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Abstract

Magnetorheological fluid (MRF) and shape memory alloy (SMA) are two smart materials used in
many protective systems in civil engineering to mitigate unpredicted hazards. Isolation systems,
dampers, and bracing systems are examples of smart protective systems integrated with civil
infrastructures, such as building, to enhance their dynamic behaviour. Among them, bracing
systems are the most common technique to keep buildings safe and healthy under seismic loads.
In this study, both materials are used to develop a new bracing system called the SMA-MRF corebased bracing.
A prototype of the system is fabricated and tested by the loading frame machine to prove the
functionality of the system regardless of loading directions. Then, a numerical model of the
systems is developed in the Open System for Earthquake Engineering Simulation (OpenSees).
This model is implemented in a simplified two-story steel frame and exposed to the simulated
ground motions. It is noted that the system improves the structural dynamic behaviour, such as the
drift ratio, in the time-domain as well as frequency-domain. A control strategy is applied to the
SMA-MRF core bracing systems. It is found that the system enhances the dynamic response with
the embedded controller.
The experimental results indicate that pre-straining SMA elements lead to a sharp increase in the
energy absorption capacity as well as the recovery ability under short and long-term loadings. It is
worth mentioning that the pre-strained SMA maintains the specifications, particularly the recovery
capability, rather than conventional SMA under simulated short- and long-term loading.
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Lay Summary
The structural integrity of the civil infrastructure is a crucial issue during and after earthquake
events. During past decades, it has been observed that the poorly designed and/or inherent
weakness in civil infrastructure has been the main reason to damage and collapse them. In the
present study, a smart bracing system has been designed conceptually to preserve structural health
and stability. A prototype of the system has been fabricated, and its behaviour has been confirmed,
characterized by experimental tests under the compression and tension loadings.
To examine the performance of the system in a building, the numerical model of the system has
been developed and implemented in a simplified frame structure. Then, the responses of the frame
with and without the smart systems have been investigated in the time and frequency domains
underground motions. The results have shown that the system has improved the structural
behaviour remarkably.
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Chapter 1: Introduction

1.1

Background and motivation

Every year, about 4000 earthquakes happen in Canada. For example, southwestern British
Columbia is one of the most active seismic zones in Canada. In the next 50 years, there will be a
strong earthquake(s) with a 30% probability of Occurrence [1]. One of the worst scenarios, the
earthquake of a magnitude of 9.0, happening in the Cascadia subduction zone, where is about 75
km off the west coast of Vancouver Island [1]. The overall economic loss is about $75 Billion [1].
Civil infrastructures are usually exposed to excessive loading conditions, particularly earthquakes,
which may result in catastrophic failure. During the past few decades, a variety of stability and
vibration control systems and mechanisms have been developed to enhance the performance and
to increase the structural stability of structures. This includes passive, semi-active, and active
control systems.
Passive systems, including conventional bracing systems [2], are mainly based on increasing the
structural stiffness, the damping, and/or the energy dissipation capacity of the structural elements.
The structural design considering all kinds of possible loading scenarios based on passive systems
may dramatically increase the size, weight, and construction cost. Furthermore, outputs of these
control systems, such as the energy dissipation capacity and the damping, are not controllable and
are only functions of the inputs.
On the other hand, active systems, such as active tendon systems [2], need a remarkable source of
external energy to be fully activated in civil infrastructure. These systems may enhance the
structural characteristics including damping, energy absorption, and/or stiffness. Their
effectiveness in civil infrastructure may highly rely on a control mechanism; having a solid
1

knowledge of users and access to a continuous source of energy are requested to keep them in an
optimally functional state. Otherwise, the systems do not meet the desired outputs.
Semi-active control systems, like a semi-active tuned mass damper, can be considered as an
optimum alternative solution for civil infrastructures [3]. Such systems use a small amount of
external energy compared to active systems while providing a sufficient level of controllability
and remove the weakness of passive systems.
The conventional semi-active control systems may not meet the full stability requirements of the
structural responses for all loading conditions. During the past few years, different combinations
of controllable elements with stiffness elements have been proposed to enhance the functionality
of the semi-active system, such as MRF elastomer bearings (MRE bearings) [2]. Recent advances
in smart materials and structures provide us with rooms for improving the existing semi-active
control systems. This includes modeling, simulation, manufacturing, a different combination of
elements, control algorithm, and long-term loading’s effect on semi-active performance.

1.2

Problem statement

Although conventional methods such as bracing systems with friction dampers are efficient, they
are heavy, huge in size, and occupy costly space in the building [4]. These techniques are passive
and impossible to be set for a wide range of earthquakes wave frequencies [4]. In order to surpass
these limitations, a semi-active brace damper system is introduced [4]. In the present study, the
semi-active bracing system based on shape memory alloy (SMA) and Magnetorheological Fluid
(MRF)’s behaviour, called the SMA-MRF core bracing system, is introduced (see Figure 1-1). The
main disadvantages of each component are:
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•

The SMA in the superelasticity is not controllable, and performance is only a function
of external excitations coming from external loadings. Additionally, the SMA-based
systems’ effect on the damping is not much.

•

The MRF-based damper is not good for re-recentring purposes in civil infrastructures.

The major advantages of the SMA and the MRF-based damper are as follows:
•

SMA-based systems are a good option to provide recovery capability in the civil
infrastructures.

•

The MRF-based damper can increase the damping of civil infrastructures and energy
dissipation capacity. The outputs of the systems are controllable.

The main role of the SMA-based system is to provide the recovery ability in the frame and shifting
of the natural frequency of the frame to the higher value. In addition, The SMA-MRF-based core
bracing system controls the interstory drift by providing the tunable energy dissipation capacity,
the recovery ability, and extra damping. These parameters can not be supplied by the MRF-based
damper. So, this smart bracing system minimizes the casualties and decreases dynamic structural
responses by dissipating the energy through inherent hysteresis behaviours under dynamic loads.
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Laser Sensor
Drift Ratio Measurement

Laser Beam

Electric Curent

Battery
Emergency Generator
Electric Grid

Possible sources of electric power

Target Surface

Figure 1-1. The proposed SMA-MRF core bracing system equipped a laser sensor

1.3

Research objectives

To employ the advantages of shape memory alloy (SMA) and MR-fluids and overcome their
shortcomings, the novel SMA-MR fluid core bracing system is proposed to be implemented in
buildings, as shown in Figure 1-1. In order to design, model, analyze, and validate the system, the
general objectives, as shown in Figure 1-2, are defined as:
Objective 1: Developing an analytical model of the SMA-MRF-based bracing system
Objective 2: Proposing and refining the conceptual design, fabrication of a prototype of the
proposed bracing systems, and performing experimental tests.
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Objective 3: Evaluate the seismic performance of a frame equipped with bracing systems in time
and frequency domains
Objective 4: Determine the effect of cyclic loading on SMA
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Bracing system test

Implement into scaled structure test
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Revise

No
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Chapter 5
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Effect of loading on the recovery ability

Applying pre-strain on SMA
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Chapter 6

Objective 3: Seismic performance of
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on SMA
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Literate Review

Long-term Loading

End

Chapter 7

Objective2: Experimental
test

Objective 1: Analytical
model

Start

Figure 1-2. Flowchart of goals and topics in this thesis
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1.1

Organization of the thesis
•

This chapter is focused on the introduction, the motivation, objectives, and the conceptual
design of the hybrid semi-active bracing system.

•

In Chapter 2, the application of structural control systems in civil infrastructures with
respect to the amount of activation energy as well as the equivalent viscous damping
coefficient are investigated. A thorough review of the recent publications relevant to the
stability control elements in civil structures is performed. The literature review is
particularly focused on the development and design of SMA-based and MRF-based bracing
systems for civil infrastructures.

•

Analytical and numerical models for SMA-based and MRF-based bracing elements are
introduced in Chapter 3. Numerical examples are discussed to illustrate the dynamic
response of structures integrated with SMA-based and MRF-based elements under various
loading conditions.

•

Based on the outcomes of chapter 4, the design, the analysis, and the numerical modeling
of a hybrid SMA-MRF core bracing system in the OpenSees is introduced in Chapter 4.
Numerical simulations have been discussed to illustrate the enhancement in stability
control of scaled structures integrated with the hybrid systems under several seismic
loadings. The results, including time-history and frequency responses, are compared with
the most common control elements.

•

The design procedure, prototype fabrication, and experimental set-up for the SMA-MRF
core bracing element are presented in chapter 5. Using the MTS machine, a wide range of
experimental tests are conducted to study the influences of the implementation of the
7

hybrid element in structural responses of scaled structures under different loading
conditions, including cyclic loading, both steady and progressive loads, and nondeterministic seismic loading.
•

Frequency analysis of the frame with the SMA-based, the MRF-based, and the SMA-MRFbased bracing systems under simulated ground motions is conducted in Chapter 6. To
enhance the performance of the SMA-MRF based system embedded in the frame, a control
algorithm is designed and applied.

•

The effect of long-term loading on the SMA component is studied experimentally in
Chapter 6. To reduce the degradation’ effect on the SMA properties, pre-strain is applied
to the SMA. A comparison between 0% prestrained and 1.7% prestrained SMAs is
performed.

