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Abstract

Earthquakes are well-known destructive phenomena that constitute a challenge for structural
engineers. It is well established that preventing structural damages during seismic events will
prevent life and economical losses. For this particular purpose, researchers developed a
multitude of vibration control devices and strategies and applied them in real structures with
the aim of safeguarding these later during earthquakes. One of the most studied vibration
control devices is the magnetorheological (MR) damper. This device is considered as semi-
active damper and has the ability to adjust the viscosity of its fluids through a magnetic field,
therefore adjusting its control force. The magnetic field in a MR damper can be generated
using a small battery. A common point among the previous research works investigating the
performance of MR dampers is the assumption of linear structure models. However, it is well
established that such an assumption will lead to an overestimation of the damper performance
since all the structures will undergo nonlinear deformations when subjected to earthquakes.
This work aims to assess the performance of MR dampers in controlling the response of
seismically excited nonlinear buildings. The nonlinearity is represented through a Bouc-Wen
hysteresis model, which introduces a hysteresis restoring force that is applied to each floor of
the studied building. Hence, a multi-story nonlinear building is equipped with MR dampers
following various distributions and under various voltage values. The building is then subject
to a set of four ground motions, and various dynamic parameters of interest are investigated.
The obtained results show a good performance of the MR damper, especially when distributed
along all the building floors with a high voltage applied. Further, the MR damper reduces the
nonlinear hysteresis force that develops in the building due to earthquake loadings. Hence,
this master project contributes to the assessment of nonlinear structural behavior and its

seismic control.

Key words:semi-active control, magnetorheological damper, nonlinear structures, seismic

excitation, Bouc-Wen model.
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General introduction

General Introduction

In recent years, seismic activity has caused enormous human and material losses, which has
motivated several researchers to introduce new strategies for controlling seismic vibrations in
order to protect structures, thus reducing losses due to earthquakes. These control strategies
can be passive, active, semi-active or hybrid; this later consists of a combination of two or
more control strategies. Among the most reliable devices, the magnetorheological damper is
the most studied. However, it is important to take into account the nonlinearity of the
structure. Thus, any structure subjected to seismic acceleration is subjectto irreversible
nonlinear deformations. Therefore, it is important to take into consideration the nonlinear
behavior of a structure when modeling it but also the effect of the introduction of control
devices. This consideration is often omitted when studying devices which usually result in

overestimation of the control device performance.

The main objective of this work is to study the effect of the introduction of semi-active
control devices on the nonlinear behavior of a structure subjected to seismic loading. A
medium-high structure is used for this purpose. The rigidity of the structure is partitioned
intotwo parts, one pre-plastic and the other post-plastic components estimated using a Bouc-
Wen hysteresis model. The seismic response values observed will be the top floor
displacement, the drift and inter-story drift, the shear forces, the peak damper force and the

hysteretic behavior of the stiffness elements.
This work consists of four chapters, the contents of which are briefly described below:

The first chapter This section presents an overview of passive, semi-active, active and
hybrid vibration control systems. For each system, descriptions, diagrams, and various types
will be provided.This chapter aims to provide the reader with an overview of the latest

advancements in vibration control technologies.

The second chapter deals a review of literature on the nonlinear behavior of structures and
Mathematical formulation of the material nonlinearity of structures. This chapter examines
the importance of modeling hysteretic behavior in structures, especially in the context of
seismic analysis and design. Also, the model to be used for representing the nonlinear

behavior of the studied structure will be chosen and detailed mathematical-wise.

The third chapterThis section provides an overview of the mathematical formulation and

numerical resolution of a dynamic system using state space representation. It includes the
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General introduction

description and assumptions necessary for validating the state space method and defines its
general form. Additionally, examples of solving dynamic systems in state space for both
single degree of freedom and multiple degrees of freedom are presented. The numerical
solutions are demonstrated using MATLAB and SIMULINK module.

The fourth chapter: This section addresses the numerical study of an eight-story nonlinear
building equipped with an MR damper. The system's simulation under various earthquake
excitations is conducted using MATLAB. This chapter presents the parameters of the
structure, including the nonlinear coefficients, and details the earthquake records used. The
MR damper parametersand various locations and voltages adopted. The results are analyzed
in terms of displacement at the top of the building, shear force at the base, maximum drift,
inter-story displacement,the maximum force produced by the MR damper,and hysteresis force
and loops. These findings are illustrated through tables and figures.

The master project concludes with a general conclusion, highlighting the main findings of this

work and offering recommendations for future research projects.

Page | 2
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Chapter I: Literature review on vibration control systems

Chapter I: Literature review on vibration control systems

1.1. Introduction

In recent years, vibration control strategies have become a source of interest in order to
protect structures against damage and dynamic actions[1]. Therefore, after construction, it is
necessary to safeguard structures with protection systems, reducing theirdynamical response.
Among the widely used control methods, four different approaches can be distinguished
namely, passive, active, semi-active, and a fourth one, which is hybrid control(Figure I-1).

structural control systems

{ \ Y \

Tl Active control Semi-active control Hybrid conrl
Base iolation Active Tendon Damper Electrorheological Demmpers Hybrid Mass Dampers
Energy dissipation Active Brace System Magnetorheological Dampers Hybrid Base-lsolation System

device

Active Mass Damper Systems

Figure 1.1. Structural control systems

I.2.Passive control systems

Passive control involves equipping the structure with a device that dissipates energy or filters
the transmission of forces within the structure[2]. The integration or addition of systems with
damping properties, coupled to the structure in such a way that structure vibrations are
passively dampened, requires no external energy source (Figure 1.2). In passive control, mass,
damping, stiffness, or their combination are altered by adding components to the structure.
These components are activated by the movements of the structure and provide control forces
based on their dynamic characteristics. Primarily, there are two categories of passive systems:

base seismic isolation and energy dissipation system.

Page | 3



Chapter I: Literature review on vibration control systems

Damper
Excitation ——— Structure :;{%

Figure 1.2 Passive vibration damping [3]

1.2.1.Passive control with base isolation (seismic isolators).

Elastomeric isolators are constructed from rubber or neoprene reinforced with steel plates,
offer lateral flexibility with steel reinforcement preventing elastomer swelling and ensuring
vertical stiffness. Their working principle is to decouple the motion of the ground from that of
the super-structure. Common types include low-damping isolators (LDR and HDR),

elastomeric base isolator with lead core (LRB), and friction pendulum isolator (FPS).
1.2.1.1High damping rubber bearing seismic isolator (HDR)

The term HDR is applied to elastomeric supports where the elastomer used provides a
significant amount of damping, typically ranging from 8% to 15% of critical damping. A high
damping rubber isolator consists of multiple layers of rubber with high damping properties
separated by steel plates to increase vertical stiffness (Figure 1.3). It is vertically rigid, capable
of supporting vertical gravity loads while being laterally flexible, allowing for large
horizontal displacements. Through its flexibility and energy absorption capabilities, the HDR
system reflects and partially absorbs some of the earthquake energy before it can be

transmitted to the structure.

high damping rubber

-+ reinforcing steel plate
)

cover rubber

ANDRE

¥ . HIDR
2 o HIZZ
' flange plate : P

Figure 1.3: construction of high damping rubber bearing[4]
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1.2.1.2Low Damping Natural and Synthetic Rubber Systems

Low Damping Natural and Synthetic Rubber Bearings (LDRB) are widely used in Japan
along with additional damping devices such as viscous dampers, steel bars, lead bars, and
friction devices. These isolators consist of two thick steel end plates and numerous steel
shims. The rubber is vulcanized and bonded to the steel in a single operation, providing high
vertical stiffness while the low shear modulus of the elastomer controls horizontal stiffness.
The material behaves linearly in shear up to stresses exceeding 100%, with damping ranging
from 2% to 3% of critical damping. It is not prone to creep, ensuring long-term stability.

The advantages of these low damping elastic laminated bearings include simplicity in
manufacturing, ease of shaping, and a mechanical response unaffected by rate, temperature,
layers, or aging. However, the drawback is the need for additional damping systems, requiring
sophisticated connections and susceptibility to low-cycle fatigue in the case of metallic

dampers.
I.2.1.3Lead Rubber Bearing (LRB)

The Elastomeric Base Isolator with Lead Bar (LRB) is a crucial type of base isolation system,
extensively studied, and implemented globally in numerous buildings. The LRB isolator, is
composed of alternating layers of rubber and steel for stability, structural support, and
vibration isolation (Figure 1.4). It features a central lead core to enhance damping effects,
providing stiffness under normal loads and dissipating energy during high lateral loads. The
isolator is further equipped with upper and lower steel plates to secure the building and

prevent sliding movement across its foundation.

