5.39 ±0.32 5.69 ±0.22 8.60 ±1.42 
4.  Tate-Pisarenko-Bayes  NA 5.59 ±0.50 5.68 ±0.22 big ±big 
5.  Kijko-sellevoll-Bayes  NA 5.37 ±0.30 5.67 ±0.21 8.25 ±1.07 
6.  N-P-Gaussian Kernel 4.50 ±0.20 5.34 ±0.28 5.80 ±0.28 8.09 ±0.91 
7.  Based on Order Statistics   NA 5.29 ±0.32 5.74 ±0.31 7.79 ±0.65 
8.  Based on 5 largest Magnitudes  NA 5.28 ±0.28 5.74 ±0.28 7.71 0.57 
9.  Robson-Whitlock  NA 5.50 ±0.57 5.92 ±0.55 8.8 ±1.66 
10.  Robson-Whitlock-Cooke  NA 5.32 ±0.36 5.76 ±0.35 8.00 ±0.86 
11.  Norm L1  NA 5.16 ±0.20 5.28 ±0.38 8.98 ±1.79 
12.  Least-Squares  NA 5.02 ±0.23 5.24 ±0.41 big ±big 
  Maximum Observed 4.75 5.58 5.6 7.2 
  Final Selected 4.75-5.0 5.1-6.3 5.4-6.1 7.1-8.4 
Notes: The cells shaded with vertical red lines represent Mmax(calculated) < Mmax(observed) which were excluded 
from further consideration. 
The cells shaded with black diagonal lines represent Mmax(calculated) with standard deviation > 0.5 
The cells shaded with green diagonal lines represent Mmax(calculated) with standard deviation < 0.7 
 

Table A4 Estimation of the maximum earthquake magnitude Mmax based on the past seismicity with integration from 
Mmin to Mmax (Case4). 

  
Procedure Distances 

R50 R100 R200 R300 
1.  Tate-Pisarenko NA inf ±inf 5.75 ±0.25 inf ± inf 
2.  Kijko-sellevoll (Approx.) NA 5.92 ±0.80 5.71 ±0.23 big ±big 
3.  Kijko-sellevoll (Exact) NA 5.90 ±0.79 5.71 ±0.23 big ±big 
4.  Tate-Pisarenko-Bayes NA inf ±inf 5.70 ±0.22 inf ±inf 
5.  Kijko-sellevoll-Bayes NA 5.69 ±0.59 5.68 ±0.22 big ±big 
6.  N-P-Gaussian Kernel 4.50 ±0.20 5.46 ±0.38 5.98 ±0.43 big ±big 
7.  Based on Order Statistics  NA 5.29 ±0.32 5.74 ±0.31 7.79 ±0.65 
8.  Based on 5 largest Magnitudes NA 5.28 ±0.28 5.74 ±0.28 7.71 ±0.57 
9.  Robson-Whitlock NA 5.50 ±0.57 5.92 ±0.55 8.80 ±1.66 
10.  Robson-Whitlock-Cooke NA 5.32 ±0.36 5.76 ±0.35 8.00 ±0.86 
11.  Norm L1 NA 5.16 ±0.20 5.28 ±0.38 8.98 ±1.79 
12.  Least-Squares NA 5.02 ±0.23 5.24 ±0.41 big ±big 
  Maximum Observed 4.75 5.58 5.6 7.2 
  Final Selected 4.75-5.0 5.1-6.3 5.5-6.4 7.1-8.4 
Notes: The cells shaded with vertical red lines represent Mmax(calculated) < Mmax(observed), which were excluded 
from further consideration. 
The cells shaded with black diagonal lines represent Mmax(calculated) with standard deviation > 0.5 
The cells shaded with green diagonal lines represent Mmax(calculated) with standard deviation < 0.7 
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Figure A1 Case1 results. 
 
 

 

 
 
 

Figure A2 Case2 results. 
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Figure A3 Case3 results. 
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Figure A4 Case4 results. 
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Article

A state-of-the-art review of structural
control systems

Tarek Edrees Saaed1, George Nikolakopoulos2,
Jan-Erik Jonasson1 and Hans Hedlund3

Abstract

The utilization of structural control systems for alleviating the responses of civil engineering structures, under the effects

of different kinds of dynamics loadings, has become a standard technology, although there are still numerous research

approaches for advancing the effectiveness of these methodologies. The aim of this article is to review the state-of-the-

art technologies in structural control systems by introducing a general literature review for all types of vibrations control

systems that have appeared up to now. These systems can be classified into four main groups: (a) passive; (b) semi-active;

(c) active; and (d) hybrid systems, based on their operational mechanisms. A brief description of each of these main

groups and their subgroups, with their corresponding advantages and disadvantages, is also given. This article will

conclude by providing an overview of some innovative practical implementations of devices that are able to demonstrate

the potential and future direction of structural control systems in civil engineering.

Keywords

Seismic protection, structural control system, vibration mitigation

1. Introduction

The common method for designing buildings and most
civil engineering structures is to use the static approach,
which is based on the design to resist gravitational
loads throughout structure lifetime. The determination
of these loads is very straight forward based on occu-
pancy requirements, and can significantly simplify the
design process.

Structural engineers tend to deal with lateral forces
like seismic loads and wind loads in a similar manner
by using ‘equivalent static loads’, which are allowed by
many design codes (De la Cruz, 2003). A seismic design
relies on a combination of strength and ductility in a
way that the structures are expected (or designed) to
remain in an elastic range for normal earthquakes
occurrence. In the case of large earthquakes, the struc-
tural design should depend on the ductility of the struc-
tures to prevent building damage. For this reason, the
lateral resisting force system should have the ability to
absorb and dissipate energy in a stable manner through
plastic hinge regions of beams and column bases for a
large number of cycles. These plastic hinges are part of

irreparable, concentrated, and accepted damage to
gravity load carrying systems, providing that the col-
lapse is prevented and life safety is confirmed. Such
structures depend almost upon their specific stiffness
to withstand seismic forces and on their limited mater-
ial damping to dissipate dynamic energy resulting from
these random and variants dynamics loads. A dramatic
improvement could be achieved by taking into account
the dynamical behavior of structures to overcome the
fixed capacities of load resistance and energy
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dissipation, which exist in the classical code design
methods (Constantinou et al., 1998). In addition,
recent buildings and important structures also should
have the ability to maintain their functions after severe
earthquakes, not just preventing collapse (Kobori,
1988), and may contain expensive equipment, such as
electronic and industrial machineries, that are very sen-
sitive to motion (Fisco and Adeli, 2011). Moreover,
there are a large number of old buildings that are not
detailed properly as ductile structures and have a lim-
ited lateral resistance. In order to enable the structures
to resist such loadings, an increase in both structural
strength and ductility is essential, while at the same
time, this approach will increase the overall construc-
tion cost. In addition, increasing member sizes will
attract more demanding forces on them, and there
may not be any benefits from such solutions. In add-
ition, it is very difficult to change the damping ratio for
construction materials, such as reinforced concrete or
steel. Due to all of these limitations, researchers have
used natural and developed man-made materials with
unusual properties, called smart materials, and systems
that can be automatically adjusted to different kinds of
excitations, called adaptive systems; later on, this led to
the innovative concept of smart structures (Cheng
et al., 2008).

Smart structure systems or structural control sys-
tems for civil engineering structures are a suitable solu-
tion to overcome these limitations and to provide safer
and more efficient designs, through reflecting and
absorbing the energy produced by different dynamic
loadings such as seismic, wind and traffic effects. In
this case, protection is achieved by allowing the struc-
tures to be damaged (Christenson, 2001).

The aim of this article is to review the state-of-the-
art technologies in structural control systems by intro-
ducing a general literature review for all types of vibra-
tions control systems that have been appeared up to
now and present the current state of the art for each
of them, while providing an overview of some innova-
tive practical implementations, which are able to dem-
onstrate the potential and future direction of structural
control systems in civil engineering. A limited number
of similar surveys have appeared in the literature that
have focused on specific categories of structural control
systems, while there has never been a full overview of
all the existing technologies and a corresponding
comparison.

The overall aim of this article is to provide a detailed
description and relative applications of the most
important technological advancements in the field,
while acting as a full reference for interested readers.
A survey of applications of passive energy dissipation
systems for seismic protection of structures and their
basic principles up to 2005 was presented by Symans

et al. (2008). A very good survey of structural control
systems that covers the period from 1990 to 1996 was
presented by Housner et al. (1997), where valuable
information was provided on passive, semi-active,
hybrid, active control theories, sensors, and smart
materials; the present article, the concentration will be
on control systems devices. Therefore, the description
of passive devices will be extended to include base iso-
lation devices, other types of energy dissipation devices,
and active control devices that have appeared up to
now. The development in semi-active devices and
their implementation in full-scale structures for the
period 1996 to 2003 were covered by Spencer and
Nagarajaiah (2003). Ikeda (2009) presented an
extended list of 52 practical applications of active con-
trol systems to buildings in Japan from 1989 to 2007.
Starting from this article, the list of applications will be
extended to include recent applications to date.

The present article is structured as follows. In
Section 2, a detailed description of structural control
based on the operational mechanism is provided,
this includes: passive, semi-active, active, and hybrid
control approaches, while some recent and char-
acteristic applications of these devices are presented
in Section 3. Finally, in Section 4, conclusions are
drawn.

2. Structural control systems

Structural control systems can be utilized to reduce the
response of structures under different types of dynamic
loads such as earthquakes, winds, traffic, and other
kinds of service loads, thus, these systems have also
been characterized in the literature as motion control
systems. In general, these devices can be classified into
four main groups (passive, active, semi-active, and
hybrid) based on their operational mechanisms, as pre-
sented in Figure 1 (Cheng et al., 2008; Christenson,
2001; Constantinou et al., 1998; De la Cruz, 2003;
Housner et al., 1997; Marko, 2006; Spencer and
Nagarajaiah, 2003; Symans et al., 2008). In the follow-
ing subsections, the main groups and subgroups of
structural control systems are presented.

2.1. Passive control systems

Passive control systems aim to dissipate part of the
input energy and include mainly isolation and energy
dissipation devices. In the past, these systems have been
considered as smart systems because ‘they can generate
a larger damping force when the structural response
gets higher’ (Cheng et al., 2008). Constantinou et al.
(1998) presented a comparison among the perfor-
mance-based categories of passive energy dissipation
systems, while Symans et al. (2008) presented a
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Figure 1. Structural control system categorization.
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summary of construction, hysteretic behavior, physical
models, advantages, and disadvantages of passive
energy dissipation devices for seismic protection appli-
cations. In general smart structures, which utilize pas-
sive systems, can be considered as systems with a
‘limited intelligence because these structures are
unable to adapt to the excitation and global structural
response’, and thus are characterized by a limited con-
trol capacity. They are optimally tuned to protect the
structures from a specified dynamic loading, but their
efficiency will not be the optimal one for other cases
and other types of dynamic loadings. The energy dissi-
pation mechanism is totally dependent on the relative
structure movement, and it is related only to the local
structure response (Cheng et al., 2008). However, pas-
sive control devices are inherently stable, do not require
any external energy to operate or structural response
measurements and are simpler to design and construct
(Christenson, 2001). A classification of these devices
follows.

2.1.1. Seismic isolation devices. Seismic isolation devices
base their operation on the principle of introducing a
layer that is flexible in the horizontal direction and very
stiff in the vertical direction for increasing the horizon-
tal flexibility or increasing the rocking stability and
thus, part of the input energy will be absorbed by the
isolation system before the dissipation of energy. Due
to the horizontal flexibility, seismic isolation devices
will introduce a new vibration mode that does not con-
tain significant inter-story drifts to the main structure.
This capability will lengthen the fundamental periods of
the structures and will keep them away from the main
period contents of the excitation (De la Cruz, 2003).
Seismic isolation devices are suitable for short to
medium height buildings, with dominant vibration
modes lying within a specified range. For instance, it
is impossible to provide the horizontal flexibility
required for structures under seismic excitations that
have long period components (Marko, 2006). Seismic
isolation is efficient against vibrations transmitted
through the ground, such as traffic and seismic vibra-
tions, but it is not efficient to resist wind loading due to
the flexibility in the horizontal direction (De la Cruz,
2003). Isolation devices can be implemented at different
locations within structures.

There are many common types of isolation systems
whose mechanisms and structural behavior are well
known (Marsico, 2008): elastomeric-based systems,
low-damping natural and synthetic rubber bearings
(LDRBs), lead-plug bearings (LRBs), high-damping
natural rubber (HDNR) systems, isolation systems
based on sliding, Teflon Articulated Stainless Steel
(TASS) systems, friction pendulum systems (FPSs),
and sleeved-pile isolation systems (SPISs).

The elastomeric-based systems consist of large nat-
ural rubber blocks without steel reinforcement, which
were introduced in 1969. Later, steel plates were added
to improve behavior and increase vertical stiffness, and
many buildings were built with these devices. LDRBs
contain two thick steel plates at the end and many steel
shims. These bearings have been utilized in Japan,
together with supplementary damping devices. LRBs
are the same as LDRBs, but with a preformed hole
(or holes). A lead plug is press-fitted into that hole,
which will deform under horizontal movement in a
pure shear, yields at low level stress and dissipates the
energy in a hysteretic manner, which is almost stable
over a number of cycles (De la Cruz, 2003). This system
was used successfully to protect many buildings during
earthquakes. In 1982, HDNR systems were introduced
using extra-fine carbon black, oils or resins and other
proprietary fillers in the UK, which led to an increase of
the inherent damping of the natural rubber compound;
this, in turn, eliminated the need for supplementary
damping devices.

The isolation systems based on sliding owe their
operation to the utilization of materials such as poly-
tetrafluoroethylene (PTFE or Teflon) on stainless steel.
The efficiency of these devices is influenced by factors
such as temperature, interface motion velocity, degree
of wear, and cleanliness of the surface. Theoretical ana-
lysis has been carried out on structures equipped with
these devices (Cheng et al., 2008).

TASISEI Corp. in Japan developed the TASS
system. In this system, the entire vertical load is carried
using Teflon–stainless steel elements and re-centering
forces provided by laminated neoprene bearings carry-
ing no load. The FPS combines a sliding action and a
restoring force by geometry. It consists of an articu-
lated slider on a spherical surface that is covered with
a polished stainless steel overlay. Due to the movement
of the slider over the spherical surface, the mass will rise
and provide the restoring force for the system. Finally,
the SPIS is a solution available for reducing vibration
transmission by piles through providing horizontal
flexibility. In this system, the pile is enclosed in a tube
with a suitable gap for clearance.

2.1.2. Energy dissipation devices. The main role of these
relatively small elements, which are located between the
main structure and the bracing system, is to absorb or
divert part of the input energy. This will help to reduce
the energy dissipation demand in the main structure.
These devices can be classified as follows.

2.1.2.1. Hysteretic devices. As is clear from the name,
these devices dissipate the energy by a mechanism that
is independent of loading rate and which can be divided
into two groups: metallic dampers, which utilize the
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yielding of metals to dissipate the energy, and friction
dampers, which generate heat by dry sliding friction
(Constantinou et al., 1998).

The very effective metallic damper mechanism was
first used by Kelly et al. (1972) and made good progress
in the following years. These dampers are based on
inelastic deformations of metallic substances such as
mild steel or lead to dissipate the energy. Two import-
ant factors must be addressed carefully in designing this
type of damper. First, is the post-yielding deformation
range in order to ensure that the damper will have a
sufficient loading cycle without premature fatigue?
Second, are the dampers stably hysteretic under
repeated inelastic deformation? In addition, these
devices have long-term reliability, relative insensitivity
to temperature changes, stable properties in the long
term, and are inexpensive. The disadvantages of these
devices are the limited number of working cycles and
their non-linear response (Marko, 2006). X-shaped and
triangular plate dampers have received significant
attention. The installation of these parallel plate devices
within a frame bay between a chevron brace and the
overlaying beam will make the dampers mainly resist
the horizontal forces associated with inter-story drift
via flexural deformation of the individual plates.
Supplemental energy dissipation will result due to the
plates yielding after a certain level of force. The tapered
shape of the plate ensures uniform yielding throughout
the length of the device (Constantinou et al., 1998).
Another type of device is the yielding steel bracing
system, which was developed in New Zealand in 1980,
and which has undergone many modifications in Italy.
This device is fabricated from round steel bars for
cross-braced structures. The energy will dissipate
through the inelastic deformation of the rectangular
steel frame in the diagonal direction of the tension
brace (Marko, 2006). The final type of metallic
damper is the lead extrusion damper (LED), which
was suggested for the first time in New Zealand by
Robinson in 1987 by introducing the two types. The
concept of these dampers is to extrude the lead by for-
cing a lead piston through a hole or an orifice (created
either by constriction in the tube wall for the first type
or by bulge on the central shaft for the second type),
thereby changing its shape. The LED has a long life
and does not need to be replaced or repaired after
earthquake excitation due to the lead’s capacity to
restore its original shape after excitation. In addition,
LEDs are insensitive to environmental and aging effects
(Marko, 2006).

In friction dampers, the dissipation of energy is pro-
vided by the friction between two solid bodies sliding to
one another (solid sliding friction mechanism). The aim
of these devices is to slow down building motions by
‘bracing rather than breaking’ (Constantinou et al.,

1998). Friction dampers have good performance char-
acteristics and can dissipate a large amount of energy.
They are less affected by load frequency, number of
load cycles, or changes in temperature, and exhibit
rigid plastic behavior (Marko, 2006). It is very import-
ant to ensure that the estimated friction response of the
damper will be maintained during the life cycle of the
damper. This response is influenced by surface condi-
tions to a large extent, which are then affected by envir-
onmental effects (Constantinou et al., 1998). Some
types of friction dampers include (Marko, 2006): (a)
the X-braced damper; (b) the bracing damper system;
(c) the improved Pall friction damper; (d) the uniaxial
friction damper; (e) the energy dissipating restraint
(EDR); (f) the slotted bolted damper; and (g) the con-
centrically braced frame.

The X-braced damper was proposed by Pall in 1982.
The energy dissipation will be equal in both tension and
compression braces due to the presence of the four
links. This will occur only if the slippage of the device
is sufficient to completely straighten any buckled
braces. In the bracing damper system, a more detailed
model for the Pall friction damper was proposed to
take into consideration the individual axial and bend-
ing characteristics for each member of the bracing
damper system. From experimental results, it has
been found that minor fabrication details can signifi-
cantly affect the overall performance of the friction
dampers. The Pall friction damper was developed and
improved in 2005 by a more detailed construction,
which simplified the manufacture and assembly process
for the damper, while keeping its mechanical properties
unchanged at the same time. The uniaxial friction
damper developed by Sumitomo Metal Industries Ltd
is based on a more sophisticated design. It depends on
the transmission of the force generated by the pre-com-
pressed internal spring through the action of inner and
outer wedges into a normal force on the copper alloy
friction pads. These friction pads provide dry lubrica-
tion through graphite plug inserts. Experimental and
numerical tests carried out by Aiken and Kelly (1990)
show that this damper is able to dissipate about 60% of
the input energy and has regular and repeatable rect-
angular hysteresis loops. In addition, this damper is
unaffected by loading frequency and amplitude,
number of cycles, and ambient temperature. Moreover,
the base shearwill not be significantly affected by damper
placement. The device will not dissipate energy for forces
smaller than a threshold. The EDR was introduced by
Fluor Daniel. Although the design concept is similar to
the Sumitomodamper because it also consists of an inter-
nal spring and wedges encased in a steel cylinder, but it
has very different response characteristics. Steel and
bronze friction wedges are used to convert the axial
spring force into normal pressure acting outward on
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the cylinder wall. In this case, internal stops are used
within the cylinder to bind the tension and compression
gaps. For slotted bolted damper, there aremany different
variations basedmainly on the sliding interface material.
Fitzgerald in 1989 (Marko, 2006) proposed a damper
utilizing slotted bolted connections as shown in Figure
2(a). The connection is composed of a gusset plate, two
back to back channels, cover plates and bolts with
washers, while the steel is utilized as a sliding interface.
In 1991, Constantinou used graphite impregnated
bronze plate to improve sliding interface friction
characteristic.

A rotating slotted bolted friction damper with
inclined slotted holes is another type of friction dam-
pers that was proposed and tested successfully in 1999.
Finally, the concentrically braced frame is considered
one of the most efficient lateral load resisting system
available due to its strength, stiffness, low weight, and
simple construction. However, applying light tension
only during an earthquake may lead to hazardous
soft-story mechanisms due to irrecoverable tensile
yielding, which can be treated using specially detailed
sliding plates moving in the vertical plane (Grigorian
and Yang, 1993).

2.1.2.2. Viscoelastic (VE) devices. These devices include
a wide range of mechanisms that dissipate energy in a
rate-dependent manner, i.e. their displacement charac-
teristics depend on the frequency of the motion and
relative velocity between the ends of the damper. The
damping force in these devices is proportional to vel-
ocity, and the behavior is viscous. Research and devel-
opment of VE devices for earthquake engineering
started in the early 1900s, and they are mostly used in
structures where it is expected to have shear deform-
ations and can be classified into two main groups as
follows.

VE solid dampers: solid VE dampers (Figure 2(b))
are usually made from copolymers or glassy substances
that dissipate energy through shear deformation in the
VE material. During deformation, the VE material will
undergo features of both elastic solid and viscous
liquid, and it will return to its original shape after
each deformation cycle with heat generated as a result
of energy dissipation. There are many types of VE dam-
pers, for instance, the test results for bitumen rubber
compound VE damper developed by Showa and
Shimizu Corporations showed a 50% reduction in the
seismic response, while a reduction in response of up to
60% was obtained for a half-scale three-story building
(super-plastic silicone rubber VE shear damper) devel-
oped by Kumagai-Gumi Corporation. Recent experi-
mental and numerical studies conducted by Xu (2007)
confirmed the efficiency of solid VE dampers in redu-
cing the seismic responses of structures.

VE fluid dampers: all passive devices mentioned up
to this point have utilized solids to enhance structure
efficiency against lateral loads. Fluid can also be uti-
lized to obtain enhancement in structural efficiency.
Significant efforts have been directed in recent years
towards the development of viscous fluid dampers
and converting the technology from military and
heavy industry to structural engineering. Examples of
these dampers include (Constantinou et al., 1998): (a)
the cylindrical pot fluid damper; (b) the viscous damp-
ing wall system (VDW); and (c) the fluid viscous
damper.

The cylindrical pot fluid damper is considered to be
one of the simplest types of viscous fluid dampers
(Figure 2(c)) that convert mechanical energy into heat
during the dissipation process. The dissipation of
energy occurs due to the piston motion, which will
deform thick, highly viscous substances such as silicone
gel. This device was used as a component in seismic
isolation systems (Makris and Constantinou, 1990).
Sumitomo Construction Company in Japan developed
the VDW. The VDW is composed of two main parts
(Figure 2(d)). The first one is an outer race steel casing
attached to the lower floor, filled with a highly viscous
fluid. The second part is an inner moving steel plate
hanging from the upper floor and contained within
the first part. It is also required to protect the system
from fire or impacts by using cover walls of reinforced
concrete or fireproof materials. Relative inter-story
motion (velocity) shears the fluid, and this will work
to dissipate energy. Experimental tests conducted by
Arima et al. (1988) on a full-scale four-story steel
frame fitted with a viscous wall system showed response
reductions of 66–80%. Another example of this system
is the 78 m high steel frame building in Shizuoka City in
Japan, which reduced the building response by up to
70–80% (Marko, 2006). The cylindrical pot fluid
damper and VDW system mentioned above depend
on deformation of a viscous fluid contained in an
opened container. The disadvantage of these devices
is that to obtain maximum energy dissipation, it is
necessary to use materials with large viscosities. This
will lead to using materials that exhibit both frequency-
and temperature-dependent behavior. Fluid viscous
dampers are another class of VE fluid dampers that
rely upon the flow of fluids within a closed container
instead of an open one. The piston motion will force the
fluid to pass through small orifices instead of deforming
the fluid locally, resulting in high-energy dissipation
levels. These dampers are not suitable for stiff struc-
tures due to high damper force demand. Although
they have been invented for military purposes, now-
adays they are utilized in seismic base isolation systems,
for supplemental damping during seismic waves, and
wind-induced vibrations (Constantinou et al., 1998).
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Figure 2. Different types of passive devices (Marko, 2006): (a) three types of slotted bolted dampers, (b) typical solid viscoelastic

damper, (c) cylindrical pot fluid damper, (d) viscous damping wall system, (e) orificed fluid damper, (f) pressurized fluid damper, (g)

models of the Single Degree of Freedom (SDOF) structure and tuned mass damper, (h) Crystal Tower Building in Chicago with a tuned

liquid damper, (i) Crystal Tower Building in Chicago with a tuned liquid column damper, (j) tuned liquid column damper within shear

wall Sumitomo Construction Company.
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A typical orifice fluid damper is shown in Figure 2(e),
which is composed of a cylindrical device that contains
compressible silicone oil forced to flow by a stainless
steel piston rod with a bronze head and with a fluidic
control orifice design. For the change in volume, due to
the rod positioning, an accumulator is provided
(Constantinou and Symans, 1993).The main advantage
of the fluid viscous damper is the capability to reduce
both the deflection and stress at the same time, since the
damper force is totally out of phase with the stresses
resulting from the structure flexing. Moreover, these
dampers are relatively insensitive to temperature
changes. One of the main disadvantages of these devices
is that it is difficult to reduce the peak structural response
in the early stages of loading, mainly due to the depend-
ence of the damper’s resisting force on the velocity; thus,
the utilization of a combination of tapered-plate energy
absorbers and fluid dampers was suggested to overcome
this shortcoming (Pong et al., 1994).

2.1.2.3. Re-centering devices. These devices possess an
inherent re-centering capability due to a little residual
deformation remaining after load removal
(Constantinou et al., 1998). Examples of these devices
are: (a) pressurized fluid dampers and (b) preloaded
spring friction dampers.

The pressurized fluid dampers shown in Figure 2(f)
were proposed by Tsopelas and Constantinou (1994) to
provide both damping and re-centering capabilities for
a base isolation system. Many factors play an import-
ant role in determining load resistance: initial pressur-
ization, device stiffness due to silicone oil
compressibility, seal friction, and damping due to the
passage of fluid through orifices. The preloaded spring
friction dampers are similar to pressurized fluid dam-
pers, but the damper’s resisting force is due to frictional
wedges in addition to a preloaded internal spring
(Constantinou et al., 1998).

2.1.2.4. Phase transformation dampers. A new material
type called a shape memory alloy (SMA) is used in
passive dampers. These metals have the ability to
change status between martensitic and austenitic crys-
talline phases responding to reversible stress or tem-
perature. For example, an SMA specimen will distort
in an apparent manner under its low-temperature mar-
tensitic phase. If the temperature rises to a certain level,
this will induce transformation to the austenitic phase,
and the specimen will return to its original undistorted
shape (Constantinou et al., 1998). There are many
advantages of this type of material: it provides a self-
centering mechanism, it is insensitive to environmental
temperature changes (after being properly heat trea-
ted), it has excellent fatigue resistance, it is corrosion
resistance, and finally it is capable of producing large

control forces, even for slow response times. Until now,
there have been no practical applications for this type
of material, except for research and experimental inves-
tigations. Some investigations recommended a careful
design for this type of damper due to the high sensitiv-
ity of SMAs to earthquake excitations, which may
change the stiffness and consequently alter the first nat-
ural frequency of the structure toward the earthquake
dominant frequency (Marko, 2006).

2.1.2.5. Dynamic vibration absorbers. The last class of
passive systems is the dynamic vibration absorber,
which is also used to reduce energy dissipation
demand on the primary structural members under
dynamic loadings. The reduction is achieved by trans-
ferring (rather than directly dissipating) some of the
vibrational energy to the absorber. This system includes
a mass, stiffness, and damping. The dynamic properties
should be tuned to those of the primary structure. The
primary applications of this system are for mitigation
of wind loads. There are limitations to using these
devices for seismic applications due to detuning that
may occur as the primary structure yields, high damp-
ing level demand and an incapability to control higher
modes in an efficient manner. The three main common
types of these devices are: (a) tuned mass dampers
(TMDs), (b) tuned liquid dampers (TLDs); and (c)
tuned liquid column dampers (TLCDs) (Constantinou
et al., 1998).

The TMD contains a mass that moves relative to the
structure, and it is attached to the structure by a spring
and a viscous damper in parallel, as presented in
Figure 2(g). The TMD will be excited by the structural
vibrations, and the kinetic energy generated due to
these structural vibrations will be transferred from the
structure to the TMD and absorbed by the damping
component of the TMD. The TMD usually experiences
large displacements. TMDs have been successfully
applied in mitigation of wind and harmonic loads,
and have been installed in a number of buildings,
while there is not a general agreement about the effi-
ciency of TMDs for seismic applications. The TLD has
a similar mechanism to the TMD. Improvements of
structural behavior are achieved by applying indirect
damping to the structure. The dissipation of energy
will happen due to the viscous action of fluid and
wave breaking. The TLDs presented in Figure 2(h) con-
sist of rigid tanks filled with liquid. The sloshing motion
will absorb the energy and dissipate it through the vis-
cous action of the liquid. Use of TLDs has many
advantages compared with the use of TMDs: the
motion is reduced in two directions at the same time,
large stroke lengths are not required, there is no need
for any activation mechanism, and there are lower
maintenance costs. TLDs are insensitive to the
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frequency ratio between the primary and secondary sys-
tems (Marko, 2006). In addition, the TLCD has a simi-
lar mechanism to the TMD, and the improvements of
structural behavior will be achieved by applying indir-
ect damping to the structures. The TLCD consists of a
liquid-filled tube-like container that is rigidly attached
to the structure (Figure 2(i)). The dissipation of energy
will happen due to the passage of liquid through an
orifice in the tube with inherent head loss characteris-
tics. It is possible to tune the vibration frequency of the
device by changing the liquid column length. Major
advantages of this system are the simplicity of imple-
mentation in existing buildings without any conflict
with vertical and horizontal load paths (as shown in
Figure 2(j)), there is no space requirement for large
stroke lengths, and the damping can be controlled by
adjusting the orifice opening. Research has shown that
reduction in the displacement and acceleration
responses could be up to 47% (Marko, 2006). De la
Cruz (2003) made a comparison between the efficiency
for each of the isolation systems, energy dissipaters,
and mass dampers. Tait (2008) proposed a preliminary
design procedure for initial TLD sizing and an initial
damping screen design for a TLD equipped with damp-
ing screens. Love and Tait (2012) outlined a design
methodology for designing a TLD tank under space
restrictions conditions.