•

Chapter 7 summarizes the present work, highlights the most important outcomes,
contributions, and novelty of this thesis. Practical recommendations are provided for work
in future researches.
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Chapter 2: Literature review

2.1

Introduction

Civil infrastructures are usually exposed to severe and unpredictable loadings, particularly
earthquakes, tornados, and storms. To enhance the performance and assure the functionality, civil
infrastructures require reliable and efficient mechanisms to provide enough capacity to the
structures to maintain their structural integrity under such loadings.
Therefore, seismic control systems are needed to enhance the structural behaviour, such as an
increase in the energy dissipation capacity of civil infrastructure. Due to the amount of activation
energy, seismic control systems might be classified into passive systems, semi-active systems, and
active systems [5] as displayed in Figure 2-1. In this chapter, the comprehensive review of all
systems is discussed to portray their advantage and disadvantages.
2.2

Passive systems

Passive systems suppress the seismic loads applied to civil infrastructure and control the structural
behaviour without the need for external power [6], which is the main advantage of these systems,
to enhance their dynamic response.
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Structural control systems

Passive systems

Active systems

Tuned Mass damper

Semi-active systems

Mass damper system

Tuned Liquid
Column Damper
Tuned mass damper

Tendon system

Frication damper

Viscoelastic Solid
damper
Metallic yield
damper

Stiffness control
device

Bracing system

Viscous fluid
damper

Viscous fluid
damper

MRF system

Elastomeric Bearing

SMA-based system

Base Isolation
system
SMA-based system

Figure 2-1. The different types of structural control systems adapted from [7]

2.2.1

Tuned mass damper systems

One of the most common passive systems in structural control systems is a Tuned-Mass-Damper
(TMD) system. It consists of an extra mass with a damper and a spring added to the main structures
to reduce the structural response in the occurrence of the resonance [7]. A schematic diagram of a
TMD for a single degree of freedom (SDOF) structure is shown in Figure 2-2.
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..
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Figure 2-2. SDOF with a Tuned Mass Damper system adapted from [8]

The dynamic response of the SDOF system with the fundamental resonance frequency of the
structure (𝜔𝑠 ) and the TMD with the frequency 𝜔𝑑 the system can be modeled with [8]:
..

.

..

𝑃

(1 + 𝜇)𝑥 + 2𝜉𝑠 𝜔𝑠 𝑥 + 𝜔𝑠 2 𝑥 =
− 𝜇𝑢 for the structure
𝑚

(2.1)

𝑑

..

.

..

𝑢 + 2𝜉𝑑 𝜔𝑑 𝑢 + 𝜔𝑑 2 𝑥 = −𝑥 for the TMD

.

..

(2.2)

..

where 𝑚𝑑 , 𝑚𝑠 , 𝑘𝑠 , 𝑘𝑑 , 𝜉𝑑 ,𝜉𝑠 , 𝑢, 𝑢, 𝑢, 𝑥, and 𝑃 are the TMD mass, the structural mass, the stiffness
of the structure, the TMD stiffness, the TMD damping ratio, the damping ratio of the structure, the
displacement, the velocity, the acceleration of TMD, the acceleration of the structure, and external
excitation applied to the primary structure, respectively [8]. 𝜇 corresponds to the ratio of the 𝑚𝑑 to
𝑚𝑠 .
The frequency of TMD is set to the first natural frequency of the primary structure. Thus, the
amplitude of vibration of the primary structure decreases in the case of resonance by increasing
the equivalent damping ratio, which results in dissipating more energy [7]. The main disadvantages
of TMDs are:
•

Occupation of large space
11

•

Large mass

•

TMDs are only effective at a single a frequency that might not coincide with the seismic
loading

•

2.2.2

TMD’s are very sensitive to de-tuning [8].

Pendulum Tuned Mass Damper

Conventional TMD requires a large space and a very large mass. Hence, a suitable candidate is the
Pendulum TMD (PTMD) system [8]. The system consists of a mass that hangs from the top of the
main structure by a cable [8], as illustrated in Figure 2-3 schematically. When external excitation
is applied to the structure, the PTMD generates opposing forces.
Assumed that 𝜃 is small, The equation of motion of an SDOF PTMD can be written as [9]:

∅

L

Md
x

u
t=0

t=t0

Figure 2-3. Schematic diagram of Pendulum Tuned Mass Dampers [8]
..

𝑚𝑑 𝑢 +
..

𝑚𝑑 𝑔
..
(𝑢) = −𝑚𝑑 𝑥
𝐿

(2.3)

..

where 𝑚𝑑 , 𝐿, 𝑢, and 𝑥 are PTMD mass, length of the cable, PTMD acceleration, and acceleration
of excitation, respectively. The spring stiffness of PTMD is written by [9]:
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𝑘𝑑 =

𝑚𝑑 𝑔

(2.4)

𝐿

The natural frequency of PTMD is calculated as:
𝑔

𝜔𝑑 = √ 𝐿

(2.5)

The main advantage of the system is the capability of re-tuning the natural frequency of the PTMD
by a change in the length of the PTMD cable.

2.2.3

Bidirectional Tuned Mass Damper

A Bidirectional Tuned Mass Damper (BTMD) is a new class of TMD which was introduced by
Almaz et al. [10]. The system consists of Y-shape cables connecting the top of the structure to the
damper mass and a friction damper between the mass damper and bottom of the structure, as
displayed in Figure 2-4. The advantages of this system are:
•

Simplicity

•

The ability to tune the damper to two independent frequencies of building.

Figure 2-4. Schematic diagram of Bidirectional Tuned Mass Damper Dampers [8]
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2.2.4

Tuned Liquid Column Damper (TLCD)

A Tuned Liquid Column Damper (TLCD) is a type of TMD in which the mass, damping, and
stiffness are replaced with water [8]. The concept of a TLCD has been used for a long time to
stabilize ships; in the 1980s, Sakai et al. [11] proposed to use TLCDs to stabilize buildings. Figure
2-5 displays a schematic diagram of a TLCD.
In this system, the energy applied to the structure by external excitation transfers to the water and
eventually converts to heat due to friction. Therefore, the energy from the external excitation is
dissipated [7]. The low-cost, easy installation and low required maintenance of this system have
attracted much interest from users and designers [12–20].

Figure 2-5. Schematic diagram of Tuned liquid damper taken from [8]

The equation of motion of an SDOF TLCD with the cross-sectional area (𝐴) is expressed by [8]:
Primary

..

.

..

𝐿

(𝑚𝑠 + 𝜌𝐴(𝐿ℎ + 𝐿𝑣 ))𝑥 + 𝑐𝑠 𝑥 + 𝑘𝑠 𝑥 = 𝜌 − 𝜌𝐴𝑢(𝐿ℎ + 𝐿𝑣 ) 𝐿ℎ

(2.6)

𝑣

Structure
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TLCD

..

𝐴(𝐿ℎ + 𝐿𝑣 ))𝑢 +

𝜌𝐴𝜉𝑙
2

.

.

|𝑢|𝑢 + 2𝑔𝜌𝐴𝑢 + 𝜇𝜌 −

𝐿ℎ
𝐿𝑣

..

𝐴𝑥(𝐿ℎ + 𝐿𝑣 )

(2.7)

system

where 𝜌, 𝐴ℎ , 𝐴𝑣 , 𝐿ℎ , and 𝐿𝑣 are the fluid density, the horizontal cross-sectional area, the vertical
the cross-sectional area, the horizontal length, and the vertical length, respectively. All parameters
are shown in Figure 2-6. 𝑢 corresponds to the horizontal movement of the primary structure and
TLCD system.
𝑚𝑡 which is the mass TLCD, is given by [8]:
𝑚𝑡 = 𝜌𝐴(𝐿𝑣 + 𝐿𝑣 )
𝐶𝑇 =

𝜌𝐴𝜉𝑙
2

(2.8)

.

(2.9)

|𝑢|

Y

where 𝜉𝑙 stands for the head loss coefficient.

Vertical Length, Lv

TLCD mass, mt

Orifice
Vertical Area, Av

Horizontal Area, Ah
Horizontal Length, Lh
u

Figure 2-6. Properties of TLCD adapted from [8]
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2.2.5

Friction damper

Friction dampers, e.g. Slotted Bolted Connections (SBC) [21], provide relative motion between
two bodies. The sliding friction between the bodies dissipates energy [22]. The main purpose of
this damper is shifting from the high amplitude to lower amplitude of vibrations, particularly in
the resonance [7]. In addition, the energy dissipation capacity is sizable and is not a function of
the ambient temperature [2].
Different types of dampers are available, including Pall cross-bracing friction dampers, as
displayed in Figure 2-7 [23], and cylindrical friction dampers [24].
The dynamic behaviour of friction dampers is based on experimental tests that can be fitted to the
following expression [22]:
.

𝑝 = 𝜇𝑁𝑠𝑔𝑛(𝑢)

(2.10)

.

where 𝜇, 𝑁, and 𝑢 denote coefficient of dynamic friction, normal force at the sliding interface, and
velocity, respectively.
F

F

F

Column

F

Friction Damper
Beam

Figure 2-7. Schematic diagram of friction damper and installation in civil infrastructures adapted from [7]

The main disadvantages of the system are no restoring force and permanent deformation.
Furthermore, its response is nonlinear and needs nonlinear analysis.

16

2.2.6

Viscoelastic Solid damper

Viscoelastic solid dampers are composed of solid elastomeric pads of viscoelastic material
attached to steel plates, as shown in Figure 2-8 [22]. The characteristics of this damper include
both viscous and elastic behaviours [7]. It has the ability to absorb energy during loading and
release stored energy while unloading with delay [7].
The dampers are installed in bracing systems and the two ends of the damper move with the
movement of the two sides of braces. The relative movement between steel plates and pads
dissipates the energy in the viscoelastic material [22].
Visco-Elastic material

Figure 2-8. Schematic diagram of the viscoelastic solid damper adapted from [22]

It should be noted that the behaviour of this damper depends on the frequency of motion, the strain
amplitude, and temperature [22].
In a simplified form, the system can be modeled by “linear spring in parallel with a linear
viscous dashpot” [22]. The damping force can be computed by:
.

𝑃(𝑡) = 𝐾𝑢(𝑡) + 𝐶𝑢(𝑡)

(2.11)

where 𝐾, 𝐶, and 𝑢(𝑡) denote storage stiffness of the damper, damping coefficient, and
displacement, respectively.
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The system can be activated in a low displacement, and modeling of its behaviour is relatively
easy. However, the functionality of the damper strongly depends on the ambient temperature and
the loading frequencies. In addition, the deformation capacity is limited [2].