Cover Plate Lead Core
|

Rubber Cover

Rubber Layer

Steel Plate dg

Figure 1.4: Lead Rubber Bearing[5]
The Elastomeric Base Isolator with Lead Bar is rather flexible horizontally but quite rigid
vertically. The horizontal stiffness of the support is also designed to withstand wind forces

with little to no deformation. It not only supports vertical loading but also extends the seismic
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response period of the structure, providing isolation and energy dissipation. The

recommended normal period for optimal performance is between 1.5 and 2.5 seconds
1.2.1.4 Friction Pendulum Sliding (FPS) Bearing

The combination of sliding bearings and a pendulum-type response gives rise to an intriguing
seismic isolation system known as a Friction Pendulum System (FPS), illustrated in Figure
I.5. In FPS, isolation is accomplished through an articulated slider on a spherical, concave

chrome surface.

[ =) l = }—- Top plate
— I |
RSt J _— Enclosing

| cylinder

I o : [=) - Bottom
| plate

FPS [solator elevation
L 1

Il ]
il n

[ b AL ]

Vil i

FPS Isclator section

Articulated slider

Figure 1.5: Friction pendulum system[6]

A friction pendulum bearing during various functioning phasesis shown in Figure 1.6. These
bearing shield the structure from seismic energy by using a pendulum. Typically, a steel ball
that rests on a curved surface serves as a pendulum. The pendulum swings back and forth

during an earthquake, dissipating the energy of the seismic waves

Figure 1.6. Friction pendulum bearing [7]
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1.2.2 Passive control with energy dissipators

Energy dissipators are engineered systems intended to absorb a portion of the seismic energy,
preventing dissipation through inelastic deformations in structural elements. They come in
various types, including hysteretic, viscoelastic, and viscous fluid dampers. Hysteretic
dissipators rely on steel yielding and friction, mainly influenced by displacements.
Viscoelastic dissipators, whether solid or fluid, exhibit behavior influenced by both
displacement and velocity. Devices utilizing viscous fluid dissipation primarily respond to
velocity changes

1.2.2.1. Hysteretic devices

The described devices dissipate energy regardless of loading rate and fall into two categories:
metallic dampers, which use metal yielding for energy dissipation, and friction dampers,

which generate heat through dry sliding friction.

a) Metallic dampers

They are counted among the most effective mechanisms for dissipating input energy to a
structure during an earthquake. In traditional metallic structures, seismic design relies on the
ductility of framing elements to absorb seismic energy. There are many new designs such the

one shown in Figure 1.7[8].

"
al NN

Figure 1.7: Metallic damping devices[9]
b) Friction dampers

Friction shock absorbers utilize high-resistance steel rods to fix together a set of plates,

creating a friction mechanism that dissipates energy through hysteretic loops in the load-
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deformation diagram (Figure 1.8). Several types of friction damper have been developed,

including[10]

Damper Mounting Beam

Steel Compression Wedges .
o Spring

Tension Gap
Spherical Rod End Bearing

Compression Gap

(a) (b)

Cup Spring Outer Wedge

Inner Wedge Friction Pad Outer Cylinder =
(c) (d)
Figure 1.8: a) Installation of Sumitomo friction damper in steel frame b)Energy Dissipating

Restraint —c)Uniaxial friction damper d)Pall Friction Damper [11]

1.2.2.2.Viscoelastic Shock Absorbers

Viscoelastic dampers (VE) utilize viscoelastic materials with a high damping coefficient to
dissipate energy through deformation, often including rubber and/or polymers. These dampers

typically comprise layers of viscoelastic material bonded to steel plates, as depicted in Figure

1.9[12, 13].

VE Damper

Figure 1.9: Typical solid VE damper[14]
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Chapter I: Literature review on vibration control systems

1.2.2.3. Viscous fluid shock absorbers

This system is a passive damping mechanism that utilizes shear forces from the motion of a
viscous fluid, like hydraulic oil, to convert mechanical energy into heat energy, thereby

diminishing vibration amplitudes within a structure.The concept is illustrated in Figure 1.10.

Upper Floor >

Protective Sleeve

Inner Plate

246 mm
Viscous Flud —4&

«— Damper Housing Outer Plate ——ad

ALLLL1177 7777777 777777777787,

|
| - Lower Floor

- 266 mm .|

Figure 1.10: Cylindrical container fluid damper from GERB [15]
1.2.2.4. Tuned Mass Damper (TMD)

A tuned mass damper usually consists of a mass that is connected to a structure by a spring
and a damping element without any other support, in order to reduce vibration of the
structureand to regulate vibrations caused by wind in tall buildings, the TMD is usually tuned
with respect to the main frequency of the structure. One of the most famous TMDs in the one

installed in the Taipei 101 Tower in Taiwan (Figure 1.11).

Figure 1.11: Pendulum tuned mass damper [16]

1.2.2.5. TunedLiquid Damper

Tuned liquid dampers are similar to tuned mass dampers except that the mass spring damper
system is replaced by the container filled with fluid. To minimize the impact of external

forces on the structure, it may employ a variable orifice to achieve optimal damping.
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Chapter I: Literature review on vibration control systems

1.3.Active control systems

An active control system is characterized by its reliance on a substantial power source,
typically electro-hydraulic or electro-mechanical actuators, to apply control forces to a
structure. These control forces are determined through feedback from sensors that measure the
structure's excitation and/or response. The primary impact of active control systems is to
adjust damping levels with minimal changes to stiffness. The flow diagram of active control
systems is depicted in Figure 1.12. Examples of active control include the Active Mass

Damper and Active Brace System

'1] CONTROLLER

T POWER

SENSORS

SENSORS ‘ SOURCES
i \ -
i Y 9 A
L X -
FEED ACTIVE FEED
FORWARD —‘_u.-\('xw..\kl)

EXCITATION = STRUCTURE | —‘ RESPONSE

Figure 1.12: Active Control System [17]
1.3.1Active Tendon Damper

Active Tendon Control systems consist of a set of pre-stressed tendons whose tension is
controlled by electro-hydraulic servo mechanisms. Figure 1.13 illustrates a typical
configuration of an active control system using active tendons. Active tendons are installed

between two floors of a building structure.

» x(1)
Active
tendon

Actuator

ez ddddddd diiddd

e (1)

— %, (1)

Figurel.13:Schematic diagram of active tendon system [16]
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Chapter I: Literature review on vibration control systems

1.3.2.Active Brace System

Active Brace Systems comprise solid diagonal tube braces, a hydraulic power supply, and
analog/digital sensors. Sensors on the building's foundation and floors measure acceleration,
while control system actuators facilitate longitudinal expansion and contraction of the braces.
These systems are adaptable to buildings of any height, suitable for retrofitting existing

structures or incorporating into new constructions. A schematic illustration is shown in

figurel.14.

Hydraulic
actuator

Bracing system

Figurel.14:Active bracing system with hydraulic actuator [18]

1.3.3.Active Mass Damper Systems

Active Mass Damper (AMD) systems utilize actuators installed on structures to regulate their
movements, thereby enabling manipulation for improved control system efficiency. An AMD
has a similar working principle as a TMD with the only difference of incorporating an

actuator to drive the movable mass as it can be seen in Figure 1.15.