2.1.2.6. Other energy dissipators. According to
Housner et al. (1997), there are many newly developed
innovations that can be classified as passive energy dis-
sipation devices in the following methods. (a) Using
dampers to connect two adjacent structures at the
roofs. This method was used to mitigate the vibration
in high-rise buildings during strong earthquakes by
optimizing the mass and stiffness ratio between the
structures. (b) High-damping rubber damper. The
main part of this device is unvulcanized rubber, which
has low stiffness and high energy absorption ability
compared with the vulcanized high-damping rubber
material used for rubber bearings. (c) Rubber compos-
ite damper used for cable-stayed bridges. (d) V-stripe or
U-stripe configurations of bridge cables. Moreover,
Korkmaz et al. (2011) showed that using a damping
trench at a certain distance from a building is effective
to mitigate the traffic-induced vibrations on structural
behavior of masonry buildings. The current state of
passive control systems and their characteristics are
summarized in Table 1.

2.2. Semi-active control

Semi-active control devices are a natural extension of
passive devices. They are commonly called ‘controllable
or intelligent dampers’ because they include adaptive

systems to increase intelligence and efficiency. In order
to improve the performance, their adaptive system regu-
lates the damper behavior based on the collected infor-
mation of excitation and structural response. The
components of this system include: sensors (measure
the input and/or output), a control computer (processes
the measurement and generate a control signal to the
actuator), a control actuator (acts to regulate the behav-
ior of the passive device), and a passive damping device.
The actuator in semi-active devices is used to control the
properties of passive devices instead of directly applying
a force to the structure. Therefore, this kind of devices
requires a small power supply, such as batteries, which is
a very important merit as the main power supply might
fail during an earthquake and result in structure
destabilization.

In spite of the complexity of these devices, when
compared with the passive devices, they are still easy
to manufacture, fail-safe, reliable to operate and cap-
able of acting better than passive ones. The disadvan-
tage of these devices is the limited control capacity
because they are still working within the capacity of
corresponding passive devices. Overall, these devices
are very promising since they combine the positive
merits of both passive and active devices. Examples of
semi-active devices are given in the following para-
graphs (Cheng et al., 2008).

2.2.1. Semi-active TMDs. These were developed in 1983
to control wind-induced vibrations in tall buildings and
are still in the research stage. The damper is composed
of a TMD and an actuator installed on top of the main
structure. The characteristics of the TMD are: mass
(md), damping (cd), and stiffness (kd), while the main
structure characteristics are: mass (m), damping (c),
and stiffness (k). SA represents the actuator and u is
the control force generated by the actuator. The
TMD damping will be continuously adjusted by the
actuator control force u, while a small amount of exter-
nal power is required to make this adjustment, as the
mass of the TMD (md) is much smaller than the main
structure mass (m) and the active control force is uti-
lized to change the damping force of the TMD, which is
less than the inertial force of the TMD (Cheng et al.,
2008).

2.2.2. Semi-active TLDs. The semi-active concept was
developed for both the TLDs and TLCDs mentioned
previously and it is still in the research and develop-
ment stage. For TLDs, a set of rotatable baffles were
added in the liquid tank of a sloshing TLD. The orien-
tation of these baffles is adjusted by an actuator accord-
ing to application-specific algorithms. Since the natural
frequency of the contained liquid changes with tank
length, tuning of the TLD will be controlled by rotating
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the baffles to a desired inclined position. When the baf-
fles are in the horizontal position, the tank maintains its
full length, while the tank will be divided into a number
of shorter tanks if the baffles are in the vertical position.
In this manner, the actuator is required only for rotat-
ing the light-weight baffles (Cheng et al., 2008).

For TLCDs, Yalla (2001) used a variable orifice to
maintain the optimal damping conditions. According
to the proposed control algorithm, an electropneumatic
actuator is used to control a ball valve in order to
change the cross section of the TLCD. This will
improve the damping properties of the damper with a
relatively low cost.

2.2.3. Semi-active friction dampers. The first form of this
device was developed by (Constantinou et al., 1998)
using an electromechanical actuator. Another type
was developed by Chen and Chen (2004) using
Piezoelectric and Translators (PZT) actuators in order
to improve the efficiency of passive friction dampers.
PZT is a smart material that is able to produce a sig-
nificant amount of stress when exposed to an electrical
field under restrained motion. This device is called a

piezoelectric friction damper (PFD). It consists of
four preloading units, four PZT stack actuators (to
apply normal forces), a friction component (containing
a thin steel plate with brake lining as a friction material
bonded to its top and bottom surfaces) and a steel box
for housing other components. The friction generated
due to the relative movement of the isolation plate and
the bottom plate will dissipate energy. The normal
forces generated by the PZT stack actuator will be con-
trolled by adjusting the electric field on the PZT actu-
ators and thus the friction force is regulated to enhance
real-time efficiency with rather a low cost (Cheng et al.,
2008). This device can be adapted to varying excita-
tions, caused by weak and strong earthquakes, while
further improvements in force generation are needed
(Chen and Chen, 2004).

2.2.4. Semi-active vibration absorbers. These types of
devices are still under research, and their operating
mechanism depend on adjusting both the stiffness and
damping properties. Examples of this system are semi-
active vibration absorbers (SAVAs), which are also
called semi-active hydraulic dampers (SAHDs).

Table 1. State-of-the-art summary of passive control systems.

Control system Key features Applications

Seismic isolation -LDRB, LRB, HDNR, TASS system, FPS, SPIS Many buildings built with these

devices

devices -Safer and more economic than traditional structural systems

Hysteretic devices -Metallic dampers, friction dampers Mostly used in structures

-Energy dissipation independent of loading rate

-Long-term reliability

-Fabrication details significantly affect overall performance of

friction dampers

Viscoelastic devices -Viscoelastic solid dampers, viscoelastic fluid dampers Mostly used in

-Displacement characteristics depend on frequency of motion and

relative velocity between ends of damper

structures

Re-centering devices -Possess inherent re-centering capability Many buildings built with these

devices

Phase transformation

dampers

-Use shape memory alloys Still in research stages

-Self-centering mechanism

-Insensitive to environmental temperature changes

-Excellent fatigue resistance

-Corrosion resistance

-Capable of producing large control forces

Dynamic vibration

absorber

-TMD, TLD, TLCD Successfully applied in mitigation

of wind loads in a number of

buildings
-Reduction achieved by transferring some vibrational energy to

absorber

-Dynamic properties should be tuned to those of the primary

structure

-Detuning may occur

-No need for any activation mechanism

-Less maintenance costs
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The damping capacity comes from the viscous fluid,
while the stiffness is regulated by the opening of the
flow valve (Cheng et al., 2008). A new device called
an accumulated semi-active hydraulic damper
(ASHD) was proposed by Shih et al. (2004). It is com-
posed of a hydraulic jack, a directional valve and an
accumulator. The optimal rate of energy dissipation is
achieved by controlling the flow of the oil in the
hydraulic jack (by a controlling algorithm) to regulate
the acting direction of the device. Extended test results
prove that the energy dissipation of ASHDs is extre-
mely good with minimum energy requirements.

2.2.5. Semi-active stiffness control devices. A semi-active
variable stiffness (SAVS) device was developed by
Kobori in Japan. It consists of a balanced hydraulic
cylinder, a double acting piston rod, a normally
closed solenoid control valve and a tube that connects
the two cylinder chambers. The fluid will flow freely
and will unlock the beam brace connection when the
valve is open, thus decreasing structural stiffness. In
contrast, when the valve is closed, the fluid cannot
flow and thus effectively locks the beam to the brace,
resulting in increasing structural stiffness (Cheng et al.,
2008; Spencer and Nagarajaiah, 2003).

2.2.6. Electrorheological (ER) dampers. This type of device
uses smart ER fluids that contain dielectric particles
suspended within non-conducting viscous fluids
absorbed into the particles. The dielectric particles
polarize and become aligned when they are exposed
to electrical fields, resulting in resistance to the flow.
ER fluids have the ability to undergo dramatic revers-
ible increases to the flow in milliseconds. Thus, adjust-
ing the electrical field will simply control the behavior
of ER fluids. ER dampers were first proposed by
Makris et al. (1995), where the smart properties of
ER fluids were utilized to adjust damping force gener-
ation. This damper consists of a cylinder containing a
balanced piston rod and a piston head.

Adjustment of the voltage V changes the electric field
and therefore controls the behavior of the ER fluid,
while regulating the capacity of the ER damper. The
energy dissipation is a result of two effects: (a) ER
effects due to shearing of the fluid and (b) friction
effects owing to orificing of the viscous fluid. There
are three factors that limit the utilization of the ER
dampers for the response control of large structures:
(a) limited yield stress (of the order of 5–10 kPa); (b)
manufacturing impurities may reduce the applicability;
and (c) high-voltage demand (about 4000 V) to control
the ER fluid (Cheng et al., 2008).

2.2.7. Magnetorheological (MR) dampers. MR fluid was
discovered by Jacob Rabinow in the early 1950s. This

smart material has the ability to adapt its fluid proper-
ties when it is exposed to a magnetic field (Larrecq,
2010). MR fluid is a magnetic equivalent of ER fluid
and typically composed of micron-sized, magnetically
polarizable particles dispersed in a viscous fluid such
as silicone oil. The particles in the fluid polarize when
the MR fluid is exposed to a magnetic field, and the
fluid displays viscoplastic behavior, thus offering resist-
ance to fluid flow.

When subjected to a magnetic field, the MR fluid,
such as an ER fluid, has the ability to reversibly change
from a free-flowing linear viscous fluid to a semi-solid
one in milliseconds. The control force produced by the
MR fluid can be adapted by varying the strength of the
magnetic field according to a control scheme. The mag-
netic field is applied perpendicular to the direction of
fluid flow. When compared to ER fluids, the advan-
tages of MR fluids are: (a) high yielding strength (of
the order of 50–100 kPa); (b) stability over a broad
range of temperatures (Cheng et al., 2008); (c) low pro-
duction cost due to insensitivity to contaminants; and
(d) low power requirements (20–50 W) (Jansen and
Dyke, 2000). Experimental tests carried out by Wu
and Cai (2006) showed that the MR damper is appro-
priate for cable vibration control in cable-stayed
bridges. Moreover, the efficiency of implementing MR
dampers for vibration suppression for a space truss
structure using a fault-tolerant controller was con-
firmed by Huo et al. (2011).

2.2.8. Semi-active viscous fluid dampers. This device was
evaluated by Shinozuka et al. (1992) for bridges. It util-
izes a normally closed solenoid valve to control the
intensity of the fluid through a bypass loop.
Adjusting the valve opening according to the prede-
fined control algorithm will control the damper behav-
ior with a low power requirement. The fluid can easily
flow through the valve when the opening of the valve is
large, and hence develops less damping force. In con-
trast, when the opening is small, the damper provides a
greater control force due to the difficulties in the flow.
The energy dissipation mechanism is due to the friction
between the flow, the bypass loop and orifices in the
piston head (Cheng et al., 2008). The current state of
the art in semi-active control systems are summarized in
Table 2.

2.3. Active control systems

In spite of the cost efficiency and reliability of the pas-
sive and semi-active devices, these systems have a lim-
ited capacity and/or intelligence for structural seismic
response control. For instance, passive systems have
simple mechanisms and are easy to manufacture, but
they are unable to adapt to ever-changing excitation
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because they neither sense excitation and response nor
use external power.

In addition, some are effective for controlling one
dominant vibration mode and are ineffective for other
mode or loading types. Semi-active devices, as men-
tioned previously, are adaptable to excitations, but
their efficiency is restricted within the limit of the max-
imum capacity of the passive devices on which they are
based.

This need has led to the development of an area of
active control systems (Cheng et al., 2008). An error-
activated control system, proposed by Yao (1972), has
the ability to automatically supply a force into the struc-
ture to counteract the unpredictable vibrations due to
different kinds of dynamic loadings, thus reducing the
dynamic response for different vibration modes.

Depending on the measurement of the global system
response, active control systems can have optimal effi-
ciency compared with passive control systems, which
depends on the local responses only. Active control sys-
tems require significant energy to counteract the
dynamics loadings, which cannot be ensured during
severe natural hazards due to failure of the energy
supply during such events. Moreover, active control
systems are complicated; they require sensors and con-
troller equipment, and give a shift in the dynamic
behavior of the structure by adding or removing
energy from it; this may result in an unwanted or

even unstable condition (Christenson, 2001). The
advantages of active control systems are (Cheng
et al., 2008): (a) enhanced control effectiveness: this
means there are no theoretical limits on the active con-
trol efficiency; (b) adaptability to ground motion: they
refer to the system ability to sense the excitation and
automatically adjust their control efforts; (c) selectivity
of control objectives: the system can be designed for
different objectives such as structural safety or human
comfort; and (d) applicability to different excitation
mechanism: this system can be used for a wide fre-
quency range.

Interested readers can find valuable information
concerning structural control theories and control stra-
tegies in Casciati et al. (2012), Chen et al. (2012) and
Housner et al. (1997). Active control systems can also
be categorized as follows:

2.3.1. Active mass damper (AMD) systems. As a result of
the limited capability of TMDs and their applicability
for structures with the first mode dominant (e.g. struc-
tures under wind loads), in the early 1980s, researchers
evolved the AMD from TMDs that have utilized an
active control mechanism in order to improve their
applicability for a wide frequency band. The actuator
installed between the primary (structure) and the aux-
iliary (TMD) system has been utilized to adjust the
motion of the TMD according to predefined control

Table 2. State-of-the-art summary of semi-active control systems.

Control system Key features Applications

Semi-active tuned mass dampers -TMD þ actuator Still in research stages

Semi-active tuned liquid dampers -(TLD þ actuator) or (TLCD þ actuator) Still in research stages

Semi-active friction dampers -Electromechanical actuator Still in research stages

-PZT actuators

-Adapted to varying excitations

Semi-active vibration absorbers -SAVA, SAHD, ASHD Still in research stages

-Adjusting both stiffness and damping properties

-Energy dissipation extremely good with minimum

energy requirements

Semi-active stiffness control devices -SAVS Still in research stages

-Adjusting the stiffness SAVS

Electrorheological dampers -Use smart ER fluids Still in research stages

-Limited yield stress

-Manufacturing impurities may reduce applicability

-High-voltage demand

Magnetorheological dampers -Use smart MR fluids Still in research stages

-High yielding strength

-Stable over broad range of temperatures

-Low production cost

-Small power requirements

Semi-active viscous fluid damper -Utilizes normally closed solenoid valve Still in research stages
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algorithms. Analytical and experimental studies
showed that AMDs have an economic benefit in full-
scale structures because both the control force and
actuation are much smaller than other types of active
systems. This is mainly because the actuator in other
active systems generally acts on the structure directly,
while the actuator in an AMD is utilized to drive the
auxiliary mass only. However, the efficiency of this
device is limited to the fundamental frequency, and
less so for higher frequencies.

2.3.2. Active tendon systems. These devices are composed
of a set of pre-stressed tendons whose tension is con-
trolled by electrohydraulic servomechanisms. The
system is installed between two stories of a building.
The actuation cylinder is fixed on the lower floor.
One end of the tendon is attached to the device
piston, while the other end is connected to the upper
floor. The inter-story drift resulting from earthquake
excitations drives the relative movement of the actuator
piston to the actuator cylinder and thus the changes in
the tension of the prestress will apply a dynamic control
force to the structure. Both experimental and simula-
tion results indicated that an important reduction in
structure response can be achieved by the utilization
of active tendon systems. The advantages of this
system are the applicability in both the pulsed and the
continuous time modes and the possibility of using
existing structural members, which will minimize the
need for modifications in the structure.

2.3.3. Active brace systems. These devices can also utilize
existing structural braces to install an active control
device (actuator) onto a structure. The device can be
integrated within the three common types of bracing

systems: diagonal, K-braces, and X-braces. A large
control force can be generated by the servo valve-con-
trolled hydraulic actuator, which is mounted on the
bracing systems between two adjacent floors. This
system is composed of a servo valve, a servo valve con-
troller, a hydraulic actuator, a hydraulic power supply,
sensors, and a control computer with a predefined con-
trol algorithm. The control computer utilizes the con-
trol algorithm to process the sensor measurements and
then order the control signal. This signal will be used by
the servo valve to adjust the flow direction and inten-
sity, thus the pressure difference will yield in the two
actuator chambers. This pressure difference will pro-
duce the required control force to resist seismic loads
on the structure.

2.3.4. Pulse generation systems. These devices produce the
active control forces using pulse generators, which
depend on pneumatic mechanisms that utilize com-
pressed air instead of hydraulic actuators that use
high-pressure fluids. Protection of a smart structure
can be fulfilled by installing pulse generators at several
locations within the structure. The pneumatic actuator
will be triggered when a large relative velocity is
detected at any pulse generator location, and a control
force opposite to the velocity is applied to the structure.
Tests conducted by Masri and Caughey (1988) showed
that pulse generators were a promising device for seis-
mic response control. The disadvantages of this system
are: (a) even though the compressed gas energy used by
pulse generators is cheap, it may not be powerful
enough to drive full-scale buildings and (b) the high
nonlinearity of these devices.

A current state-of-the-art summary of active control
systems is given in Table 3.

Table 3. State-of-the-art summary of active control systems.

Control system Key features Applications

Active mass damper -TMD þ actuator Analytical and experimental studies

-Efficiency limited to fundamental frequency

-Economical in full-scale structures

Active tendon systems -Pre-stressed tendons þ electrohydraulic servomechanisms Analytical and experimental studies

-Applicability in both pulsed and continuous time modes

-Possibility to use existing structural members

(minimize the cost)

Active brace systems -Utilize existing structural braces þ actuator Analytical and

-Can be integrated within three common types of bracing

systems

experimental studies

Pulse generation systems -Pulse generators Analytical and experimental studies

-Promising device for seismic response control

-Cheap

-Not powerful enough to drive full-scale buildings

-High nonlinearity
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2.4. Hybrid control devices

As presented previously, active control systems are uti-
lized to compensate for the restricted capacity and intel-
ligence of passive and semi-active dampers. Their
operation depends mainly on an external power
supply, which limits their applications, requires compli-
cated sensing, requires a signal-processing system,
which reduces control reliability, and finally requires
large force-generating equipment, which cannot be
achieved within reasonable costs (Cheng et al., 2008).
For these reasons, the three main groups of control
systems (passive, active, semi-active) can be grouped
into series or parallel combinations in order to select
the best advantage of each group to yield the fourth
group, which are called hybrid control devices, a cat-
egory that has become an attractive solution since the
1990s.

The passive devices in this group can be used to
achieve the major part of the response reduction neces-
sary to keep the structures within the required perform-
ance range, while the active ones will be necessary to
tune and finally adjust the response, for instance, to
minimize the displacements and accelerations in order
to protect the sensitive equipment in the structures.
Hybrid devices have a larger capacity and greater effi-
ciency than a passive system, and cost less (Cheng et al.,
2008). Moreover, they are more reliable and require less
energy than active devices since there is no need for
large control forces, but they still require significant
energy (Christenson, 2001; De la Cruz, 2003).
According to Wu (2011), hybrid control systems are
very efficient in protecting structures from different
types of excitation with dissimilar intensity and fre-
quency content. In addition, research carried out by
Yan and Wu (2011) confirmed the reliability and effi-
ciency of this kind of system. Owing to these important
features, hybrid control systems have become very pro-
mising for seismic response reduction of civil engineer-
ing structures. More information about the merits of
hybrid control systems and recent applications can be
found in Khodaverdian et al. (2012) and Love et al.
(2011). Typical hybrid control systems are shown
below, and will be analyzed in the following.

2.4.1. Hybrid mass damper (HMD). This device is com-
posed of either a combination of a passive TMD and
an active control actuator, or a combination of an
AMD to a TMD. The connection of the AMD to the
TMD instead of the main structure will work to min-
imize the mass of the AMD, which will be 10–15% of
that of the TMD. The energy and forces required to
activate an HMD are far less than those related with a
full AMD system with similar performance, mainly due
to the fact that the AMD is designed to increase control

efficiency for higher modes of the structure only, while
the TMD is tuned to control the fundamental mode of
the structure. Due to this feature, which makes HMDs
an inexpensive control solution, these systems have
been the most common control devices employed in
full-scale building structure applications. However,
space limitations can impede the use of an HMD
system (Cheng et al., 2008).

2.4.2. Hybrid base isolation system. This type of device
represents the majority of the hybrid control
applications in the USA, which can be subdivided
into two types (Housner et al., 1997). The first system
was proposed and tested by Yoshioka et al. (2002), this
system uses MR fluid dampers on the superstructure
instead of the active tendon in the second system. The
second was studied and tested by Cheng and Jiang
(1998); this system is composed of a base isolation
system between the foundation and the structure, and
an active tendon control system on the superstructure.

2.4.3. Hybrid damper actuator bracing control. In the early
1990s, the hybrid damper actuator bracing control
mounted by K-braces on the structure was developed
by Cheng and Jiang (1998). Many passive devices can
be used in this system, such as liquid mass dampers,
spring dampers, and viscous fluid dampers. Owing to
their powerful force-generating capacity, hydraulic
actuators are proposed as the active device for the
system. Extensive experiments and studies showed
that this system has greater capacity than a passive
system in decreasing seismic structural response, and
it needs less active control force than an active control
system to achieve a control objective. Moreover, the
major advantage of this system is the possibility of
either combining the damper and the actuator, or
separating them. In addition, it is possible to use exist-
ing structural braces for fixing of control devices, and
the active control force is applied directly to the struc-
ture. Thus, a hybrid bracing system costs less than a
base isolated/actuator system and offers further control
capacity than an HMD (Cheng et al., 2008). The
current state of the art in hybrid control devices is
given in Table 4.

Finally, a comparison of the different kinds of struc-
tural control systems is presented in Table 5.

3. Recent applications

According to Ikeda (2004), research and development
in the field of active and semi-active vibration
control of civil engineering structures in Japan can be
categorized into four stages. In the first stage up to the
late 1980s, the fundamental dynamics properties of
active control were understood theoretically and
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experimentally from the civil engineering viewpoint.
Applying AMDs to a building for the first time in
1989 marked the start of the second stage. The 1995
Hyogo-ken Nanbu (Kobe) Earthquake opened the
door to the third stage where buildings can be semi-
actively controlled, even under large earthquakes. The
integration of structural control and health monitoring
declared the start of the fourth stage. As a result, there
are about 70 active and semi-active control systems that
have already been implemented to actual buildings in
Japan since 1989, while Ikeda (2009) presented a list of
52 practical applications of active control systems to
buildings in Japan from 1989 to 2007. The first full-
scale application of active control to a building was
applied to the Kyobashi Center Building in Tokyo. In
addition, the same researcher presented another survey
containing practical applications of semi-active control
to buildings in Japan from 1990 to 2006. Spencer and
Nagarajaiah (2003) presented a detailed summary of
controlled buildings in Japan for the period 1989 to
2002 with information about control systems used
and their actuation mechanism. In their survey, the
Nihon-Kagaku-Miraikan, the Tokyo National
Museum of Emerging Science and Innovation, which
was constructed in 2001, is considered as the first imple-
mentation of MR dampers for civil engineering struc-
tures, while the Dongting Lake Bridge in Hunan,
China, constructed in 2003, represents the first full-
scale application of MR dampers for bridge structures.
Kareem et al. (1999) presented a report regarding the
number of installations for different types of damping
devices in Japan during the 1990s, and give detailed
examples of applications of different types of control
systems in Australia, Canada, China, Japan, and
the USA.

The base isolation system, which came into practical
use in Japan from the 1980s, has been implemented in
more than 2000 buildings, and its efficiency has been
tested in magnitude 7 earthquakes.

According to Shinozaki et al. (2010), base isolation
in Japan was used not only to improve the seismic per-
formance, but to also allow more flexible architectural
planning. Shinozaki et al. (2010) proposed the world’s
first semi-active base isolation system in a tall building
and implemented it in the Metropolitan building in
Tokyo in order to ensure high stability for the building
and maintain its function. The system was composed of
rubber bearings, 12 variable oil dampers, and 12 pas-
sive oil dampers.

Another example of an innovative isolation system is
the core-suspended isolation system (CSI) that has been
developed and implemented for the first time by
Nakamura et al. (2011). The developed system also
satisfies the architectural requirements such as trans-
parent facades for suspended structures and functional
and attractive open spaces underneath the suspended
building. The CSI system consists of a reinforced con-
crete core on top of which a seismic isolation mechan-
ism composed of a double layer of inclined rubber
bearings is installed to create a pendulum isolation
mechanism. A multi-level structure is then suspended
from a hat-truss or an umbrella girder constructed on
the seismic isolation mechanism. Fluid dampers are
placed between the core shaft and the suspended struc-
ture to control the motion of the building. The building
is a four-story building with a total area of 213.65m2

located in Tokyo.
In China, since the first application of rubber bearing

in 1993 for an eight-story building, the application of
seismic isolators proved that these systems are safer and

Table 4. State-of-the-art summary of hybrid control devices.

Control system Key features Applications

Hybrid mass damper -TMD þ active control actuator Most common control device employed in

full-scale buildings-or (AMD þ TMD)

-Inexpensive

-Space limitations

-Low activation forces

Hybrid base isolation

system

-Base isolation system þ active tendon

control system.

Majority of hybrid control applications in USA

-Base isolation system þ MR fluid dampers

Hybrid damper actuator

bracing control

-Hydraulic actuators þ passive device Analytical and experimental studies

-Mounted by K-braces on structure

-Many passive devices can be used in this system

-Possibility to either combine damper and

actuator, or separate them

-Costs less than a base isolated/actuator system

-Offers further control capacity than HMD
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more economic than traditional structural systems.
They have been successfully used in more than 500
full-scale implementations for buildings and bridges
(Li and Huo, 2010). The Isolation House Buildings on
Subway Hub located in the center of Beijing are con-
sidered as the largest isolated area in the world. There is
a very large platform composed of a two-story RC
frame that is used by the railway hub. The platform
dimensions are 1500 m wide and 2000m long. Over
the top floor of the platform, there are 50 house build-
ings 7 � 9 Reinforced Concrete ðRCÞ framesð Þ built on
a layer of rubber bearing. The total floor area is
approximately 480,000 m2 (Zhou et al., 2006).

In China, the TMD system may be formed by adding
one or more stories supported by rubber bearings on the
roof of main building structures to obtain good seismic-
reduction effectiveness ondisplacements andaccelerations.

The AMD control system was designed and imple-
mented in the Nanjing Communication Tower in
China. The physical size of the damper was limited to
a ring-shaped floor area with inner and outer radii of 3
m and 6.1 m, respectively. The damper was elevated off
the floor by steel supports with Teflon bearings to allow
free access to the floor area (Li and Huo, 2010).

The hybrid TMD control system, which consists of
two water tanks used as a mass block, was installed in
Guangzhou TV and Sightseeing Tower. The tower,
which is 610 m high, is a very flexible structure with a
first period of about 10.03 s and is susceptible to thewind.

‘Taipei 101’ Tower was completed at the end
of 2004, and is a famous application of TMDs
in Taiwan. This tower is 508 m in height and has a
101-story structure with a five-story basement. The
design of such a building is a challenge because both
seismic and wind-induced effects should be taken into
consideration. Therefore, the idea of a mega structure is
utilized for the design of the structural system. For the
lateral-resistant system, a combination of braced
frames in the core, outriggers from core to perimeter,
shear walls, supercolumns, and moment resisting
frames has been designed to resist the lateral forces.
Most importantly, the passive TMD system has been
applied to improve the wind-resistant ability of such a
tall building. This passive TMD system is composed of
a ball-shaped mass block of 600 tons in weight with 41
layers of 125 mm thick round plates, eight sets of high-
strength steel cables from the 92nd floor to the 87th
floor for suspension of the mass block, eight primary
viscous dampers allocated around the cradle for energy
absorption, a bumper ring and eight sets of snubbed
dampers installed underneath the mass block on the
87th floor for the control of unexpected oscillation
amplitudes. In addition, there are two TMDs installed
at the top of the pinnacle to control fatigue induced by
cross-winds (Chang et al., 2009).