2.2.7

Metallic yield damper

Traditionally, the plastic deformation and ductility of civil infrastructures were designed to
dissipate the energy of seismic loads. Metallic yield dampers function in the same way [7,25].
Metallic yield damper (MYD) is a type of damper that uses hysteretic materials, like mild steel, to
absorb the dissipated energy as a result of external loadings, such as seismic loads [25]. In many
cases, metallic dampers are installed in buildings as a chevron bracing system, as shown in Figure
2-9 [7].
The damping force(𝑃𝑦 ) is given by:
𝑃𝑦 = (𝐵𝑡 2 /3𝐿)𝑓𝑦 ,

(2.12)

∆𝑦 = (𝐻 2 /2𝐸𝑡)𝑓𝑦 ,

(2.13)

where B, t, and H represent the width, the thickness, and the height of the damper. ∆𝑦 , 𝑓𝑦 , and 𝐸
denotes the yield displacement, the yield stress, and Young's modulus of the material,
correspondingly.
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Column

Metallic yield damper

Beam
Figure 2-9. Schematic diagram and installation of metallic yield damper adapted from [7]

The metallic yield damper is a good option to improve the structural behaviour due to the stability
in its hysteresis response in long-term use. Nevertheless, the system is damaged under strong
earthquakes and should be changed [2].

2.2.8

Base Isolation system

Base isolation systems are an efficient method to protect primary structures during earthquakes;
the system decreases the vibration amplitude of the main structure by providing more flexibility
to the base of the structure [7]. The major effect of isolation is to alter the natural frequency of the
structure from a higher magnitude to a lower one [7]. It is suggested to use the system for the low
and middle-rise buildings [7].
Base isolation systems are installed between the foundation and the main structure [7]. Figure 2-10
and Figure 2-11 display the applications of base isolation systems in civil infrastructure. Base
isolation systems are categorized into; (1) Elastomeric Bearings (2) Friction Bearings, and (3)
Lead-Plug Bearings [7], [5].
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Fixed
bearing

Base Isolator

Damage
area

Earthquakes

Figure 2-10. Application of base isolation system in bridges [5]

Base-Isolated
Building

Fixed-based Building

Earthquakes

Earthquakes

Figure 2-11.Application of base isolation system in buildings [5]

2.2.9

Elastomeric Bearing

Elastomeric bearings are composed of natural rubber that is sandwiched between two steel plates, as
illustrated in Figure 2-12 [7]. The key role of the bearing is changing the natural frequency of the
primary structure. However, the resistance of the elastomer against the lateral movement is typically
very low, requiring larger dampers to achieve sufficient stiffness and damping and to avoid the
structural instability [7].
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Thick steel plate connected to column

Steel
Shin

Natural
Rubber

Thick steel plate connected to foundation

Figure 2-12. Schematic diagram of Elastomeric Bearing adapted from [7]

Lead-Plug Bearing

The low stiffness of the elastomeric bearing is improved by plugging a lead core, as shown in Figure

2-13. The performance of the system is a function of the lateral force. For small forces, the natural
rubber provides the desired flexibility. For large forces, the lead core dissipates energy when it yields
[7].

Thick steel plate connected to column

Steel
Shin

Natural
Rubber

Lead
Core

Thick steel plate connected to foundation

Figure 2-13. Schematic diagram of Lead-Plug Bearing adapted from [7]
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Friction Pendulum Bearing

The working principle of Friction Pendulum Bearings (FPB) is based on the friction between
sliding surfaces when the forces are applied on surfaces and bearing. The main drawback of this
damping system is its inability to return to its initial position after an earthquake, thus resulting in
a permanent dislocation of the structure [7]. In order to overcome this problem, a modified FPB
was developed in which the core of the bearing is replaced with spherical or concave sliding
surfaces. This modification causes the system to move the structure back to its initial position after
an earthquake. Figure 2-14 shows this system schematically. To prevent corrosion, the surfaces
are coated with a layer of Teflon.
Articulated slide

Teflon coated spherical surface

Stainless steel base

Figure 2-14. Schematic diagram of Friction Pendulum Bearing adapted from [7]

2.2.10 Viscous-based damper
A viscous damper is a cylinder-piston filled with a polymer liquid, as shown schematically in
Figure 2-15. The amount of force generated in a viscous damper is proportional to the rate of
change in piston displacement, i.e. the velocity of the piston rod.
The relation between force and velocity of a typical viscous damper can be expressed by [26]:
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𝐹𝑉𝑖𝑠𝑐𝑜𝑢𝑠 (𝑡) = 𝐶𝐷 |𝑥̇ 𝑑 |𝛼 𝑠𝑔𝑛(𝑥̇ )

(2.14)

where 𝐶𝐷 , 𝛼, and 𝑥𝑑 (𝑡) represent the damping coefficient, the velocity exponent, and the piston
rod displacement, respectively.
The performance of the system is proven, but there is a possible leakage [2].

Figure 2-15. The schematic diagram of a viscous-based structural control system [26]

2.3

Semi-active system

Among protective systems, the semi-active systems are commonly used in civil structures as they
don’t exhibit typical problems of active systems, including capital cost, maintenance, power
failure, system reliability, and the lack of knowledge/information [27]. They also don’t suffer from
passive system problems, such as being unable to adjust to new loading conditions [28]. Semiactive systems combine the best characteristics of both active and passive systems [29]. Different
kinds of semi-active systems have been developed for civil structures, such as the friction
controllable isolators [30], semi-active tuned mass dampers, semi-active stiffness control devices,
and semi-active viscous fluid dampers [7].
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2.3.1

Viscous fluid damper

The working mechanism of the semi-active viscous fluid damper is similar to the passive fluid
viscous damper, but a closed solenoid valve, which controls the volume of passing flow through
the valve, can adjust damping at different levels [31], [7]. This damper is represented schematically
in Figure 2-16. This system was introduced by Shinozuka et al. [39] with a two-stage damper [31].
The damping force of this system is written by [31]:
.

𝐹 = 𝐶(𝜉)𝑢

(2.15)

.

where 𝐶(𝜉), and 𝑢 denote the damping coefficient and the relative velocity of the piston head,
respectively.
Valve

Piston Rod

Secondary Orifice

Piston head with orifice

Viscous fluid
Figure 2-16. Semi-active viscous fluid damper took from [7].

Active systems require the external power to be energized. Basically, these systems need the
sensor(s), the controller, and the actuator(s) to apply the proper resistance force. The main
advantage of this system is the ability to tune with a wide range of loadings.
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2.3.2

SMA-based systems

A smart system is a system with the ability to adapt itself with respect to different loading
conditions [32,33]. Smart systems are widely used in many engineering applications, including
civil, aerospace, and automotive [34–45]. Smart materials are often the core elements in smart
systems/structures. The most common smart materials, which are used in smart systems, include
magnetorheological fluid, piezoelectric material, and most recently, Shape Memory Alloy (SMA)
[46]. The SMA material refers to a new class of material with the ability to recover its predefined
shape after experiencing a large deformation, even up to 14% of its initial length [47]. Although
the discovery of SMA goes back to the 1930s [47], the applications of this material have been
found interesting in the last few decades [48]. The reasons for the late introduction of SMAs is
mainly due to the lack of knowledge in its thermo-mechanical behaviour, the high manufacturing
cost, and the low reliability of available SMAs [48]. The recent developments of SMA have led to
obtaining an in-depth knowledge of the Austenite-Martensite phase and the Martensite-Austenite
phase, decreasing the manufacturing cost, a large number of research works, and thus increasing
the reliability of such materials [48]. This can be realized from the huge number of publications in
many countries in recent years. Figure 2-17(a) illustrates the number of global publications in the
period from 2000 to 2019, which shows a marked increase in the last two decades. While keywords
are limited to bridges or buildings and SMAs, the remarkable rise is observed in that period, as
presented in Figure 2-17(b). The distribution of publications in bridges and buildings in 10
countries between 2000-2019 is illustrated in Figure 2-18. It is noted that China, the United States,
and Canada have the highest number of publications in both kinds of civil infrastructure. The data
proves that the SMA and SMA-based applications are very interesting topics for a large research
community, particularly in civil infrastructure.
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Figure 2-17. Number of publications between 2000-2018 (a) General applications of SMAs
(b) SMA applications in bridge and building Source: the engineering village®

Figure 2-18. Distributions of published papers in SMAs among ten countries between 1990-2018 (a) in
buildings (b) in bridges Source: the engineering village®

2.3.2.1

Characteristics of SMA

SMA has distinct thermomechanical properties. When subjected to large plastic strain, it can
recover its original shape by applying heat, which is termed as the shape memory effect (SME).
Applying heat internally or externally increases the temperature above its phase transformation
and causes SMA to recover its initial shape [1]. Another important characteristic of SMA is its
superelasticity (SE), which is the capability to recover its original shape from nonlinear strain
instantaneously upon load/stress removal [49].
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The change in crystal microstructures of SMA is mainly responsible for the SME and the SE. In
order to change the crystal structure, the Gibbs free energy should be changed by applying
mechanical loading and/or temperature gradient. On the other hand, the temperature and loading
have the same effect of changing the crystal phase [50],[51]. It is worth knowing that SMA has
three crystal structures, including; twinned Martensite (TM), detwinned Martensite (DM), and
Austenite (A) [52]. As presented in Figure 2-19, there are six possible microstructure
transformations with respect to the stress and temperature history. Switching procedures from one
phase to another phase are given as follows [53]:
The SMA behaviour in the macro-structure level, under the thermal and/or mechanical loading or
unloading, is classified into two phases: Martensite phase, which is stable at low temperature and
is the weaker phase, and the Austenite phase, which is a stronger phase and stable in high
temperature. Nitinol(NiTi), as one of the most common SMA types, has a transformation
temperature range between -50 to 110 degrees Celsius [54]. In order to find the phase of SMA
subjected to a given applied strain, the characteristics of SMA should be defined. Two important
parameters are the applied strain and the working temperature, which are used to determine the
stress of the SMA and its phase. The relation between temperature-strain-stress is presented in
Figure 2-19. In this figure, 𝑀𝑑 and 𝑀𝑓 are the maximum temperature, which shapes the Martensite
phase and the temperature when the Martensite phase transformation is completed, respectively.
The Austenite finish temperature (𝐴𝑓 ) is the minimum temperature in which SE occurs. 𝐴𝑠 denotes
the temperature that the Austenite phase begins. The maximum superelastic strain (𝜀𝑠 ) and
maximum applied strain (𝜀𝑚𝑎𝑥 ). The term 𝜀𝑚𝑎𝑥 indicates the maximum reversible strain of SMA,
and SMA can recover its strain status after unloading fully. In Figure 2-19, the Young modulus in
the Austenite phase and the Martensite phase are denoted as 𝐸𝐴 and𝐸𝑀 , respectively.
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Figure 2-19. The schematic stress-strain-temperature diagram of SMA adapted from [49],[55]