X4 (l)

Actuator
o
IAAAAN
— my
c u(t)
$ Oy

/

Figurel.15: Schematic Active Mass Damper (AMD) [18]

1.4.Semi-active control systems

A semi-active control system utilizes a small external power source, typically a battery, and

relies on the structure’s motion to generate adjustable control forces. Sensors provide
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Chapter I: Literature review on vibration control systems

feedback on the structure's excitation and response. The feedback can be measured remotely.
Semi-active controllers combine features of both active and passive systems, with a schematic
diagram shown in Figurel.16. These systems often originate from passive control systems
modified to adjust mechanical properties. Similar to active systems, controller processes
feedback and generates a command signal, while control forces are developed based on the
structure's motion, similar to passive systems. The control forces mainly oppose structural

motion, contributing to global stability

CONTROLLER
LOW-LEVEL
POWER SOURCE
1 , .
SEMI-ACTIVE
ISENS9?§_ ‘§0NTROL svsrsm‘ [SENSOFSI
FEEDFORWARD & FEEDBACK
LOOP | LOOP

| Neos

|

—”
[exciration}——#~ STRUCTURE |

Figurel.16:Semi-Active Control System[17]

RESPONSE

1.4.1.Electrorheological Dampers

These devices employ smart electrorheological (ER) fluids—non-conductive viscous fluids
with suspended dielectric particles. Under an electrical field, these particles polarize and
align, inducing resistance to fluid flow. This allows rapid and reversible changes in flow
resistance, controlled by adjusting the applied electrical field. ER dampers, initially proposed
by Makris, utilize these smart properties to modulate damping force generation. Illustrated in
Figure 1.17, the damper comprises a cylinder with a balanced piston rod and piston head.
Voltage adjustment alters the electric field, controlling both the ER fluid's behavior and the
damper's capacity. Energy dissipation occurs through ER effects from fluid shearing and
friction effects from viscous fluid passing through an orifice. However, three limiting factors
for ER dampers in large structures are their limited yield stress (around 5-10 kPa), potential
applicability issues due to manufacturing impurities, and the high voltages required to control

the ER fluid (approximately 4000 V)

Page | 12



Chapter I: Literature review on vibration control systems
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Figure 1.17:Schematic of an Electrorheological Fluid Damper [19]

1.4.2.Magnetorheological Dampers

Magnetorheological (MR) fluids, discovered by Jacob Rabinow in the early 1950s[20], are
smart materials that alter their fluid properties in the presence of a magnetic field. These
fluids, akin to ER fluids, typically consist of micron-sized magnetically polarizable particles
dispersed in a viscous fluid like silicone oil. When exposed to a magnetic field, the particles
polarize, causing visco-plastic behavior and resistance to flow (see Figurel-18. a). MR fluids
can rapidly transition from free-flowing to semi-solid states in milliseconds under a magnetic
field, similar to ER fluids responding to electric fields. The control force generated by MR
fluids can be adjusted by varying the magnetic field strength. In the depicted system (Figurel-
18. b), the magnetic field is applied perpendicular to the fluid flow direction. Advantages of
MR fluids over ER fluids include higher yielding strength (approximately 50-100 kPa),
stability across a wide temperature range, insensitivity to contaminants resulting in low

production costs, and low power requirements (20-50 watts)

Coil

Diaphragm MR Flud
Accumulator Bearing & Seal

Electromagnet

(@) (b)
Figurel.18: a) Magnetorheological fluid b) Magnetorheological fluid Damper [19]
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1.4.2.1. Rheological models of the MR damper

To simulate the MR damper behavior in a numerical model, a multitude of rheological models
were developed and investigated by researchers. The most reliable models are:

a) Bouc-Wen model

The basic Bouc-Wen model comprises three elements arranged in parallel: a spring, a
dashpot, and a Bouc-Wen block, as illustrated in Figure 1.19.

’J? Bouc-Wen
{/ A7
Y
Ak
710 -l
A
A o
7
7]

Figure 1.19: Simple Bouc-Wen model for MR dampers [21]

Based on the mechanical arrangement depicted in Figure 1-18, the damper force is given by:

F(t) = cox + ko(x — %) + az (1.2)

Where ¢, is the viscous coefficient, k, the stiffness coefficient and z is an evolutionary

variable associated with the Bouc-Wen block and governed by:
z = —ylx|zl|z|"t — Bx|z|" + Ax (1.2)

The parameters cy, Ko, a, B, v, n and A are usually called characteristic or shape parameters of

the Bouc—Wen model and are functions of the current, amplitude and frequency of excitation
b) Modified Bouc-Wen model

The modified Bouc-Wen model integrates a simple Bouc-Wen block with two additional

mechanical elements,a spring and a dashpot, as depicted in Figure 1.20
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Figure 1.20: Modified Bouc-Wen model for MR dampers

In this parametric model, the force exerted by the MR damper can be calculated using the

following equations:

fur(®) = co(X —y) + ko(x —y) + ky(x — x0) + az = ¢;y + k1 (x — %) (1.3)

where z is the evolutionary variable given by:
z = —ylk = ylzlz|"t = Bk = P)zI" + AG ~ ¥) (1-4)

and y is the internal displacement of the MR damper given by:

y = (; [cox + ko(x —y) + az] (1.5)

Co — €1)
In these equationsc, epresents the viscous damping at high velocities c;adjusts the damping
for the roll-off effect seen at low velocities k,controls stiffness at high velocities k; is
associated with accumulator stiffness, and x,incorporates the accumulator effect. Similar
tothe simple Bouc-Wen model, adjusting parameters A, B, y and n alters the nonlinear shape

of the hysteretic curve. Typically, these parameters remain constant, while a, c;, cpary as

functions of the applied current.

Since this study involves the usage of a semi-active magnetorheological damper the modified

Bouc-Wen model will be adopted in the numerical study.

1.5.Hybrid control systems

Hybrid control systems have been developed to address the drawbacks of active systems and
push the limits of passive and semi-active systems. Indeed, hybrid control involves combining

techniques from both passive and active control. However, the three types of controlpassive,
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active, and semi-active, can also be used in parallel or in series to leverage the benefits of
each type and minimize the impact of their disadvantages when used individually. Hybrid
control systems have been considered attractive solutions since 1990. Two typical hybrid

systems have been developed: hybrid mass damper, hybrid base isolation system[18]

SENSORS » COMPUTER | SENSORS |
I : i
CONTROL

.
PED] o
EXCITATION » STRUCTURE > RESPONSE

Figure 1.21: Hybrid Control Systems[17]
1.5.1. Hybrid Mass Dampers

A Hybrid Mass Damper (HMD) combines either a passive Tuned Mass Damper (TMD) with
an active control actuator or an Active Mass Damper (AMD) with a TMD, as depicted in
Figure 1-22. By connecting an AMD to a TMD rather than the main structure, the mass of the
AMD can be significantly reduced to 10-15% of that of the TMD. HMDs require less energy
and forces compared to a full AMD system with similar performance, mainly because the
AMD in an HMD is designed to enhance control efficiency for the structure's higher modes,
while the fundamental mode is controlled by the TMD. This cost-effective feature has led to
the widespread adoption of HMDs in full-scale building structures, although their use may be

restricted by space limitations.

Hybrid
mass
damper

Xn
>

Building

Figure 1.22:The schematic diagram of the hybrid mass damper system [18]
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1.5.2.Hybrid Base-Isolation System

Hybrid Base-Isolation systems dominate the landscape of hybrid control solutions in the
United States. This category can be divided into two types [44]. The first type, proposed by
Yoshioka et al. [79] and illustrated in Figure 1.23.a employs magnetorheological (MR) fluid
dampers on the superstructure instead of the active tendon utilized in the second type. The
second type, investigated by Cheng and Jiang [80], incorporates a base isolation unit placed
between the foundation and the structure, along with an active tendon control system on the

superstructure, as depicted in Figure 1.23.b.

¥ ]

[AD] DSP

Digital ¢
Controller Data
# ¥ Acquisition
/A

¥
Current Driver F o

Shaking Table €«—

(a) (b)
Figure 1.23: a) Hybrid Base-Isolation system with MR damper [22] b) Hybrid Base-
Isolation system with actuators [19]

1.6. Conclusion

In summary, seismic control systems for buildings, comprising active, passive, hybrid, and
semi-active systems, are pivotal in minimizing the effects of earthquakes. Active systems
dynamically regulate the building's response in real-time, while passive systems depend on
built-in damping mechanisms. Hybrid systems merge these approaches, providing
adaptability and strength. Semi-active systems, such as MR dampers, offer adjustable
damping characteristics, bolstering structural durability. Each system type presents distinct

benefits, fostering safer and more resilient buildings in earthquake-prone areas.
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Chapter I1: The nonlinear behavior of structures
I1.1.Introduction

During severe ground shakings, structures undergo deformations and transition into a
nonlinear, inelastic range of behavior. Specifically, these structures experience oscillatory
motion in response to earthquakes, manifesting a hysteresis loop in their force—displacement

relationships[23].