The mid-story isolation technique is among increas-
ing practical applications in Taiwan. In mid-story iso-
lation, the isolation system is typically installed on the
top of the first story of a building in order to satisfy the
architectural concerns of aesthetics and functionality.
Moreover, this concept can improve the construction
feasibility in highly populated areas where fixing the
isolation system beneath the base of a building is very
tough if the building separation and property line are of
particular concern (Chang et al., 2009). Important
installations of TMDs, TLDs, and TLCDs around
the world are presented in Chaiviriyawong and
Prachaseree (2010). The concept of coupled buildings
has been extensively studied and implemented on
Shanghai Shimao International Plaza in China by Lu
et al. (2007). This tall building is composed of a main
building that is 60 stories, of total height of 333 m, and
its surrounding large podium structure, 10 stories of
total height of 49 m. A set of 40 linking viscous fluid
dampers were used successfully to link the podium
structure to the main building in order to decrease seis-
mic torsional response of the podium structure, result-
ing from large eccentricity of stiffness and mass
distribution in podium structures.

Another innovative example of a coupled building
was proposed and implemented by Koike et al. (2004)
in Japan. This newly active vibration control system,
which is called the active damping bridge, has been
developed to reduce vibration by connecting adjacent
high-rise buildings and applied to the three high towers
of Harumi Island Triton Square in Tokyo. The test
results showed that this technique would improve the
damping of buildings two to three times in comparison
with buildings without the bridge.

4. Conclusions

The state of the art for structural control systems
was reviewed by briefly summarizing all the categories
of these devices; these include: (a) passive; (b) semi-
active; (c) active; and (d) hybrid systems. To demon-
strate the structural control system potential and
future directions in civil engineering, an overview of
some innovative practical implementations of these
devices was provided. The state of the art clearly indi-
cates the huge capability for these systems and their
importance in modern buildings. These systems can
be used to achieve architectural requirements in add-
ition to their original functions of controlling structure
vibrations.
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Catalunya.
Dyke SJ, Sain M and Carlson J (1996) Modeling and control

of magnetorheological dampers for seismic response

reduction. Smart Materials and Structure 5(5): 565–575.
Fisco NR and Adeli H (2011) Smart structures: part I - active

and semi-active control. Scientia Iranica 18: 275–284.
Grigorian CE and Yang TS (1993) Slotted bolted connection

energy dissipators. Earthquake Spectra 9(3): 491–504.

Housner G, Bergman L, Caughey T, et al. (1997) Structural

control: past, present, and future. Journal of Engineering

Mechanics 123: 897–971.
Huo L, Song G, Nagarajaiah S, et al. (2011) Semi-active

vibration suppression of a space truss structure using a

fault tolerant controller. Journal of Vibration and Control

18(10): 1436–1453.

Jansen LM and Dyke SJ (2000) Semiactive control strategies

for MR dampers: comparative study. Journal of

Engineering Mechanics 126: 795–803.
Ikeda Y (2004) Active and semi-active control of buildings in

Japan. Journal of Japan Association for Earthquake

Engineering 4(3): 278–282.
Ikeda Y (2009) Active and semi-active vibration control of

buildings in Japan—practical applications and verifica-

tion. Structural Control and Health Monitoring 16:

703–723.

Kareem A, Kijewski T and Tamura Y (1999) Mitigation of

motions of tall buildings with specific examples of recent

applications. Wind and Structures 2(3): 201–251.
Kelly JM, Skinner R and Heine A (1972) Mechanisms of

energy absorption in special devises for use in earthquake

resistant structures. Bulletin of the New Zealand National

Society for Earthquake Engineering 5: 63.

Khodaverdian A, Ghorbani-Tanha A and Rahimian M

(2012) An innovative base isolation system with Ni–Ti

alloy and its application in seismic vibration control of

Izadkhast Bridge. Journal of Intelligent Material Systems

and Structures 23(8): 897–908.

Kobori T (1988) Active seismic response control. In: 9th

World conference on earthquake engineering. Vol. 8:

Tokyo, pp. 435–446.
Koike Y, Nakagawa K, Imaseki M, et al. (2004)

Development of connecting type actively controlled vibra-

tion control devices and application to high-rise triple

buildings. IHI Engineering Review 37(1): 23–29.
Korkmaz K, Ay Z, Keskin S, et al. (2011) Investigation of

traffic-induced vibrations on masonry buildings in Turkey

and countermeasures. Journal of Vibration and Control

17(1): 3–10.
Larrecq G (2010) Heating effects on magnetorheological dam-

pers. Master thesis, Massachusetts Institute of Technology.
Li H and Huo L (2010) Advances in structural control in civil

engineering in China. Mathematical Problems in

Engineering 1–23. Available at: http://www.hindawi.

com/journals/mpe/2010/936081/.

Love JS and Tait MJ (2012) A preliminary design method for

tuned liquid dampers conforming to space restrictions.

Engineering Structures 40: 187–197.
Love JS, Tait MJ and Toopchi-Nezhad H (2011) A hybrid

structural control system using a tuned liquid damper to

reduce the wind induced motion of a base isolated struc-

ture. Engineering Structures 33: 738–746.
Lu X, Gong Z, Weng D, et al. (2007) The application of a new

structural control concept for tall building with large

podium structure. Engineering Structures 29: 1833–1844.

Makris N and Constantinou MC (1990) Viscous dampers:

testing, modeling and application in vibration and seismic

isolation. Technical Report, NCEER-90-0028, National

936 Journal of Vibration and Control 21(5)



Center for Earthquake Engineering Research, State
University of New York at Buffalo.

Makris N, Hill D, Burton S, et al. (1995) Electrorheological

fluid damper for seismic protection of structures. SPIE
2443: 184–194.

Marko J (2006) Influence of damping systems on building
structures subject to seismic effects. PhD thesis,

Queensland University of Technology.
Marsico MR (2008) Seismic isolation and energy dissipation:

theoretical basis and applications. PhD thesis, Università

degli Studi di Napoli-Federico II.
Masri S and Caughey T (1988) Active vibration control of

large civil structures. Journal of Engineering Mechanics

114: 1542–1570.
Nakamura Y, Saruta M, Wada A, et al. (2011) Development

of the core-suspended isolation system. Earthquake

Engineering and Structural Dynamics 40: 429–447.
Pong W, Tsai C and Lee GC (1994) Seismic study of building

frames with added energy-absorbing devices. Technical
Report, NCEER-94-0016, US National Center for

Earthquake Engineering Research, State University of
New York at Buffalo.

Shih MH, Sung WP and Go CG (2004) Development of

accumulated semi-active hydraulic dampers. In: 13th

World conference on earthquake engineering. Canada.
Shinozuka M, Constantinou M and Ghanem R (1992)

Passive and active fluid dampers in structural applications.
In: Proceedings of US/China/Japan workshop on structural
control. China, pp. 507–516.

Shinozaki Y, Hosozawa O, Toyama J, et al. (2010) A design

of tall building with semi-active base-isolation system. In:
5th World conference on structural control and monitoring.
Tokyo.

Spencer BF and Nagarajaiah S (2003) State of the art of
structural control. Journal of Structural Engineering 129:
845–856.

Spencer BF and Soong T (1999) New applications and devel-
opment of active, semi-active and hybrid control tech-
niques for seismic and non-seismic vibration in the USA.

International Post-SMiRT conference seminar on seismic
isolation. Korea.

Symans MD and Constantinou MC (1999) Semi-active con-
trol systems for seismic protection of structures: a state-of-

the-art review. Engineering Structures 21: 469–487.
Symans MD, Charney F, Whittaker A, et al. (2008) Energy

dissipation systems for seismic applications: current prac-

tice and recent developments. Journal of Structural
Engineering 134: 3–21.

Tait MJ (2012) Modelling and preliminary design of a struc-

ture-TLD system. Engineering Structures 30: 2644–2655.
Tsopelas P and Constantinou MC (1994) Experimental and

analytical study of a system consisting of sliding bearings
and fluid restoring force/damping devices. NCEER-Taisei

Corporation Research Program on Sliding Seismic
Isolation Systems for Bridges, NCEER-94-0014,
National Center for Earthquake Engineering Research,

State University of New York at Buffalo.
Wu H (2011) Analysis of vibration control due to strong

earthquakes. Advanced Materials Research 163–167:

4179–4184.

Wu W and Cai C (2006) Experimental study of magnetorheo-
logical dampers and application to cable vibration control.
Journal of Vibration and Control 12(1): 1–67.

Xu ZD (2007) Earthquake mitigation study on viscoelastic
dampers for reinforced concrete structures. Journal of
Vibration and Control 13(1): 29–43.

Yalla SK (2001) Liquid dampers for mitigation of structural

response: theoretical development and experimental valid-
ation. PhD thesis, University of Notre Dame.

Yan G-Y and Wu W-J (2011) Smart base isolation control

adopted semi-active fuzzy strategy for seismic response of
structure.AdvancedMaterialsResearch225–260: 2515–2519.

Yao JTP (1972) Concept of structural control. ASCE Journal

of Structural Division 98: 1567–1574.
Yoshioka H, Ramallo H and Spencer BF (2002) ‘Smart’ base

isolation strategies employing magnetorheological dam-

pers. Journal of Engineering Mechanics 128: 540–551.
Zahrai SM, Abbasi S, Samali B, et al. (2012) Experimental

investigation of utilizing TLD with baffles in a scaled
down 5-story benchmark building. Journal of Fluids and

Structures 28: 194–210.
Zhou FL, Tan P, Xian QL, et al. (2006) Research and appli-

cation of seismic isolation system for building structures.

Journal of Architecture and Civil Engineering 12: 1–8.

Appendix 1

Abbreviations

AMD active mass damper
ASHD accumulated semi-active hydraulic damper

CSI core-suspended isolation
EDR energy dissipating restraint
ER electrorheological
FPS friction pendulum system

HDNR high-damping natural rubber
HMD hybrid mass damper
LDRB low-damping natural and synthetic rubber

bearing
LED lead extrusion damper
LRB lead-plug bearing
MR magnetorheological
PFD piezoelectric friction damper
PZT piezoelectric and translators

SAHD semi-active hydraulic damper
SAVA semi-active vibration absorber
SAVS semi-active variable stiffness
SMA shape memory alloy
SPIS sleeved-pile isolation system
TASS teflon articulated stainless steel
TLCD tuned liquid column damper
TLD tuned liquid damper
TMD tuned mass damper
VDW viscous damping wall

VE viscoelastic
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Abstract
In this article, a novel application of a Posicast control scheme for structures with Magneto-Rheological

(MR) dampers is being presented. The MR damper is considered as one of the very promising type

of semi-active control systems, which has been increasingly utilized to alleviate the effects of dynamic

loads on civil engineering structures, since they mix the best merits of the passive and the active control

systems. The main contribution of this article, stems from the design, application, tuning and perfor-

mance evaluation of the novel Posicast control scheme in the field of structural control, that has never

been applied before. The efficiency of the suggested control strategy was evaluated by a numerical

simulation of a benchmark three-story building with a MR damper, rigidly attached between the first

floor of the structure and the ground, while the behaviour of the MR damper has been simulated by the

utilization of the Bouc-Wen model. Six evaluation criteria have been adopted for assessing the perfor-

mance of the excited structure, while from the obtained simulation results the efficiency and superiority

of the proposed scheme has been highlighted, especially when compared with classical and established

alternative control schemes.

Introduction
Civil engineering structures are subjected to different kinds of dynamic loading like earthquakes, winds,

and traffic loading. In the past, these structures had to depend on their own strength and stiffness to resist

such a kind of loading [1]. Nowadays, the utilization of different structural control systems to alleviate

the effects of these loads on structures has been witnessed a huge progress [2]. In this framework, the

semi-active control systems are considered as a very promising structural control approach, since they

mix the best merits of the passive and the active control systems [3].

Different kinds of control theories have been implemented in order to control buildings and struc-

tures in general, while each control strategy is adequate for a certain type of structure and inadequate

for other types. The reason for this variety in control strategies is related to many factors like the math-

ematical model utilized, the priori knowledge for each controlled structure, the involving disturbances

and the utilized actuators’ dynamics [4]. Additional references on these control theories and indicative

application examples can be found in [3–9].

In general, the major goal in a structural control system is to evolve powerful control techniques that

can effectively help to improve the behaviour of such structures, under various kinds of dynamic loading.

This task is not easy due to many reasons such as nonlinearities, actuator dynamics, dynamic coupling,

resonance conditions, uncertainties and measurement limitations. Therefore, and in order to address

these challenges, the structural control is still a hot research area, while novel control laws should be

proposed, implemented and evaluated [4, 5, 10].
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Up to the author’s best knowledge, the proposed Posicast framework is one of the control strategies

that has never been applied and evaluated before in the field of structural control. The simplicity of the

proposed scheme and the easiness in its implementation formulate an ideal novel control theory in the

area of structural control engineering, which could be further considered and evaluated by researchers

in the field. Thus, the main contribution of this work is: a) to present the design of posicast control

in buildings, b) to realistically present the efficiency of the proposed control strategy on a simulated

three-story building with a MR damper, based on the Bouc-Wen model [11], rigidly attached, between

the first floor of the structure and the ground, c) evaluate the performance of the proposed scheme with

six commonly accepted benchmark evaluation criteria, and d) compare the results with well established

structural control approaches, such as the passive approaches and the LQR approach.

The Posicast control theory has been successfully and widely utilized in applications involving time

delays, such as electrical, mechanical, and chemical systems [12], while it has been introduced in [13]

as an open-loop feed forward method to improve the dynamic behaviour of lightly damped systems.

After that, this method was successfully applied to the vibrating structures by [14]. The results obtained

by [15], who extended this method to include the high-order systems and flexible structures, approved

its validity for such a kind of applications. According to [16], this method provides very good results

when the predominant lightly damped poles of the system are known, while it has been proposed the

utilization of Posicast control within a feedback system, rather than the original feed forward scheme to

overcome its sensitivity to modeling errors.

The rest of the article is structured as it follows. In Section 2 the mathematical framework for

semi-active control of structures with MR dampers is being established, while in Section 3 the Posicast

control scheme is being presented and modified for the case of high–order oscillating systems. Section 4

presents the commonly approved and widely utilized evaluation criteria for measuring the effectiveness

and the impact of the proposed methodology, while in Section 5 multiple simulation results are being

presented that prove the superiority and the applicability of Posicast control with MR dampers. Finally,

the conclusions are drawn in Section 6.

Semi-active control of structures with MR dampers
MR dampers are commonly utilized as semi-active control devices [2, 17]. In the general case, the con-

trol force, generated by the MR damper is being regulated by adjusting the strength of the magnetic field,

according to the utilized control scheme, while an efficient and precise modeling of the MR damper is

crucial to estimate the response of the controlled structure precisely [18]. According to [19], the math-

ematical models available to predict the dynamics of the MR dampers can be classified into two main

categories: parametric and non parametric models. In the parametric models, the physical quantities

like viscosity and friction are utilized to determine the dynamic behaviour of the damper, with classical

approaches to be: a) the Bingham model [20], b) the Bouc-Wen model [11], c) the Hyperbolic tangent

model [21], and d) the Dahl friction model [22]. For the non parametric models, the soft computing

methods like fuzzy logic and neural networks, are being utilized to describe the dynamic behaviour of

the damper, based most frequently on some experimental tuning.

In this research work, the well-known Bouc-Wen hysteretic model, with a dashpot to enhance

its nonlinear behaviour, which has been commonly utilized in the structural control area will be uti-

lized [23]. This model is considered as one of the most effective and with a combined reduced math-

ematical complexity, which can be adopted to properly describe a large category of hysteric behaviour

[24, 25], while in the sequel the fundamental properties of the model will be derived.

Figure 1 depicts the Bouc-Wen mechanical model of MR damper, while the generated force f can

be denoted as it follows:
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Figure 1: Bouc-Wen mechanical model of MR damper

f = coẋ+ αz (1)

ż = −γ|ẋ|z|z|n−1 − βẋ|z|n +Aẋ (2)

where x is the MR damper displacement, z is the evolutionary variable that takes into consideration the

history reliance of the response, and the parameters γ, β, n, A are regulating the linearity and smooth-

ness of the MR damper behavior. The relation between the command voltage u and the MR damper

parameters can be defined as [26]:

α=α(u)=αa+αbu ; co=co(u)=coa+cobu (3)

where αα, αb, coα and c0b are MR–damper related parameters.

The equation of motion for a seismically excited multi-degrees of freedom structure, controlled with

m MR dampers is written as it is expressed in Eq.4 below. This equation is applicable based on the

assumption that the control forces generated by the MR dampers are appropriate to retain the response

of the structure within the linear part.

Msẍ+Csẋ+Ksx=−MsΓẍg+Λf (4)

where Ms, Cs, and Ks are 2n × 2n mass, damping, and stiffness matrices, respectively, n is the number

of stories of the structure, 2n is the number of degrees of freedom of the structure, x is the n dimensional

vector of the displacements of the floors of the structure relative to the ground, ẋ and ẍ are the n di-

mensional vectors of the velocities and accelerations of the floors of the structure, respectively, ẍg is the

vector of ground accelerations of size r, f is the vector of measured control forces of size m, calculated

by Eqs.(1-2), produced by the m MR dampers, Λ is the vector of size m specified by the placement of

the MR dampers, and Γ is the influence coefficient matrix of size n × r. This equation of motion can be

appropriately transformed in a state space formulation as it follows [5, 27]:

ż = Az +Bf + Eẍg (5)

y = Cz +Df + v (6)

where z(2n×1) is the state vector, y(p×2n) is the vector of measured outputs, p is the number of out-

puts, and v is the measurement noise vector, where the corresponding matrices are of the following

dimensions: system matrix A(2n×2n), control matrix B(2n×m), excitation matrix E(2n×r), output matrix

C(p×2n), direct transmission matrix D(p×(m+r)), are mathematically defined as it follows:

A =

[
0 I

−M−1
s Ks −M−1

s Cs

]
, B =

[
0

M−1
s Λ

]
, E = −

[
0
Γ

]
,Λ =

⎡⎣−1
0
0

⎤⎦ (7)
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C =

⎡⎣ I 0
0 I

−M−1
s Ks −M−1

s Cs

⎤⎦ , D =

⎡⎣ 0
0

−M−1
s Λ

⎤⎦ , f =

⎡⎣ 0
0
−1

⎤⎦ ,Γ = −
⎡⎣11
1

⎤⎦ (8)

Posicast Control
Posicast or half-cycle Posicast control is achieved by reshaping the input command signal into two

parts using two parameters, the normalized overshoot (δ) and the underdamped response period (Td)

as it is displayed in Figure 2 [28], while this method belongs to the general methods of Input Shaping

approaches [29].

a) Natural response with overshoot b) Posicast command (two parts)

c) Resulting response

Figure 2: Structure response before and after application of Posicast controller

The size of each part and the delay before applying the second part are derived from the structure

dynamics, while the first part is a scaled step that lowers the first peak of the oscillating response to

exactly meet the desired final steady-state performance, by holding a portion of the input command

signal, represented by δ
1+δ . The second part of the reshaped input is scaled and time-delayed that works
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by releasing the held portion of part one, after Td
2 seconds) to exactly omit the residual oscillatory

response (see Figure 4), thus keeping the structure output to remain at the minimum vibration [28].

From another point of view, the cost for this straight forward and effective oscillation reduction is the

induction of a system delay, as it has been indicated in Figure 2, where the rise time of the resulting

response is longer than the one obtained from the natural response.

From a control oriented approach, the overall architecture of the Posicast control is being depicted

in Figure 3. where the transfer function between the input and output of this system can be expressed as

A1

A2 s
dT

e 2

+

Transport
delay

Shaped
signal

Unshaped
signal

Figure 3: Classical application of Posicast

it follows:

G(s) = A1 +A2e
−Td

2
s (9)

Substituting for A2 gives:

G(s) = A1 + (1−A1)e
−Td

2
s (10)

where A1 and A2 are the amplitudes of the two unit step components, while Td is the under damped

time period. Eq.10 can be simplified as [28]:

G(s) =
1

1 + δ
+

δ

1 + δ
e−

Td
2
s = 1 + P (s) (11)

with

P (s) =

(
δ

1 + δ

)(
− 1 + e−

Td
2
s

)
(12)

and δ to denote the first overshoot, while the step amplitudes are being calculated from the overshoot as:

A1 =
1

1 + δ
and A2 =

δ

1 + δ
(13)

with δ to be calculated as:

δ = e
−πζ√
1−ζ2 ; 0 ≤ ζ < 1 (14)

and the term δ
1+δ to be referred as the corresponding Posicast gain.

In the case of applying the Posicast control approach in the field of structural control engineering,

and especially in the application for damping the effects from incoming seismic waves, the overall

proposed architecture based on Eq.12 is being depicted in Figure 4.

The state space equations (Eqs.5- 6) governing the behaviour of the structure are being implemented

in the block named Structure, while the state space equations describing the dynamic behaviour of the

MR damper (Eqs.1- 2) are being realised in the MR damper block. Only, the applied voltage v to the MR

damper can be commanded directly not the damper force. The clipped control theory proposed by [5]

and shown in the Figure 4 was used in order to command the force in the MR damper according to the

following Eq.15.

v = VmaxH(fd − f)f (15)
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Figure 4: Simulink block diagram with Posicast controller

In EQ.15, the algorithm for voltage choice, which is based on the variation between the actual measured

force and the desirable force is given as follows: The voltage applied to the damper stays the same in

the case of the actual measured force being generated by the MR damper f is equal to the desired force

fd (i.e., f=fd). Conversely, the applied voltage is set to its maximum value Vmax, if the magnitude of

the actual measured force f is smaller than the magnitude of the desired force fd and both forces are of

the same sign to increase the force produced by the MR damper. Else, the commanded voltage v is set

to zero. Moreover, H(.) is the Heaviside step function. This algorithm can be mathematically expressed

as follows:

v = 0 for | fd |<| f |,
v = v for | fd |=| f |,

v = Vmax for | fd |>| f | and f × fd ≥ 0 (16)

Finally, in case that full state feedback is being considered, which is equivalent with placing a larger

number of sensors in the building, no estimation is needed. The Posicast controller is being applied in

the estimated full state feedback and proper control actions are being derived for the MR damper. Based

on the previously established framework of Posicast, the proper amplitude gains and the time delay

based on the natural frequencies of the building should be properly calculated in order to shape the

control signals for attenuating the seismic effects in the structure under investigation. In the presented

approach and since the MR damper is a semi active component, the direct displacement of the system

is being utilized to directly drive the passive control part (mechanical) while the active control part is

being directly controlled by the proposed Posicast scheme. At this point it should be noted that for

the presented test case the accelerations ẍ1 and the displacement from the first floor x1 have only been

considered for the MR damper, without a loss of generality.

In the proposed methodology, the Posicast approach, originally derived for second order systems,

is being extended to account for the case of higher-order structures in the field of structural control.

Based on the global transfer function of the structure under investigation, the natural frequencies ωn

and the corresponding damping ratios ζ have been calculated. For utilizing the Posicast control scheme,

the first frequency of a structure is being considered as the most important frequency that reflects the

6



dynamics behaviour of a structure. However and without a loss in generality, other frequencies, in

specific applications, could also be selected and tune the Posicast control approach for structural control

applications. In the presented methodology, Posicast control reshapes the input command signal for

the first natural frequency of the structure and thus the corresponding damped natural frequency ωd is

provided by:

ωd = ωn

√
1− ζ2, (17)

while the corresponding time delay Td can be calculated from:

Td =
2π

ωd
(18)

Evaluation Criteria
In the scientific literature of structural control engineering, the various proposed control strategies are

being commonly tested by the utilization of four sets of evaluation criteria, namely: building responses,

control devices, building damage, and control strategy requirements [30]. Basically, each of those eval-

uation criteria, is a percentage for the controlled response to the response of the uncontrolled response

and thus control approaches having evaluation criteria with the lowest values are widely suggested [31].

In this article, the building responses set, which includes: the peak inter story drift ratio (J1), the

level acceleration (J2), the base shear (J3), the normed inter-story drift ratio (J4), the normed level

acceleration (J5), and the normed base shear (J6), have been utilized to evaluate the efficiency of the

proposed Posicast control scheme. The adopted criteria are being calculated according to the following

Eqs.(19-24), with the denominator to denote the responses obtained from the uncontrolled structure case

and under the same acting seismic wave as an input, while Eq.25 is being utilized in the sequel in order

to calculate the normed values of those adopted criteria [30, 31].

J1 = max

{max
t,i

∣∣di(t)∣∣
hi

δmax

}
(19)

J2 = max

{max
t,i

∣∣∣ẍai(t)∣∣∣
ẍmax
a

}
(20)

J3 = max

{max
t

∣∣∣∑
i
miẍai(t)

∣∣∣
Fb

max

}
(21)

J4 = max

{
max

i

∣∣∣∣di(t)∣∣∣∣
hi∣∣∣∣δmax
∣∣∣∣

}
(22)

J5 = max

{
max

i

∣∣∣∣∣∣ẍai(t)∣∣∣∣∣∣∣∣∣∣∣∣ẍamax∣∣∣∣∣∣
}

(23)

J6 = max
{∣∣∣∣∣∣∑

i
miẍai(t)

∣∣∣∣∣∣∣∣∣∣∣∣Fb

max∣∣∣∣∣∣
}

(24)
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In Eqs.(19-24), di(t) is the interstory drift, hi is the story height, δmax is the maximum interstory drift

ratio, ẍmax
a is the absolute acceleration of the i-th floor, mi is the seismic mass of the i-th floor, Fb

max

is the maximum base shear, tf is the simulation time, and with the norm defined as:

∣∣∣∣.∣∣∣∣≡√ 1

tf

∫ tf

0
[.]2 dt (25)

Simulation Results
For evaluating the performance of the proposed scheme, a three-story benchmark building structure,

controlled with a single MR damper described by [5, 5, 32, 33] and presented in Figure 5 is considered.

Figure 5: Diagram of a three-story building model controlled with a MR damper

This model has been intensively utilized by many researchers at the Structural Dynamics and Control

fields [2]. The MR damper is rigidly attached between the first floor of the structure and the ground (see

Figure 5). It is assumed that the available measurements to determine the controlled response of the

structure is the absolute accelerations of all the floors in addition to the displacement of the MR damper,

which is assumed to be equal to the first floor displacement as shown in Eq.26 below:

y =
[
ẍa1 ẍa2 ẍa3 x1

]
(26)

while for this setup, the mass, stiffness, and damping matrices are given as follows [5]:

Ms =

⎡⎣98.3 0 0
0 98.3 0
0 0 98.3

⎤⎦ kg, Ks =

⎡⎣ 12.0 −6.84 0
−6.84 13.7 −6.84

0 −6.84 6.84

⎤⎦× 105N/m, (27)
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Cs =

⎡⎣175 −50 0
−50 100 −50
0 −50 50

⎤⎦N.Sec/m (28)

Then, by the utilization of Eqs.(5-8), the specific to this use case state space matrices can be derived as:

A =

⎡⎢⎢⎢⎢⎢⎢⎣

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

−12207.5 6958.3 0 −1.78 0.50 0
6958.3 −13936.9 6958.3 0.50 −1.01 0.50

0 6958.3 −6958.3 0 0.50 −0.50

⎤⎥⎥⎥⎥⎥⎥⎦ , B =

⎡⎢⎢⎢⎢⎢⎢⎣

0
0
0

−0.0102
0
0

⎤⎥⎥⎥⎥⎥⎥⎦ (29)

C =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

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

−12208 6958.3 0 −1.780 0.508 0
6958.3 13937 6958.3 0.508 −1.0173 0.508

0 6958.3 −6958.3 0 0.508 −0.508

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(30)

D =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0
0
0
0
0
0

−0.0102
0
0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, f =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0
0
0
0
0
0
−1
−1
−1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, E =

⎡⎢⎢⎢⎢⎢⎢⎣

0
0
0
−1
−1
−1

⎤⎥⎥⎥⎥⎥⎥⎦ (31)

In this example, the state space model for MR damper proposed by [26] was utilized, and the MR

damper parameters (see Table 1) given by [5] were utilized. The maximum input voltage to the MR

damper is 2.25 Volts, while for the following simulations, the ground acceleration time history record

for the Northridge Earthquake depicted in Figure 6 was utilized to excite the model of the structure.

Table 1: MR damper parameters [5]

Parameter Value Parameter Value

αa 140 N/cm C0a 21.0 N.sec/cm

αb 695 N/cm.V C0b 3.50 N.sec/cm.V

γ 363 cm−2 n 2

β 363 cm−2 η 190 sec−1

A 301

The Posicast controller was designed according to the procedure previously outlined. Figures 7

and 8 display the displacement and acceleration responses for the uncontrolled structure and the Posicast

controlled one respectively. From the obtained results in these Figures it is clear that the performance

9
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Figure 8: The acceleration responses for the uncontrolled structure and the Posicast controlled

one

of the Posicast controller is very good, and it is efficient to significantly reduce the responses of the

structure.