Table 2-1 provides the list of various SMA materials available in the market, exhibiting a wide
range of mechanical properties that could lead to different applications. For instance, the maximum
and minimum of 𝜀𝑚𝑎𝑥 are 3.1% in NiTi50 and 15.0% in FeNiCoAlTaB. 𝐸𝐴 also varies from 14.3
GPa in NiTi25Cu25 to 117.8 GPa in NiTi50. 𝐴𝑓 also varies between -62.0oC in FeNiCoAlTaB to
77.8oC in NiTi50. These wide ranges of mechanical and thermal properties highlight the usability
of such material in many civil related applications.
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Table 2-1. Mechanical properties of SMAs

Alloy

𝜀𝑚𝑎𝑥 (%)

𝜀𝑠 (%)

𝐸𝐴 (𝑀𝑃𝑎)

(𝐴𝑓 °𝐶)

Reference

NiTi49.1

5

3.6

40.4

44.6

[56]

NiTi49.5

5.7

4.6

45.3

53.0

[56]

NiTi50

3.1

2.2

117.8

77.8

[56]

NiTi

8.2

6.8

30.0

42.9

[57]

NiTi45

6.8

6.0

62.5

-10.0

[58]

NiTi44.1

6.5

5.5

39.7

0

[58]

NiTi40Cu10

4.1

3.4

72.0

66.6

[56]

NiTi41Cu10

4.1

3.1

91.5

50.0

[56]

NiTi41.5Cu10

3.4

2.8

87.0

60.0

[56]

NiTi25Cu25

10.0

2.5

14.3

73

[59]

CuAlBe

3.0

2.4

32.0

-65

[60]

FeMnAlNi

6.1

5.5

98.4

<-50

[61]

FeNiCoAlTaB

15.0

13.5

46.9

-62.0

[62]

2.3.2.2

Damping properties and energy dissipation capacity

Due to the SE and SME phenomena, SMA materials can absorb the induced energy of the external
load during the loading-unloading procedure. Figure 2-20(a) shows one complete cycle of loadingunloading for an SMA considering the superelasticity when (𝑇 > 𝐴𝑓 ) [50]. Similarly, Figure
2-20(b) shows the same cycle when considering SME. It is noted that SME is given when (𝑇 <
𝑀𝑓 ). The shaded areas in Figure 2-20 (inside the loop) indicate the amount of energy dissipation
capacity and equivalent viscous damping coefficient [50].
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Superlastic Effect

Shape Memory Effect

Temperature>Af

Stress(σ), MPa

Stress(σ), MPa

Temperature<Mf

Energy Dissipation
Energy Dissipation

Strain(ε), %
(b)

Strain(ε), %
(a)

Figure 2-20. The energy dissipation capacity in a complete cycle (a) in the superelasticity (b) in the shape
memory effect [50]

The equivalent viscous damping coefficient can be computed by [63]:
ξ=

Ah
2πDm Fm

(2.16)

where 𝐴ℎ , 𝐷𝑚 , and 𝐹𝑚 represent the energy dissipation capacity, the maximum displacement, and
the maximum force in one complete cycle, respectively.

2.3.2.3

Protective systems in civil engineering

The energy dissipation and damping capacity, i.e. the SE and the SME of SMA materials, are the
keys to develop various devices and components for many engineering applications, such as
aerospace, biomedical, automotive, etc. [32],[64]. However, this study is focused on the
applications of SMA in civil infrastructures, including steel, concrete, and timber structures, as
shown in Figure 2-21 [37,65–68]. In fact, these applications cover a wide range of topics, mainly
in the structural control systems, regardless of the system type [50]. It should be noted that different
types of SMA-based control systems have not been well explored in research communities [69].
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Figure 2-21. SMA-based systems in civil engineering applications

Steel Structures
Steel is a common material to construct the modern civil infrastructure where its flexibility and
ductility have made it an ideal contender in the construction industry [70–73]. In order to protect
these structures from failure, different techniques such as passive, active, and semi-active systems
with conventional materials have been proposed. The following subsections outline the available
systems highlight the general features of each one.

Frequency controller
The tuning of the fundamental frequency of civil infrastructure is one of the practical techniques
to improve the vibration response of the structure. One of the SMA-based application is to change
that frequency [74].
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Figure 2-22(a) shows the schematic design of this system installed in buildings. The system is a
semi-active control, and it is used to control the structure by applying an electric current. As shown
in Table 2-2, the SMA-based system with frequency controllers provides a sharp increase in the
natural frequency of the system.
Damper
The SMA-based dampers are widely used in bridges and buildings to upgrade the structural
behaviour [50,75–78]. Figure 2-22(a), Figure 2-22(b), and Figure 2-23(a) show the application of
SMA-based dampers in buildings and bridges schematically. The detail of an SMA-damper is
presented in Figure 2-23(b). The outputs of the system are summarized and presented in Table 2-2.
It is observed that SMA-based dampers suppress the vibration response and reduce the relative
hinge displacements in the structure. It is evident that damping systems are the most common
SMA-based systems in the civil engineering applications to protect the structure against the
external excitations.

Steel Frame

5-Story building
Lumped Mass
Lumped Mass

Mass

NiTi Wires
SMA Damper
Hydraulic Actuator

Shaking Table

Shake Table test
(a)

(b)

Figure 2-22. (a) The schematic diagram of the frequency controller by SMA wires [74], (b) The steel frame
with SMA damper [53]
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external sliding block

left cover
barrel

right cover

left leader
SMA
damper

SMA damper

locking
Inner sliding block
SMA wiresstick
(a)

rectangle hole

(b)

Figure 2-23. (a) The schematic diagram of the stay cable with bridge adopted from [50], (b) The schematic
diagram of SMA-based damper [50]

Bracing system
The main role of a bracing system in building structures is to resist lateral loads, such as wind or
earthquake loads, and thus help dissipate energy during horizontal movement of the building [73].
The bracing systems can be implemented in a building in different configurations, such as X-type,
diagonal-type, V-type, and inverted V-type. The SMA-based bracing system will not only serve
the purpose of regular bracing but also it can help self-center the structure. Several researchers
have proposed SMA-based self-centering buckling free bracing [67,79–87]. Figure 2-24 presents
the SMA-based bracings, which are used to replace the conventional bracings and to study the
self-centering behaviour of such systems. Many efforts have been made to design and develop
different types of SMA-based bracing systems. Figure 2-25 shows the novel bracing systems used
in different civil infrastructure. The structural enhancement by implementing SMA-based systems
is presented briefly in Table 2-2 as well. As noted, the SMA-based bracing systems increase the
energy absorption and the re-centering capability, reduce the inter-story drift, the roof
displacement, and the accelerations of structures and bridges.
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Rigid Link
SMA

Figure 2-24. Inverted-V SMA based implemented into the 4-story steel frame [81]
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Couple/wedge Lock

SMA ring

Sleeve

Brace Shaft

Block A

Back Gap Back Tie/wire Front Tie/wire

Front Gap

Steel Connection

(a)

(b)

(c)

Figure 2-25. (a) Typical diagram of steel braced frames with SMA [88], (b) The SMA-based ring bracing
system adapted from [82], (c) The schematic diagram of the piston-based self-centering bracing system
adapted from [89]

Steel beam-column connections
The 1995 Kobe and 1994 Northridge earthquakes revealed the importance of the unexpected
damage zones in steel moment-resisting frames (MRFs) [90]. One of the common weaknesses in
the beam-to-column connections was the brittle failure, which occurred due to the poor welding
material, the connection design, and details at that time [90,91]. In addition, studies show that
deformation and damages become permanent in MRFs under severe earthquake loads [90].
Consequently, MRFs cannot recover the initial shape after and during strong seismic events [90].
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Thus, many researchers proposed the utilization of SMA-based elements into the plastic hinge
region of steel beam-column connections [90,92–96]. Figure 2-26 portrays a schematic diagram
of these connections [90,97,98]. Figure 2-26(a) presents the configurations of the SMA plates to
fasten the steel beam to the column. Figure 2-26(b) and Figure 2-26(c) show SMA-tendons to
secure the steel beam to the column or vice versa. As can be seen in Table 2-2, using SMA-tendons
improves the energy dissipation capacity and the ductility of the structure. Moreover, the system
can remove permanent deformation and prevent local buckling.