11.2. Literature review

In the event of a severe earthquake, structures undergo a transition from their elastic state,
rendering linear systems inadequate for accurately depicting their seismic behavior. Hence,
nonlinear analysis becomes imperative to properly assess their response. Such analyses
require behavior models reflecting the force-displacement relationship, commonly known as
hysteretic models, based on loading history. Despite extensive research on structural control
systems, those accommaodating nonlinear structure behavior remain relatively limited. Notable
among these is the algorithm proposed by Cheng and Tian in 1992 [24], tailored for active
control systems compatible with nonlinear structures. Shimidaet al.[25] applied the
Instantaneous Optimal Control algorithm to a 5-story nonlinear building with bilinear force-
displacement characteristics, while Yang et al.[26]explored hybrid control systems for
nonlinear structures. Additionally, Yang et al.[27] investigated the effectiveness of the Sliding
Mode Control algorithm, and later [28], demonstrated the performance of an Optimal

Polynomial Control algorithm while considering nonlinear structures.

Further Agrawal introduced an optimal polynomial control approach for linear stochastic
systems using stochastic dynamic programming. Later, this control strategy was extended to
nonlinear systems in 1996[28].Building structures subjected to dynamical loadings can
undergo various forms of damage, including crack opening, post-yielding and buckling of
metallic elements, strength and stiffness degradation, and other localized inelastic behaviors
[29].

Developing mathematical models for nonlinear building systems is challenging, especially
when integrating highly nonlinear hysteretic actuators or dampers to enhance energy
dissipation. Although the building structure is often assumed to be linear, incorporating

nonlinear dampers introduces overall system nonlinearity Ramallo et al.[30].
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Cimellaroet al.in 2009 proposed a novel method for designing an equivalent passive control
system in nonlinear structures[31]. In another study, they presented an innovative approach
for designing nonlinear structures equipped with active control devices. Furthermore,
Reinhornet al.in 2009 introduced a unified method for designing passive control systems
applicable to both linear and nonlinear structures[32], integrating principles from active
control. Lavan and Dargushin2009introduced a multi-objective optimization method for
supplemental energy dissipating devices, comparing various systems[33]. Li et al.in 2010
introduced the Adaptive Fuzzy Sliding Mode control algorithm to mitigate vibrations in
nonlinear structures[34]. More recently, Fabio et al.in 2013evaluated the performance of
passive control devices in a nonlinear 6-story structure[35]. Ray et al.in 2013 developed
nonlinear elastic and inelastic spectra for structures incorporating both inherent and
supplemental damping[36].

According to Cimellaro and Reinhorn[37], the performance level of an integrated structure is
typically determined by multiple limit states and controlled by multiple failure modes.
Additionally, recent studies have indicated that passive control systems are less sensitive to
changes in structural properties due to nonlinearity or errors in modeling and estimation [38].
Boccamazzo et al. (2020) proposed the earthquake mitigation effect of hysteretic Tuned Mass

Dampers for nonlinear structures[39].
11.3.Basic Concepts of Nonlinear Phenomena

To comprehend nonlinearity in material, it's crucial to grasp the concept of linearity first. A
linear system denotes that the relationship between input and output is linear. In structural,
this means that the relationship between applied loads (input) and displacements (output) is
linear—doubling the load results in a proportional doubling of displacement. This relationship
can be mathematically described using a linear operator[40]. However, linearity may either
accurately represent reality or merely stem from simplifying assumptions made for analytical

purposes.In the following, the fundamental assumptions of linear analysis of structures.

* The structures are made of linearly elastic materials, adhering to Hooke's law, where stress

is directly proportional to strain.

*The deformations of the structures are so small
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(a) (b) ©

Figure I1.1: Linearity in structural systems[41].

Linearized formulations often fall short in explaining many phenomena. Nonlinear analysis
aims to enhance the simulation of structural behavior. Nonlinearity means the force versus
displacement plot is not a straight line; the structure's stiffness varies with loading. Most
structures do not exhibit a linear force-displacement relationship. A structure is considered
nonlinear if loading significantly alters its stiffness. Typical reasons for these changes
include:Material does no obeys hooks law, material plastically deform after elastic limit
andlarge deformation due to small or larger loads.

11.3.1. Types of nonlinearities

Nonlinear analysis considers the effects of several factors, such as geometric nonlinearityand
material nonlinearity. By incorporating these complexities, engineers can gain insights into

the structural response beyond the limitations of linear analysis

[1.3.1.1. Geometric nonlinearity

When a solid's deformation is significant enough that the undeformed and deformed shapes
differ substantially, finite deformation occurs. In this state, linear strain-displacement or
equilibrium equations based on the undeformed geometry are no longer feasible. Geometric
nonlinearities arise from changes in geometry due to load application, impacting the structural

response. These nonlinearities typically occur when displacements are large.
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Figure 11.2: Structural system requiring geometric nonlinear analyses

11.3.1.2.Material nonlinearity

Material nonlinearity refers to the behavior of materials that do not follow a linear
relationship between stress and strain. In linear materials, stress is directly proportional to
strain, and the relationship is described by Hooke's Law. However, many materials exhibit

nonlinear behavior under certain conditions.

I1.4.1nelastic Analysis of Dynamic Response

11.4.1.Inelastic Domain

The elasticity of a material refers to its capacity to return to its original shape after the
removal of an applied force, indicating elastic behavior with no permanent deformation.
Materials may exhibit linear elasticity, with stress-strain relations depicted as in Figure 11.3.a,
or nonlinear elasticity, showing curvature as in Figure 11.3.b. In both cases, loading and
unloading curves coincide. Alternatively, inelastic materials, as shown in Figure 11.3.c, do not

follow the same unloading path, resulting in permanent deformation.
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Figure 11.3: Material (a) linear elastic, (b) nonlinear elastic and (c) inelastic
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11.4.2.Hysteretic Response

Figure 11.4 shows a material's loading from 0 to point A, then unloading along trajectory AB.
Initially, the material displayed elastic behavior with its initial modulus of elasticity.
However, entering the inelastic domain before point A resulted in permanent deformation.
Moreover, the energy accumulated up to point A isn't fully released during unloading, leading
to energy dissipation represented by the shaded region. In the inelastic domain, only a fraction
of the absorbed energy is recovered during unloading.

Effort

[ loading - —T’
energy ; |

| dissipated-

o0 B f 5 - 'v}'ﬁ— 74 e .
/ |’_ unit strain
7/ Y

Figure 11.4: Effect of loading and unloading with reversal of the direction of effort
When a material experiences repeated loading, unloading, and reloading cycles in opposite
directions, surpassing its elastic limit, it exhibits the behavior depicted in Figure 11.5, known

as hysteresis response.

Figure 11.5: Force-strain curve for an inelastic material
Hysteresis is a system property wherein it tends to retain a specific state even after theexternal
cause ceases. It describes the behavior of structural materials when experiencing deformations

or alternating stresses beyond the linear or elastic response range.
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11.4.3.Mathematical Model of Hysteresis

The elastoplastic model depicted in Figure 11.6.a is mainly included for educational purposes
because of its simplicity, making it usable even for manual calculations. The Ramberg-
Osgood model depicted in Figure 11.6.b has been recognized for decades as suitable for
describing hysteresis in various types of steel structural elements. Meanwhile, the degrading
stiffness model shown in Figure 11.6.c is applied to describe numerous instances involving

reinforced concrete and structural masonry.

Force j

S
Déformation

—————
Déformation

(a} (b) {c)

Elasto-plastique Ramberg-Osgood Takeda

Figure 11.6:Model of Hysteresis
11.4.3.1.Elasto-plastic Model
The elastoplastic model, depicted in figure 1.7, simplifies the description of force-
displacement hysteresis curves. It offers a straightforward mathematical representation by
substituting the term k u in dynamic equilibrium equations with the actual force exerted by
the spring. This adjustment accounts for inelastic deformations, decoupling the force from

direct dependence on the system's deformation u

Figure 11.7: Force-strain curve for an elastoplastic material
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In the elastoplastic model, the material behaves elastically until reaching the elastic limit Fy.
Beyond this point, deformation occurs without increased effort. Upon reversing motion, the
material returns to elastic behavior until reaching the yield limit on the opposite side, -Fy.
Deformation energy accumulation is represented by the loading curve area (Figure 11.8. a),
while during unloading, this energy transforms into kinetic energy, represented by the
unloading curve area (Figure 11.8.b). The difference between these areas indicates energy
dissipation, which converts into heat or other forms (Figure 11-8.c)

F F F
K
Aty
n Fre T
Uy W u
(a) loading cycle (b) unloading cycle (c) energy dissipated

Figure 11.8: Energy dissipation in an elastoplastic system

I1.5. Mathematical formulation of the material nonlinearity of structures using Bouc-
Wen model