In order to evaluate the performance of the proposed controller; an LQR controller was also de-

signed. The state feedback gain Kcont was determined by the utilization of Matlab based on the previous

defined system matrix A, control matrix B, output matrix C, direct transmission matrix D, R=10−17 and

assuming a weighing matrix Q=I3,3. For this LQR controlled examined test case, the displacement and

acceleration responses of the structure are depicted in Figures 9 and 10, while as it was expected and

appeared in the related literature already, the LQR scheme provides a very good control capacity that is

able to reduce significantly the accelerations and the displacement of the building.
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Figure 11 and Figure 12 presents a visual comparison between the performance of the proposed

Posicast controller and LQR controller, which clearly show the efficiency of Posicast controller to reduce

the responses of the structure.
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Figure 11: The structure displacement responses using the LQR controller and Posicast con-

troller

0 5 10 15 20 25 30 35 40
−2

−1

0

1

Time (Sec)

3r
d F

l. A
bs

. A
cc

. (
g)

LQR Controller
Posicast Controller

0 5 10 15 20 25 30 35 40
−2

−1

0

1

Time (Sec)

2n
d F

l. A
bs

. A
cc

. (
g)

LQR Controller
Posicast Controller

0 5 10 15 20 25 30 35 40
−2

0

2

Time (Sec)

1s
t F

l. A
bs

. A
cc

. (
g)

LQR Controller
Posicast Controller

Figure 12: The structure acceleration responses using the LQR controller and Posicast con-

troller

For comparing among the proposed Posicast control scheme and the classical LQR, the correspond-

ing errors in the three displacements and accelerations, in each floor of the building, are being depicted
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in Figures 13 and 14. From the obtained results, it is more than obvious that the Posicast control frame-

work is equivalent to the LQR one and that both schemes are able to provide a good overall control

performance, being eble to reduce and eliminate the oscillations in short time.
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Figure 13: The displacement’s error for the building floors (Ps-LQR)

In order to extend the comparison among the LQR and the Posicast, the six evaluation criteria pre-

viously mentioned are utilized to validate further the results obtained. In this evaluation, two additional

test cases have been also considered, which is: a) the case of a fully Passive-Off, which means no con-

trol action and only the passive component of the MR damper acting on the building, and b) the case of

Passive-On, which is the case of the passive component and the full force (maximum voltage) from the

active control part acting on the building. The values of these criteria are being presented in Table 2. It

is clear from this table that the result for the evaluation criteria J2 is the same to LQR controller, while

the results for other criteria are higher (5% to 10%). In all the examined cases the Posicast scheme

outperforms the one of the Passive-Off and Passive On, while it has an almost equal performance with

the LQR control scheme.

This comparison and the overall demonstration of the Posicast controller indicates that the proposed

framework can be successfully applied in the area of structural control and that more attention to the this

approach, more evaluations with different benchmarks or other kind of buildings is needed, as well as

an experimental evaluation. However, as it has been indicated, the Posicast control scheme has a simple

design approach and can be easily implemented, while achieves sufficiently to reduce significantly the

accelerations and the displacement of the buildings.

Table 2: Results of the controllers’ evaluation criteria

No. Control strategy J1 J2 J3 J4 J5 J6

1 Passive-Off 0.6722 0.7073 0.6295 0.5688 0.4586 0.4517

2 Passive-On 0.5385 0.5903 0.6127 0.4020 0.2764 0.2645

3 LQR 0.5963 0.6814 0.4885 0.4550 0.3864 0.3136

4 Posicast 0.6702 0.6862 0.5607 0.5512 0.4347 0.4138
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Figure 14: The acceleration’s error for the building floors (Ps-LQR)

Conclusions
In this study, the well-known Posicast control strategy usually utilized in the time-delay systems ap-

plications such as electrical, mechanical, and chemical systems was utilized for the first time in the

field of structural control. A numerical simulation in Matlab is considered to evaluate the efficiency of

the Posicast control strategy. A three-story benchmark building structure controlled with a single MR

damper has been considered. The ground acceleration time history record for the Northridge Earthquake

was utilized to excite the model of the structure. The Posicast control was utilized to reshape the input

command signal for the first natural frequency of the structure only. In order to evaluate the perfor-

mance of the proposed controller; an LQR controller was also designed. The building responses set of

the evaluation criteria, which includes peak inter story drift ratio, level acceleration, base shear, normed

interstory drift ratio, normed level acceleration, and normed base shear have been utilized to validate the

results of the Posicast and LQG controllers. Utilizing the first frequency of the structure only, the result

of the evaluation criteria J2 was the same for both LQR and Posicast controller, while the other criteria

are higher than those resulted from LQR controller. However, introducing this simple control strategy

might be useful in other cases like different damping devices, different structures and excitations and for

sure the presented scheme needs to studied further and experimentally evaluated.
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Abstract
In this research effort, a novel implementation of the input shaping control theory for structures with

Magneto-Rheological (MR) dampers is being offered. The MR damper is regarded as one of the very

hopeful kinds of semi-active control systems, which has been more and more used to attenuate the

effects of dynamic loads on civil engineering structures, since they mix the best advantages of the active

and passive structural control systems. The main contribution of this article, originates from the design,

application, tuning and performance evaluation of the novel input shaping control theory in the area of

structural control, that has never been implemented before. A numerical simulation of a benchmark

three-story building with an MR damper is used to verify the efficiency of the proposed control theory.

The behaviour of the MR damper, which is rigidly connected between the first floor of the structure

and the ground, has been simulated by the utilization of the Bouc-Wen model. The superiority and

effectiveness of the suggested scheme to reduce the responses of the structure were proved using six

evaluation criteria and the comparison with the results of the classical and well-established alternative

control schemes.

Introduction
Civil engineering structures are subjected to many types of dynamic loading like winds, earthquakes, and

traffic loading. In the past, these structures had to rely on their own stiffness and strength to counteract

such a kind of loading [1]. Nowadays, the utilization of different structural control systems to reduce the

effects of these loads on structures has been witnessed an enormous evolution [2]. In this concern; the

semi-active control systems are considered as a very hopeful structural control approach, because they

combine the best advantages of the passive and the active control systems [3].

Generally, several types of control strategies have been utilized in order to control structures and

buildings. Each control strategy is suitable for a specific type of structures and unsuitable for other

types. The reason for this variety in control strategies is due to many reasons like the a-priori knowledge

for each controlled structure, the mathematical model utilized, the involving disturbances and the uti-

lized actuators’ dynamics [4]. Indicative references on the most popular control strategies in structural

engineering could be addressed in [3–10].

Usually, the main objective in a structural control system is to develop powerful control techniques

that can effectively assist to improve the behaviour of such structures under these types of dynamic

loadings. This mission is not simple due to many factors, such as actuator dynamics, nonlinearities,

resonance conditions, dynamic coupling, uncertainties and measurement limitation. Consequently, and

1



in order to deal with these challenges, the structural control is still an active research field and new

control strategies should be proposed, developed and evaluated [4, 5, 11].

Up to the author’s best knowledge, input shaping theory is one of the control strategies that had

never been applied and evaluated before in the field of structural control engineering. Thus, the main

contribution of this work is to investigate the possibility to implement this theory to control civil engi-

neering structures and more specifically, in controlling a semi-active structural control system with a MR

damper. Until now, the input shaping control theory has been widely utilized in applications involving

time delays, such as electrical and mechanical systems [12].

Basically, command shaping or command generation is an action by which; a selected signal is

adjusted to enhance the performance of a given system. For instance, the low-pass filters are considered

as an example for the command shaping. There are several kinds of these command shaping techniques,

while the successful implementation is depending on the type of the application. The input shaping

method proposed by Singer [13] is one of the very useful kinds of the command shaping techniques. The

main idea of the input shaping control is based on the idea that if a plant is driven with an arbitrary input

F(t), and is under vibration, then convolution of the input with the system’s shaped impulse sequence

will produce a vibrationless response after an initial time delay [14, 15], while it is commonly used to

significantly eliminate, or decrease, the command-induced system vibration by convolving the command

input with a sequence of impulses. In general the input shaping method could be utilized in real time

and can be utilized in both open and closed-loop systems [13, 14].

The initial development of the input shaping method returns to the 1950s when John Calvert pro-

posed a time-delay based filter in the early 1950’s [16]. Then, Smith put it in the form of what is

called ”Posicast Control” in the late 1950’s [17]. After that, many improvements have been intro-

duced by many researchers to reach the current state of input shaping method by developing different

kinds of input shapers. The most important input shapers developed includes: a) Zero Vibration shaper

(ZV) [14, 17, 18], b) Zero Vibration and Derivative shaper (ZVD) [14, 18], c) Zero Vibration Deriva-

tive with Derivative (ZVDD) [19], d) Unity Magnitude Zero Vibration Shaper (UMZV) [18, 20], e)

Extra-Insensitive Shaper (EI) [18,21], f) Sensitivity Plots [18], g) Specified-Negative-Amplitude Shaper

(SNA) [18, 22].

Nowadays, and due to the simplicity of application, the input shaping method has been utilized

successfully to many applications in the field of mechanical and electrical engineering such as cranes,

flexible spacecraft, long-reach manipulators and computer disc drive manufacturing machines [18, 23–

25]. For instance, Mohamed and Tokhi [19] successfully applied a feed-forward control strategy based

on input shaping method for vibration control of a flexible robot manipulator. Hu [26] successfully

applied input shaping method for precision positioning and vibration reduction of flexible spacecraft.

Moreover, Singhose and Vaughan [27] investigated the performance of digital filtering and input shaping

and proved that the input shaping method is much better than digital filters in suppressing vibrations.

The majority of the current applications of input shaping method are open-loop schemes. More

specifically, there are very limited attempts to use input shaping method with feedback loops [18]. One

of the most important contributions in the input shaping technique is done by Kapila et al. [15, 28]

who developed a closed-loop input shaping for flexible structures (like cranes and flexible manipulator

systems) and approved that the proposed scheme guarantees the stability and performance of the closed-

loop system even when the impulse train utilized at inexact instances.

Up to authors’ best knowledge, a closed-loop input shaping method has never been used in the field

of structural control. Consequently, the main objective and contribution of this study are to investigate,

for the first time, the efficiency of the closed-loop input shaping method developed by Kapila et al.

[15, 28] to a semi-active structural control system. In order to fulfil the goal, the efficiency of the

proposed control strategy will be evaluated on a simulated three-story building with a MR damper,

based on the Bouc-Wen model, rigidly attached, between the first floor of the structure and the ground,

while six evaluation criteria will be utilized to assess the performance of the excited structure, especially
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when compared with alternative and well established structural control approaches, such as the passive

approaches and the LQR approach.

This article is structured as follows. In Section 2 the mathematical framework for semi-active con-

trol of structures with MR dampers is being reviewed, while in Section 3 the structure model is being

presented. The input shaping control scheme is being established in section 4. After that, a full-state

feedback controller for linear systems with multiple input time delays based on a linear matrix inequal-

ity (LMI) method is given in Section 5. Section 6 presents the commonly approved and widely utilized

evaluation criteria for measuring the effectiveness and the impact of the proposed methodology, while

in Section 7 an illustrative numerical example is offered to prove the superiority and the applicability of

input shaping control with MR dampers. Finally, the conclusions are provided in Section 8.

Semi-active MR dampers
MR dampers are commonly utilized as semi-active control devices [2, 29]. In the general case, the

control force, generated by the MR damper is being regulated by adjusting the strength of the magnetic

field, according to the utilized control scheme, while an efficient and precise modeling of the MR damper

is crucial to estimate the response of the controlled structure precisely [30].

According to [31], the mathematical models available to predict the dynamics of the MR dampers

can be classified into two main categories: parametric and non parametric models. In the parametric

models, the physical quantities like viscosity and friction are utilized to determine the dynamic behaviour

of the damper, with classical approaches to be: a) the Bingham model [32], b) the Bouc-Wen model [33],

c) the Hyperbolic tangent model [34], and d) the Dahl friction model [35]. For the non parametric

models, the soft computing methods like fuzzy logic and neural networks, are being utilized to describe

the dynamic behaviour of the damper, based most frequently on some experimental tuning.

In this research effort, the well-known Bouc-Wen hysteretic model, with a dashpot to enhance

its nonlinear behaviour, which has been commonly applied in the structural control field will be uti-

lized [36]. This model is regarded as one of the most efficient and with a combined reduced mathemat-

ical complexity, which can be utilized to precisely depict a large group of hysteric behaviour [37, 38],

while in the sequel, the fundamental properties of the model will be derived.

Figure 1 displays the Bouc-Wen mechanical model of MR damper, while the generated force f can

be denoted as it follows:

Figure 1: Bouc-Wen mechanical model of MR damper
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f = coẋ+ αz (1)

ż = −γ|ẋ|z|z|n−1 − βẋ|z|n +Aẋ (2)

where x is the MR damper displacement, z is the evolutionary variable that considers the history reliance

of the response, and the parameters γ, β, n, A are regulating the linearity and smoothness of the MR

damper behavior. The relation between the command voltage u and the MR damper parameters can be

defined as [39]:

α=α(u)=αa+αbu ; co=co(u)=coa+cobu (3)

where αα, αb, coα and c0b are MR–damper related parameters.

Structure model
The dynamics for a seismically excited multi-degrees of freedom structure, controlled with m MR

dampers can be described by Eq.4 below. This equation is applicable based on the assumption that

the control forces generated by the MR dampers are appropriate to retain the response of the structure

within the linear part

Msẍ+Csẋ+Ksx=−MsΓẍg+Λf (4)

where Ms, Cs, and Ks are 2n × 2n mass, damping, and stiffness matrices, respectively, n is the number

of stories of the structure, 2n is the number of degrees of freedom of the structure, x is the n dimensional

vector of the displacements of the floors of the structure relative to the ground, ẋ and ẍ are the n di-

mensional vectors of the velocities and accelerations of the floors of the structure respectively, ẍg is the

vector of ground accelerations of size r, f is the vector of measured control forces of size m, calculated

by Eqs.(1-2), produced by the m MR dampers, Λ is the vector of size m specified by the placement of

the MR dampers, and Γ is the influence coefficient matrix of size n × r. This equation of motion can be

appropriately transformed in a state space formulation as it follows [5, 40]:

q̇ = Aq +Bf + Eẍg (5)

y = Cq +Df + v (6)

where q(2n×1) is the state vector, y(p×2n) is the vector of measured outputs, p is the number of out-

puts, and v is the measurement noise vector, where the corresponding matrices are of the following

dimensions: system matrix A(2n×2n), control matrix B(2n×m), excitation matrix E(2n×r), output matrix

C(p×2n), direct transmission matrix D(p×(m+r)), are mathematically defined as it follows:

A =

[
0 I

−M−1
s Ks −M−1

s Cs

]
, B =

[
0

M−1
s Λ

]
, E = −

[
0
Γ

]
,Λ =

⎡⎣−1
0
0

⎤⎦ (7)

C =

⎡⎣ I 0
0 I

−M−1
s Ks −M−1

s Cs

⎤⎦ , D =

⎡⎣ 0
0

−M−1
s Λ

⎤⎦ , f =

⎡⎣ 0
0
−1

⎤⎦ ,Γ = −
⎡⎣11
1

⎤⎦ (8)

Eq.5 and Eq.6 can be rewritten in the form given by Eq.9 and Eq.10 respectively:[
q̇(t)

q̈(t)

]
=

[
0

−M−1
s Ks

∣∣∣∣∣ I

−M−1
s Cs

][
q(t)

q̇(t)

]
+

[
0

−M−1
s Λ

]
f + Eẍg (9)

y = C

[
q(t)

q̇(t)

]
+Df + v (10)
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Thus, based on the method proposed by Kapila et al. [15], the partial fraction expansion of the system

transfer function for the dynamic model described by Eq.9 & Eq.10 can be given by Eq.11 below,

assuming that D is equal to zero:

G(s) = C(sI −A)−1B∗ =
n∑

i=1

Liω
2
i

s2 + 2ζiωis+ ω2
i

(11)

where ωi is the undamped natural frequency of the ith mode, ζi is the damping ratio and B∗ is the control

matrix for the controlled system. This transfer function can be cast into the following equivalent state

space description [15]:

ẋ(t) =

⎡⎢⎢⎢⎢⎢⎣
0 1 · · · 0 0

−ω2
1 −2ζ1ω1 · · · 0 0

...
...

. . .
...

...

0 0 · · · 0 1
0 0 · · · −ω2

n −2ζnωn

⎤⎥⎥⎥⎥⎥⎦x(t) +

⎡⎢⎢⎢⎢⎢⎣
0

L1ω
2
1

...

0
Lnω

2
n

⎤⎥⎥⎥⎥⎥⎦u(t) (12)

where x is the new state vector, while Eq.12 can be written in a more compact matrix form as follows:

ẋ(t) = Axx(t) +Bxu(t) (13)

Following the presentation in [15], equation 13 can be equivalently re-written as the combination of

the input impulse convolver with the system dynamics, which is corresponded to a linear system with

multiple input delays, mathematically defined as it follows:

ẋ(t) = Axx(t) +Bx

[(
Πn

i=1Ai,1

)
u(t) +A1,2

(
Πn

i=2Ai,1

)
u(t− t1,2)+

· · ·+
(
Πn

i=1Ai,Ni

)
u
(
t−

n∑
i=1

ti,Ni

)]
(14)

Input shaping control
The basic idea of the input shaping method is that the residual vibrations resulted from the application

of a command signal to a flexible system can be canceled or eliminated if the natural frequency ω
and damping ratio ζ are known in advance. There are different perspectives to describe how input

shaping works. One is to say that it inserts zeros to the system at the accurate places of the system

poles. Another perspective says that the new command signal modified by the input shaping will keep

the structure’s natural frequency not excited by filtering it out from the command signal. While, the

third perspective claims that the input shaping’s ability to eliminate the vibrations can be considered as

destructive interference of sinusoidal waves. Figure 2 depicts the block diagram of an input shaping

convolver, which convolves the input command signal with a sequence of impulses having suitable

magnitudes and time intervals.

The case of one mode is considered here to simplify and clarify the process of input shaping. Con-

sider a train of N1 impulses is being applied to the system with amplitudes A1,j, j = 1 . . .N1, and are

applied at times t1,j, j = 1, . . .N1. If every impulse has a proper magnitude with respect to the first

impulse, and is delayed by an appropriate amount of time, then the superposition of the N1 impulse re-

sponses will be equal to zero after the implementation of the final impulse. According to [14,15,41], the

expressions for the instances of the impulse application and amplitudes based on Zero Vibration shaper

(ZV), for j = 1, . . .N1, are:
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Structure

Input Shaping filter

x(t)

[A1,1δ(t) +…+A1,N1δ(t-

t1,N1)]*...*[An,1δ(t) +…+An,Nnδ(t-tn,Nn)]
u(t)

…
t

Figure 2: Block diagram of the open-loop control configuration

A1,j =

(
N1−1
j−1

)
Kj−1

1∑N1−1
i=0

(
N1−1

i

)
Ki

1

(15)

t1,j = (j − 1)
Π

ω1

√
1− ζ21

(16)

K1 � e−ζ1Π�
√

1−ζ21 (17)

For the two-impulse sequence Eq.15 & Eq.16 can be rewritten as in the following Eq.18 & Eq.19 [19]:

A1,1 =
1

1 +K
, A1,2 =

K

1 +K
(18)

t1,1 = 0, t1,2 =
Π

ω1

√
1− ζ21

(19)

It is clear from Eq.15 to Eq.19 that the amplitudes of the impulses are independent of the modal

frequency, while the times of their implementations strongly depend on the modal frequency. The previ-

ously mentioned input shaping process can be expanded to include more than one mode (n > 1). Thus,

impulse sequences are calculated for each mode separately, then convolved both to obtain the final im-

pulse sequence. Consequently, the convolved impulse for a structure with n-modes and Ni, i = 1, . . . , n,

applied impulses per mode is given by the following equation:

[A1,1δ(t) + · · ·+A1,N1δ(t− t1,N1)] 	 · · · 	 [An,1δ(t) + · · ·+An,Nnδ(t− tn,Nn)] (20)

where the convolution operator has been denoted by 	.

Full-state feedback controller design
According to [15, 42], the nth-order, stabilizable, dynamical system with multiple input delays can be

rewritten in the following form:

ẋ(t) = Ax(t) +Bu(t) +

k∑
i=1

Bdiu(t− τdi), t ∈ [0,∞)

τdk > τdk−1
> · · · > τd1 > 0, u(t) = 0, t ∈ [−τdk , 0], x(0) = x0 (21)

u(t) = Kx(t) (22)
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Structure

Input Shaping filter

x(t)

[A1,1δ(t) +…+A1,N1δ(t-

t1,N1)]*...*[An,1δ(t) +…+An,Nnδ(t-tn,Nn)]
u(t)

…
t

K

+
+Excitation

Figure 3: Block diagram of the closed-loop control configuration

where u(t), determines the full-state feedback controller as it is depicted in Figure 3.

The state feedback controller u(t) = Kx(t) should fulfil the following design requirements: a) stability

of the closed-loop system given by Eq.21 & Eq.22, and b) minimization of the quadratic performance

function given by Eq.23 below:

J(K) �
∫ ∞

0
zT (t)z(t)dt (23)

where:

z(t) = E1x(t) + E2u(t), z ∈ Rp (24)

Eq.21 & Eq.22 can be rewritten in the following form:

ẋ(t) = Ãx(t) +
k∑

i=1

Bdiu(t− τdi), x(0) = x0

t ∈ [0,∞), τdi > 0, i = 1, · · ·, k (25)

where:

Ã � A+BK (26)

For such a system representation, the state feedback gain K for the closed-loop system can be deter-

mined by the following Eq.27 [15]:

0 = ÃTP + PÃ+ εP +Σk
i=1α

2
iK

TR2K +Σk
i=1α

−2
i PBdiR

−1
2 BT

di
P +R (27)

where:

Ẽ � E1 + E2K, R1 � ET
1 E1, R2 � ET

2 E2 > 0, R � ẼT Ẽ (28)

and defining E1 & E2 such as:

ET
1 E2 = 0 (29)

P is an n × n positive-definite matrix and scalars ε and α are defined such that ε, αi > 0, i = 1, · · ·, k.
After these definitions, the Lyapunov function, which guarantees the stability for the closed-loop

system given by Eq.21 & Eq.22 for all τdi > 0, i = 1, · · ·, k. is provided by:

V (x) = xTPx+Σk
i=1α

2
i

∫ t

t−τdi

xT (s)KTR2Kx(s)ds (30)

7



In order to solve Eq.27, which is a non-standard Riccati equation, a Linear Matrix Inequality (LMI)

approach should be used. Thus, Eq.27 can be rewritten as follows:

ÃTP + PÃ+ εP +Σk
i=1α

2
iK

TR2K +Σk
i=1α

−2
i PBdiR

−1
2 BT

di
P +R < 0 (31)

With the following modifications, changes of variables and assumed values for ε, αi that satisfy ε, αi >
0, i = 1, · · ·, k:

ET
1 E2 	= 0 (32)

X � P−1, Y � KX (33)

Â � AX +BY, Ê � E1X + E2Y (34)

R2a � Σk
1α

2
iR2, R2b � Σk

1α
−2
i BdiR

−1
2 BT

di
(35)

equation can be equivalently defined as in the form of the following Linear Matrix Inequality (LMI) [15],

with X(n×n) and Y(m×n) positive definite matrices:⎡⎣Â+ ÂT + εX +R2b Y T ÊT

Y −R−1
2a 0(m×p)

Ê 0(p×m) −Ip

⎤⎦ (36)

Then, the feedback controller gain can be calculated by:

P = X−1, K = Y P (37)

In the case of applying the closed-loop input shaping control approach in the field of structural control

engineering, and especially in the application for damping the effects from incoming seismic waves, the

overall proposed architecture is being depicted in Figure 4.

The state space equations (Eqs.5- 6) governing the behaviour of the structure are being implemented

in the block named Structure, while the state space equations describing the dynamic behaviour of the

MR damper (Eqs.1- 2) are being realised in the MR damper block. Only, the applied voltage v to the

MR damper can be commanded directly not the damper force. Thus, the clipped control theory proposed

by [5] and presented in the Figure 4 was used in order to command the force in the MR damper according

to the following Eq.38.

v = VmaxH(fd − f)f (38)

In Eq.38, the algorithm for voltage choice, which is based on the variation between the actual measured

force and the desirable force is given as follows: The voltage applied to the damper stays the same in

the case of the actual measured force being generated by the MR damper f is equal to the desired force

fd (i.e., f=fd). Conversely; the applied voltage is set to its maximum value Vmax, if the magnitude of

the actual measured force f is smaller than the magnitude of the desired force fd and both forces are of

the same sign to increase the force produced by the MR damper. Else, the commanded voltage v is set

to zero. Moreover, H(.) is the Heaviside step function. This algorithm can be mathematically expressed

as follows:

v = 0 for | fd |<| f |
v = v for | fd |=| f |

v = Vmax for | fd |>| f | and f × fd ≥ 0 (39)

Finally, in case that full state feedback is being considered, which is equivalent with placing a

larger number of sensors in the building, no estimation is required. The input shaping controller is being

utilized in the estimated full state feedback, and appropriate control actions are being derived for the MR
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Figure 4: Simulink block diagram with input shaping controller
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damper. According to the previously established framework of input shaping, the appropriate amplitude

gains and the time delay based on the natural frequencies of the building should be properly designed to

shape the control signals for attenuating the seismic effects in the structure under investigation.

In the outlined approach and since the MR damper is a semi active component, the direct displace-

ment of the system is being used to directly drive the passive control part (mechanical), while the active

control part is being directly controlled by the proposed input shaping scheme. At this point, it should

be noted that for the presented test case, the accelerations ẍ and the displacement from the first floor x1
have only been considered for the MR damper, without a loss of generality.

In the proposed methodology, the input shaping approach, originally derived for second order sys-

tems, is being expanded to account for the case of higher-order structures in the area of structural con-

trol. Based on the global transfer function of the structure under investigation, the natural frequencies ωn

and the corresponding damping ratios ζ have been determined. For utilizing the input shaping control

scheme, the first three natural frequencies of the structure are being considered as the most important

frequency that reflects the dynamics behaviour of a structure. However, and without a loss in gener-

ality, other frequencies, in specific applications, could also be used and tune the input shaping control

approach for structural control applications.

Evaluation Criteria
In the scientific literature of structural control engineering, the various proposed control strategies are be-

ing commonly evaluated by the utilization of four sets of evaluation criteria, namely: building responses,

control devices, building damage, and control strategy requirements [30]. Basically, each of those eval-

uation criteria, is a percentage for the controlled response to the response of the uncontrolled response

and thus control approaches having evaluation criteria with the lowest values are widely suggested [31].

In this work, the building responses set, which includes: the peak inter story drift ratio (J1), the

level acceleration (J2), the base shear (J3), the normed inter-story drift ratio (J4), the normed level

acceleration (J5), and the normed base shear (J6), have been utilized to evaluate the efficiency of the

proposed input shaping control scheme. The adopted criteria are being calculated according to the

following Eqs.(40-45), with the denominator to denote the responses obtained from the uncontrolled

structure case and under the same acting seismic wave as an input, while Eq.46 is being utilized in the

sequel in order to calculate the normed values of those adopted criteria [30, 31].

J1 = max

{max
t,i

∣∣di(t)∣∣
hi

δmax

}
(40)

J2 = max

{max
t,i

∣∣∣ẍai(t)∣∣∣
ẍmax
a

}
(41)

J3 = max

{max
t

∣∣∣∑
i
miẍai(t)

∣∣∣
Fb

max

}
(42)

J4 = max

{
max

i

∣∣∣∣di(t)∣∣∣∣
hi∣∣∣∣δmax
∣∣∣∣

}
(43)

J5 = max

{
max

i

∣∣∣∣∣∣ẍai(t)∣∣∣∣∣∣∣∣∣∣∣∣ẍamax∣∣∣∣∣∣
}

(44)
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J6 = max
{∣∣∣∣∣∣∑

i
miẍai(t)

∣∣∣∣∣∣∣∣∣∣∣∣Fb

max∣∣∣∣∣∣
}

(45)

In Eqs.(40-45), di(t) is the interstory drift, hi is the story height, δmax is the maximum interstory drift

ratio, ẍmax
a is the absolute acceleration of the i-th floor, mi is the seismic mass of the i-th floor, Fb

max

is the maximum base shear, tf is the simulation time, and with the norm defined as:

∣∣∣∣.∣∣∣∣≡√ 1

tf

∫ tf

0
[.]2 dt (46)

Simulation Results
For evaluating the performance of the proposed scheme, a three-story benchmark building structure,

controlled with a single MR damper described by [5, 43–45] and presented in Figure 5 is considered.