Column
SMA plate

SMA tendons

SMA Tendons

Beam

(a)

(b)

(c)

Figure 2-26. (a) A proposed configuration of added SMA plates to steel-beam connections adapted from [90],
(b) The steel beam-column connection with SMA tendon adapted from [98], (c) SMA tendons adapted from
[97]

Vibration isolation systems
The vibration isolation system is one of the most efficient protective systems in civil structures
[70]. As presented in Figure 2-27, these systems are categorized into Sliding Bearings, FiberReinforced Elastomeric Isolators (FREI), and Steel-Reinforced Elastomeric Isolators (SREI). The
vibration isolation system in civil infrastructure is composed of three sub-systems, namely,
isolators, substructure, and superstructure or main structure [65,99–106], as displayed in Figure
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2-28(a). The uncoupled isolators are located between the superstructure and substructure
(foundation). In this case, the main structure moves relative to the foundation to prevent seismic
hazards by providing variable stiffness. The system makes the structure very stiff for weak
earthquakes and very flexible for powerful ones; thus, it minimizes the transferred energy from the
earthquake loads to the superstructure [65]. This system acts as a filter between the superstructure
and seismic loads to preserve the main structure from seismic hazards [107]. In order to improve
the energy dissipation capacity of the isolation system, the SMA, which has the variable stiffness,
is the ideal candidate [65]. For example, Lead Rubber Bearings (LRBs), as SREI, are integrated
with SMA-bars to enhance the structural dynamic behaviour of conventional LRBs. Figure 2-28
(b) and Figure 2-28 (c) show the two samples of LRBs with SMA [108–110].
High Damping Rubber
Bearing (HDRB)

CFRP(Carbon Fiber
Reinforcement polymer -HDRB

Natural Rubber Bearing
(NRB)

Lead Rubber Bearing
(LRB)

Steel-Reinforced Elastomeric
Isolators (SREI)

CFRP-NRB
Vibration isolation system

Pure-friction system

(P-F)

Resilient-Friction-based
Isolator(R-FBI)

Electric De France(EDF)

CFRP-LRB
Fibre-Reinforced
Elastomeric Isolators
(FREI)
CFRP-BRB

Ball Rubber Bearing
(BRB)

Sliding Bearings
Sliding Resilient Friction(SRF)

Figure 2-27. The different types of vibration isolation systems taken from [5]
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Main structure
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Thick steel plate connected to column
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Lead Core
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Figure 2-28. (a) The schematic diagram of the vibration isolation system with SMA bars adopted from [1], (b)
The LRB with SMA restrainers adopted from [19], (c) LRB models with SMA bending bars [70]

The summary of SMAs applications in isolation systems is presented in Table 2-2. As observed in
Table 2-2, such systems enhance the different structural parameters. The most desired outputs are
improving in the energy dissipation and the re-centering ability, and reduction in the residual
displacement.
The different concepts of SMA-based applications in the steel structures have been provided
briefly in Table 2-2. It is observed that the SMA-based bracing and the isolation systems are the
most common systems in steel structures buildings with more than one story.
Figure 2-29 and Figure 2-30 provide a summary of SMA-based applications in steel structures.
The summary is classified as methods and outputs based on the discussed systems. Among the
existing methods, the numerical method is the most common approach. The simplicity and
relatively low-cost, contrast to other methods, are the main possible reasons to develop SMAbased applications in steel structures. The summary also displays that SMA-based systems using
the SE are more applicable than the SME. It may be linked to the simplicity of use since no need
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for an external heat source to activate the SE. The effect of SMA-based systems on steel structures’
behaviour is also summarized, considering many parameters. Based on the information provided
in Table 2-2, it is clearly noted that many forms of displacement, like the inter-story drift and the
maximum inter-story drift ration, are the most outputs of different SMA-based applications in steel
structures.
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Table 2-2. The summary of SMA applications in steel structures
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Figure 2-29. The summary of the superelastic SMA-based in applications in steel structures
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Figure 2-30. The summary of the shape memory effect of SMA-based applications in steel structures

Concrete Structures
Concrete is widely used to construct modern civil infrastructures, such as buildings and bridges.
In order to mitigate the seismic hazards, prevent and control the occurrence of damage in concrete,
SMA bars and wires have been embedded into the concrete [41,44,119–129], as shown in Figure
2-31. To enhance the stability and performance of concrete structures, many studies have been
conducted to investigate the effects of implementing SMA in concrete structures. The applications
of SMA-based systems in concrete include SMA fiber reinforced concrete, hybrid steel-SMA rebar
in concrete, steel-concrete connections, and isolation systems.
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SMA rods

Figure 2-31. The conceptual diagram of concrete with SMA rods adapted from [50]

SMA fiber reinforced concrete
Embedding of SMA strips (bars) into the fiber reinforced concrete is one of the applications of
SMA in concrete structures [41,130]. Figure 2-32 depicts the typical diagram of this application.
The SMA-reinforced concrete can absorb more energy, reduce the residual drift, and recover the
applied stress over the conventional reinforced concrete (RC). In pre-stressed concrete, nearsurface mounted (NSM) fiber-reinforced polymers may be replaced with SMA bars in which the
need for pre-stressing tools such as mechanical jacks and anchor heads is avoided. This method
reduces the crack propagation, stress in the rebar steel and improves the fatigue resistance of the
concrete [131,132]. Furthermore, the prestressed SMA increases the crack load and reduces
displacement compared to the SMA behaviour in the unstressed condition [131].
Concrete

Two Fe-SMA strips
(a)

Steel Rebar

LVDT

Two Fe-SMA strips
(b)

Figure 2-32. The conceptual diagram of concrete with SMA rods adapted from [50]

Steel and steel-concrete connections
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In order to give the self-centering ability to the steel connections and steel-concrete (composite)
connections, SMA bolts are used to secure the steel beam to the steel column and steel
beam/column to concrete slabs connections, as shown in Figure 2-33. In comparison with the
conventional steel connections and composite connections, SMA bolts provide higher capacity in
terms of energy absorption and equivalent viscous damping [39,133–135].
SMA Bolts

Concrete Slab

Column

Beam

Beam Stiffener

Figure 2-33. The schematic diagram of SMA bolts between the steel to steel elements and steel elements to the
concrete slab adapted from [133]

Hybrid Steel-SMA or Fiber-Reinforced Polymer (FRP) -SMA rebar in concrete
A combination of SMA bars and conventional steel bars is a suitable method to increase the
capacity of the structure in absorbing energy and, in turn, increasing the lifetime of RC structures
[136,137]. The typical diagrams of the hybrid Steel-SMA rebar in concrete are presented in Figure
2-34. In addition, SMA rebar enhances the resistance of structures to corrosion and fatigue [138].
Studies also prove that the structure with hybrid rebar provides significant fire resistance in RC
structures [138],[139].

43

Regular Steel rebar
Bar coupler
Bar coupler

SMA rebar

Concrete
Column

Regular steel rebar

NiTi Rods
RC Beam
Typical Strain gauge
SMA rod
RC Column

(a)

Ground

(b)

Steel bar

(c)

Figure 2-34. The schematic diagrams of the steel-SMA rebar in concrete structures [50,138,140]

Isolation devices
Figure 2-35 shows an SMA isolator system that is integrated into highway bridges
[107,109,110,141] to increase the damping and the energy dissipation of the base structure. Such
a system provides varying benefits for the main structure, such as controlling the displacement and
dissipating the energy of the lateral loads more efficiently [109].
SMA isolator and
laminated rubber bearing

highway bridge

Figure 2-35. Isolator in the highway bridge adapted from [109]
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Table 2-3 illustrates the summary of the SMA-based applications in different kinds of concrete
structures. It is observed that SMA-based systems provide several functions, including controlling
the crack propagation and damage in structures, enhancement in the structural response, preventing
damage in the structure, and controlling the vibration. To illustrate the significance of SMA
materials in civil structures, several structural parameters, including the energy dissipation
capacity, the self-centering, the interstory drift, the flexural capacity, and the damping capacity,
must be determined.
Figure 2-36 and Figure 2-37 portrays a brief of SMA-based application in concrete structures. It
is categorized based on the methods and outputs for each investigated system. It is clear that the
SE is remarkably more common than the SME due to the simplicity in use and no need for any
external heat source.
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[110]
[148]

Laminated rubber bearing isolation Remarkable decrease in the
system with SMA
displacement and peak acceleration
PTFE isolation system with SMA Decreased the base displacement and
the base shear coefficient

Vibration controls

[147]

[146]

SMA fibers implemented in
cement mortar
The SMA wires to install in the
concrete beam

Prevent damage

Improved the tensile and bending
strength
Improved the flexural capacity sand
supply the large recovery force

[145]

Damage control

Prestrained SMA spirals to repair Increased the lateral stiffness about
the damaged RC columns
150%

[144]

Increased lateral strength, energy
dissipation capacity, and re-centering
ability

[128]

[143]

Reduced the inter-story and the topstory residual drifts

[109, 112]

[122]

Reference

Near-surface mounted SMA-bars Increased the yielding and ultimate
anchored underneath RC beams load capacities and the ductility

SMA bars in the plastic hinge
regions of beams in an 8 story RC
frame
SMA tension brace in retrofitting
RC shear walls

Reduced permanent drift and seismic
damages

Recovered cracks upon heating

Continuous SMA wires
(martensite form) in RC beams
SMA rebar in the plastic hinge
region of RC bridge piers

Control Crack propagation

Enhance structural response

Result

Action

Goal

Table 2-3.The summary of SMA-based applications in concrete structure

Analytical

Damper
Bracing system
[110]

Damage controller
Numerical

SMA-bars(wires)
SMA joints

Experimental

Figure 2-36.The summary of superelastic SMA-based applications in concrete
structures

[121]

Experimental

Damper

Analytical

Numerical
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[78]

Displacement

Base Isolation

Base Isolation
Experimental

[107]

interstory drift

residual deformation

Shape Memory effect
Superelasticity

[112]

Stiffness

Experimental
Analytical

[67]

Numerical

Bracing system

Numerical

Analytical

[144]

Damping

Experimental

[120]

Numerical

Analytical

Numerical

[119]

Analytical

[117]

Experimental

Analytical
[143]

Energy dissipation

Numerical

Numerical

[133]

Analytical
[134]

Moment
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SMA joints
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Experimental

SMA-bars(wires)

[130]
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Experimental

Numerical

Drift
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Analytical

Systems

References
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Numerical

.
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Experimental

Numerical
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Experimental

Numerical
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Damper
Bracing system
Damage controller

SMA-bars(wires)
SMA joints

Systems

Bracing system

Damage controller

SMA-bars(wires)

Figure 2-37. The summary of shape memory effect SMA-based applications in concrete structures