One of the most accurate models for describing the material nonlinearity of a structure is
themodel developed by Bouc and Wen and named after his developers as Bouc-Wen model
[21, 42]. This model considers the material nonlinearity by introducing a hysteresis restoring
force acting on a nonlinear structure, this hysteresis restoring force is divided into two parts
namely; a linear part where the restoring force is linearly proportional to the stiffness of the
structure and its displacement and nonlinear partrelated to a dimension less variable
denoteda (t).

fx(®),0(t) = akx(t) + (1 — a)kD,o(t) (11.1)
As it can be seen from equation (11.1),the nonlinear restoring force f(x(t),a(t)) is composed
of two terms: a linear elastic part represented by the first term akx(t)and a hysteresis
component represented by the second term (1 — a)Dka(t) = f.(o(t)). In Equation (I1.1) o
represents the post-to-pre yield stiffness ratio, k is the stiffness at the elastic limit, D is the
yield displacement and o (t) is the dimensionless internal variable introduced to describe the
hysteresis component of the deformation. The function o(t) is related to x(t) through the

following first-order nonlinear differential equation:
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a(t) = DTHAx(®) — Blx®lla@®I" o) —yx(®)]la®)I"] (1.2)
A, B and y are dimensionless parameters that govern the shape of the restoring force and the
scale of the hysteresis loop, while the smoothness of the force-deformation curve is

determined by the parameter n. Figure 11.9 explains the working principle of the Bouc-Wen
model through graphical illustration.
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Figure 11.9: Bouc-Wen model principle of functioning [43]

The following figure shows how various parameters govern the shape of the hysteresis loop.
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Figure 11.10: Various hysteresis loop shapes obtained under different parameters[44].
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It is clear from Figure 11.10, the Bouc-Wen model can represent various material behavior
such as steel structures, reinforced concrete structures and even lead rubber bearing devices
[43]. With this in the background the Bouc-Wen model will be used in this study to represent

the nonlinear behavior of structures.

11.6.Conclusion

in conclusion, researchers studying seismic events recognize the substantial importance of
understanding the nonlinear material behavior of buildings. Mastery of the equations and
mathematical concepts related to this behavior is essential for precise prediction and effective
mitigation of earthquake effects on structures. By delving deeply into the complexities of
nonlinear material response, researchers can devise enhanced seismic design strategies, thus
bolstering buildings’ resilience against seismic forces. From the literature review it appears
that the simplest yet more efficient way to represent nonlinear behavior is the hysteresis
Bouc-Wen model that can be used to estimate nonlinear hysteresis force. This model will be
used in this study to represent the nonlinear behavior of a multi-degrees of freedom structure.
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Chapter 111: Mathematical modeling
I11.1. Introduction

Formulating mathematical equations to describe the behavior of a dynamically controlled
nonlinear buildingusing semi-active device results in intricate differential equations, the
analytical solution of which poses challenges due to their complexity. In our research, we will
employ transfer formulation relying on state-space representation to convert n-order
differential equations into a system of n first-order differential equations.

I11.2. Assumptions and Limitations

In the mathematical formulation for modeling nonlinear buildings equipped with control

devices, certain assumptions are made:

» The structure is modeled as a nonlinear system with multiple degrees of freedom, where
mass is concentrated at each level with a specified effective stiffness.

» The nonlinearity of the structure is represented through a hysteresis force related to
relative velocity of each floor and applied to each floor through a Bouc-Wen hysteresis
model.

» The structure is assumed to remain in the elastic zone during seismic excitation, if the
relative displacement does not exceed the yielding point.

» The spatial variation of ground motion and any effects due to soil-structure interaction are
neglected.

» The structure is subjected to a unidirectional horizontal component of the earthquake.

» The structure's mass is fixed at each floor level, and the floors are considered infinitely
rigid in their plane.

» The study is conducted according to the perpendicular plane of the 2D reading,
simplifying the problem into a two-dimensional analysis.

» Ground motion is assumed to occur in the direction of the symmetrical planes of the
structures.

111.3. Mathematical Model and Equations of Motion
I11.3.1.Linear system with a single degree of freedom

A linear system with a single degree of freedom (SDOF) dynamic system is subjected to base
acceleration xy(t), as illustrated in Figure Il1-1. The structural configuration is a 2D frame

modeled as a shear frame building. The primary linear structure is represented by a linear

spring with stiffness k, a mass m, and a viscous damper with a damping coefficient c.
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Figure I11.1: Equivalent system of Linear system with a single degree of freedom
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Figure I11.2: Free body diagram of Linear system with a single degree of freedom

Based on the free body diagram shown in Figure 111.2 the motion equation of the SDOF
nonlinear structure can be written as follow:
mx + cx + kx = m¥, (1n.1)

111.3.2.Nonlinear system with a single degree of freedom

To represent a nonlinear structure, the same share frame used for the linear model is
represented. However, in this case the nonlinear behavior is ensure via a nonlinear element
that represents the hysteresis restoring force component based on the Bouc-Wen model
detained in Chapter Il this later is denoted f.. Simultaneously, the elastic spring representing

the stiffness of the structure is multiplied by a reduction coefficient denoted a.
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Figure 111.3: Equivalent system of linear system with a single degree of freedom
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Figure I11.4: Free body diagram of -linear system with a single degree of freedom

Based on the free body diagram shown in Figure Il1.4 the motion equation of the SDOF

nonlinear structure can be written as follow:

mX + cx + akx + f. = miy(111.2)
mX + cx + akx = mi, — f. (111.3)

111.3.3.Nonlinear system with a single degree of freedom with control device

To represent a nonlinear structure equipped with a MR damper, the nonlinear structure
detailed in the previous example is equipped with a MR damper. The MR damper will
produce a control force that aims at reducing the response of the structure this later is denoted

fur- The MR damper is governed by the equations detailed in Chapter I.
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Figure 111.5: Equivalent system of Nonlinear system with a single degree of freedom with
control device
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Figure 111.6: Free body diagram of Nonlinear system with a single degree of freedom with
control device
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Based on the free body diagram shown in Figure I11.6 the motion equation of the SDOF
nonlinear structure equipped with a MR damper can be written as follow:

mx + cx + akx + f, + fur = mi, (1.4)
mx + cx + akx = miyz — fo — fur (111.5)

111.3.4.Nonlinear system with multiple degrees of freedom with control device

To assess the behavior of a multi-degrees of freedom nonlinear structure equipped with MR
dampers, a multi-floor building is modelled as a shear frame as shown in Figure I11.7. The
frame is equipped with two MR dampers one located at the first floor and the second one
located at the last floor. All the floors express nonlinear behavior through a restoring force
denoted f.; where the subscript i denotes the floor number varying for 1 to n, nbeing the last

floor. The equivalent system of the modelled structure is shown in Figure 111.8.
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Figure 111.7: Nonlinear shear frame structure equipped with MR dampers
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Figure 111.8: Equivalent system of Nonlinear system with multiple degrees of freedom with
control device located at first and last floors
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Figure 111.9: Free body diagram of Nonlinear system with multiple degrees of freedom with
control device

Based on the free body diagram shown in Figure I11.9 the motion equation of the MDOF

nonlinear structure equipped with a MR damper can be written as follow:

mn—ljén—l + akn—l(xn—l - xn—z) + Cn—l(xn—l - xn—z) + fcn—l - akn(xn - xn—l) - Cn(xn - xn—l) - fMR(n) - fcn =myu_q

(111.6)

my¥; + akyx; + ¢ X + fyrr + for —
myX, + ak,(x, — x1) + e, (X — %1) + fop — aks(x3 — %) —c3(X3 — %) — fo3 =My

mnxn + akn(xn - xn—l) + Cn(xn - xn—l) + fMRn + fcn = MpXy

aky(x; —x1) — (X, —%1) — fop = mljég

¥
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The nequations of motion of the system shown in Equation 111.6 can be written in matrix form

as:
my; 0 0 e 0 0 07/ %1
0 m, O 0 0 0 X,
4 r+
0 0 0 0 muy 0|l
0 0 0 00 mydls, )
[ Cl +C2_C2 O 0 0 0 T f 5(1 W
_C1C2 + C3_C3 0 0 0 xz
3 rot
0 0 0 Cn—2Cn—1 + CnCn J'Cn_l
L0 0 0 e 0 —CpCpd U xpy )
k1 +k2_k2 0 0 0 0 T r x1 3\
_klkZ + k3_k3 0 0 0 xz
a { rt
0 0 0 S S | P
0 0 0 0 el | Uy, )
m, 0 0 0 0 0
0 m, 0 0 0 0
+W{fur} + [HI{f:} = o {r}x, (111.7)
0 0 0 0 m,, 0
0 0 0 0 0 m,
Where:

[W]and [H] are the MR damper location matrix and the hysteresis restoring force distribution
matrix, respectively. The number of columns in the [W] matrix will be equal to the number of
dampers placed in the structure, while the number of columns in the [H] matrix will be

always equal to the number of DOFs since all floors are modelled as nonlinear. [W] and [H]

can be detailed as follow:
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10 = 0 07( /urs ) =1 - 0 07 fa )
0 0 «~ 0 0| fure | 0 1 - 0 of| fe |
Withad =0 : ¢ i |3 O 17301 1) Fr S R R
00 « 0 —1J|fMR(n | [0 0 - 1 —1J|fc(n-1)|
00...()1kaan 0O 0 - 0 1kfcn}
{r} represents the earthquake distribution vector which is equal to unity vector.
In a compact format the equation (111.7) can be rewritten as follow:
[M1{E(0)} + [C1G()} + alKI{x(©)} + W1{fur} + [H{F } = [MI{r}, (©) (111.8)

Where [M][C] and [K] are the mass, damping, and stiffness matrices, respectively.

{x}: represents the displacement response vector, a dot represents the first derivative which is
the velocity and a double dot represents the second derivative which is the acceleration.

{f.}: denotes the nonlinear hysteresis restoring force.
{fur}: denotes the damper force.

X, (t): represents the ground acceleration at each instant of time (t)

MI{E()} = —[C1x(®)} — [K1{x(©)} — WI{fur} — [HI{f,} + MI[rI{z, (O} (111.9)

M] . [C] .. [K] (W] [H] [M] .
m{x(t)} = —m{x(t)} - m{x(t)} - m{fMR} - m{fc} + ] [M][r]{z, ()}
{#(0)} = —[M]I[C1x ()} — MUK I{x ()} — M IWI{fur} — [H1{f .}

+ [rl{x, (O}

I11.4. System Resolution using State Representation (State Space)

Several numerical techniques exist for solving the equations of motion and modeling the
system's behavior over time. Among these methods is the state space representation. A state
space model offers a distinct viewpoint on the input-output correlation, contrasting with the
transfer function or frequency response function methodologies. This modeling approach
emerged in the 1960s to accommodate the growing demand for analyzing large-scale dynamic
systems via computers.

The state space model hinges on the notion of state, a concept present in classical dynamics
but adapted differently for the state space model[45].

It's a numerical solution method for problems with multiple degrees of freedom (MDOF) of
higher order. This method is based on reducing the order of dynamic equations as follows:

If a differential equation is of the 2nd order, it is written as two (2) first-order differential

equations. In general, a differential equation of the n' order is transformed into n first-order

Page | 35



Chapter 111: Mathematical modeling

equations (thus, the order of the differential equations becomes the number of first-order
differential equations)[46].

In state representation, the equations of motion are written as follows:

{Z’(t) = Az(t) + Bu(t) (11.9)
y(t) = C.z(t) + Du(t) '
—AD
u(t) internal state v(t)
+ x(t) x(t) + +
| B )| [ )| C
input + output

A

Figure 111.10; Block-diagram representation of a state-space model
The state space representation formulation considers four matrices[A] ,[B], [C.] and [D][47]
[A]: state matrix 2n x2n, it depends on the parameters of the dynamic system (M, K,
C), link between x andx
[B]: input matrix 2nxr it depends on the inputs (any external (damper) or internal (hysteresis
forces acting on the dynamic system) it is directly linked to the internal response and external
input.
[C.]: output matrix 2n x2n,depends on the selection of the studied output variable (e.g.
displacement/velocity of the primary system)
[D]:represents the matrix of direct transmission between the system's inputs and outputs. In
the context of dynamics problems, this matrix is typically zero.
To obtain the state-space form shown in Equation (111.9), the motion equation shown in (111.8)

is rearranged such as:

[M1{#(6)} = —[C1EE (D)} — [K1{x(0)} — WI{fur} — [HI{f} + [M1[r]{%, (O} (111.10)

M] . [CT . . [K] (W] [H] [M] )

W{X(t)} = _W{x(t)} - W{x(t)} - m{fm} - W{fc} + o] [M][T]{xg(t)} (11.11)

(0} = —[MI7HCHx (DO} — [MITUKI{x ()} — M IWI{fur} — (M1 [HI{F} (12)
+ [r]{z, (D)} |

The following change of variables is performed:

x(®} = a0}
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()} = {x2(0)} = {%1(0)}
()} = {x(0)}
{U®)} = {U.(0)}

The following mathematical manipulation are performed:

W, (©)} = ~[MI W fuur} — M1 HF ) + {5, () (11.13)
{ {x:(®O} =0{x (O} + {xz(t)} + 0{U,(8)} (111.14)
{x, (0} = =[M]*[Cl{x, (O} — IM]HK{x ()} — {U1 ()} '
{x;(ON _ 0 1 {x,(t)} 0

{{Xz(t)}} = i) —peicl {{xz(t)}} o)1} 02 (11.15)

The inputs and output are rearranged in the following form.

- {BO) [

(D) M= [K] q] =)

X, (O}’

B=Fm 1] L] ], U = {U; (O} ,Ce = [anezn,

D= [O]Zn*n+1
It is worth noticing that:

- n: number of degrees of freedom (DOF)
- r: number of inputs
- p: number of outputs

I11.5. Numerical resolution using MATLAB

this research investigates how a control strategy based on the use of magnetorheological (MR)
dampers at different locations in a nonlinear buildingto enhance its resistance to seismic
vibrations. The equation representing the building's motion under seismic excitations is
implemented in SIMULINK, a simulation environment, using the State-SpaceToolbox of
MATLAB. This toolbox allows working with continuous systems and solving the motion
equation. Numerical integration is performed using a high-level solver, the Dormand-Prince
solver denoted (OD8), which is integrated with SIMULINK to provide accurate and efficient
solutions. An overview of the SIMULINK model for SDOF system is shown in Figure 111.11.
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Displacement response

A =AeBu
foree Y= CuD

Vollage MR damper model

State-Space Kdot

Velocty response

Figure I11.11: Simulink file of the used model for a SDOF case

Control strategies are applied so you can compare results obtained under different strategies.
This is a control in which a block will be set for the nonlinear response and a block for the
damper force under a constant voltage. A manual switch is added to the control scheme in
order to switch from controlled to uncontrolled cases. The mathematical equations
representing the hysteretic behavior of the structure and the behavior of the MR damper used
in this study were reproduced in the SIMULINK scheme using the different blocks of the
library proposed by SIMULINK as it can be seen in Figures 111.12-111.14.

- [i_'
Reny ey

Figure 111.12: The MR damper diagram modeled in SIMULINK.[48]
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Figure 111.13: Modified Simulink MR Bouc-Wen shock absorber file [49]
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Figure 111.14: The nonlinear diagram modeled in SIMULINK

A flowchart of the functioning of the MATLAB code and SIMULINK model is shown in
Figure 111.15, this later represents the required inputs and the gathered outputs used in the

current study.
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Loading of seismic excitations

(time, acceleration)
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Wen model
parameters

ME. damper
parameters :> Date structure

Construction of the
damper location
matrix

Construction of state
representation matrices
ABCD]

SIMULINK launch

Result and Graphs

Figure 111.15 Flowchart of the simulation used in the current study.
111.6 Conclusion
In this chapter, we have introduced mathematical modeling for controlled and uncontrolled,
linear and nonlinear structures where the equations of motion were employed to describe the
dynamic behavior of each system. Furthermore, the utilization of state representation, also
known as state space, was discussed. In the subsequent chapter, we will apply the state space
approach to solve the equations of motion for the considered systems and obtain the

dynamical response related to our parameters of interest.
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Chapter 1V: Numerical study

IV.1. Introduction

Building response refers to how a nonlinear or hysteretic structures behaves under external
forces such as earthquakes. This chapter presents a numerical study of an eight-
storybuildingequipped with MR dampers.The main objective of this study is to investigate the
efficiency of a semi-active control strategy on a nonlinear building subjected to a multitude of
earthquake records. In this study three different damper configurations will be investigated
under three different voltage values. The dynamical parameters of interest examined in this
work are: (i) the top floor displacement both in time history and peak values, (ii) the
maximum base shear, (iii) the peak drift of all floors, (iv) the peak inter-story drift of all floor,
(v) the maximum MR damper force, (vi) the maximum restoring force and (vii) the hysteresis

loops.