Figure 5: Diagram of a three-story building model controlled with a MR damper

This model has been intensively utilized by many researchers at the Structural Dynamics and Control

fields [2]. The MR damper is rigidly attached between the first floor of the structure and the ground (see

Figure 5). It is assumed that the available measurements to determine the controlled response of the

structure is the absolute accelerations of all the floors in addition to the displacement of the MR damper,

which is assumed to be equal to the first floor displacement as shown in Eq.47 below:

y =
[
ẍa1 ẍa2 ẍa3 x1

]
(47)
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while for this setup, the mass, stiffness, and damping matrices are given as follows [5]:

Ms =

⎡⎣98.3 0 0
0 98.3 0
0 0 98.3

⎤⎦ kg, Ks =

⎡⎣ 12.0 −6.84 0
−6.84 13.7 −6.84

0 −6.84 6.84

⎤⎦× 105N/m, (48)

Cs =

⎡⎣175 −50 0
−50 100 −50
0 −50 50

⎤⎦N.Sec/m (49)

Then, by the utilization of Eqs.(5-8), the state space matrices specific to this case can be derived as:

A =

⎡⎢⎢⎢⎢⎢⎢⎣

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

−12207.5 6958.3 0 −1.78 0.50 0
6958.3 −13936.9 6958.3 0.50 −1.01 0.50

0 6958.3 −6958.3 0 0.50 −0.50

⎤⎥⎥⎥⎥⎥⎥⎦ , B =

⎡⎢⎢⎢⎢⎢⎢⎣

0
0
0

−0.0102
0
0

⎤⎥⎥⎥⎥⎥⎥⎦ (50)

C =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

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

−12208 6958.3 0 −1.780 0.508 0
6958.3 13937 6958.3 0.508 −1.0173 0.508

0 6958.3 −6958.3 0 0.508 −0.508

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(51)

D =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0
0
0
0
0
0

−0.0102
0
0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, f =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0
0
0
0
0
0
−1
−1
−1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, E =

⎡⎢⎢⎢⎢⎢⎢⎣

0
0
0
−1
−1
−1

⎤⎥⎥⎥⎥⎥⎥⎦ (52)

Considering the first three vibrations modes of the structure and according to Eq.12 and Eq.13, the new

A matrix (Ax) and new B matrix (Bx) are given by the following Eq.57 and Eq.55 respectively:

Ax =

⎡⎢⎢⎢⎢⎢⎢⎣

0 1 0 0 0 0
−29.7747 −0.0333 0 0 0 0

0 0 0 1 0 0
0 0 −249.9823 −0.1952 0 0
0 0 0 0 0 1
0 0 0 0 −558.7402 −0.2977

⎤⎥⎥⎥⎥⎥⎥⎦ (53)

Bx =

⎡⎢⎢⎢⎢⎢⎢⎣

0
0.1280

0
0.1280

0
0.1280

⎤⎥⎥⎥⎥⎥⎥⎦ (54)
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According to Eq.14 and Eq.21 ,Bd is given by:

Bd =

⎡⎢⎢⎢⎢⎢⎢⎣

0 0 0
0.374 0.1268 0.3708
0 0 0

0.374 0.1268 0.3708
0 0 0

0.374 0.1268 0.3708

⎤⎥⎥⎥⎥⎥⎥⎦ (55)

ε is assumed equal to (0.1), αi is assumed as follows:

αi =
[
2.1 2.1 2.1

]
(56)

E1 and E2 are defined according to Eq.29 as follows:

E1 =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

0.01 0 0 0 0 0
0 0.01 0 0 0 0
0 0 0.01 0 0 0
0 0 0 0.01 0 0
0 0 0 0 0.01 0
0 0 0 0 0 0.01
0 0 0 0 0 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
, E2 =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

0
0
0
0
0
0

0.0001

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
(57)

In this example, the state space model for MR damper proposed by [39] was utilized, and the MR

damper parameters (see Table 1) given by [5] were utilized. The maximum input voltage to the MR

damper is 2.25 Volts, while for the following simulations, the ground acceleration time history record

for the Northridge Earthquake depicted in Figure 6 was utilized to excite the model of the structure.

Table 1: MR damper parameters [5]

Parameter Value Parameter Value

αa 140 N/cm C0a 21.0 N.sec/cm

αb 695 N/cm.V C0b 3.50 N.sec/cm.V

γ 363 cm−2 n 2

β 363 cm−2 η 190 sec−1

A 301

The input shaping controller was designed according to the procedure previously outlined. Figures 7

and 8 depict the displacement and acceleration responses for the uncontrolled structure and the input

shaping controlled one respectively. From the obtained results in these Figures it is obvious that the

performance of the input shaping controller is very good, and it is effective to significantly decrease the

responses of the structure.

In order to evaluate the performance of the proposed controller; an LQR controller was also de-

signed. The state feedback gain Kcont was determined by the utilization of Matlab based on the previous

given system matrix A, control matrix B, output matrix C, direct transmission matrix D, R=10−17 and

assuming a weighing matrix Q=I3,3. For this LQR controlled examined test case; the displacement and

acceleration responses of the structure are displayed in Figures 9 and 10, while as it was expected and

appeared in the related literature already, the LQR scheme gives a very good control capacity that is able

to significantly reduce the accelerations and the displacement of the building.
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Figure 6: The ground acceleration time history record for the Northridge Earthquake
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Figure 7: The displacement responses for the uncontrolled structure and the input shaping

controlled one

Figure 11 and Figure 12 depicts a visual comparison between the performance of the proposed input

shaping controller and LQR controller, which clearly show the efficiency of input shaping controller to

reduce the responses of the structure.

For comparing among the proposed input shaping control scheme and the classical LQR, the cor-

responding errors in the three displacements and accelerations, in each floor of the building, are being

depicted in Figures 13 and 14. From the obtained results, it is clear that the input shaping control

framework is equivalent to the LQR one and that both schemes are able to give a good overall control

performance, being able to reduce and eliminate the oscillations in a short time.

Moreover, the six evaluation criteria previously mentioned are used to verify further the results ob-

tained from the LQR and the input shaping controller. In this concern, two additional test cases have

been also considered, which are: a) the case of a fully Passive-Off, which means no control action and

only the passive component of the MR damper acting on the building, and b) the case of Passive-On,

which is the case of the passive component and the full force (maximum voltage) from the active control
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Figure 8: The acceleration responses for the uncontrolled structure and the input shaping con-

trolled one

0 5 10 15 20 25 30 35
−2

0

2

time(sec)

Di
sp

lac
em

en
t

3rd
 Fl

oo
r (

cm
) Uncontrolled

LQR

0 5 10 15 20 25 30 35
−2

0

2

time(sec)

Di
sp

lac
em

en
t

2n
d F

loo
r (

cm
) Uncontrolled

LQR

0 5 10 15 20 25 30 35
−1

0

1

time(sec)

Di
sp

lac
em

en
t

1s
t F

loo
r (

cm
) Uncontrolled

LQR

Figure 9: The displacement responses for the uncontrolled structure and the LQR controlled

one

part acting on the building. The values of these criteria are given in Table 2, which clearly indicates

that the results for the evaluation criteria J1, J3 and J5 of the input shaping controller are lower than the

corresponding values for the LQR controller by 4.22 %, 0.34 % and 2.4 % respectively.

This comparison and the overall demonstration of the input shaping controller indicated that the pro-

posed framework can be successfully utilized in the area of structural control and that more attention to

this approach, more evaluations with different benchmarks or other kind of buildings are required, as

well as an experimental evaluation. However, as it has been indicated, the input shaping control scheme

has a simple design approach and can be easily implemented, while achieves sufficiently to reduce sig-

nificantly the accelerations and the displacement of the buildings.

15



0 5 10 15 20 25 30 35
−2

0

2

time(sec)

Ab
so

lut
e A

cc
ele

rat
ion

 (g
)

3rd
 Fl

oo
r

Uncontrolled
LQR

0 5 10 15 20 25 30 35
−2

0

2

time(sec)

Ab
so

lut
e A

cc
ele

rat
ion

 (g
)

2n
d F

loo
r

Uncontrolled
LQR

0 5 10 15 20 25 30 35
−2

−1

0

1

time(sec)

Ab
so

lut
e A

cc
ele

rat
ion

 (g
)

1s
t F

loo
r

Uncontrolled
LQR

Figure 10: The acceleration responses for the uncontrolled structure and the LQR controlled

one
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Figure 11: The structure displacement responses using the LQR controller and input shaping

controller

Table 2: Results of the controllers’ evaluation criteria

No. Control strategy J1 J2 J3 J4 J5 J6

1 Passive-Off 0.6722 0.7073 0.6295 0.5688 0.4586 0.4517

2 Passive-On 0.5385 0.5903 0.6127 0.4020 0.2764 0.2645

3 LQR 0.5963 0.6814 0.4885 0.4550 0.3864 0.3136

4 Input Shaping 0.5541 0.7294 0.4851 0.4622 0.3624 0.3066

% of reduction (input shaping - LQR) -0.0422 0.0481 -0.0034 0.0072 -0.024 -0.007
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Figure 12: The structure acceleration responses using the LQR controller and input shaping

controller
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Figure 13: The displacement’s error for the building floors (input shaping-LQR)

Conclusions
In this research effort, the famous input shaping control theory commonly used for time-delay systems

applications such as mechanical and electrical systems was applied for the first time in the area of

structural control. A numerical simulation in Matlab is considered to verify the effectiveness of the

input shaping control theory. A three-story benchmark building structure controlled with a single MR

damper has been considered. The ground acceleration time history record for the Northridge Earthquake

was utilized to excite the model of the structure. The input shaping control theory was used to reshape the

input command signal utilizing the first three natural frequencies of the structure. In order to evaluate the

performance of the proposed controller; an LQR controller was also designed. The building responses

set of the evaluation criteria, which includes peak inter story drift ratio, level acceleration, base shear,
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Figure 14: The acceleration’s error for the building floors (input shaping-LQR)

normed interstory drift ratio, normed level acceleration, and normed base shear had been utilized to

verify the results of the input shaping and LQG controllers. The evaluation criteria J1, J3 and J5 of the

input shaping controller are lower than the corresponding values for the LQR controller by 4.22 %, 0.34

% and 2.4 % respectively. Consequently, the input shaping theory is high recommended for use in the

field of structural control.
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In this article, the system identification approach is being used to identify the vertical frequencies of the top sto-
rey in amulti-storey building prefabricated from reinforced concrete in Stockholm. Before building construction,
detailed investigation indicated that the building will not be affected by train vibrations from the nearby railway
yard. After building completion, disturbing vibrations were observed in the building. Three measurement types,
namely, ambient vibration test, forced vibration test on the rails, and forced vibration test, have been performed
in order to specify the probable reasons for these vibrations.
Fivemethods of structural identification approach, specifically ARX, ARMAX, BJ, OE, and state-spacemodels, have
been implemented for the identification process in this study using the tests' results. All the test types andmodel
structures utilizedhave identified a concentration in the vertical frequencieswithin the range of (7.5–12.5)Hz for
the 10thfloor only, which is close to the frequencies of humanbody parts. Furthermore, the article concludes that
the ARMAX model and the output error model have indicated an excellent performance to predict the
mathematical models of vibration's propagation in the building, when compared with other models used from
the three types of tests.
In addition, the results of the aforementioned system identification methods, implemented for this study, have in-
dicated that there are no other reasons for the disturbing vibrations still observed in the building. Furthermore, the
results confirmed the correctness of the previous theoretical and experimental results obtained by different special-
ists,who stated that the values offloor acceleration arewithin the acceptable limits, and the probable reason for any
disturbance is the resonance between the generated low frequencies and the human body parts' frequencies.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Mechanical vibrations in structures are being generated by many
sources, such as motion of different types of heavy machines, railway
systems, construction activities, earthquakes, and storms, which have
serious effects on these structures. For example, train's traffic on tracks
results in noise and vibrations, which are usually regarded as one and
the similar discipline since both are resulted from the oscillations of
rails and wheels during train's movement on the track [1]. At lower fre-
quencies, the excitation energy will transmit through the ground in the
form of vibrations. At the end, these vibrations will be attenuated in the
human body, and its energy will be absorbed by the different human
body's organs, while for the higher frequencies, the energy will expand
through the air in the form of noise. Finally, both the vibrations and
noise will cause a discomfort to the buildings' inhabitants [2].

Actually, one of themain features of themodern life is the high noise
level all around the world, and thus, it is very important to take the

necessary precautions to avoid the existence of such noise in the build-
ings due to its effects on themental and physical well-being of humans.
For instance, the percentage of people who are living in noisy environ-
ments, with sound pressure levels more than 65 dB and subjected to
its effects, only in Europe is approximately 10% [3]. A self-answered
questionnaire was carried out by Bayo et al. [4] to evaluate the peoples'
subjective responses to noise in a hospital in Spain revealed that the
noise levels affected even the recovery of patients in the hospital. Fur-
thermore, a study performed by Piccolo et al. [5] showed that more
than 25% of the inhabitants of Messina city in Italy are extremely dis-
turbed by noise resulted from road traffic. Thus, in order to successfully
protect the people from the noise pollution, the need is urgent for
advanced well-aimed measures.

A state-of-the-art study conducted by Hemsworth [6] called the
attention to the deficiency of standards in the estimation of ground
borne noise and conflict in the handling of low-frequency vibration in
other standards. The spread of noise in Klaipeda city in Lithuania was
examined by Vaidotas and Tomas [7] to identify the source of bigger
noise areas in the city and to evaluate themeasured noise levels against
the permissible standards. The performance requirements for comfort
levels, safety, serviceability, and security were evaluated using the
fuzzy probabilistic optimization approach for a building by [8].
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Moreover, a deterministicmodel depending on theMonte Carlo simula-
tion method was used by Gilchrist et al. [9] to estimate the magnitude
and frequency of the noise levels produced by construction equipment
and their effects on an eight-storey parking garage in London. Further-
more, a three-dimensional numerical model was presented by
Degrande et al. [10] to estimate the vibrations in the free field from ex-
citation caused by trains' traffic in the subways using the finite-element
method. Also, the wavenumber finite and boundary element methods
were successfully used by Sheng and Jones [11] to predict the
disturbance to buildings' inhabitants from trains' traffic.

The research efforts on utilizing the system identification approach
to evaluate the noise levels in buildings until now have been very limit-
ed. Nowadays, the most applications of the system identification con-
cept, in the field of civil engineering, are mainly in the area of damage
detection [12–19]. However, system identification methods have
promising capabilities and can be used to predict mathematical models
to define the dynamics of many aspects in a building, like temperature,
humidity, and CO2 level of a room, which are parameters that can be
very helpful to perform a sequential control of the heating, the ventila-
tion and the air conditioning (HVAC) [20]. Moreover, system identifica-
tionmethods have been utilized successfully inmechanical engineering
to study the contribution of noise sources, to determine the transmis-
sion paths by defining the transfer function between the sources and
responses, and to develop a mathematical model that defines the
dynamics of the noise propagation [21].

Despite the enormous developments in parametric time-domain
identification methods, their relative merits and performance as corre-
lated to the vibrating structures are still incomplete. The reason for
this limited knowledge is due to the lack of comparative studies under
various test conditions [22] and the lack of extended applications and
verification of these methods with real life data.

In this article, the system identification concept has been used to
measure the noise levels in an irregular multi-storey reinforced con-
crete building. The black box linear parametric models, as transfer-
function models (ARX, ARMAX, BJ, and OE), and the state-spacemodels
have been utilized to identify the comfort level in the top storey of an
irregular (i.e., long and narrowwedge-shaped) prefabricated from rein-
forced concrete building using three kinds of vibration tests, namely, the
ambient vibration test and two types of forced vibration tests, while a
comparison among them has also been made. The novelty of this
research is to use the available vibration measurements to contribute
in the study of the relative merits and performance of the well-
established identification methods as correlated to the vibrating struc-
tures. Moreover, this article investigates the potentials of the identifica-
tion methods, usually encountered in electrical and mechanical
engineering applications in order to benefit from their capabilities and
widen their applications in the civil engineering field.

Thus, the system identification approach was used to calculate the
noise levels in the structure due to different kinds of excitation to
validate the results obtained by the classical method of vibration
propagation calculations already conducted by some specialist and to
explore whether there are other reasons for the disturbing vibrations
still observed in the building.

The rest of the article is organized as it follows. In Section 2, a short
review about comfort levels will be presented. Section 3 will establish
the mathematical models for the dynamic systems utilized in the pre-
sented comfort level identification processes. In the sequel, the case
study and the measurements conducted will be depicted in Section 4,
while Section 5 outlines the Methodology adopted in this study. The
results of the system identification approaches will be presented in
Section 6, while the conclusion will be drawn in Section 7.

2. Comfort levels

Actually,most of the buildings are exposed to ambient vertical vibra-
tions in the range between (1 and 80) Hz [23], while the horizontal

frequency for high-rise buildings lays in the range of (0.1–15) Hz [24].
In general, the evaluation of these noise levels is a complex task, while
the methods specified by the related standard regulations are tricky
and involve complicated calculations [25]. The scientific methods that
have been appeared in the field of predicting noise in structures can
be classified generally into the following three categories, based on
the frequency content: (1) finite-element analysis (FEA), which is
used in the case of low frequencies [26] (2) statistical energy analysis
(SEA), which is utilized for high frequencies [27] and (3) hybrid FEA-
SEA [28]. In addition to these methods, there have been various
empirical and semi-empirical methods as it can be investigated in the
following references [25,29,30].

From a different consideration, human body parts have distinct nat-
ural frequencies. However, for vertical vibrations with frequencies less
than 2 Hz, the human body may be considered as one mass, while in
case of high frequencies, the body different parts have their distinctive
frequencies, and it can be defined as a lumped mass model [31].

In such a body consideration, vertical vibrations in the range
between4 and8Hz are themost important because theymay cause res-
onance in some of the internal parts of the body, while Table 1 displays
some indicative human body parts' frequencies when subjected to ver-
tical vibrations [32]. Acceptable limits of human exposure to vibrations
are dependent on the time of day, the nature of activities in the place,
and the direction utilized by vibrations to enter the human body as it
is presented in Fig. 1 [23]. Overall, weighted root-mean-square acceler-
ation (RMS) in each orthogonal axis is used to evaluate the vibrations'
levels. Acceptable values for continuous and impulsive vibration accel-
eration according to the British standards BS 6472 are being presented
in Table 2 [33].

3. System identification

In general, two approaches are frequently used to create mathemat-
ical models of processes: physical modeling and system identification.
The physical modeling utilizes the physical principles and laws like
the Newton second law ofmotion to create thesemathematical models.
Despite the good accuracy of the physical model obtained by this
approach, it is not suitable for experimentalmodeling purposes because
it is difficult tomeasure all the degrees of freedomof the system and the
physical model is in continuous time, while the measurements are ob-
tained in discrete time. Moreover, noise from unknown excitation
sources or/and measurement's should be taken into consideration in
order to have a better representation of the vibrating structure. On the
other hand, the system identification approach is used to develop the
mathematical models in the case of limited physical information about
the dynamic system. Thus, this model will be able to represent and
replicate the behavior of the system based on the possible previous
knowledge and by utilizing the obtained input/output data [34].

A typical dynamic system is depicted on Fig. 2, subjected to the input
u(t) and the response of the system is described by the output y(t),
which is affected by disturbance v(t). The input u(t) is produced by
the environment and affects the system. This input is assumed to

Table 1
Human body parts' frequencies when subjected to vertical vibrations [32].

Body part name Natural frequencies (Hz)

Abdominal mass 4–8
Arm 5–10
Chest wall 5–10
Eyeball 20–90
Hand 30–50
Head (axial mode) 20–30
Legs—flexing knees 2
Legs—rigid posture 20
Shoulder 4–5
Spinal column (axial mode) 10–12
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include any known or measured excitation. However, the output y(t) is
produced by the system itself and affects the environment. All contribu-
tions to the output y(t) that are not produced by the linear system need
to be part of the disturbance v(t) and for this reason, its contribution in
the dynamic system was added after the system block (see Fig. 2). The
disturbance v(t) might comprise non-linear and/or unmodeled system
behavior, persistent excitation, the output from any non-measured
inputs, and themeasurement noise. It is worthmentioning that the dis-
turbance cannot be controlled and even the inputmay be unknown and
uncontrollable in some kind of systems. According to whether the exci-
tation of the structural system is measured or not and the excitation
type (stationary, impulse, or step), the parametric model structures
can be divided into the two main categories [35]: model structures for
stochastic input and model structures for deterministic input, while
the last model will be adopted in this work.

The model structures for deterministic input are used when the
input is measured and in this case the parametric model will have a de-
terministic term as well as a stochastic term that defines the unknown
disturbance. The Auto-Regressive Moving Average with eXternal input
(ARMAX)model, provided by Eq. (1) below, is the general input/output
model structure for the modeling of linear and time-invariant dynamic
systems, excited by a deterministic input and defined as

y tð Þ ¼ G qð Þu tð Þ þ H qð Þe tð Þ ð1Þ

where G(q) andH(q) are the transfer functions of the deterministic part
and the stochastic part, respectively, u(t) represents the input signal,
y(t) is the output signal, and e(t) is the white noise (equation error).
The parameters in the transfer function in Eq. (1) are determined during
the system identification process. The vector θ is usually used to
designate these parameters, and the system description given in
Eq. (1) can be rewritten in the following form:

y tð Þ ¼ G q; θð Þu tð Þ þ H q; θð Þe tð Þ ð2Þ

There are twodifferent approaches available to solve Eq. (2) in terms
of θ, including the following: (a) transfer-functionmodels and (b) state-
space models. The transfer-function models approach can be fulfilled

using different techniques, which are generally known as black-box
models. These models include the following: ARX model, ARMAX
model, output error model structure (OE), and Box–Jenkins model,
while for the case of state-space models, the relationship between the
input, the output, and the noise is provided by a system of first-order
differential or difference equations utilizing an auxiliary state vector
x(t). More details about these methods and their derivations can be
found in Ljung [36] and Söderström and Stoica [37].

4. Case study

The building constructed in 2008 is located in central Stockholm be-
tween Railway yard in the east and Barnhus Bridge in the west as pre-
sented in Fig. 3. The building, which is prefabricated concrete
structure, is a long and narrow wedge-shaped structure. The potential
impact of vibrations generated by the passage of trains on the building
has been the subject of in-depth discussions and underwent several
tests to ascertain the level of these vibrations, and under that, the final
decision was made to establish the building because studies have indi-
cated that the vibrations generated will not exceed the limits allowed
by the comfort levels specifications.

The doubts were correct, directly after building completion,
disturbing vibrations were observed in the building. Specifically, the vi-
brations were concentrated on the level 10th in the area on either side
of the stabilizing lattice truss (line 58) shown in Fig. 4. The vibrations
were judged to be related to train passing in the rail yard area as it
was expected in the early planning stages.

Fig. 1. Orthogonal axes for assessment of human exposure to vibration.

Table 2
Preferred and maximumweighted RMS values for continuous and impulsive vibration acceleration (m/s2) 1–80 Hz [33].

Location Assessment period Preferred values Maximum values

Z-axis X- and Y-axes Z-axis X- and Y-axes

1. Continuous vibration
Critical areas Day- or nighttime 0.0050 0.0036 0.010 0.0072
Residences Daytime 0.010 0.0071 0.020 0.014

Nighttime 0.007 0.005 0.014 0.010
Offices, schools, educational institutions, and places of worship Day- or nighttime 0.020 0.014 0.040 0.028
Workshops Day- or nighttime 0.04 0.029 0.080 0.058

2. Impulsive vibration
Critical areas Day- or nighttime 0.0050 0.0036 0.010 0.0072
Residences Daytime 0.30 0.21 0.60 0.42

Nighttime 0.10 0.071 0.20 0.14
Offices, schools, educational institutions, and places of worship Day- or nighttime 0.64 0.46 1.28 0.92
Workshops Day- or nighttime 0.64 0.46 1.28 0.92

System
y(t) : outputu(t) : input

v(t) : disturbance

+
Fig. 2. A dynamic system with input u(t), output y(t) and disturbance v(t).
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During planning stages and after completing the construction of the
building, several different types of measurements have been carried out
by different vibration measuring laboratories to study the characteris-
tics of these vibrations. One of the important results from these mea-
surements is that the building has several resonance frequencies in
the range of 5 to 10 Hz, which means that ground vibrations can be
transferred into the building and may be enhanced. More details
about the previous investigations are available in reference [38] and
its appendices.

From these measurements, the three measurement types that have
been conducted after completing the construction of the building
were (a) ambient vibration test, (b) forced vibration test on the rails,
and (c) forced vibration test.

Ambient vibration test: responses of the building have been record-
ed at a large number of train passages. Types of trains, tracks, and direc-
tion have been systematically recorded in order to find correlations
between the disturbance in the building and the type of train caused
them. In total, a set of 15 sensors were utilized for recording the re-
sponses of the embankment and the building, 6 of the donors were
placed in the embankment outside the building and near the railway,
3 for measuring responses in the vertical direction and 3 for measuring
responses in the horizontal direction across the track, while the other
nine donors were placed in the building and measured responses in
the vertical direction. Fig. 4 presents the location of the measurement
points (MP) on the yard (MP1, MP3, and MP5, sensors in the vertical

direction) and a selection of sensors on the plan 10 (MP 20), level 8
(MP 15), level 5 (MP30), and plan 2 (MP12).

Forced vibration test on the rails: transport agency has developed a
support stand that can excite a sinusoidal load at various frequencies.
The trailer has been used to measure simultaneously the responses of
both the embankment and the building. The track was loaded with
two point loads (one on each rail) with a harmonic varying load for a
few minutes on a stationary state into existence. The load was varied
at four different frequencies at each site of action, while measurements
were performed in a total of three measuring points on the two tracks
24 loads. The amplitude of the load on the track (consisting of two
point loads) was constant over the loading, and ranged from about 20
to 30 kN between the various loads.

Forced vibration test: to determine the building structure dynamic
properties, the building body has been excited with a dynamic load,
while the response has been measured in several different points in
the building. To minimize the interference in the measurements, the
test was conducted at the night when there is limited traffic. The build-
ing frame was excited with known harmonic loads (counterweight) of
about 300 kg with different frequencies (5 Hz to 10 Hz), and with a
sweeping sinusoidal load (4 Hz to 12 Hz). The exciter is biased so that
the counterweight does not burden the floor. In this approach, some
parts of the trusses between floor 3 and 4 were uncovered and accessi-
ble (Fig. 5) and they were considered to be appropriate to be loaded for
a simultaneous excitation over a large part of the building, while for

Barnhus -bron

Bangård

Torsgatan Norra
Bantorget

Vasastan

Fig. 3. Building location [38]. (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)

MP 1,3,5

MP 12

MP 20 (Plan 10)

MP 30 (Plan 5)

Line 58

MP 5

MP 3

MP 1

MP 20

MP 12,15,30

Torsgatan

Bangård

Section Plan

Fig. 4. Location of measuring points in the plan and section [38]. (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)
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practical reasons, truss was chosen in line 61. The responses weremea-
suredby accelerometers onfloors 2, 4, 8, and 10. The arrangement for all
of the 15 sensors is depicted in Fig. 5.

5. Methodology

Three kinds of vibration tests have been used to identify the noise
levels in the building, and a comparison between the obtained results
has been conducted in order to investigate the efficiency of the exam-
ined approach in identifying the building's vertical frequencies. Well-
planned and performed measurements are the basis for successful

implementation of the system identification process. It is very impor-
tant to ensure that good-quality signals have been recorded. Further-
more, adequate measuring time period, sampling rate, number of
sensors, and optimum location of sensors has been used. Valuable infor-
mation about the optimum number of sensors and their locations are
given by Kirkegaard [39] and Rainieri [40]. In the current study; the
main target is to determine the frequency of vertical vibrations at exact-
ly specified location (i.e., level 10th in the area on either side of line 58 as
it is shown in Fig. 4).

For this reason, the sensors were directly allocated to the study area.
More specifically, a multi-channel data logger with fifteen channels of

Fig. 5. Location of the forced vibration test [38]. (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)
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Fig. 6. Samples of the original recorded data for the forced vibration test inside the building. (For interpretation of the references to colour in this figure, the reader is referred to the web
version of this article.)

44 T.E. Saaed Alqado et al. / Automation in Construction 50 (2015) 40–49



accelerometers has been utilized for recording the responses of the
building at five occasions during November and December 2009 and
with a sampling rate of 1200 samples per second. A Matlab code was
written to read the recorded time history signals. The measurements
were used without any filtration to prevent any bias into the results
due to the personal opinion of the researchers. Each one of the recorded
signals was split into two parts to use the first half for model estimation
(assumed as input) and the second half for model validation (assumed
as output). The Matlab function called merge was implemented for
grouping up the input data sets into a single object in order to use
them for model estimation. The same operation was repeated for the
output data sets in order to prepare the model validation set.

In the sequel, another Matlab function named dtrend was utilized to
subtract the mean values from each signal. In order to check for the cor-
rectness of the predictedmodels, the best-fit method, which gives an in-
dication about the model efficiency to represent the main system
dynamics and whether the linear simulation is appropriate, has been
used. Moreover, a comparison between the grouped estimation data
sets and one of the grouped validation sets (arbitrarily selected) has
been conducted to find the best-fit percentage. Finally, the five different
time-domain identification methods, which have been presented in

Section 3, namely, (a) ARX (least squares approach), (b) ARMAX (predic-
tion error method approach), (c) output error (prediction error method
approach), (d) Box–Jenkins (Prediction ErrorMethod approach), and (e)
state-space (subspace iteration technique-N4SID)were implemented for
each vibration test.

6. Results

For the forced vibration test, 18 of 23-minute vertical acceleration
time-history records have been employed in the identification process.
Samples of the original recorded data are presented in Fig. 6 noting
that the excitation source is at the 4th floor.

The best-fit approach results, for this kind of vibrations test, showed
that all the predicted model structures used are unable to capture the
dynamic behavior of the building, while the ARMAX, OE, and BJ models
produce approximately equal performance and superior to the one ob-
tained from the ARX and state-space models as it has been indicated in
Fig. 7.

However, all the model structures excluding the state-space models
showed a concentration of vertical frequency values in the range of
(7.5–12.5) Hz for the 10th floor as it is clear from the Bode plots of the
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five predicted models (average of eighteen measurements) in Fig. 8. In
addition, Fig. 8 displays the frequency-response function for one sample
of the actual recorded data for reference only, while the responses at
floor eight and floor five depicted in Figs. 9 and 10, respectively, did
not reveal any concentration in the vertical frequencies at these floors.

Moreover, for the case of measurements for the ambient vibration
test, 71 of 26-minute vertical acceleration time-history records have
been utilized in the identification process. Samples of the original re-
corded data are presented in Fig. 11, which is clearly revealed, a magni-
fication in the acceleration response from the 5th floor to the 10th floor.
The obtained best-fit results from this test showed that all the model's
structures used were unable to capture the dynamic behavior of the
building but still the ARMAX, OE, and BJmodels produced approximate-
ly equal performance and at the same time better identification

capability, when compared with the ones obtained by the ARX and
the state-space models as it is depicted in Fig. 7. Fig. 12 displays the av-
erage Bode plots for the models of this test (average of 71 measure-
ments) for the 10th floor. In this case, all the models utilized have
depicted a concentration in the vertical frequency values within the
range of (7.5–12.5) Hz. In addition, Fig. 12 displays the frequency-
response function for one sample of the actual recorded data for refer-
ence only. The responses at floor eight and floor five depicted in
Figs. 13 and14, respectively, did not reveal any concentration in the ver-
tical frequencies at these floors.