Timber Structures
The timber civil infrastructure is very common in North America due to its simplicity in the
construction, the low cost, the availability of the raw material, and rapid construction [149–153].
In order to enhance the dynamic behaviour of timber structures, SMA-based systems are utilized
and integrated into timber structures [125,154–156]. However, it can be noted that the applications
of SMA-based systems in timber and wood structure are not very common.
Recently, few studies have been performed to implement the SMA-bars/wires in timber structures,
as shown in Figure 2-38(a), to connect timber walls. Another application, as presented in Figure
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2-38(b), is an SMA-based energy dissipater which is embedded in the wood shear wall [157]. The
SMA is also used for tuned mass damper (TMD), as displayed in Figure 2-38(c), to reduce the
amplitude of vibration response in a timber structure. According to the studies that are conducted
on SMA-based systems in timber structures, self-centering, and energy dissipation are the most
important aspects of these types of structures. Due to the sensitivity of timber structures to external
heat, existing research of the SMA-based system in timber structures is limited to the SE type.
SMA tubes/bars

Wood Shear wall

SMA device

Timber floor

TMD support

Mass

SMA

Timber walls
(a)

Timber walls
(b)

(c)

Figure 2-38. (a) SMA device installed in wood shear wall taken from [157], (b) SMA tubes/bars in timber
walls taken from [158], (c) The tuned mass damper with SMA [155]

2.3.3

MRF-based semi-active systems

In order to enhance the performance of semi-active systems, magnetorheological fluid (MRF)
systems have been used to replace conventional passive systems since they provide fast response,
good controllability, and low activation energy.
2.3.3.1

MRF Types

MRF-based systems can be classified into two types, as follows:
Traditional MRF
MRF is a smart fluid with controllable viscosity. It is composed of tiny suspended ferromagnetic
particles in a carrier fluid and stabilizers, as displayed in Figure 2-39 [159]. Each component plays
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an important role in the MRF’s behaviour. Suspended ferromagnetic particles, such as iron, supply
variable viscosity. The carrier fluid, typically a synthetic oil, provides the basic viscosity and the
media for all components. Stabilizers aim to uphold the smart properties of the MRF by preventing

Without
Iron Particle

Weak

- +

- +

- +

- +

- +
- +

Direction of the magnetic
field

- +

Direction of the magnetic
field

the ferromagnetic particles from settling [160–163].

Powerfull

Figure 2-39. The magnetic field on the polarization of MRFs and the effect of magnetic field on MRF [164]

When no magnetic field is applied, an MRF behaves like a Newtonian fluid with the viscosity of
its carrier fluid. Once a magnetic field energizes the MRF, the suspended ferromagnetic particles
form a chain along the direction of the magnetic field. These chains provide additional shear
resistance. Thus, they increase the viscosity of the MRF and turn it into a semi-solid phase that is
then a non-Newtonian fluid. When the magnetic field is removed again, the state of the MRF
transforms from semi-solid back to liquid, and the viscosity drops to its initial value [165].
When the external shear stress is applied to the semi solid-state, the chain of ferromagnetic
particles resists any movement up to shear stress, termed the yield point [8]. After the yield point,
the MRF flows like a Newtonian fluid; so, the yield point is a function of the intensity of the
applied magnetic field. The maximum achievable yield point is called the saturated yield point.
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Shifting between states of MRF occurs very fast (in milliseconds). A graphic figure showing the

Shear Stress

relationships between applied stress, yield stress, and strain rate is presented in Figure 2-40 [165].

Saturated
Yield Point

Strain rate

Figure 2-40. The relation between the strain rate and shear stress in the MRF [166]

Due to the unique characteristics of the MRFs and recent developments for the manufacturing of
MRFs, MRFs, and MRF-based applications have been attracting the attention of many researchers.
It can be noted by the number of published research papers over the last 20 years in many countries.
Figure 2-41(a) portrays the number of global publications between 2000-2019, which illustrates the significant rise of MRF and its applications. As seen in Figure 2-41(b), between 2000-2019,
an increase in the number of publications for MRF-based applications in buildings is observed.
However, the number of publications almost remains steady for MRF-based systems in bridges in
this period. The distribution of publications in ten countries between 2000 -2019 is shown in Figure
2-42(a) for MRFs and their applications and Figure 2-42(b) for MRF-based applications in civil
infrastructure. It is noted that the U.S. and China are the pioneer countries in developing and using
MRFs in civil infrastructure
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Figure 2-41. (a) Number of publications between 2000-2019, (a) General applications of MRFs, (b) MRF applications
in civil infrastructures Source: the engineering village®
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The effectiveness of MRFs reduces considerably in long-term use. This is mainly due to different
densities of the carrier fluid and the suspended ferromagnetic particles, which causes the particles
to settle. To reduce this problem, MRF grease (MRG) consisting of “a base oil, an additive, and
a thickener” [167], was developed as a new matrix for MRF [168,169]. The main advantage of
MRG is its long service life while having comparable strength as conventional MRF.
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MR elastomers (MRE)
The ferromagnetic particles are combined into a rubber matrix, as a nonmagnetic medium, to make
a composites material, which is called an MR elastomer (MRE) [170]. In other words, the fluid in
MRFs is altered with rubbers, i.e. natural rubbers, in MREs [171]. Hence, settling down of
ferromagnetic particles in MREs is not an issue at all. MREs’ mechanical characteristics, like the
stiffness in the shear mode, can be changed rapidly under applied magnetic fields [172]. The
variable and controllable stiffness of MRE can offer an excellent solution to use in tunable
vibration isolation systems [171].
In order to develop tunable vibration isolation systems based on MREs, The MREs are designed
and fabricated like laminated rubber bearings vibration isolation systems [172]. However, the steel
plate in the conventional laminated vibration isolation systems is replaced with aluminum plates
in MRE vibration isolation systems to allow passing the magnetic fields among layers [172].

2.3.3.2

MRF-damping systems in civil infrastructures

Among all types of MRF-based damping systems, MRF dampers and MRF elastomer bearings are
most common for structural engineering applications because they are easy to control, and they
require little activation energy. Moreover, they are easy to integrate into buildings and bridges
since they are compact [173–179]. The enhancement of MRF-based seismic control systems in the
dynamic response of civil infrastructures has been examined in many studies [173–175]. For
instance, the Keio University building and Tokyo’s National Museum of Emerging Science and
Innovation (Miraikan) are examples of practical and successful applications of MRF-based
damping systems in civil infrastructure [173].

53

MRF (MRG) dampers
The most common application of MRF in civil engineering is MRF-dampers [174,175,180–186].
Many types of MRF dampers have been developed for improving the dynamic behaviour of civil
infrastructure.
MRF dampers are derived from hydraulic dampers, in which MRF or MRG replace conventional
working fluids. Magnetic coils are embedded into the piston or installed externally to energize the
MRF or MRG when passing through a control valve. The damping force is controlled by adjusting
the current through the energizing coils of the MRF damper. Figure 2-44 depicts the forcedisplacement response of MRF dampers [25]. The de-energized fluid MRF phase behaves like a
conventional viscous damper. Energizing and transforming the MRF to the semi-solid phase adds

Force

a controllable coulomb damper in order to provide stability in civil infrastructure [187].

Controllable Energy

Max electric current
Min electric current
Displacement

Figure 2-44. The schematic hysteresis diagram of the MRF damper [188]
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Figure 2-45-Figure 2-47 show simplified diagrams of the three main types of MRF dampers: the
mono-tube MRF damper, the twin-tube MRF damper, and the double-ended MRF damper. Monotube dampers are lighter and easiest to fabricate than the other two types, but they are less reliable.
Inside of the monotube damper, like a hydraulic cylinder damper, an accumulator as a gas chamber
is located to store pressurized gas [189].
In the twin-tube damper, there are two separate cylinders, in which space the outer and inner
cylinders are filled by pressurized gas. Hence, the outer cylinder works as an accumulator. In
addition, the foot valve is installed in the inner cylinder to control the passing MRF fluid passing
through. Recently, the MRG damper shown in Figure 2-48 was introduced to extend the damper’s
service life [167].
Accumulator

MRF

Annular Orifice

Diaphragm

Coil

Wires

Bearing and Seal

Figure 2-45. Schematic diagram of a mono-tube MRF damper adapted from [189]

Inner Housing

Font Valve Assemble

Coil

Piston

MRF

Outer Housing

Piston Rod
Figure 2-46. Schematic diagram of a twin-tube MRF damper adapted from [189]
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Front Piston Rod

MRF

Rear Piston Rod

Piston

Coil

Wires

Figure 2-47. Schematic diagram of a double-ended MRF damper adapted from [189]

Piston

MRG

Wires

Coil
Cylinder

Figure 2-48. Schematic diagram of an MRG damper adapted from [167]

MR elastomer bearings isolation system (MREI))
Conventional vibration isolation systems are designed to minimize the excitation of structural
resonant modes of the superstructure during earthquake events. At near-fault locations, this can
require large displacements of the bearings supporting the superstructure [173]. Furthermore, the
vibration isolation system needs to be carefully designed for the earthquake’s magnitude and
frequency content. If the earthquake is very different from the design specifications, passive
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vibration isolation systems will perform poorly [173]. One solution that allows adapting vibration
isolation systems to the type of earthquake encountered is MR elastomer bearings, whose damping
characteristics can be adapted to different earthquake characteristics [190–192].
Schematic diagrams of MREI are depicted in Figure 2-49 and Figure 2-50 [193]. They are
composed of laminated MREI’s layers within steel plates, an electromagnetic coil, and a steel
sleeve. These components are secured to the foundation of a structure by a mounting plate. A
sliding surface is located at the bottom of the superstructure. There is either a small gap between
the laminated structure and the sliding surface, as shown in Figure 2-49, or there are steel balls
that fill the gap, as shown in Figure 2-50 [193]. The laminated setup can support large vertical
loads. The laminated MRE provides lateral stiffness that can be adjusted with the applied magnetic
field to control horizontal displacement. In the absence of a magnetic field, MRE behaves as soft
rubber. The variation of stiffness is from 300% softer to 50% stiffer than the rubber carrier [194].
Although MRE dampers have been widely studied for vibration isolation applications in
mechanical engineering, their application to civil engineering is relatively new [194]. In order to
find the potential applications of MREI in civil infrastructure, many attempts have been made in
near-field earthquakes and far-field earthquakes locations [194]. A feasibility study of the MRE
isolation system has been performed [194]. It is observed that energizing the system increases the
lateral stiffness and the damping force of the MREI up to 37% and 45% than initial values,
respectively [194]. Implementing the MREI into the SDOF system shows that the enhancement in
stiffness (about 312.67%) and the damping (almost 157.49%) in the SDOF system.
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Top Connecting plate (Sliding Surface)
Top cover
Steel Balls