IV.2. Structural and damper parameters
An eight-story building equipped with MR damper,as shown in (Figure 1V.1).The
characteristics of the structure are presented in (Table IV.1) and (Table 1V.2),the properties of

MR damper are presented in (Table 1V.3).

The adopted structure for this study was first used by Yang, L [50]as a benchmark model. The
building exhibits a nonlinear behavior, to this end, the Bouc-Wen model through equations
presented in Chapter Il is used to simulate the nonlinear behavior at each of the building
floors. Since the mass, stiffness and damping are regularly distributed along the building
height each of the Bouc-Wen elements located in all the floors will have the same parameters

presented in Table 1V.2.
IV.3. Different investigated control strategies

To assess the effectiveness of the MR damper in controlling the seismic response of nonlinear
structures, three different damper distribution along the height of the building are adopted.
These latter are denoted as follow:

- All floors: where a damper is located in each of the building floors.

- 0dd floors: where a damper is placed in odd floors (1%, 39, 5"and 7t").

- Even floors: where a damper is placed in even floors (2", 4" 6" and 8™).
In each of the damper location cases three voltage values are applied on all the dampers, these
voltage values are 0 Volt, 6 Volts and 12 Volts. Figure IV.1 gives further details on the

adopted control strategies.
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Figure 1V.1: Various control strategies(a) all floors, (b) odd floors, (c) even floors

Table 1V.1: The properties of the primary structure[51]

Stiffness K; Viscous damping
Story i Mass m;(t) (t) (KN/m.1075) Coefficients c;
(KN.s/m)
1 345.6 3.404 734.3
2 345.6 3.404 734.3
3 345.6 3.404 734.3
4 345.6 3.404 734.3
5 345.6 3.404 734.3
6 345.6 3.404 734.3
7 345.6 3.404 734.3
8 345.6 3.404 734.3
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Table IV.2: Nonlinear model parameters[52]

Properties Value
a; 0.9
D, 2.4*102 [m]
A; 1
B; 0.5
n; 95
Yi 0.5

a; represents the post-to-pre yield stiffness ratio, D,,; is the yield displacement, A4;,8; and y;
are dimensionless parameters that govern the shape of the restoring force and the scale of the
hysteresis loop

Table 1V.3: The properties of MR damper

Properties Value Unit
Coa 2012 kN.s.m™
Cos 487.0 kN.s.m*
Ko 0.0054 kN.s.m
Cia 81062 kN.s.m*
CiB 78089 kN.s.mtV
Kip 0.0087 kN.m™?
OA 8.70 kN.m*
aB 6.40 kN.m? Vv
VAV 496 m-2
PR 496 m2

n 195 gt
Xo 0 m

IV.4. Description of seismic excitations

The building studied in this work will be subjected to the following seismic excitations:

e EI Centro earthquake of 1940, with a magnitude of 6.9 and a maximum ground
acceleration with a PGA of 0.34g.

e Lexington earthquake of 1989, with a magnitude of 6.9 and a maximum ground
acceleration with a PGA of 0.42g.

e Kobe earthquake of 1995, with a magnitude of 6.9 and a maximum ground acceleration
with a PGA of 0.62g.

e Northridge earthquake of 1994, with a magnitude of 6.7 and a maximum ground
acceleration with a PGA of 0.82g.

The choice of these four recordings is motivated by their characteristics; EI Centro and

Lexington are considered in the literature as far-field earthquakes, while Northridge is

considered as a near-field earthquake with a directivity effect, and Kobe is considered as a

near-field earthquake with a significant ground displacement effect (pulse-like records).
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IV.5. Results and discussion
IV.5.1. Peak top floor displacement and time history under various control strategies

Table 1V.4presents the results obtained for the peak top floor displacement under various
control strategies,under different seismic excitations combined with multiple voltage values

applied to the damper (MR).

Table 1V.4: Peak displacement under various control strategies [m]

Without With control device
SO Vel cdont_rol All floors Odd floors Even floors
evice
-0 0,3346 0,3545 0,3599
B 13,04 % 7,86% 6,45%
El Centro, 0,3199 0,3320
= 0,3848 9 ' )
1940 6 0,281026,95% 16,85% 13,71%
V=12 0,2412 0,2932 0,3088
- 37,31% 23,80% 19,72%
-0 0,4337 0,4615 0,4692
- 12,84% 7,25% 5,71%
Lexington, -6 0.4976 0,3521 0,4112 0,4288
1989 ' 29,24% 17,36% 13,82%
V=12 0,2993 0,3681 0,3931
39,85% 26,02% 20,99%
-0 0,3284 0,3518 0,3575
13,26% 7,09% 5,57%
. 0,2567 0,3069 0,3220
Kobe, 1995 = Uaes 32.19% 18.96% 14.96%
V=12 0,2112 0,2684 0,2898
- 44,23% 29,11% 23,45%
V=0 0,3722 0,3832 0,3864
6,43% 3,64% 2,84%
Northridge, V=6 0,3413 0,3648 0,3713
1994 B 0,3978 14,19% 8,27% 6,64%
V=12 0,3141 0,3491 0,3589
B 21,03% 12,23% 9,77%

In Table V.1, it is evident that the first control strategynamely all floors’results insuperior
response reductionwith respect the response of the structure without a damper; this
observation is validacross all four seismic excitations used. Regarding the voltage applied to
the damper, the maximum value (12V) ensures the highest reduction. The best percentage
reduction of the top floor displacement is recorded under Kobe, 1995 records with 44.23%.
From the Table IV.1, it is also clear that the second-best control strategy is the odd floors

followed by the even floor damper distribution.
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Figure 1V.3: Time history of Top floor displacement under various control strategies

FigureslV.3 which shows the time history of top floor displacement under different used
seismic excitations. It confirms the results outlined in Table 1V.4, demonstrating that the first
control strategy outperforms the other control strategies. Notably, when the voltage is zero,

the effectiveness of the damper is barely noticeable across all seismic excitations. Further it
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can be seen that the top floor displacement is reduction along the time totality of the time
history. Using high voltage will dampen the structure motion quickly, which will prevent

cyclic loading and damages to the structural elements.

IV.5.2. Base shear at the base
Table IV.5 presents the maximum base shear of the examined building for the utilized damper
locations, across different seismic excitations coupled with varying voltage levels applied to
the magnetorheological (MR) damper.

Table IV.5: Maximum base shear[kN]

Without With control device
Earthquake Voltage %Oe':/ti';zl All floors Odd floors Even floors
" 19303.25 20304.19 20513.57
- 9.82% 5.14% 4.16%
El Centro, ~ 16795.23 18628.77 19209.35
1940 V=6 21406.20 21.54% 12.97% 10.26%
V1o 16084.09 17530.82 18098.59
- 24.86% 18.10% 15.45%
w 26072.21 28087.70 28756.82
- 17.12% 10.72% 8.59%
Lexington, _ 21209.48 24518.81 25768.04
1989 V=6 3146129 32.58% 22.06% 18.09%
Vi 18884.34 22099.40 23679.16
- 39.97% 29.75% 24.73%
Ve 20837.23 22882.06 23644.66
- 26795.48 22.23% 14.60% 11.75%
16392.35 19310.51 20480.81
Koz, (et VE 38.82% 27.93% 23.56%
Vil 14178.66 16809.28 18489.50
N 47.08% 37.26% 30.99%
Vi 26575.50 27562.52 27923.14
- 8.16% 4.75% 3.50%
Northridge, . 23944.79 25921.54 26586.65
1994 V=6 28937.92 17.25% 10.42% 8.12%
VG 21921.46 24533.62 25518.16
B 24.24% 15.21% 11.81%

Table V.5 presents the maximum shear force at the base of the studied structure under
various seismic excitations. Across the three studied strategies, it's evident that the first
strategy yields superior results compared to the uncontrolled structure's response (without
dampers). Regarding the voltage applied to the damper, the maximum value (12V) ensures
the greatest reduction. The maximum reduction percentage is (47.08%), achieved for the

Kobe, 1995 earthquake while using the all-floors strategy with a maximum voltage (12V).
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Figure 1V.4: Base shear at the base under different control strategies

Figures V.4 illustrate the reduction in shear force at the base of the studied building under the

four selected seismic excitations. The first strategy of MR damper placement demonstrates

superior reductions compared to the other placement variants, with the optimal voltage value

being 12V. This confirms the results shown in Table 1V.5.