Finally, in the forced vibration test on the rails, 34 of 39-minute
vertical acceleration time-history records are used in the identification
process. Samples of the original recorded data are presented in Fig. 15,
which is clearly revealed, a magnification in the acceleration response

0 5 10 15 20 25 30 35 40 45 50
-35

-30

-25

-20

-15

-10

-5

0

M
a

g
n

it
u

d
e 

(d
B

)

Frequency  (Hz)

 ARX

 ARMAX

 BJ

 OE

 State Space

 Frequency-response

Fig. 10. Average Bode plots of the five predicted models for the 5th floor using forced
vibration test. (For interpretation of the references to colour in this figure, the reader is
referred to the web version of this article.)

0 10 20 30 40 50 60 70 80 90
−0.05

0

0.05

Time (Seconds)

A
cc

. (
m

/s
2 )

 10th Fl. (MP20)

0 10 20 30 40 50 60 70 80 90
−0.02

0

0.02

Time (Seconds)

A
cc

. (
m

/s
2 )

8th Fl. (MP15)

0 10 20 30 40 50 60 70 80 90
−0.01

0

0.01

Time (Seconds)

A
cc

. (
m

/s
2 )

5th Fl. (MP30)

0 10 20 30 40 50 60 70 80 90
−0.2

0

0.2

Time (Seconds)

A
cc

. (
m

/s
2 )

Embankment (MP3)

Fig. 11. Samples of the original recorded data for the ambient vibration test inside and outside the building. (For interpretation of the references to colour in this figure, the reader is re-
ferred to the web version of this article.)

Frequency  (Hz)
0 5 10 15 20 25 30 35 40 45 50

-80

-70

-60

-50

-40

-30

-20

-10

0

10

M
a

g
n

it
u

d
e
 (

d
B

)

Fig. 12. Average Bode plots of the five predicted models for the 10th floor using ambient
vibration test. (For interpretation of the references to colour in this figure, the reader is re-
ferred to the web version of this article.)

46 T.E. Saaed Alqado et al. / Automation in Construction 50 (2015) 40–49



from the 5th floor to the 10th floor. The best-fit algorithm results have
been clearly better than the results obtained by the previous two test
cases, and it can be utilized to capture the dynamic behavior of the
building as it is depicted in Fig. 6. In addition, the ARMAX, OE, and
state-space models produce approximately an equal performance and
a better one, when compared to the ones obtained by the ARX and BJ
models. From Fig. 16, which displays the average Bode plot for the
models of this test for the 10th floor, clearly there is a concentration in
the vertical frequency within the same range of (7.5–12.5) Hz. In addi-
tion, Fig. 16 displays the frequency-response function for one sample
of the actual recorded data for reference only. The responses predicted
by some models at floor eight and floor five as depicted in Figs. 17 and
18 respectively, revealed a concentration in the vertical frequencies
close to the range of (7.5–12.5) Hz at these floors.

The summary of the predicted vertical frequency ranges and acceler-
ation amplitude ranges of the five prediction models for the three test
types is shown in Table 3. The absolute value of the maximum ampli-
tude (floor acceleration) from this Table is 110.0 dB (0.00011 m/s2),
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Fig. 14. Average Bode plots of the five predicted models for the 5th floor using ambient
vibration test. (For interpretation of the references to colour in this figure, the reader is re-
ferred to the web version of this article.)
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Fig. 15. Samples of the original recorded data for the forced vibration test on the rails inside and outside the building. (For interpretation of the references to colour in thisfigure, the reader
is referred to the web version of this article.)

0 5 10 15 20 25 30 35 40 45 50
-60

-50

-40

-30

-20

-10

0

10

M
a
g
n

it
u

d
e 

(d
B

)

Frequency  (Hz)

 ARX

 ARMAX

 BJ

 OE

 State Space

 Frequency-response

Fig. 16. Average Bode plots of the five predicted models for the 10th floor using forced
vibration test on the rails. (For interpretation of the references to colour in this figure,
the reader is referred to the web version of this article.)
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which is too much lower than the preferred and maximum overall
weighted root-mean-square acceleration (RMS) values for continuous
and impulsive vibration acceleration during day- or nighttimes and for
any building usage shown in Table 2. From the obtained results, it is

possible to mention that the reason for building tent's complaint is the
generation of some low frequencies within the range of resonance of
(7.5–12.5) Hz, which is very close to the human body parts frequencies
shown in Table 1. Thus, the resonance is responsible for the disturbance,
while all the values of floor acceleration arewithin the acceptable limits.

In order to eliminate this disturbing noise and vibrations in the
structure, the authors highly recommend reducing the level of noise
and vibrations at source instead of using the vibration isolation devices
at the foundation level of the building or the viscous damping system in-
side the building, which are mainly used for reduction of the horizontal
vibration's component only. For instance, Track dampers and other
means for track's vibration reduction can be used in this case.

7. Conclusions

This article concludes that the ARMAX model and the output error
model structure showed excellent performance to predict the mathe-
matical models of vibration's propagation in the building compared
with the other models for the three types of tests. Concerning the test
type, the measurements of the ambient vibration test for this building
and using these kinds of parametricmodels were unsuccessful to obtain
a prediction for the dynamic behavior of the structures, while the forced
vibration test of the building showed better performance, but it is still
unable to capture the structure behavior. Tests such as the forced
vibration test on the rails can be used to excite the structures and obtain
satisfactory results. All the test types and model structures used were
able to identify a concentration in the vertical frequency within the
range of (7.5–12.5) Hz.

As a general conclusion, it can be stated that the reason for the build-
ing tent's complaint has been the resonance between the generated low
frequencies and the human body parts frequencies. In addition, all the
values of floor acceleration have been within the acceptable limits,
which confirm the previous theoretical and experimental studies
performed on the building.
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Table 3
Summary of the predicted vertical frequency ranges and acceleration amplitude ranges of the five prediction models for the three test types.

Test Results Models structures

ARX ARMAX Output Error (OE) Box–Jenkins (BJ) State Space

Min. Max. Min. Max. Min. Max. Min. Max. Min. Max.

Forced vibration *1 Freq. 0 43.9 0 50 8.59 50 0 42.9 0 50
*2 F. acc. −22.9 19.2 −25.4 40.5 −62.1 32.2 −69.4 24.3 −65.9 32
*3Av. Freq. 9.6 8.59 8.59 23.7 8.08
*4Av. F. acc. −11.2 −0.816 14 −14.5 −14.8

Ambient vibration *1 Freq. 0 20 0 13.1 0 46 0 46.5 0 50
*2 F. acc. −53.6 14.3 −31.6 10 −22.3 95.9 −26.3 110.0 −53.6 16.8
*3Av. Freq. 9.09 8.59 7.58 13.1 10.6
*4Av. F. acc. −39.2 −22.4 0.614 −12.1 −52.3

Forced vibration test on the rails *1 Freq. 0 16.7 0 17.7 0 19.2 0 25.3 0 50
*2 F. acc. −33.6 7.58 −75.2 24.6 −22 36.6 −29.4 15. 2 −28.2 38.9
*3Av. Freq. 9.09 8.59 8.08 3.54 8.59
*4Av. F. acc. −3.21 −7.58 −21.7 0.625 9.16

*1, frequency range (Hz).
*2, floor acceleration range (dB).
*3, average frequency over all the measurements (Hz).
*4, average floor acceleration over all the measurements (dB).
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Fig. 17. Average Bode plots of the five predicted models for the 8th floor using forced vi-
bration test on the rails. (For interpretation of the references to colour in this figure, the
reader is referred to the web version of this article.)
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Fig. 18. Average Bode plots of the five predicted models for the 5th floor using forced vi-
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Abstract
In this article, the Structural Identification approach is used to identify the existence of damage and

damage locations for a bench mark steel frame. The black box linear parametric models called Auto-

Regressive Moving Average with eXternal input (ARMAX) were utilized for the construction of the Fre-

quency Response Functions (FRF), based on simulation results. Two damage scenarios were assumed

for damages in the frame. The efficiency of the estimated models and their suitability for describing

the dynamical behavior of the frame were proven. In the sequel, the magnitudes’ part were utilized to

construct the mobility matrix (H), while the phase’s part were utilized to plot the modes shapes of the

frame. The Singular Value Decomposition (SVD) method was adopted to identify how many significant

eigenvalues exist and plot the Complex Mode Indicator Function (CMIF) for the complete frame. Three

damage indices were adopted to evaluate the state of damage in the frame, namely: frequency, modal

damping, and modes shapes. The results indicated that the linear parametric model ARMAX is a robust

scheme to construct the mobility matrix (H), while the identified frame’s natural frequencies are very

close to the theoretical ones, obtained from Abaqus’s frequency analysis. Additionally, the frequency

and modal damping indices were very successful to indicate the existence of damage in the frame, while

the mode shape index can detect the existence of damage and identify the frame damage locations.

Introduction
The Finite-Element (FE) and the experimental modal analysis methods have been intensively used for a

long time as a tool for the weakness assessment and rehabilitation for civil engineering structures. How-

ever, it has been increasingly recognized that a FE model developed from design drawings, has many

probable error sources like: discretization, geometric, numerical computation, shape function, geome-

try of various finite elements, insufficient representation of structural systems, boundary and continuity

conditions, and material properties and their variations [1]. Moreover, the ever-growing complexity

of structures and the use of new construction materials impose more limitations on the finite-element

model’s accuracy. Many examples showed that the difference between the simulated and measured re-

sponses may be reach up to 500% and 100% for local and global responses respectively, because the

refined finite-element model of a structure is still affected by the approximation and finite-element as-

sumptions [2]. Furthermore, owing to the cost considerations, there is an urgent need for sufficient and

reliable methods for evaluating the real conditions of aged infrastructures in order to take the optimal

decisions concerning their rehabilitation, and thus, the need for Test-validated finite-element models is

crucial in order to secure the required performance and reliability [1, 3].

Moreover, the general trend in civil engineering nowadays is to evolve from specification-based to
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performance-based engineering due to many reasons, such as the extreme loading events like earth-

quakes, hurricanes, and floods, which call for a continuous improvement of design methods and proce-

dures [4]. Comprehensive information about the early start of structural identification and the first con-

tributions until 1971 were presented by Åström and Eykhoff [5], who discussed thoroughly the methods

for identification of linear, non-linear systems and real time identification methods. One of the important

contributions of system identification was done by Hart and Yao [6], who firstly, introduced the concept

to the engineering mechanics’ researchers and then introduced it to structural engineers by presenting

and formulating the problem of system identification. Furthermore, they proposed the probable appli-

cation of different testing procedures and the potential practical implementation of system identification

method for damage detection [7]. According to Catbas et al. [2], system identification can be utilized

to fulfil different investigation goals, for instance: (1) design verification and construction planning, (2)

means of measurement-based delivery of a design-build contract, (3) document as-is structural charac-

teristics to serve as a baseline for assessing any future changes, (4) Load-capacity rating for inventory

or special permits, (5) evaluate possible performance deficiency’s causes, (6) evaluate reliability and

vulnerability, (7) designing structural modification and retrofit or hardening, (8) health and performance

monitoring, (9) asset management based on benefit/cost, and (10) to help the civil engineers for better

understanding of how actual structural systems are loaded.

Nowadays, applications of system identification in civil engineering are widely spread, especially in

the field of damage detection, while the overall aim of this article is to utilize the black box linear para-

metric model called Auto-Regressive Moving Average with eXternal input ARMAX model for damage

identification and localization. The importance of the ARMAX models employed in the current study

and in comparison with the ARMA models utilized so far in the related literature, comes from the fol-

lowing facts: 1) the ARMAX model structure involves disturbance dynamics and have more flexibility

in the handling of disturbance modeling than the other parametric stochastic time series models because

they offer to model deterministic and stochastic parts of the system independently, 2) they are helpful

when the dominating disturbances enter early in the process (for instance, at the input), 3) the ARMAX

model structure relies not only on the present value of the input and output, but the history of both, and

4) it introduces several different variants and techniques available to handle a variety of cases [8, 9].

Thus, the contribution of this article is to assist in a better understanding of the potentials of using AR-

MAX modelling, while proposing a novel strategy by combining this approach with the utilization of the

SVD and the CMIF curves based techniques in the damage detection of structures, and thus clarifying

to what extent damages in a multi-story steel building can be identified by evaluating the changes in the

modal parameters. The novel proposed methodology, for evaluating the damage detection, is based on

the following procedures: a) implementing an ARMAX model for predicting the Frequency Response

Functions (FRF), b) constructing the mobility matrix (H) from the predicted FRF and utilizing them for

damage identification and localization.

For instance, Mitsuru et al. demonstrated the efficiency of using a neural network-based approach to

detect damage in a steel building in Japan [10]. Capecchi & Vestroni studied the monitoring of structural

systems by using frequency data and clarify when it is enough to measure natural frequencies only or

natural frequencies and modal shapes to detect damage [11]. Xia et al. [12] outlined a statistical method

with combined uncertain frequency and mode shape data for structural damage identification, and their

experimental tests proved the efficiency of this method to detect damage existence. Li et al. [13] utilized

empirical mode decomposition and wavelet analysis for damage detection of a 4-storey shear building

model. Da Silav et al. [14] used fuzzy clustering method for classification of structural damage. Valu-

able information about system identification and its applications in damage detection are presented by

Nagarajaiah. Furthermore, Nagarajaiah and coworkers developed a new interaction matrix formulation

and input error formulation to detect the presence of damage in the structural member up to level 4

(discover the extent of damage) [15]. Hilbert-Huang transform was used to detect damage in benchmark

buildings [16] and for experimental identification of bridge health, under ambient vibrations [17, 18].
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Additionally, Lee and Yun [19] estimated only the modal parameters using ARMAX models. Vector

ARMA models were utilized by Anderson [20] for identification of civil engineering structures. Bodeux

and Golinval [21] used the Auto-Regressive Moving Average Vector (ARMAV) model for system identi-

fication and damage detection of buildings. Xing and Mita [22] proposed a substructure approach based

on ARMAX model that permits for the local damage detection of a shear structure. Minami et al. [23]

utilized an ARX model for system identification of super high-rise buildings using limited vibrations

data. Loh et al. [24] implemented the recursive stochastic subspace identification method to identify the

time-varying dynamic properties of the mid-story isolation building by utilizing ambient vibration test

data, while the recursive subspace identification method was used for the same purpose by utilizing the

earthquake response data. Kampas and Makris [25] applied the Parameter Estimating Method (PEM)

to identify the modal characteristics (damping and frequency) of a bridge, compared the results with

the previous studies, and concluded that the linear models are able to fit the measured responses. Fur-

thermore, a comprehensive overview of the system identification principles, recent developments and

typical case studies for successful applications of system identification to constructed buildings around

the world are well documented in [2].

Despite the enormous developments in parametric model’s identification methods, their relative mer-

its and performance as correlated to the vibrating structures are still incomplete. The reason for this

limited knowledge is due to the lack of comparative studies under various test conditions [26] and the

lack of extended applications of these methods with real life data. In the present work, the Structural

Identification approach is used to identify the existence of damage and damage locations for a bench

mark steel building’s frame. The ARMAX modeling was utilized for the construction of FRF based on

simulation results. Abaqus 6.12 finite-element software was utilized to perform the time history analysis

for the case under study and the obtained responses at 110 different locations (assumed as a sensors)

correspond to the ends of columns and mid of beams were further processed by the parametric models

to obtain the building’s FRFs based on the Abaqus analysis results (assumed as measurements).

The damage in the frame was simulated by reducing the modulus of elasticity (E) for specific

columns by 75% of the undamaged ones. Two damage scenarios were assumed for damages in the

frame. Damage scenario no.1 consist of increasingly destroying the columns of the ground floor, while

for the damage scenario no.2, the damage locations were changed by destroying column no.1 in a floor,

and this was repeated for five stories. The efficiency of the estimated models and their suitability for

describing the dynamical behaviour of the frame were proved. Then, the magnitudes’ part, which repre-

sents the Frequency Response Function (FRF) were utilized to construct the mobility matrix (H), while

the phases’ part were used to plot the modes shapes of the frame. Due to the rectangular shape of (H),

the singular value decomposition (SVD) method was adopted to identify how many signicant eigenval-

ues exist and plot the Complex Mode Indicator Function (CMIF) for the complete frame. Three damage

indices were adopted to evaluate the state of damage in the frame, namely: frequency, modal damping,

and Modes Shapes.

Overall, this article is structured as it follows. Section 2 outlines the article’s methodology, while in

Section 3, a numerical example was provided to demonstrate the application of the ARMAX model for

damage detection. Finally, the conclusions were drawn in Section 4.

Methodology
There are a lot of categories of damage detection methods, according to the technique utilized to identify

the damage from the measured data. Valuable information about damage detection methods, their levels,

and damage indicators are available in references [10, 11, 27–33]. Frequency’s changes method will be

adopted in the current paper, since shifts in natural frequencies were widely used to detect damage in

structures. This method mainly depends on the concept that variations in the structural properties will
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result in alterations in the vibration frequencies and amplitudes. In spite of the significant practical

limitations of this method [27,29], it has been utilized by many researchers to detect damage, especially

in applications where the frequency shifts can be measured very precisely or there is an expectation of

large levels of damage, and thus in the current approach, it was assumed that these two conditions were

applicable in the current research effort. Figure 1 depicts the overall methodology proposed throughout

this article for damage identification and localization.

First of all, a n-story shear frame is simulated, in the following scenarios and cases:

Figure 1: Proposed damage diagnosis scheme

Ssj with sj=1,....,sn
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where Ssj represents the damage scenario and sn is the number of damage scenarios considered.

Ccj , cj=1,....,cm

where Ccj is the damage cases and cm represents the number of damage cases considered for each of

damage scenarios. Moreover, u(t) is the excitation, y(t)i , i=1,....,k is the response of the building at the

ki location, where y(t)i represents the output and k is the total number of measurement points.

Then, the responses of the frame (assumed as measurements), due to each one of the damage cases,

will be utilized to obtain the transfer functions of the frame by the ARMAX parametric model, while

considering the frame as a linear system for all the measurement points (sensors), as it will be presented

in the following subsection.

ARMAX model structure and estimation
A typical dynamic system is presented at Figure 2, subjected to input u(t) and the response of the system

to be described by the output y(t), which is affected by the disturbance v(t). It is worth mentioning that

the disturbance cannot be controlled and even the input may be unknown and uncontrollable in some

kind of systems. According to whether the excitation of the structural system is measured or not, and

System

y(t) : outputu(t) : input

v(t) : disturbance

+

Figure 2: A dynamic system with input u(t), output y(t) and disturbance v(t)

the excitation type (stationary, impulse or step), the parametric model structures can be divided into two

main categories [20]: a) model structures for stochastic input, and b) model structures for deterministic

input. Eq. 1 below denotes the general input/output model structure for modeling of linear and time-

invariant dynamic systems, excited by a deterministic input:

y(t)=G(q)u(t)+H(q)e(t) (1)

where G(q) and H(q) are the transfer functions of the deterministic part and the stochastic part respec-

tively, u(t) represents the input signal, y(t) is the output signal and e(t) is the white noise (equation error).

The parameters in the transfer function in Eq. (1) are determined during the system identification pro-

cess. The vector θ is usually utilized to designate these parameters and the system description given in

Eq. (1) can be rewritten in the following form:

y(t)=G(q,θ)u(t)+H(q,θ)e(t) (2)

The Auto-Regressive Moving Average with eXternal input ARMAX model is one of many different

approaches that are available to solve Eq. (2) in terms of θ as presented in the sequel. The ARMAX

model used in this study is a Single Input Single Output (SISO) ARMAX-model, since only one source

of excitation is used to excite the structure. Generally, the simple relation between the input and output

is provided by the following linear difference equation:

y(t)+a1y(t− 1)+...+anay(t− na)=b1u(t− 1)+...+bnb
u(t− nb)+e(t) (3)
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Clearly, Eq.(3) has limited capability in defining the disturbance term since it describes the white noise

as a discrete error. The ARMAX models overcome this problem by defining the error as a Moving Av-

erage (MA) of white noise as presented in Eq.(4):

y(t)+a1y(t− 1)+...+anay(t− na)=b1u(t− 1)+...+bnb
u(t− nb)+e(t)+c1e(t− 1)+...+cnce(−nc) (4)

The vector θ of adjustable parameters can be now formulated in the following form:

θ=[a1 ... ana b1 ... bnb
c1 ... cnc]T

while q in an equivalent polynomial form can be denoted as:

A(q)y(t)=B(q)u(t)+C(q)e(t) (5)

with the following polynomial definitions:

A(q)=1+a1q−1+...+ anaq−na , B(q)=b1q−1+...+ bnb
q−nb , C(q)=1+c1q−1+...+ cncq−nc

and na, nb, nc are the maximum orders of the corresponding polynomial, which are usually determined

by an extended trial-and-error process. In Eq.(5), the Moving Average (MA) part is given by C(q)e(t).
while, Eq. (5) is equivalent to Eq. (2) with

G(q,θ)=(B(q))/(A(q)), H(q,θ)=(C(q))/(A(q))

There are several optimization methods available to obtain the optimal estimate of θ by minimizing the

disturbance. More details about these methods and their full derivations can be found in [34–37]. In this

work, Gauss-Newton method has been utilized to optimize the mean square value of the prediction error

when searching for the optimal ARMAX-model. This searching process is iterative and might converge

to a local minimum rather than a global minimum. For this reason, the validation of the estimated model

is crucial, and it is allowed to use the estimated model if it passed the validation test. By determining

the coefficients of the vector θ, the transfer function of the building will be known, and thus the modal

parameters of the system will be derived directly from the coefficients.

In this study, the correctness of the estimated models will be validated using the Matlab’s best-fit method,

according to the following equation [38], which provides an indication about the estimated model’s ef-

ficiency to represent the main system dynamics (in time domain) and whether the linear simulation is

appropriate.

Fit = 100 ∗
(
1− ‖y(t)h−y(t)‖

‖y(t)−ȳ(t)‖
)

In this equation, y(t) represents the real output, ȳ(t) is the sample mean, and y(t)h represents the output

obtained from the identified model. In the sequel, the magnitudes and phases of each one of the esti-

mated transfer functions of the ARMAX models will be extracted.

Mag(i) , i=1,....,k

Phz(i) , i=1,....,k

where Mag(i) represents the magnitude part for each measurement point, Phz(i) is the phase part for

each measurement point, and k is the total number of measurement points. The magnitudes’ part, which

represents the FRF will be utilized to construct the measurements’ matrix, i.e. mobility matrix (Hmag),
while the phases’ part will be used to plot the mode shapes (PHZ) of the frame as shown in the sequel:
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Hmag(nf ,nmf
) = [Mag(1,1) · · ·Mag(1,nmf

) · · ·Mag(nf ,1) · · ·Mag(nf ,nmf
)]

PHZ(nf ,nmf
) = [phz(1,1) · · · phz(1,nmf

) · · · phz(nf ,1) · · · phz(nf ,nmf
)]

where nf is the numbers of floors, and nmf
is the number of measurement points per floor. For instance,

in the case study given in Section 3, each one of the element Mag, in the above mentioned equation,

contains one FRF column vector of length 100 (as it resulted from the FRF estimation process). Hmag
includes the FRF columns vectors, corresponding to all the measurement points in each floor (11 mea-

surement points) and for all the buildings floors starting from the zero level to the 10th level (11 levels),

and thus the total dimension of Hmag is (100,121). The same thing is applicable for the PHZ equa-

tion. Since there are unique responses for each measurement location and single excitation, H will have

a rectangular shape, thus the SVD method was adopted to identify how many significant eigenvalues

exist and plot the CMIF curve for the frame [39]:

CM=SVD(H)

where CM denotes the CMIF curve. The basic assumption for all the Single Degree Of Freedom (SDOF)

methods for modal analysis is that at the proximity of resonance, the FRF will be dominated by that vi-

bration mode and the contributions of other vibration modes can be neglected. Based on this assumption,

the FRF from a real structure with Multi Degree Of Freedom (MDOF) can be considered as a FRF from

a SDOF system [15,40]. Moreover, the peak-picking method can be utilized to identify the frames natu-

ral frequencies, since this method is able to search for peaks by stepping through the CMIF curves, and

when the curves have reached a maximum, it will indicate a new frequency by utilizing the following

equation:

| CM(ω) |max ⇒ ωr = ωpeak,

where ω represents the identified natural frequency for the mode number r. After that, the search for the

next peak corresponding for the next mode will start and so on. Thus, the method will take into accounts

the damage influenced by higher vibration modes.

According to [41] the CMIF curves were normalized so that their magnitudes at zero frequencies are

unity. Thus, the values of modal damping will be determined from the normalized CMIF curves denoted

as:

CM(nor) = CM/CM(ω=1)

Transfer function estimation
In this subsection, the transfer function in terms of the magnitude and the derivation of the amplification

factor, utilized for modal damping calculations are presented. Based on the assumption of applicability

of the SDOF behaviour [15,40] mentioned in the previous subsection, and according to Newton’s second

law, the time domain equation of motion for a single degree of freedom system can be given by [42]:

Mẍ(t) + Cẋ(t) + Kx(t)=f(t) (6)

where M, C, and K represent the mass, damping, and stiffness values correspondingly, while ẍ(t), ẋ(t),
and x(t) represent the acceleration, velocity, and displacement and the excitation force is f(t). The equiv-

alent frequency domain equation of motion can be obtained using the Laplace transform of Eq.(6) as-

suming all initial conditions are zero [43]:

[Ms2 + Cs + K]X(s)=F(s) (7)
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Where X(s) is the displacement Laplace transform and F(s) is the force Laplace transform, while Eq. (7)

can be rearranged as:

H(s)= X(s)
F (s) =

[
1

Ms2+Cs+K

]
The transfer function H(s) is a complex valued, so it has two parts; a magnitude and a phase. The

Frequency Response Function (FRF) can be obtained by substituting the values of the transfer function

along the frequency axis (jω-axis) as in the sequel [44]:

[H(s)]s=jω=[H(ω)], or [H(ω)]=
[

1
−ω2M+jωC+K

]
=
[

1/M
−ω2+jωC/M+K/M

]
(8)

According to [42], C/M=2ξωn where ωn is the natural frequency (radians/sec), and ξ is the damping

ratio, while (8) becomes:

[H(ω)]= 1/M
[

1
−ω2+jω2ξωn+ω2

n

]
,

which can be formulated as:

[H(ω)]= 1/M
[

1
(ω2

n−ω2)+j(2ξωωn)

]
, [H(ω)]= 1/M

[
1√

(ω2
n−ω2)2+j(2ξωωn)2

]
(9)

Substituting for M = ω2
n/K [42] in Eq.(9) yields the transfer function in terms of the magnitude:

[H(ω)]= [1/K]
[

ω2
n√

(ω2
n−ω2)2+j(2ξωωn)2

]
(10)

Modal parameters estimation
In the presented work, the Magnification-Factor method was utilized to calculate the modal damping.

According to this method, the peak value for the magnitude of the frequency response function happens

when the denominator of Eq.(10) is minimum [41] or the derivative of Eq.(10) is set to zero as shown

below:

d
dω

[
(ω2

n − ω2)2 + 4ξ2ω2
nω

2
]
=0 (11)

The solution of Eq.(11) for ω, is called the resonant frequency ωr and is being calculated by:

ωr =
√

1− 2ξ2ωn (12)

Finally, substituting Eq.(12) in Eq.(10) gives the magnitude of the frequency response function at the

resonant frequency given in the sequel, which is called the amplification factor Q.

Q = 1

2ξ
√

1−ξ2
(13)

The phases part, previously described, will be used to plot the mode shapes (PHZ) of the frame.

Simulation Results
In the current research, a regular building’s steel frame has been utilized as a case study. The frame

is for a ten story bench mark building 45.75m by 45.75m in plan and 40.82m in elevation with one

underground level. This bench mark building was proposed and designed by the SAC project for the Los
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Angeles, USA [45]. The lateral load-resisting system is composed from four steel perimeter moment-

resisting frames. The bays are 9.15 m on center, in both directions. The floor-to-floor height is 3.65

m for the underground floor, 5.49 m for the ground floor and 3.96 m for the remaining eight stories.

Figure 3 shows the building elevation. The lumped seismic mass for each story was applied at the center

of each level.

Figure 3: Building’s elevation

Table 1 displays seismic masses for each story and the steel sections used for the beams and columns.

In this Table 1, the code W (d × wt) refers to the nominal size of wide flange structural steel section

with, I or H shape. The nominal depth of the section in (inch) is referred by (d), while (wt) refers to the

section weight per unit length (Ib/ft). The analysis was conducted based on a pinned support condition

assumption at the bottom of the underground floor, which is also prevented from side movement as it is

shown in Figure 3.

Table 1: Sections dimensions and properties of the building

Levels Beams Sections Columns Sections Seismic mass (kg)

Ground W36× 160 W14× 500 9.65× 105

1st W36× 160 W14× 500 1.01× 106

2nd W36× 160 W14× 500 9.89× 105

3rd W36× 135 W14× 455 9.89× 105

4th W36× 135 W14× 455 9.89× 105

5th W36× 135 W14× 370 9.89× 105

6th W36× 135 W14× 370 9.89× 105

7th W30× 99 W14× 283 9.89× 105

8th W27× 84 W14× 283 9.89× 105

9th W24× 68 W14× 257 9.00× 106

Abaqus 6.12 [46] finite-element software was utilized to perform the time history analysis for the

frame. The obtained responses at 110 different locations (assumed as a sensors) corresponds to the

ends of columns and mid of beams were assumed as measurements. Quadratic elements types (B22)

from Abaqus’s beam library were used for simulating the structural behavior of beams and columns.