Steel Sleeve
Laminated MREs with steel paltes
Electromagnetic Coil
Coil Bobin
Back plate
Under connecting plate
Figure 2-49. Cross-section view of an MRF seismic isolator (MRE) adapted from [195]

Laminated MRF and steel Layers

Top Plate(Sliding Surface)

Gap

Coil

Steel Yoke

Figure 2-50. The schematic diagram of an MRF seismic isolator (MRE) adapted from [194]

MRF-Tuned Liquid Column Damper (MR-TLCD)
A tuned liquid column damper (TLCD) is a type of TMD in which the mass, the damper, and the
spring are replaced with water [8,196], as illustrated in Figure 2-51. TLCDs were originally
designed to stabilize ships; however, in the 80s, Sakai et al. [11] proposed implementation for
buildings. In TLCD systems, the friction between the fluid and the damper housing, and the
turbulent fluid motion are converted to heat, resulting in the dissipation of the main portion of the
external excitation energy. Low capital cost, ease of installation, and low maintenance
requirements make this an attractive structural vibration control system [12–20,197]. Similar to
TMDs, TLCDs can only be tuned to specific excitation frequencies that need not necessarily
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overlap with wind and earthquakes loads [198], [199]. The energy dissipation in TLCDs is a
function of the liquid through an orifice, and the damping of these systems depends on the velocity
of excitations and the “head-loss coefficient” [198]. Thus, the functionality of the system is limited
to the specific frequencies and is not controllable. However, natural loadings, such as winds and
seismic, have random frequency content [198]. Hence, it is in high demand to develop TLCDs
with controllable damping and energy dissipation capacity [198]. One possible solution is
replacing the working fluid of a TLCD with MRF (MR-TLCD) [198,200,201], to adjust the
damping and the energy dissipation absorption in TLCDs. To tune the damping coefficient, the
magnetic field and volume fraction of iron particles in the MR-TLCD can be varied [202]. A
schematic diagram of an MR-TLCD is illustrated in Figure 2-51.
It is worth mentioning that the natural frequency and equivalent damping differs from
conventional TLCDs [203]. Furthermore, MR-TLCD increases the viscosity of the fluid [199,202].
Moreover, the damping effect of MRF in this system is higher than the resonance of the structure
[198,200].

MRF

Holder

Magnetic field

Figure 2-51. Schematic diagram of an MRF tuned liquid column damper [198]
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2.3.3.3

The application of MRF damping systems in Buildings

The controllability and stability of MRF-based damping systems open new horizons in structural
control systems to improve the dynamic behaviour of buildings [204–206]. The main challenge
for introducing MRF-based damping systems is determining the most effective locations for the
MRF damping systems in buildings, particularly in high rise buildings [207]. Due to the working
principle of MRF based systems, they are best suited in locations of high relative displacements.
In general, they can be incorporated into the foundation or the superstructure.

The application of MRF dampers to foundations
Building foundations transfer the ground motions to the building’s superstructure. Since there is
considerable relative displacement in the bearings between the main structure and the foundation,
it is an excellent location for MRF damping systems. They are either added to existing vibration
isolation systems, or they can also be added as new structural control systems. Both MRF and
MRE dampers are employed in foundations.

MRE isolation systems

MRE isolation systems help to decouple buildings from the source of vibration [173,208,209]
[200], [178,178]. Gu et al. studied the MRE isolation system in a five-story benchmark model,
with and without, and the real-time control, as frequency control, was designed and implemented
in the isolation system. The building was exposed to the simulated earthquakes to study the Root
mean square (RMS) of acceleration and the inter-story drift in the building [210]. It showed that
the MRE isolation system could decrease the interstory drift, down to 90% with controller and
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40% without the controller in contrast to building without this system. It was observed that the
controlled MRE isolation could reduce the RMS acceleration by almost 85 %, and the passive
MRE isolation could drop about 50% than the original value [210]. Yang et al. [208] examined the
performance of the MRE isolation system with a fuzzy logic controller in a scaled three-story
building. They investigated structural parameters, including inter-story drift and acceleration.
They found that the fuzzy-based controller in the MRE isolation system could decrease
acceleration by almost 60% and inter-story drift rather by 20% compared to a fixed building. It
can be seen that the MRE isolation systems are an effective system and improve the structural
behaviour in building, particularly acceleration and the inter-story drift. They are very effective in
reducing inter-story drift when combined with advanced control strategies such as fuzzy logic
controllers [208].

MRF dampers in foundations

MRE dampers are semi-active vibration isolation systems that help decouple buildings from the
source of vibration [173,208,209]. MRF dampers are easily added to existing vibration isolation
systems to enhance their controllability and adaptability [211–215]. When combining MRF
dampers to base isolation systems, the MRF damper is connected between the ground and the top
of the base isolation system, as shown in Figure 2-52 and Figure 2-53. Experimental and numerical
studies show that such systems are very effective in decreasing the base acceleration, the structural
acceleration, the base drift, and the peak displacement [211–213].
For instance, Iwata et al. [213] conducted a feasibility study of the MRF damper to base-isolated
building structures with a semi-active control algorithm. The simple experimental setup was
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composed of a mass, four linear guides, two laminated natural rubber bearings, and the MRFdamper. This set-up was subjected to three ground motions on a shake table. The study showed a
21% reduction in displacement when switching the controller from the off-state to the on-state.
Lakhani et al. employed an MRF-damper with a fuzzy logic controller (FLC) and a Lead-bearing
system into a five-story single bay frame. The dynamic response of the frame under four ground
motions was investigated. A 31% drop in the peak isolator displacement was reported in the frame
with the FLC over the fixed frame. It was found that the maximum acceleration of the top floor
was reduced by about 83% for the frame equipped with the isolation system compared to the frame
without the isolation system.

Structure
MR damper
Base

Laminted rubber
bearing
Shaking Table

Figure 2-52. Schematic diagram of a combination of an MRF damper and a base isolation system
adapted from [212]
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MR damper
Lead Rubber
Figure 2-53. Schematic diagram of a combination of an MRF damper and a base isolation system
adapted from [212]

MRF-based seismic control systems in structural components
Due to controllability, energy dissipation ability, and fast-responding of the MRF-based seismic
control systems, they are installed independently like MRF-based damper in the bracing systems,
or dependently, like the MRF-based damper with isolation based systems as structural components
in buildings; they preserve buildings during and after seismic activities. MRF-based systems can
be used as follows:

MRF bracing system

MRF dampers are well suited for bracing systems, in both regular or irregular buildings [7,216].
The bracing system is installed between two floors to control the interstory drift between them [7],
as presented in Figure 2-54 [7].
Estaki incorporated an MRF-based bracing system with a linear–quadratic regulator (LQR) control
system in the numerical model of a 20-story steel frame that is designed based on the national
building code of Canada (NBCC 2005). MRF-based bracing systems were utilized in every story.
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The dynamic response of the structure was examined under six ground motions. The contrast
between the frame with active control MRF-based system and the passive system showed a marked
decline of about 68.5% in top floor displacement compared to the MRF-based system without
controller [2].
Lee et al. developed a numeral and experimental small scale three-story building structure [217].
In the first story of the structure, (a) chevron, (b) upper toggle, and (c) scissor-jack toggle MRFbased bracing system were incorporated in the structure, as shown in Figure 2-55. The distributions
of the peak and the RMS acceleration along all stories were calculated. It was seen that all bracing
systems decreased the peak acceleration and RMS acceleration. The scissor-jack toggle bracing
system was able to reduce the peak and the RMS accelerations by up to 75%. The existing studies
show that the MRF-based bracing system is capable of preserving the building subjected to strong
ground motions.

Bracing system
Floor

MRF damper

MRF damper
Floor

Bracing system

Figure 2-54. Applications of MRF dampers in bracing systems adapted from [7]
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MRF-based damper

(a)

(b)

(c)

Figure 2-55 The schematic diagram of bracing systems based MRF-based damper, (a) chevron, (b) upper
toggle, and (c) scissor-jack toggle taken from [217,218]

Tuned Mass-MRF dampers (TMMRD)

In a tuned mass damper (TMD) system, a mass is attached to the main structure of the building
with a spring and a damper [5]. This additional vibration-mass is used to reduce the main resonance
peak of the structure by increasing the equivalent damping ratio. Subsequently, this results in
dissipating more energy [219]. Unfortunately, TMDs are massive structures that are typically only
effective for damping a single building resonance; however, earthquakes are expected to excite
several structural resonances. Multiple tuned mass dampers (MTMD) systems are further
development that can protect several building resonances. However, MTMDs are also very
sensitive to de-tuning, and they cannot be tuned in real-time [8,220].
A Semi-active tuned mass damper (SATMD) is a TMD system with an external small tunable
damper that adds real-time adaptability [178,220,221]. This system was originally developed to
suppress wind-induced vibrations in tall buildings [222]. It is similar in performance to fully active
TMD systems, but it is simpler, more robust, and it requires substantially less power [222].
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Figure 2-56 illustrates a TMMRD, where an MR damper is integrated into a SATMD [207,223].
The MR damper then allows for actively controlling the damping force applied to the TMD [178].
Zemp et al. suggested installing two tuned pendular inertial masses (TMs), which are 160-ton
masses and magnetorheological fluid (MRF) damper in an RC structure with 21 stories tall
building. Both TMs were added on the 21st story, and the LQR control strategy was applied to the
proof-of-concept MR damper. The structural behaviour under seven different ground motions
illustrated that the performance of the building improved by about 50% for peak and RMS
displacements compared to the conventional one.
MRF damper