1V.5.3. Peak drift values of all the floors under different control strategies
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Figure IV.5. Peak drift values of all the floors under different control strategies

Figure 1V.5 shows the peak story drift of all the floors under the selected seismic records
while applying various control strategies with various voltage values. It is clearly that the
introduction of MR damper reduces the maximum drift of all the floors. It is clear that the
high voltage results in better reduction while damper placement in all the floors ensures the
best response reduction. On the other hand, alternation of the damper location does not disrupt

the drift response.

IV.5.4. Peak inter-story drift under different control strategies

The plots shown inFigure 1V.6 illustrate the maximum inter-story displacements of the
studied building under the investigated control strategies, across various seismic excitations
combined with multiple voltage values applied to the magnetorheological (MR) damper. It is
important to mention that the inter-story drift is a very important parameters that help

assessing the efficiency of a damper seismic response control. Further an inter-story drift less

than the yield displacement will keep the floor in the elastic domain.
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Figure 1V.6. shows the inter-story drift of all the floors for the uncontrolled structure and the

structure controlled with MR damper with various damper distribution and applied voltages.

It can be seen that there always a reduction in the inter-story drift especially when using high

voltage values. The quantity of the reduction varies from an earthquake to another. It is worth

noticing that reducing the inter-story drift prevents the floor from undergoing nonlinear

behavior hence considerably reducing the risk of shear failure.
IV.5.5. Peak MR damper force

Table 1V.6 shows the maximum force produced by the MR damper.
Table 1V.6: Peak MR damper force [KN]

Earthquake

El Centro,
1940

Lexington,
1989

Kobe,

1995

Northridge,
1994

Voltage
V=0
V=6

V=12
V=0
V=6

V=12
V=0
V=6

V=12

V=12

All floors

788,07
1591,07
2223,46

928,54
1967,47
2671,51

742,14
1582,41
2233,95

1020,72
2017,92
2760,76

Odd floors

867,85
1809,01
2603,92

980,38
2265,65
3372,25

778,81
1818,25
2632,23

1107,47
2432,40
3414,70

Even floors

887,66
1993,45
2942,22

996,08
2342,66
3618,33

865,47
2106,22
3267,28

1155,53
2582,52
3875,84
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Table V.6 illustrates the peak force generated by the dampers across each variant amidst the
four seismic excitations. The type of seismic activity significantly influences the peak force
generated by the dampers. In instances of distant earthquakes (El Centro), we observe a
relatively modest force output ranging between 700 and 3000 [KN]. Conversely, during
nearby seismic events like Kobe and Northridge, the dampers exhibit a force output
surpassing 3000 [kN]. It is also worth noticing that the control strategies resulting in the
highest damper force don’t result necessarily in the best response reduction. This shows that

high control force does not always result in best reduction.

IV.5.6. Peak restoring force of the first floor under various control strategies

Table IV.7: Maximumrestoring force[kN]

Earthquake Voltage @ Without With control device
control All floors Odd floors Even floors
device
V=0 18146,84 18895,87 19002,57
9,80% 6,07% 5,54%
_ 15868,68 17695,50 18055,95
El ?g;‘gro’ V=6 | 2011891 21.12% 12,04% 10.25%
V=12 14155,29 16558,91 17353,68
29,64% 17,69% 13,74%
V=0 26208,42 28190,90 28955,68
Lexington 17,13% 10,86% 8,45%
’ _ 21256,54 2449721 26043,48
155 Ea sl 32,79% 22,54% 17,65%
V=12 18528,44 2171459 23853,93
41,41% 31,34% 24,58%
V=0 20683,22 22568,58 23439,27
21.78% 14.68% 11.36%
Kobe, 1995 V=6 26443,64 16688,26 19129,55 20730,56
36.89% 27.65% 21.60%
V=12 13866,14 16938,74 18985,36
47.56% 35.94% 28.20%
V=0 26913,11 27896,49 28347,61
) 8.64% 5.30% 3.77%
Northridge,
1994 V=6 29458 88 24110,42 25933,27 27152,03
! 18.15% 11.96% 7.83%
V=12 21880,41 24237,08 26181,85
25.72% 17.72% 11.12%
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IV.5.7. HysteresisLoop

A Hysteresis Loop representing the relationship between displacement, velocity and the
restoring force with both its components (linear and nonlinear) under seismic excitation on a
nonlinear building is a crucial tool for analyzing and understanding the structural behavior
under dynamic loads with and without control device. This loop reveals the mechanical and
structural properties of the building, helping to evaluate its seismic performance and stability.
Hysteresis loops can be drawn with respect to relative velocity or relative displacement, the

surface of each loop represents the energy dissipated.
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Figure IV.7: hysteresis loop in terms of relative velocity
In Figure 1V.7,which represents the velocity versus hysteresis force in the first floor of the
studied building under the all-floors control strategy.We observe that the hysteresis force loop
decreases when the voltage is 12 Volts in the presence of a damper, compared to the absence
of a damper. This decrease is noticeable across all the proposed seismic excitations. Also, it
can be seen that the velocity is reduced. Earthquakes with strong pulse motion such as

Northridge may result in irregular shape of hysteresis loops.
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Figure 1V.8: hysteresis loop in terms of displacement

From the hysteresis loops with respect to the relative displacement shown in Figure 1V.8, we
observe that the surface areas of the loops decrease from the case of uncontrolled to the case
of having a damper at a voltage of 12 volts. It is worth noticing that these loops are plotted for
the hysteresis force at the first floor for the control strategy involving a damper at each of the
building’s floors. It is worth noticing that for the controlled case the relative displacement and
also the hysteresis force notably reduces which proves the importance and efficiency of the

control strategy.
IV.6. Conclusion

In conclusion, it can be said that the seismic performance of a nonlinear building equipped
with MR dampers was studied. The study involved three different control strategies related to
the MR damper distribution along the building height. For each of the control strategies

various voltages were applied to the damper; this resulted in an extensive parametric study.

The MR damper proved to be an effective mean for reducing the seismic response of
structures exhibiting nonlinear behavior, it terms of peak top floor displacement the response

was reduced up to 44% compared to the uncontrolled case.

Further, the peak base shear was up to 47% with respect to the uncontrolled case which is a

good indicator of the MR damper efficiency. Since the base shear is strongly related to the
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relative acceleration, its reduction is synonym of a good acceleration reduction. Similarly, the
drift, inter-story drift and hysteresis forces were considerably reduced preventing the building
from exhibiting irreversible damage. All the above-mentioned results prove the performance

of the MR damper in reducing the seismic response of nonlinear buildings.
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General conclusion

In this thesis, we investigated the effectiveness of semi-active control using a
magnetorheological (MR) damper for the seismic response of a nonlinear structure. The MR
damper was implemented in an 8-story mid-rise structure exhibiting nonlinear behavior
through a restoring force represented using a Bouc-Wen hysteresis model. The structure was
equipped with MR dampers following three various placement configurations. The building
was subjected to various seismic excitations. The conclusions from this study are summarized

as follows:

> Improved Structural Performance: The MR damper significantly enhanced the
building's overall structural performance during seismic events. It effectively reduced
displacements, base shear, drift and inter-story drifts, contributing to the stability and
safety of the structure.

» Damper location and voltage variations: The study examined the damper's
effectiveness at different location through three distribution schemes, also three
voltages values were applied on the damper (12V, 6V, and 0V). Placing a damper at
each of the building floor combined with a higher voltage generally resulted in better
damping performance.lt is worth noticing that event at lower voltages, the damper
could ensure a certain response reduction.

> Energy Dissipation: The MR damper efficiently dissipated seismic energy, thereby
minimizing the force transmitted to the structure. This resulted in lower hysteresis

forces preventing the structure from undergoing nonlinear behavior.

These conclusions underscore the potential of MR dampers in improving the seismic
performance of structures, making them a valuable addition to earthquake-resistant design

strategies, especially when considering structures with nonlinear behavior.

As a perspective, a control algorithm could be introduced to vary the voltage simultaneously
during the earthquake excitation. Further, an optimization algorithm can be applied to decide

the best number of dampers and the best damper location.
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