A horizontal ground acceleration in the form of a normally distributed Gaussian white noise excitation

with zero mean and a unitary variance was used to excite the model. The amplitude of the Gaussian

white-noise signal, in the time domain, was scaled by a factor of 0.3g. The total simulation time was 60
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seconds, with a simulation time step of 0.02 seconds. The frequency bandwidths of the excitation and

of the obtained signals have been 25 Hz, which were equal to one-half of the sampling frequency. The

damage in the frame was simulated by reducing the Modulus of elasticity E for specific columns by 75%

of the undamaged ones. The value of E for the healthy columns was 203.9 GPa, while for the damaged

columns was 50.9 GPa. Two scenarios were assumed for damages in the frame, damage scenario no.1

consist of increasingly destroying the columns of the ground floor, while for damage scenario no.2, the

damage locations were changed by destroying column no.1 in a floor, and this was repeated for five

stories. Table 2 summarizes the assumed damage scenarios.

Table 2: Frame damage scenarios

Damage Scenario No.1 Damage Scenario No.2

C0: No damage case C0: No damage case

C1: Col. No.1 - ground floor C1: Col. No.1 - ground floor

C2: Cols. No.(1 & 2) - ground floor C2: Col. No.1 - 1st floor

C3: Cols. No.(1 & 2 & 3) - ground floor C3: Col. No.1 - 2nd floor

C4: Cols. No.(1 & 2 & 3 & 4) - ground floor C4: Col. No.1 - 3rd floor

C5: Cols. No.(1 & 2 & 3 & 4 & 5) - ground floor C5: Col. No.1 - 4th floor

C6: Cols. No.(1 & 2 & 3 & 4 & 5 & 6) - ground floor

The transfer function of the frame has been derived by utilizing the ARMAX parametric model and

considering the frame as a linear system for all measurement points (sensors). Since the orders of the

ARMAX model were determined by a trial-and-error process, many trials with different combinations

of the factors (na, nb, nc, and nk) were examined to obtain the highest possible best-fit result, which

is considered one of the best methods to guarantee that the estimated transfer function can effectively

describe the dynamic behavior of the system. Thus, the orders of the polynomials na, nb, nc, and nk for

the healthy, damage scenario no.1, and damage scenario no.2 were 40, 40, 40, 1, 42, 42, 42, 1 and 40,

40, 40, 1 respectively. To validate the correctness of the estimated models, the Matlab best-fit method

has been implemented. Figure 4 displays the best-fit results, which clearly prove the efficiency of the

estimated models and their suitability for further usage.
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Figure 4: Efficiency of estimated ARMAX models in term of Best-Fit results
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Frequency
The identified frequencies for all cases of damage scenarios are presented in the CMIF curves of Figure 5

and Figure 6. The present work has been restricted to investigate the first five modes. The first five frame

natural frequencies, obtained from Abaqus’s frequency analysis and based on the frame mathematical

model are: 0.4428, 1.1798, 2.0314, 3.0493 and 4.1986 Hz. The first five identified natural frequencies,

based on the assumed measurements, for the healthy case of the frame are: 0.379, 1.14, 2.02, 3.03

and 4.17 Hz, which are very close to the frame natural frequencies obtained from Abaqus’s frequency

analysis.
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Figure 5: Comparison of CMIF curves estimated from the mobility matrix (H) for all damage

cases of damage scenario no.1

As it has been depicted in Figures 5 and 6, the comparison between the identified natural frequencies

clearly indicated the existence of damage due to the sharp increase in the amplitudes (resonance) of the

CMIF curves. For the damage scenario no.1, it is obvious from Figure 7 that the increase of damage

caused a decrease (shift) in natural frequencies, while the change in damage locations for damage sce-

nario no.2 did not affect the resonances absolutely as it was depicted in Figure 8. There are two possible

reasons to explain the failure of the proposed damage identification procedure for damage detection of

damage scenario no.2. Firstly, due to the professional design of this bench mark building, the redistri-

bution of the stresses and forces in the frame overcome the damage. In this case, the different members

of the frame worked effectively to compensate for the deficiency of the frame in resisting the excitation

due to the damage existence at a specific member and at a specific floor. Secondly, the level of damage

for scenario no.2 is not so large to be identified by the frequency’s changes method.

Damping
The damage in the frame can also be identified from the amplitudes of vibrations of CMIF curves.

The amplitudes of vibrations of the damage scenarios no.1 and no.2 are shown in Figure 9 and 10

respectively, where it is clearly indicated an increase in the vibration amplitudes as a general trend. This

indicates also that the damping effects are considerably decreased so that the amplitude can increase.
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Figure 7: The 1st five natural frequencies identified in the damage scenario no.1

In order to find the values of modal damping, the CMIF curves were normalized so that their mag-

nitudes at zero frequencies are unity. Afterwards, the modal damping values were calculated using Eq.

(13). The results of the damage scenarios no.1 are depicted in Figure 11. It is obvious that the general

trend (apart of mode 3) is a decrease in the modal damping. The reader should distinguish between

modal damping and the overall damping of the structure, which exhibit marked non-linearity, for more

details see [47, 48]. This decrease in modal damping reflects the increase in the damage’s size of the

frame and it was vanished for some frequencies of damage cases C4, C5, C6 and C7. In the case of

the damage scenario no.2, Figure 12 shows that there is a slight increase in the modal damping for the

first two vibration modes, while there is a clear decrease in modal damping for the higher modes. It can

be concluded that the general trend for vibration amplitudes and modal damping can be considered as

an index for detecting the increase or decrease in the damage size, but this effect will not provide any
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Figure 8: The 1st five natural frequencies identified in the damage scenario no.2
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Figure 9: Amplitudes of identified natural frequencies for the damage scenario no.1

further information about damage locations.

Modes Shapes
Figures 13 and 14 depict the first two mode shapes of the frame for each damage case of damage scenario

no.1 as they were identified from the measurements.

Visual inspection for these modes shapes reveals the locations of damage in the frame. Clearly,

the deformed shape of the beams at the first floor level (assumed damage locations) tends to be more

flattening as the damage increases from case C0 to case C6 for the two mode shapes. In other words,

it is possible to expect damage locations at the points (sensors) where the difference in the phase is the

least (for successive different monitoring cases). For the damage scenario no.2, shown in Figure 15 and

Figure 16, even that it looks that the points of assumed damage have the least differences in the phase, it
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Figure 10: Amplitudes of identified natural frequencies for the damage scenario no.2

C0 C1 C2 C3 C4 C5 C6
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Damage Cases

M
od

al 
Da

mp
ing

0.5
44

0.4
99

0.3
65

0.4
26

0.4
77

0.5
44

0.4
99

0.3
65

0.4
26

0.4
77

0.5
47

0.4
6

0.5
93

0.6
41

0.5
62

0.5
15

0.3
63

0 0 0

0.5
08

0.5
14

0.6
02

0.6
49

0

0.4
77

0
0.4

7
0

0.5
51

0.3
27

0.6
24

0.5
91

0
0.5

41

Mode 1
Mode 2
Mode 3
Mode 4
Mode 5

Figure 11: Modal damping for the damage scenario no.1

is difficult to specify damage locations exactly due to the small damage size in each floor.

Conclusions
In this article, the Auto-Regressive Moving Average with eXternal input ARMAX model was success-

fully utilized for the construction of FRF, based on Abaqus’s simulation results. The identified frame’s

natural frequencies were very close to the theoretical ones obtained from Abaqus’s frequency analysis.

Sharp increases in the amplitudes of the CMIF curves revealed the existence of damage in the frame.

Furthermore, it can be concluded that the general trend for vibration amplitudes and modal damping can

be considered as an index for detecting the increase or decrease in the damage size, but it is not able

to give any information about damage locations, while visual inspection for modes shapes reveals the
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Figure 12: Modal damping for the damage scenario no.2

locations of damage in the frame. In the future, the authors are planning for further development and

evaluation of the proposed methodology to include the detection of damage up to levels 3 and 4. One

recognizable drawback is that this method does not manage closely spaced modes, while it is possible

to expect damage locations at the points (sensors) where the difference in the phase is the least (for

successive different monitoring cases).
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Figure 13: Vibration mode shapes of the frame in the case of damage scenario no.1
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Mode shape no.1 -C4 Mode shape no.2 -C4

Mode shape no.1 -C5 Mode shape no.2 -C5

Mode shape no.1 -C6 Mode shape no.2 -C6

Figure 14: Vibration mode shapes of the frame in the case of damage scenario no.1
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Mode shape no.1 -C0 Mode shape no.2 -C0

Mode shape no.1 -C1 Mode shape no.2 -C1

Mode shape no.1 -C2 Mode shape no.2 -C2

Figure 15: Vibration mode shapes of the frame in the case of damage scenario no.2
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Mode shape no.1 -C3 Mode shape no.2 -C3

Mode shape no.1 -C4 Mode shape no.2 -C4

Mode shape no.1 -C5 Mode shape no.2 -C5

Figure 16: Vibration mode shapes of the frame in the case of damage scenario no.2
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Abstract The linear, time-invariant transfer function
Txy has been utilized for the construction of FRF, based
on the ambient vibration measurements. The results

presented here indicated the possibility to identify and
localize damages in steel railway bridges from the varia-
tions in the modal characteristics of the structure. The

comparison between the modal characteristics for the
healthy and collapsed bridge confirmed that damage
had been existed. The abnormal percentage of change

in modal damping, between the healthy and any other
condition for a structure, can be regarded as a seri-
ous indicator for early stages of damage, while the high

percentage of change in modal damping can clearly in-
dicate the existence of damage in that structure. The
average ratio of change in the damping ratio from the

healthy to the collapsed bridge was about 206 % and
this ration could be regarded as an index for the exis-
tence of a serious damage in steel bridges, which needs

further evaluation in other test cases.
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1 Introduction

During the last decades, damage detection in struc-

tures, from changes in the modal characteristics (struc-
tural identification) has been subject to many studies
from the structural engineering communities, while it

is well known that variations in the structure’s physi-
cal properties like stiffness, mass, and boundary condi-
tions can affect the modal characteristics of the struc-

ture (frequency, damping, and modes shapes), (Corn-
well et al., 1998; Rytter, 1993). A representative arti-
cle by (Doebling et al., 1996) provided valuable infor-

mation about the methods used for damage detection
and localization in a structure, based on changes in its
modal characteristics. From another point of view, one

of the most important contributions of system identifi-
cation was done by Hart and Yao (1977), where it has
been initially introduced the identification concept to

the mechanical engineering researchers and afterwards
to structural engineers by presenting and formulating
the problem of system identification in related use cases.

Furthermore, in related literature applications, different
testing procedures have been proposed and the poten-
tial practical implementation of the system identifica-

tion methods has been overviewed (Liu and Yao, 1978).
Catbas et al. (2012) reported the state of the art of sys-
tem identification, outlined its promising application in

civil engineering and confirmed that one of the most
powerful advantages of system identification is its effi-
ciency for damage detection and for evaluating possible

performance deficiency causes.
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Until now, many researchers applied the system iden-

tification approach to identify the dynamic properties
of bridges. For instance, Fan et al. (2007) studied the ef-
fects of the damage location and size on the structural

behavior of an old reinforced concrete arch bridge by
utilizing field measurements. Pillai and Shankar (2009)
proposed a hybrid neural network strategy for dam-

age identification utilizing time domain responses. In
Fayyadh et al. (2011) a combined modal parameters-
based index for damage identification has been suc-

cesfully applied in a beamlike structure. Matsumoto
et al. (2012) investigated the relation between struc-
tural changes and changes in the modal properties for

a steel truss bridge in Japan, while Brunell and Kim
(2013) investigated the effect of local damage on the be-
havior of a small-scale steel bridge and concluded that

the presence of local damage will significantly affect the
serviceability of the bridge. In addition, Kourehli (2014)
successfully used incomplete modal data artificial neu-
ral networks for the damage detection of three struc-

tures models. In Srinivas et al. (2013) the effects of test
conditions on modal characteristics of reinforced con-
crete structures have been studied under different dam-

age scenarios. Lee et al. proposed a continuous relative
wavelet entropy-based reference-free damage detection
algorithm for truss bridge structures and demonstrated

the efficiency of the proposed method on a laboratory-
size truss structure (Lee et al., 2014), while Brincker
and Andersen (2002) found that frequencies and modal

shapes for a highway bridge changed significantly dur-
ing damage. Fu and Moosa (2001) successfully applied
data acquisition by a high-resolution camera to detect

the existence and location of damage in a bridge model
in the laboratory. Reynders and Roeck successfully used
the combined deterministic-stochastic subspace algo-

rithm for an operational modal analysis of the Swiss
Z24 concrete highway bridge (Reynders and De Roeck,
2007). Also, Park and Towashiraporn (2014) proposed

the response-surface statistical model for rapid damage
assessment of railway bridges. Li and Au (2014) utilized
a genetic algorithm (GA)-based method to identify the

existence of damage in girder bridges from the response
of a vehicle moving over the bridge.

Nowadays, the vibration-based damage detection ap-
proach includes a promising set of methods for dam-
age detection and health monitoring of civil engineer-

ing structures. However, the huge variance in their dy-
namic response under working loads and the large size
of such structures make the successful application of

these methods to real-life structures a daunting task
(Beskhyroun et al., 2012). For instance, in spite the
fact that the damping is one of the crucial factors that

controls the dynamic behavior of a structure, it is at

the same time difficult to be measured and it is still a

subject for further researchers’ studies (Ding and Law,
2011).

In order to derive the FRF, for their application in
a modal analysis of a structure, measurements for both
input force and response are essential (Avitabile, 2001).

Usually civil engineering structures are large, and it is
not easy to measure the input force for such structures.
However, the output only response or ambient vibration

measurements can be utilized to estimate reliable val-
ues for modal characteristics (Galvin and Dominguez,
2005).

In the present work, the structural identification ap-
proach is utilized to investigate the amount of variations
in the modal characteristics (frequency, damping, and

modes shapes) and the existence of damage and damage
locations for a railway steel bridge based on the ambi-
ent vibration measurements due to trains traffic, before

and after its known early stage of failure. This bridge is
located in the north of Sweden, and such an application
and study is quite important, especially when proposing

novel approaches in the damage detection and experi-
mentally evaluating them. In the presented investiga-
tion, the responses of the bridge were measured when

the bridge was functional in its original position and
when it was collapsed in the temporary position as it
will be analysed in the sequel.

In the established framework, the modal character-
istics of the collapsed bridge will be compared against

the results of the healthy bridge to evaluate the changes
in the modal characteristics between the healthy bridge
and the defected bridge at its known early stage of fail-

ure. During the analysis, the percentage of change in the
modal damping as an initial indication for the assess-
ment of damage existence for other railway steel bridges

will be also derived, while for a straight forward general-
ization more experimental test cases should considered.
The transfer functions obtained from the quotient of

the cross PSD and the PSD are utilized to obtain the
FRF based on ambient vibration measurements. Then,
the magnitudes part, which represents the FRF will be

utilized to construct H, while the phases part will be
utilized to plot the modes’ shapes of the bridge. Due to
the rectangular shape of H, the Singular Value Decom-

position (SVD) method will be adopted to identify how
many significant eigenvalues exist and plot the Complex
Mode Indicator Function (CMIF) for the whole bridge.

In this research effort, the main novelty stems from
the utilization of the structural identification approach

to investigate the amount of variations in the modal
characteristics (frequency, damping, and modes shapes)
for a railway steel bridge before and after its known

early stage of failure, based on the ambient vibration
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measurements due to train traffic. The clear and dis-

tinct main novelties of this article are the following
ones: a) extracting the modal characteristics from a typ-
ical real scale example, when it was functional and after

its known early stage of failure, b) possibility to verify
the proposed identification method’s results against an
existing damaged bridge and validate its efficiency for

damage detection and localization, c) obtain the per-
centage of change in modal damping at early stage of
failure, in order to be utilized as an indication for ex-

istence of a serious damage, d) propose a methodology
for deriving the Frequency Response Functions (FRF)
from the quotient of the cross Power Spectral Density

and the PSD, and e) utilise the mobility matrix (H) de-
rived from FRF for identifying and localizing the dam-
age in the presented case study.

Overall, this article is structured as follows: Section
2 outlines the utilized methodology for the bridge dam-

age detection, while Section 3 provides a description
of the case study. Section 4 presents the evaluation of
modal characteristics before and after failure, while the

conclusions are drawn in the final Section 5.

2 Methodology

There are a lot of categories of damage detection meth-
ods according to the technique utilized to identify the
damage from the measured data. Valuable information

about damage detection methods, their levels, and dam-
age indicators are available in the following references
(Rytter, 1993; Doebling et al., 1996; Nakamura et al.,

1998; Xia, 2011).

However, the frequency changing methods will be

adopted in the current article, since shifts in natural
frequencies were widely used to detect damage in struc-
tures. This method mainly depends on the concept that

variations in the structural properties will result in al-
terations in the vibration frequencies and amplitudes.
Figure 1 depicts the overall methodology proposed in

this article for damage identification and localization.
First of all, we consider the set of measurements (healthy
and collapsed) denoted by:

Ccj , cj=1,....,cm

where Ccj is the measurements cases and cm repre-

sents the number of measurements cases considered.
Moreover, u(t) is the excitation, y(t)i, i = 1, ...., k is
the response of the bridge at the ki location, where

y(t)i represents the output and k is the total number
of measurement points. In the sequel, the responses of
the bridge due to each one of the measurement cases

will be utilized to obtain the transfer functions of the

Fig. 1: Proposed damage identification scheme

bridge by the Txy non-parametric model, while assum-
ing without a loss of generality that the bridge can be

fully described by a linear system.

2.1 Estimation of the Txy Transfer Function

A typical dynamic system is presented in Figure 2, sub-
jected to input u(t), with the response of the system to

be described by the output y(t), while it is worth men-
tioning that this non parametric model Txy does not
consider disturbances of the system.

Fig. 2: A dynamic system with input u(t) and output

y(t)

In this article, and since there are no input forces

measured (only operating data from output measure-
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ments), the transfer function can be obtained from the

quotient of the cross power spectral density Pyu of u
and y and the power spectral density Puu of u as given
below:

Tuy=
Pyu

Puu

The transfer functions can be calculated using the

Matlab ”tfestimate” function as it is given in Eq. 1 be-
low:

Txy=f(u(t), y(t), window type, noverlap, nfft, fs) (1)

Since the excitation is random and not periodic, the

appropriate window type shall be applied to decrease
the effects of leakage in the recorded signals, however
this method can not remove it completely. Moreover,

each window type has its own advantages and disad-
vantages. According to Ramirez (1985), Hanning win-
dow is considered as a very good window type to obtain

a good frequency resolution and with a good spectral
leakage suppression and fair amplitude accuracy. So,
Hanning window with 1024 samples in each window

will be utilized in this work. The parameter noverlap
determines the number of samples by which the win-
dows overlap and it was assumed to be 50 % of sam-

ples, while nfft specifies the number of the Fast Fourier
Transform (FFT) points used to calculate the transfer
functions for each window and it controls the resolution

of the frequency function obtained. During the exper-
imentations, the sampling frequency of measurements
(fs) was set at 800 Hz. In the sequel each one of the

transfer function models will be split into two parts:
magnitudes and phases as follows:

Mag(i), i=1,....,k

Phz(i), i=1,....,k

where Mag(i) represents the magnitude part, Phz(i) is
the phase part, and k is the total number of measure-
ment points. The magnitudes’ part, which represents

the FRF will be utilized to construct the measurements’
matrix, i.e. the mobility matrix (H), while the phases’
part will be used to plot the modesshape (PHZ) of the

bridge as shown in the sequel.

H(k) =
(
Mag(1) · · ·Mag(k)

)
PHZ(k) =

(
Phz(1) · · ·Phz(k)

)
where (k) is the total number of measurement points.

Since there is a unique response for each measurement
location and a single excitation, the H will have a rect-
angular shape and thus the Singular Value Decompo-

sition SVD method was adopted to identify how many

significant eigenvalues exist and plot the Complex Mode
Indicator Function CMIF curves for the bridge (Avitabile,
2013).

CM=SVD(H) (2)

where CM denotes the CMIF curve. The basic assump-

tion for all the Single Degree Of Freedom (SDOF) meth-
ods for modal analysis is that at the proximity of res-
onance, the FRF will be dominated by that vibration

mode and the contributions of other vibration modes
can be neglected. Based on this assumption, the FRF
from a real structure, with Multiple Degrees Of Free-

dom (MDOF), can be considered as a FRF from a
SDOF system (Nagarajaiah and Basu, 2009; Fu and He,
2001). Moreover, the Peak-Picking Method (PPM) (Fu

and He, 2001) can be utilized to identify the bridge’s
natural frequencies, since this method is able to search
for peaks by stepping through the CMIF curves, and

when the curves have reached a maximum, it will indi-
cate a new frequency by utilizing the following equation:

|CM(ω) |max ⇒ ωr = ωpeak,

where ω represents the identified natural frequency for

the mode number r.

Following the analysis presented in (Clarence, 1999),

the CMIF curves were normalized so that their mag-
nitudes (in dB) at zero frequency are unity. Thus, the
values of modal damping will be determined from the

normalized CMIF curves denoted as:

CM(nor) = CM/CM(ω=0) (3)

where ω = 0 represents the zero frequency at which the
magnitude is unity.

2.2 Modal Damping

Based on the assumption of applicability of SDOF be-
haviour (Nagarajaiah and Basu, 2009; Fu and He, 2001),

mentioned in the previous subsection, and according to
Newton’s second law, the equation of motion for a sin-
gle degree of freedom system can be given by Clarence
(1999):

Mẍ(t) + Cẋ(t) + Kx(t)=f(t) (4)

where M, C, and K represent the mass, damping, and
stiffness values correspondingly, ẍ(t), ẋ(t), and x(t) rep-
resent the acceleration, velocity, and displacement, while

the excitation force is denoted by f(t). The equivalent
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frequency domain equation of motion can be obtained

using the Laplace transform of Eq.(4) assuming all ini-
tial conditions are zero (Chopra, 1995):

[Ms2 + Cs + K]X(s)=F(s) (5)

where X(s) and F(s) is the displacement and force,
while Eq. (5) can be rearranged as:

H(s)= X(s)
F (s) =

[
1

Ms2+Cs+K

]
The transfer function H(s) is a complex valued, so

it has two parts; a magnitude and a phase (real and
imaginary). The Frequency Response Function (FRF)

can be obtained by substituting the values of the trans-
fer function along the frequency axis (jω-axis) as in the
sequel (Catbas et al., 2006):

[H(s)]s=jω=[H(ω)], or

[H(ω)]=
[

1
−ω2M+jωC+K

]
=
[

1/M
−ω2+jωC/M+K/M

]
(6)

According to Chopra (1995), C/M=2ξωn where ωn is

the natural frequency (radians/sec), and ξ is the damp-
ing ratio, while (6) becomes:

[H(ω)]= 1/M
[

1
−ω2+jω2ξωn+ω2

n

]
,

which can be formulated as:

[H(ω)]= 1/M
[

1
(ω2

n−ω2)+j(2ξωωn)

]
or

[H(ω)]= 1/M

[
1√

(ω2
n−ω2)2+j(2ξωωn)2

]
(7)

Substituting for M = K/ω2
n (Chopra, 1995) in Eq.(7)

yields the transfer function in terms of the magnitude:

[H(ω)]= [1/K]

[
ω2

n√
(ω2

n−ω2)2+j(2ξωωn)2

]
(8)

In the present work, the Magnification-Factor method
was utilized to calculate the modal damping. Accord-
ing to this method, the peak value for the magnitude

of the frequency response function happens when the
denominator of Eq.(8) is minimum (Clarence, 1999) or
the derivative of Eq.(8) is set to zero as shown below:

d
dω

[
(ω2

n − ω2)2 + 4ξ2ω2
nω

2
]
=0 (9)

The solution of Eq.(9) for ω, is called the resonant fre-

quency ωr and is being calculated by:

ωr =
√
1− 2ξ2ωn (10)

Finally, substituting Eq.(10) in Eq.(8) gives the mag-

nitude of the frequency response function at the reso-
nant frequency given in the sequel, which is called the
amplification factor Q.

Q = 1

2ξ
√

1−ξ2
(11)

3 Description of Case Study

This case study deals with a railway steel truss for a
bridge over Åby river, which has been constructed in
1957 and is being presented in Figure 3. This bridge is

located about 60 km west of Pite̊a, Sweden, while the
bridge spans a small river with a span length of 33 m
and a width of 4.7 m.

Fig. 3: General view of the Åby river railway bridge in
its original position

The bridge was a riveted connection’s single span
carrying a single track, as it has been presented in Fig-

ure 4, while this bridge was owned and managed by the
Swedish Transport Administration.

Fig. 4: Geometry of the bridge, plan and elevation

During a renewal of the embankment in 2012, it was

decided to exchange the old railway bridge with a new
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bridge that requires less maintenance. The redundant

bridge was taken out of service and replaced by a new
steel beam bridge in September 2012. The old truss
was placed on temporary abutments on a road near its

original location as it is shown in Figure 5 and became
an excellent research subject.

On September 12 of 2013, the obsolete bridge was
tested to failure. The reasons behind such a testing
were: a) this bridge has four replications so the as-

sessment outcome will be a very good indication for
evaluating the service conditions of other bridges, b) it
is also exciting to distinguish where the bridge breaks

in order to avoid breakage at the weak points, and c)
the Swedish Transport Administration is investigating
the possibility of life extension and raising the allowable

axle load on existing railway bridges. The bridge, which
was designed to resist a weight of 25 tons per axle (or 8
tons per meter) would, according to designers’ calcula-

tions, collapse at a load of about 800 tons. However, in
practice, it was capable of taking a considerable higher
loading of approximately 1200 tons (Blanksvard et al.,

2014b; Background document).

The main focus of the current study is to utilize

the transfer functions Txy obtained from the quotient
of the cross power spectral density and the power spec-
tral density to identify the modal characteristics of the

bridge, as it has been presented in Figure 1. The modal
characteristics of the collapsed bridge will be compared
against the results of the healthy bridge to evaluate the

changes in the modal characteristics between a healthy
bridge, and a defected bridge at its known early stage
of failure and obtain the percentage of change in the

modal damping. These results will be utilized in the
sequel as an indication for the assessment of damage
existence for other railway steel bridges (after further

validation).

At this point it should be stated that the compari-

son between the healthy bridge (in its original position)
and the defected bridge (in the temporary position)
is based on the fact that this bridge is a simply sup-

ported steel truss bridge and the boundary conditions
of this bridge are very clear, i.e.; besides the simple
supports, only two continuous rails connect the bridge.

These rails have some effect on the boundary condition
of the bridge, but are so slender and their bending rigid-
ity is too small, especially when compared with such a

large steel-truss bridge, while their constraint effect can
be ignored from an engineering point of view. several
models for this bridge were built in Abaqus (Grip and

Andersson, 2013) and in some of these models, rota-
tional springs with different magnitudes at the bridge
ends (to simulate the boundary constraint effects of dif-

ferent lengths of rails) have been included. After com-

paring these models, it was found that for the bridge

under investigation, it is not necessary to include ex-
tra rail effect or rotational springs at the ends of the
bridge, i.e., the simply supported bridge model is ac-

curate enough, and the boundary conditions are close
enough in the two cases to make it reasonable to com-
pare the two systems.

4 Evaluation of Modal Characteristics

Two sets of ambient vibrations measurements were con-
ducted for the bridge. The first set was conducted when
the bridge was functional and in its original position.

After the final breaking of the bridge, the second set
of vibration measurements were performed on the col-
lapsed bridge by recording the vibrations generated due

to trains passing over the railway track next to its tem-
porary location (Figure 5). The HBM MGCPlus Data
acquisition system with ML801/AP801 cards was used

for data acquisition that had a fixed input signal range
of -10.5 to 10.5 V, with 64 bits for each sample; the
21 V dynamic ranges were divided into uniform inter-

vals of length 1.1384 ∗ 10−18V. This is a high enough
resolution also for very low amplitude vibrations. Six
tri-axial accelerometers Colibrys SF3000L, were used

for the measurements. Finally the recorded data were
sampled at a sampling frequency of fs= 800 Hz for all
setups.

In each set of measurements, the bridge was in-
strumented with the accelerometers in different setups.

Table 1 presents details about the arrangement of ac-
celerometers in each setup and for each set of measure-
ments. For example, in each one of the six setups, the

measurements at the accelerometer no. 12 were con-
sidered as an input (since there are only operating data
from output measurements), while the measurements at

the rest of the accelerometers have been utilized as the
outputs. For each setup, two accelerometers were uti-
lized as reference sensors and their numbers are shown

in the last column of the Table 1. The accelerometers
were mounted on steel plates that were strongly fixed
with fasteners on the bridge’s top and bottom chord.

Figure 6 displays an overview of the accelerome-

ters’ locations in setup No.1 for the collapsed bridge.
The horizontal accelerations time-history records of the
bridge, in the direction perpendicular to the bridge lon-

gitudinal axis (X-direction in Figure 6), have been recorded
for at least 35-minutes for each measurement point (de-
pending on trains traffic).

The CMIF were calculated according to Eq.(2) based
on the flowchart depicted in Figure 1 and the first 15

identified frequencies (although the first five frequencies
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The bridge on its temporary position When train passing

The bridge on its temporary abutment From inside the bridge

Fig. 5: Views of the Åby älv railway bridge in its temporary position

Fig. 6: Accelerometers’ layout for setup No.1

are usually used) for the healthy and collapsed bridge
are presented in Figures 7 and 8 respectively.

Distinguishing the real vibration modes from pseudo
ones in an ambient vibration test is a source of errors
and a challenging task, while not every peak of the FRF
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Table 1: Arrangement of accelerometers in each set of measurements

Input accelerometer u(t) Output accelerometer y(t) Setup no. remarks

1 12 12 1 1st Reference acc.
2 12 26 1 2nd Reference acc.

3 12 10 1
4 12 14 1
5 12 28 1

6 12 30 1
7 12 12 2 1st Reference acc.
8 12 26 2 2nd Reference acc.

9 12 13 2
10 12 16 2
11 12 29 2

12 12 32 2
13 12 12 3 1st Reference acc.
14 12 26 3 2nd Reference acc.

15 12 5 3
16 12 8 3
17 12 21 3

18 12 24 3
19 12 12 4 1st Reference acc.
20 12 26 4 2nd Reference acc.

21 12 4 4
22 12 6 4
23 12 20 4

24 12 22 4
25 12 12 5 1st Reference acc.
26 12 26 5 2nd Reference acc.

27 12 2 5
28 12 9 5
29 12 17 5

30 12 18 5
31 12 12 6 1st Reference acc.
32 12 26 6 2nd Reference acc.

33 12 11 6
34 12 15 6
35 12 27 6

36 12 31 6
37 12 12 7 1st Reference acc.
38 12 26 7 2nd Reference acc.

39 12 1 7
40 12 3 7
41 12 7 7

42 12 25 7
43 12 12 8 1st Reference acc.
44 12 26 8 2nd Reference acc.

45 12 19 8
46 12 23 8

from the ambient vibration measurements is related to
a vibration mode of the structure (Background docu-
ment; Mainline). Figure 9 displays the CMIF for the

bridge before and after collapse, where it is clearly re-
vealed the existence of significant shift in the frequency
response of the bridge, especially for the frequency range

(0-5.46) Hz. Moreover, Table 2 displays the bridge nat-
ural frequencies extracted from the CMIF curves before
and after collapse.

In order to find the values of modal damping, the

CMIF curves were normalized as it was stated in Eq.
(3), so that their magnitudes (should be in dB) at zero
frequencies are unity, see Figure 1. The normalized CMIF

curves for the healthy and collapsed bridge are shown in

Figures 10 and 11 respectively. Afterwards, the modal
damping values were calculated using Eq. (11). Table 3
presents the damping ratios for the healthy and col-

lapsed bridge. The values ”> 1” in the third column
of this table indicate that the modal damping passes
the hundred percent, and the bridge becomes an over

damped structure (see Eq. 11). It is obvious that there
is a tremendous change in the damping ratios for the
first 15 identified frequencies and the average of the per-

centage of change in modal damping is 206 %. Accord-
ing to the authors’ opinion, the abnormal percentage of
change in modal damping, between the healthy and any

other condition for a structure (like 56.1 % in Table 3),
can be regarded as a serious indicator for early stages of
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Fig. 7: Identified natural frequencies for the healthy bridge
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Fig. 9: Comparison for the CMIF of the bridge before and after the collapse
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Table 2: Identified natural frequencies for the healthy
and collapsed bridge

Nr Healthy Bridge Collapsed Bridge

1 1.4 1.6
2 3.6 2.3

3 5.6 5.0
4 6.7 6.9
5 8.9 8.8

6 9.8 10.0
7 11.4 11.6
8 12.9 12.4

9 13.6 13.2
10 16.5 14.9
11 17.6 16.6

12 18.4 18.4
13 19.6 19.9
14 20.1 22.0

15 22.6 23.4

damage, while the high percentage of change in modal

damping (like 251.1 % in Table 3) can clearly indicate
the existence of severe damage in that structure. How-
ever, no generalization can be made at this point and

additional test cases should be evaluated.

Table 3: Calculated damping rations for the healthy and
collapsed bridge

Nr Healthy Bridge Collapsed Bridge % of change

1 0.325 0.300 7.3
2 0.318 0.297 6.5

3 0.307 0.479 56.1
4 0.285 > 1 251.1
5 0.282 > 1 254.5

6 0.295 > 1 239.1
7 0.305 > 1 228.0
8 0.274 > 1 264.5

9 0.279 > 1 257.9
10 0.281 > 1 256.0
11 0.273 > 1 266.9

12 0.277 > 1 260.7
13 0.300 > 1 233.9
14 0.309 > 1 223.5

15 0.258 > 1 287.7

Average 206%

Figures 12 and 13 depict the first four modes shapes
of the healthy and collapsed bridge respectively as they
were identified from the measurements (PHZ) and ac-

cording to the procedure outlined in Figure 1. It is obvi-
ous that Figure 12 depicts the four scenarios for bridge
possible failures with some differences among them. The

scenarios depicted in Figure 13 are more homogenous
and clearly indicate the locations of failure, which are
very close to the actual damage locations of the bridge

presented in Figure 14.

5 Conclusions

In this study, the linear, time-invariant transfer func-

tion Txy was successfully utilized for the construction
of FRF, based on the ambient vibration measurements.
The results presented in this article indicated the pos-

sibility to identify and localize damages in steel railway
bridges from the variations in the modal characteristics
of the structure obtained from measured vibrations due

to trains traffic. The comparison between frequencies,
damping ratios, and modesshape for the healthy and
the collapsed bridge confirmed that damage had been

existed. Moreover, the results showed that modal char-
acteristics for the bridge changed significantly during
damage.

The abnormal percentage of change in modal damp-
ing, between the healthy and any other condition for a

structure, can be regarded as a serious indicator for
early stages of damage, while the high percentage of
change in modal damping can clearly indicate the ex-

istence of damage in that structure. The average ratio
of change in the damping ratio from the healthy to the
collapsed bridge was about (206 %) and this ratio could

be regarded as an index for the existence of a serious
damage in steel bridges (further validation is needed).
Additionally, the modes shape for the collapsed bridge

(calculated from the collapsed bridge’s measurements)
showed good agreement with the actual damage shapes
and locations.
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ABSTRACT
The analysis and design of civil engineering structures is

a complex problem, which is based on many assumptions

to simplify these operations. This in turn, leads to a differ-

ence in the structural behavior between calculations based

models and real structures. Structural identification was

proposed by many researchers as a tool to reduce this dif-

ference between models and actual structures. Moreover,

Parametric models and non-parametric models were used

intensively for system identification by many researchers.

In this research effort, the system identification concept is

utilized to identify the natural frequencies for a steel build-

ing’s frames. Different black box linear parametric mod-

els such as Transfer Function model (TF), Auto-Regressive

model with eXternal input model (ARX), Auto-Regressive

Moving Average with eXternal input (ARMAX) model,

Output Error model structure (OE), and Box-Jenkins model

(BJ) were examined for identifying the first 10th natural

frequencies for the building’s frames, based on simulation

results. Abaqus 6.12 finite-element software was utilized

to perform the time history analysis for the examples and

the obtained responses at one point of the roofs (assumed

as a sensor) were further processed by the parametric mod-

els to obtain the building’s natural frequencies based on the

Abaqus time history analysis results (assumed as a mea-

surements). After that, Abaqus 6.12 was utlized again to

perform another analysis, which is called frequency anal-

ysis to obtain the building’s natural frequencies and mode

shapes based on the stiffness and mass (not the measure-

ments) of the buildings. The results showed that the linear

parametric models TF, ARX, ARMAX, OE, and BJ are ro-

bust to identify the natural frequencies of building and they

are recommend for future work.

KEY WORDS
System identification, Structural health monitoring, Modal

identification techniques, Structural behavior, Finite ele-

ment method.

1 Introduction

The analysis and design procedures of buildings during the

last decades were based mainly on a basic and uncompro-

mising model of structures [1,2,3], For instance; many de-

signers model the buildings as plane frames [4]. These sim-

plified procedures performed successfully when used effi-

ciently and produced economic and safe designs. However,

these procedures were unable to describe the actual behav-

ior of the real structures precisely [5]. Nowadays, and even

with the ability to simulate the three-dimensional perfor-

mance of the real structures, the reliable behavior of struc-

tures still needs more than just a refined model.

Structural Identification (St-Id) approach was utilized

to bridge the gap between the real structure and the model.

Basically, the St-Id is the procedure of constructing/ updat-

ing the finite-element model (physics-based model) from

its measured dynamic/static response, which can be uti-

lized to evaluate the structures health, damage detection,

efficiency and to obtain a non-physics based model (state-

space, differential and/or difference equations) of a dy-

namic system from its measured response [6]. The use

of a parametric model, even with the computational ef-

fort required, is justified in order to get the more accu-

rate estimate for the modal parameters, which will help

to obtain a precise understanding of the dynamic behav-

ior of the structure [7]. Non-parametric models were used

intensively for system identification by many researchers

[8,9,10]. Moreover, Parametric model structures have been

utilised for damage detection in civil engineering struc-

tures. For instance, Bodeux and Golinval used the Auto-

Regressive Moving Average Vector (ARMAV) model for

system identification and damage detection of buildings

[11]. Vector ARMA models were utilized for identifica-

tion of civil engineering structures by [12,13]. A compar-

ison of four system identification methods namely, Peak-

picking, poly reference, stochastic subspace, and predic-

tion error were conducted by Andersen et al [14]. Despite

the enormous developments in parametric model’s identi-

fication methods, their relative merits and performance as
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correlated to the vibrating structures are still incomplete.

The reason for this limited knowledge is due to the lack of

comparative studies under various test conditions [15]. The

aim of this research is to utilize the structural identification

concept to identify the natural frequencies for a 2D-frame

of a multi-story steel building. Different black box linear

parametric models such as Transfer Function model (TF),

Auto-Regressive model with eXternal input model (ARX),

the Auto-Regressive Moving Average with eXternal input

(ARMAX) model, Output Error model structure (OE), and

Box-Jenkins model (BJ) were examined for identifying the

first 10th natural frequencies for the frame based upon sim-

ulation results. Abaqus 6.12 finite-element software was

utilized to perform the time history analysis for the build-

ing’s frame and the obtained response at one point of the

roof (assumed as a sensor) was further processed by the

parametric models to obtain the building’s natural frequen-

cies based on the simulation results (assumed as a measure-

ments). In the sequel, Abaqus 6.12 was utilized again to

perform another analysis, which is called frequency analy-

sis to obtain the building’s natural frequencies based on the

stiffness and mass (not the measurements) of the building’s

frame. A comparison between the results obtained from the

two approaches was conducted to explore the efficiency of

the previously mentioned parametric model in predicting

the building’s natural frequencies. Overall, this article is

structured as it follows: Section 2 review the different kinds

of parametric model structures, while in Section 3 numeri-

cal examples were given to show the differences in models’

prediction efficiency. Finally, the conclusions were drawn

in Section 4.

2 Parametric Model Structures

Mathematical models are generally used to describe the dy-

namic systems. These models can be divided into two main

categories of model structures: Non-parametric model

structures and parametric model structures [5]. Although

the embedded application simplicity of the nonparametric

methods, like the Fast Fourier Transform (FFT), the accu-

racy of these methods is limited, and the parametric meth-

ods should be utilized when it is required to obtain an ac-

curate model for the system [12]. In this case, the math-

ematical models are assumed to be composed of a set of

parameters to be calculated by system identification. This

mathematical model takes the form of differential equation

in case of a linear and time-invariant continuous-time sys-

tem, while the corresponding discrete-time is in the form

of difference equation.

Figure (1), displays a typical dynamic system sub-

jected to input u(t) and the response of the system is de-

scribed by the output y(t), which is affected by disturbance

v(t). It is clear from Figure (1) that the output is a combina-

tion of the input and the disturbance. Moreover, it is worth

mentioning that the disturbance cannot be controlled, and

even the input may be unknown and uncontrollable in some

kind of systems. Then the basic complete description of a

System
y(t) : outputu(t) : input

v(t) : disturbance

+

Figure 1: A dynamic system with input u(t), output y(t) and

disturbance v(t)

linear system, including the impulse response, additive dis-

turbance, and the Probability Density Function (PDF) of

the disturbance e(t) is provided by equation (1) [16]:

y(t)=G(q)u(t)+H(q)e(t) (1)

where: u(t) is the input signal, y(t) is the output signal, e(t)
represents the stochastic input corresponding to the noise

and prediction errors, G(q) is the transfer function of the

deterministic part of the system, and H(q) is the transfer

function of the stochastic part of the system. The parame-

ters in the transfer function of equation (1) are determined

during the system identification process. The vector θ is

usually used to designate these parameters and the system

description given in equation (1) can be rewritten in the fol-

lowing form:

y(t)=G(q,θ)u(t)+H(q,θ)e(t) (2)

Transfer-function models can be utilized directly for pa-

rameterizing G and H of Eq.1 by considering them as ra-

tional functions and use the parameters as the numera-

tor and denominator coefficients. This approach can be

fulfilled using different techniques, which are generally

known as black-box models. These models include: Trans-

fer Function model (TF), Auto-Regressive model with eX-

ternal input model (ARX), Auto-Regressive Moving Av-

erage with eXternal input (ARMAX) model, Output Error

model structure (OE), and Box-Jenkins model (BJ). The

main difference between these models is how to parame-

terize the transfer functions (G and H) of Eq.2.

The transfer functions for all the models will be pre-

sented in the following sequence, while the correspond-

ing signal flows will be also depicted in Figure (2). Full

derivations of these models can be located in the references

[17,18].

• Transfer Function model: The effects of disturbance

are ignored and are not taken into consideration as pre-

sented in (Eq.3):

G(q,θ)=B(q)/A(q) (3)

• ARX model: Represents the simple relation between

2



the input and output given by the linear difference

equation (Eq.4). Although that fact that the ARX

model predictor expresses a linear regression, the dis-

turbance passes through 1/(A(q)) due to mathematical

consideration, which is not correct physically.

G(q,θ)=B(q)/A(q) , H(q,θ)=1/A(q) (4)

• ARMAX model: The main problem with the ARX

model (Eq.4) is the limited capability in defining the

disturbance term. ARMAX model overcomes this

problem by defining the equation error as a Moving

Average (MA) of disturbance as presented in the se-

quel:

G(q,θ)=B(q)/A(q), H(q,θ)=C(q)/A(q)

• Output Error model: In the previous two models

(equation error model structures) the polynomial A
was used as a common factor in the denominator for

determining the transfer functions G and H, while in

the output error model structure, these transfer func-

tions are parameterized separately because it is more

natural from a physical point of view as shown below:

G(q,θ)=B(q)/F(q)

• Box-Jenkins model: This type of models is an exten-

sion of the output error model by describing the output

error as an ARMA model and can be expressed in the

following form:

G(q,θ)=B(q)/F(q), H(q,θ)=C(q)/D(q)

3 Numerical Examples

For evaluating the presented identification methods, two

different examples have been analyzed in this article. The

first one is for a regular building’s frame and the other one

is an irregular building’s frame. Abaqus 6.12 finite-element

software was utilized to perform the time history analysis

for the examples and the obtained responses at one point of

the roofs (assumed as a sensor) were further processed by

the parametric models to obtain the building’s natural fre-

quencies, based on the Abaqus time history analysis results

(assumed as a measurements). After that, Abaqus 6.12 was

utlized again to perform another analysis, which is called

frequency analysis to obtain the building’s natural frequen-

cies based on the stiffness and mass (not the measurements)

of the building’s frame. Quadratic elements types (B22)

from Abaqu’s beam library were used for simulating the

structural behavior of beams and columns. A horizontal

ground acceleration in the form of a normally distributed

Gaussian white noise excitation with zero mean and a uni-

tary variance was used to excite the model. The amplitude

of the Gaussian white-noise signal in the time domain was

scaled by a factor of 0.3g. The total simulation time was 60

second, with a simulation time step of 0.02 second. Matlab

(a)

TF model

(b)

ARX model

(c)

AR MAX model

(d)

OE model

(e)

BJ model

Figure 2: Signal flows for model structures

2012b system identification toolbox was utilized to iden-

tify the frame natural frequencies from the roof accelera-

tion responses obtained from Abaqu’s time history analy-
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sis. As a check for the correctness of the predicted models,

the Matlab’s best-fit method, which gives a clue about the

model efficiency to represent the main system dynamics

and whether the linear simulation is appropriate has been

utilized.

3.1 Regular Steel Frame

A ten story bench mark building 45.75m by 45.75m in plan,

and 40.82m in elevation with one underground level was

used for the first example. This bench mark building was

proposed and designed by the SAC project for the Los An-

geles, USA [19]. The lateral load-resisting system is com-

posed from four steel perimeter moment-resisting frames.

The bays are 9.15m on center, in both directions. The floor-

to-floor height is 3.65m for the underground floor, 5.49m

for the ground floor, and 3.96m for the remaining eight sto-

ries. Figure (3) shows the building elevation.The lumped

seismic mass for each story was applied at the center of

each level.

Figure 3: Regular steel frame elevation

Table (1) displays seismic masses for each story and

the steel sections used for the beams and columns. The

analysis was conducted based on a pinned support condi-

tion assumption at the bottom of the underground floor,

which is also prevented from side movement as it is shown

in Figure (3).

Figure (4) presents the first 5 mode shapes for the

frame obtained from Abaqus frequency analysis and the

values for the first 10th frame natural frequencies were dis-

played in Table (2).

The Best-Fit approach results showed that TF, AR-

MAX, OE, and BJ Models are superior in predicting the

model structures. The ARX model gives also good per-

formance but less than the previously mentioned models.

A comparison for the performance of the different models

based on their Best-Fits results was presented in Figure (5).

Table 1: Sections dimensions and properties of the building

Levels Beams Sections Columns Sections Seismic mass (kg)

Ground W36 ∗ 160 W14 ∗ 500 9.65 ∗ 105
1st W36 ∗ 160 W14 ∗ 500 1.01 ∗ 106
2nd W36 ∗ 160 W14 ∗ 500 9.89 ∗ 105
3rd W36 ∗ 135 W14 ∗ 455 9.89 ∗ 105
4th W36 ∗ 135 W14 ∗ 455 9.89 ∗ 105
5th W36 ∗ 135 W14 ∗ 370 9.89 ∗ 105
6th W36 ∗ 135 W14 ∗ 370 9.89 ∗ 105
7th W30 ∗ 99 W14 ∗ 283 9.89 ∗ 105
8th W27 ∗ 84 W14 ∗ 283 9.89 ∗ 105
9th W24 ∗ 68 W14 ∗ 257 9.00 ∗ 106

Mode shape No.1 Mode shape No.2 Mode shape No.3

0.4428(Hz) 1.1798(Hz) 2.0314(Hz)

Mode shape No.4 Mode shape No.5

3.0493(Hz) 4.1986(Hz)

Figure 4: The first 5 mode shapes and natural frequencies

for the building’s regular frame obtained from Abaqus fre-

quency analysis

Table 2: The first 10th natural frequencies of the regular

frame as obtained from Abaqus frequency analysis

Modes 1 2 3 4 5 6 7 8 9 10

Freq. (Hz) 0.4428 1.1798 2.0314 3.0493 4.1986 4.8604 5.0690 5.1715 5.3331 5.4043

TF ARX ARMAX OE BJ
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Figure 5: Percentage of average fit of the models estimated

responses to the measured one

The identified natural frequencies (from the assumed

measurements) are depicted in Figure (6). Clearly, all of

the models were very successful in predicting the frame

natural frequencies, and their results were very close to the

natural frequencies obtained from Abaqu’s frequency anal-

ysis, which are based on buildings’ mass and stiffness (see

4

Table 2).
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Figure 6: Identified frequencies for the regular frame

3.2 Irregular Steel Frame

The second example is a virtual irregular steel frame with

3 different spans of 9m, 7.5m, and 10m as depicted in Fig-

ure (7). The floor-to-floor height is 4.0m for the first floor,

5.0m for the second floor, and 4.0m for the remaining seven

stories. The lumped seismic mass for each story was ap-

plied at the top of the columns at each level.

Figure 7: Irregular steel frame elevation

Table (3) displays seismic masses for each story and

the steel sections used for the beams and columns. The

analysis was conducted based on a fixed support condition

assumption at the bottom of the first floor.

Figure (8) presents the first 5 mode shapes for the

frame obtained from Abaqus frequency analysis.

Table 3: Sections dimensions and properties of the building

Levels Beams Sections Columns Sections Seismic mass (kg)

1st W36 ∗ 160 W14 ∗ 500 3.21 ∗ 105
2nd W36 ∗ 160 W14 ∗ 500 3.36 ∗ 105
3rd W36 ∗ 160 W14 ∗ 500 3.29 ∗ 105
4th W36 ∗ 135 W14 ∗ 455 3.29 ∗ 105
5th W36 ∗ 135 W14 ∗ 455 3.29 ∗ 105
6th W36 ∗ 135 W14 ∗ 370 3.29 ∗ 105
7th W36 ∗ 135 W14 ∗ 370 3.29 ∗ 105
8th W30 ∗ 99 W14 ∗ 283 3.29 ∗ 105
9th W24 ∗ 68 W14 ∗ 257 1.78 ∗ 105

Mode shape No.1 Mode shape No.2 Mode shape No.3

0.525(Hz) 1.305(Hz) 2.174(Hz)

Mode shape No.4 Mode shape No.5

3.296(Hz) 4.391(Hz)

Figure 8: The first 5 mode shapes and natural frequencies

for the irregular building’s frame obtained from Abaqus

frequency analysis

In addition, the values for the first 10th frame natural

frequencies were displayed in Table (4).

Table 4: The first 10th natural frequencies of the irregular

frame as obtained from Abaqus

Modes 1 2 3 4 5 6 7 8 9 10

Freq. (Hz) 0.5251 1.3058 2.1744 3.2961 4.3911 5.8066 5.8530 6.3217 6.8079 6.9667

Again, the Best-Fit approach results showed that TF,

ARMAX, OE, and BJ Models are superior in predicting

the model structures. The ARX model gives also good per-

formance but its performance differs for the range of high

frequency (above 7 Hz). A comparison for the performance

of the different models based on their Best-Fits results was

presented in Figure (9).

The identified natural frequencies (from the assumed

measurements) are depicted in Figure (10). Clearly, all of

the models were very successful in predicting the frame

natural frequencies, and their results were very close to the

natural frequencies obtained from Abaqu’s frequency anal-

ysis, which are based on buildings’ mass and stiffness (see

Table 4).
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4 Conclusion

The main conclusion of this article is that the linear para-

metric models like Transfer Function model (TF), Auto-

Regressive model with eXternal input model (ARX), Auto-

Regressive Moving Average with eXternal input (AR-

MAX) model, Output Error model structure (OE), and

Box-Jenkins model (BJ) are robust to identify the natural

frequencies of the buildings (regular and irregular) and they

are recommended for future work.
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ABSTRACT 
The utilization of structural control systems to alleviate the responses of civil engineering 
structures, under the effects of dynamics loadings, has become a standard technology, while still 
there are numerous of current research approaches for advancing the effectiveness of these 
methodologies. It is important for successful application of smart structure to provide an 
effective control algorithm to compute the control forces to be applied on the building in order 
to reduce the external disturbances. The aim of this article is to provide a review of the control 
strategies to control the performance of semi-active systems utilized in civil engineering 
structures. 

Keywords: Structural Behaviour, Structural Design, Structural Control Systems, Control 
Strategies, Semi-Active Control Structures. 

1.   INTRODUCTION 
It is very important for any successful application of smart structure technology is an effective 
control algorithm to compute the magnitude of control forces to be applied to the structure. 
Owing to the large size and complexity of civil engineering structures and the stochastic nature 
for the external dynamic excitations, an efficient control algorithm has to be robust and valid for 
various dynamic loading conditions and thus the selection of a proper control scheme based on 
the existing methodologies, and available actuators are of paramount importance. Existing 
control algorithms developed for other fields, for instance, aerospace engineering, were utilized 
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in the first attempts on structural control. Recently, research has shifted to adjusting the existing 
control algorithms or to evolve new algorithms to meet the needs of civil engineering structures 
/Fisco 2011/. Based on control strategy, According to Datta /Datta 2003/ control system can be 
classified as: 1) open loop control system where only measured excitations are used as feedback 
information to the control algorithm, b) closed-loop control system where only structural 
responses are measured and used as feedback information to the control algorithm, c) open-
closed loop control system if both of excitations and structural responses are measured and used 
as feedback information to the control algorithm, d) adaptive control system, which is a 
variation of open-close loop control with a controller which can adjust parameters of the system. 
This system is frequently used to control structures whose parameters are unidentified, e) 
learning control system, which has the capability to learn and can convert from open loop 
control system to close loop control system according to the requirements. The target of this 
research effort is to present a review of the existing control strategies essential to control the 
performance of semi-active systems utilized in civil engineering structures. This article is 
structured as follows: In Section 2, a review of the current control strategies is given, and the 
conclusions are drawn in section 3. 

 

2.   SEMI-ACTIVE CONTROL THEORIES (STRATEGIES) 
With a semi-active control device, energy can only be dissipated. Therefore, they cannot lead to 
an instable system, even in the worst case, because they are considered as passive dampers with 
changing characteristics to be adjusted on line /Marazzi 2002/. In general, the equation of 
motion for the semi-active of structure has the following form /Datta 2010/: 

 

In which  and  are variables. These can take positive discrete values (within specified 
bounds), and depend on the state. In order to give general overview about structural semi-active 
control strategies without going into details, a very short summary of some of them is listed 
below. More details are available on references mentioned in the text: 
 
2.1  Clipping control:   
This strategy was proposed by Dyke /Dyke 1996/. The design of the controller in this type of 
control strategy can be divided into two parts. The first part involves designing an active control 
law assuming that an ideal active device is present. While the second part involves the design of 
a clipping controller allowing the semi-active damper to develop the force that the active device 
would have applied on the structure. This means that, for the first part, any type of control 
strategy can be selected (for instance; optimal control, generalized feed-back control, H2 or H ) 
because the second step is independent of it. The following rule (depicted in Fig.1) is generally 
used to clip the active control law to a semi active one: “when the magnitude of the force  
produced by the damper (that is the control force  in this case) is smaller than the required 
target force  and the two forces have the same sign, the voltage applied to the current driver is 
increased to the maximum level, so as to match the required control force; otherwise, the 
command voltage is set to zero”. This strategy is usually called “clipped on-off” and the formula 
is given in equation (2) below /Marazzi 2002/: 

 

here  is the command signal,  is the Heaviside function,  is the maximum voltage 
applicable on the semi active device to obtain the maximum damping and  and   are the 
measured and required control forces. 
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Fig.1: Clipping Control Strategy /Marazzi 2002/. 

2.2 Direct Lyapunov control: 
 This strategy based on application of Lyapunov’s direct method to stability analysis in the 
design of a feedback controller. Lyapunov function, denoted  , is used. Assuming that the 
origin is a stable equilibrium point. According to this theory, if the rate of change of the 
Lyapunov function  , is negative semi-definite, the origin is stable. Thus, in developing the 
control law, the aim is to select control inputs for each device that will result in producing  as 
negative as possible. A variety of control laws will result because there are unlimited numbers 
of Lyapunov functions may be selected. For instance, In 1994, Leitmannn used the following 
control law to minimize  : 

 

In which  is the Heaviside step function,  is the measured force,  is a real symmetric 
positive definite matrix, and  is the  column of the  matrix. Kalman filter is necessary to 
estimate the states based on the available measurements and a well performance is likely when 
full response measurements of the structure are available /Jansen 2000/. 

2.3 Bang-bang control:  
In this strategy, the Lyapunov function was selected to represent the total vibratory energy in the 
structure. This method requires only measurements of the floor velocities and applied forces. To 
make  as large and negative as possible, the following control law is used in this strategy 
/Jansen 2000/: 

 

In which  is the  column of the  matrix. This strategy works like a brake depending on the 
relative displacement and the relative velocity of the two ends of the damping device, if they are 
in the same direction, bang-bang control act in the trend of increasing the friction forces into the 
device to a maximum value. In contrast, if they are in opposite direction, the control law 
decreases the friction forces to a minimum in order to make the device motion as easy as 
possible /Marazzi 2002/. 

2.4 Fuzzy logic control:  
Fuzzy logic is utilized in a number of controllers since it does not need a precise model of the 
system to be controlled. Its mechanism is based on implementation of rules that correlate the 
controller inputs with the required outputs. These rules are usually created through the 
perception or information of the designer concerning the process of the system being controlled. 
For any fuzzy logic controller, there are three common basic steps involves: the fuzzification of 
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the controller inputs, the execution of the rules of the controller, and the defuzzification of the 
output to a crisp value to be implemented by the controller /Marazzi 2002/. 
 
2.5 Neural network:  
The major advantage of the neural network concept is that identification of an unknown system 
and evaluation of responses can be accomplished without constructing a mathematical model of 
the system. They are simplified models of the biological structure found in human brains. These 
models comprise of elementary processing units (also called neurons). They have a strong 
capability for predicting and classification due to the huge amount of interconnections between 
these neurons and their ability to learn from data /Fisco 2011, Xu 2003/. 

3.   CONCLUSIONS 
The control strategies were reviewed by briefly summarizing the general literatures review of 
control strategies utilized to control the performance of civil engineering structures.
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