Mass
Rail
Frame

Figure 2-56.Schematic diagram of the SATMD with MRF damper [223]

MRE isolation systems-Tuned mass dampers (MREI-TMD)
The application of MRE isolation systems is not limited to the foundation of buildings [224]. They
can also be combined with the conventional structural control systems, such as the TMDs [224],
to increase their effectiveness and controllability [224]. Sun et al. developed a magnetorheological
elastomers-based tuned mass damper installed on the top of a scaled three-story frame for seismic
protection, as displayed in Figure 2-70. A frequency analysis of the structural behaviour subject to
a scaled 1940 El Centro earthquake record was performed. It was noted that the first natural
frequency of the structure could be shifted from 3.1Hz to 7.1Hz by switching electric current from
0A to 2.5A. Hence, dynamic behaviour significantly improved.
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Figure 2-57. Typical diagram of the MRE-TMD in a frame adapted from [224]

2.3.3.4

Summary of MRF-based systems in buildings

Figure 2-58 and Figure 2-59 summarize MRF-based systems for building applications. It is worth
noting that the MRF-dampers are the most established MRF-based structural control system in
buildings; they are integrated into foundations as well as the main structures. However, other
MRF-based damping systems, such as MREs and MR-TLCDs are currently being developed and
still need to prove their effectiveness in future studies.
It is observed that the MRF-based systems could significantly reduce different response
parameters, such as peak drift, inter-story drift, and accelerations, i.e. peak and absolute
acceleration. It is worth mentioning that the MRF-based systems have also been capable of
increasing the structural energy dissipation and damping coefficient.
Among all the discussed systems, it is noted that MRF-based TLCDs, as the structural protection
systems, are the most common system to decrease the acceleration and displacement in buildings.
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In the foundation of buildings, MRF-based dampers are commonly used to decrease dynamic
accelerations and displacements.
The main advantage of semi-active vibration control systems over passive systems is their
controllability. A wide range of control systems, such as LQR, LQG, On-Off, skyhook, and Fuzzy
Logic strategies have been utilized to improve the dynamic behaviour of buildings. Among these
strategies, fuzzy logic controllers the most common for seismic MRF-based systems due to their
high robustness.
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Figure 2-58. The summary of MRF-based applications in the main structure of buildings
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Figure 2-59. The summary of MRF-based applications in the foundation of buildings
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2.3.3.5

The Application of MRF damping systems to Bridges

In the 1989 Loma Prieta, the1995 Hyogo-ken Nanbu, and the 2001 Bhuj earthquakes, severe bridge
damages were observed. Many studies focus on mitigation techniques involving structural control
systems [225]. The conventional method to ensure bridge stability is to insert secured gaps between
the bridge components. This is impractical for bridges with close adjoining components. MRF
based structural control systems are one solution to this problem. They can be installed between
the pier and deck, or they can also be embedded directly into the main structure [226–234]. This
section discusses the integration of MRF damping systems into different bridge components.

Damping between the pier and main structure
There is a significant relative displacement between the pier and the main structure of bridges.
Thus, this is an ideal location for placing MRE and MRF dampers.

MRF-damper
To prevent pounding in bridges, MRF dampers can be installed between its spans [235–239], as
illustrated in Figure 2-60. Alternatively, MRF dampers can also be utilized to decrease the relative
displacement between the abutment and the deck, as presented in Figure 2-61 [239].
Heo et al. examined the functionality of the MRF-based damper with a lumped mass, as portrayed
in Figure 2-60, for a two-span bridge to prevent the spans from pounding [225]. They used a
numerical single-degree-of-freedom (SDOF) system to model a bridge made of an RC slab and an
I-type beam. The numerical model was verified against an experimental setup of the bridge
equipped with the controlled and uncontrolled MRF-based damper under simulated ground
motions. The experimental results showed that the relative peak displacement between the two
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spans sharply decreased from 85.04 mm without an MRF-based damping system to 20.29 mm
with a passive MRF-based damping system, 13.61 mm with a Lyapunov controlled MRF-based
damping system, and 12.74 mm with a Clipped-optimal controlled MRF-based damping system.
The root-mean-square (RMS) relative displacement from 7.58 mm in the un-controlled bridge
surprisingly drops to 1.40 mm and 1.23 mm for the Lyapunov and Clipped-optimal controlled
MRF-based systems. Similarly, Sheikh et al. [238] proposed an MRF Damper in an RC Highway
Bridge to mitigate the pounding effect of its base-isolation system, as illustrated in Figure 2-61. A
simplified analytical model was developed and exposed to the El-Centro earthquake. The model’s
response without an MRF-based damper was compared to a Bang-bang controlled MRF-based
damper; it illustrated a remarkable reduction in displacement and acceleration of 39% and 40%,
respectively.
Span A

MRF damper

Span B

Rubber
Bearing

Shaking
Table
Figure 2-60. Application of MRF dampers in preventing bridge poundings, adapted from [225]

Super Struture

Rubber Bearing

MRF damper

Pier

Figure 2-61. Application of MRF dampers between the pier and superstructure in bridges, adapted from
[238]
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MREI
MREI can be used to decouple the relative motion between the bridge piers and the main structure
[193,240]. The stiffness and damping of MREIs of the main structure are growing up. Li et al.
[241] studied an MREI located between the pier and deck for a scaled bridge system, as presented
in Figure 2-62. The structure consisted of a steel deck and an Acrylonitrile-butadienestyrene(ABS) polymer pier. To assess the functionality of this damping system, a sinusoidal
shaking table with two loading frequencies, including 1Hz and 2Hz, was utilized to test the
dynamic response of the bridge. Active and inactive MREI system reduced the displacement of
the deck by about 30% and acceleration by up to 75%. It may be noted that MREI are relatively
new systems to mitigate the seismic hazards in bridge and the research work in this area is very
rare.

MREI

Figure 2-62. The typical MREI in bridge [195]

Main Structure
MRF-damping systems have also been embedded into the main structure of bridges to improve
their structural behaviour. The following subsections discuss how they affect the dynamic response
of bridges.
MRF damper
MRF dampers are effective structural control systems for bridges, particularly cable-stayed bridges
[242,243], which are very common for large spans [244]. The Shandong Binzhou Yellow River
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Highway Bridge, China, is a typical example of a cable-stayed bridge, whose flexibility and low
damping coefficient are not enough to suppress vibrations adequately. MRF dampers with and
without controllers significantly suppress these vibrations. Figure 2-63 and Figure 2-64 illustrate
applications of MRF-based damping systems in bridges [244].
Cable

MRF
damper

Cable
MRF
damper

Support
Deck Bridge
Figure 2-63. The schematic diagram of an MRF damper in a cable-stayed bridge adapted from [244]

Bridge
tower
Wirerope
MRF
Damper

Girder

Chain

Pre-tensioned Spring

Electric curenet

Figure 2-64. An application of the MRF damper in the cable-stayed bridge [242]

TMMRD
The combination of an MRF damper with a tuned mass damper (TMMRD) is an attractive semiactive vibration mitigation system that provides an adjustable, real-time, fail-safe, and low power
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solution [66]. Numerical and experimental studies indicate that TMMRDs provide sufficient
stability during transient and steady-state loadings to the main structure of bridges [245–247].
Figure 2-65 displays a typical application of a TMMRD in the Wolgograd Bridge [245–247]. The
result showed an increase in resonance frequency and a decrease in the damping ratio of the
primary structure [66]–[68].
To supply a controlled damping force for setting the amount of energy dissipation and the stiffness
force for controlling the natural frequencies of the superstructure, many control approaches have
been utilized. For instance, the system becomes more effective by tracking errors of forcing in the
MRF damper in the TMMRD [246]. TMMRD systems are a relatively new technology for
controlling the dynamic response of bridges, and there are only a few studies available.

TMMRD

Bridge

Current Driver

To Controller
Figure 2-65.The application of TMMRD in a bridge [245]

2.3.3.6

Summary of MRF dampers in Bridges

Figure 2-66 and Figure 2-67 summarize publications of MRF-based damping systems in bridges.
It is noted that the diversity of MRF-based damping systems in bridges is much lower than in
75

buildings. They are limited to the TMMRD, MRF dampers, and MREI. In bridges, MRF damping
systems are mainly located between the pier and the main structure, and in some cases, they are
installed into superstructures.
To achieve optimum dynamic behaviour, a variety of closed-loop control algorithms, including
LQG, LQR, and fuzzy logic, have been studied. To find the effect of MRF-based systems on the
bridge’s response, the structural dynamic behaviour, such as accelerations, displacements, and the
damping coefficient, have been investigated. It is observed that accelerations and displacements
of bridges are the most desired structural control parameters to ensure the stability and integrity of
bridges.
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Figure 2-66. The summary of MRF-based applications in the main structure of bridges
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2.3.4

Stiffness control device

Semi-active stiffness control devices change the natural period of the structure by modifying the
stiffness [248]. Thus, the vibration response of the structure changes. The system, as displayed in
Figure 2-68, is made up of a hydraulic cylinder, a piston rod, a solenoid control valve, and a tube.
The valve can either be open (On) or close (Off) mode. When the mode is open, the fluid can move
freely through two-cylinder chambers. So, the stiffness of the structure reduces [248]. In Off mode,
the fluid cannot move, and the brace and beam lock; hence, structural stiffness increases. Besides
the simple On-Off system, several other control algorithms have been developed to enhance the
dynamic performance of the structure by controlling the flow rate of the stiffness control device
[7].
Variable Stiffness Device

Beam

Piston Rod
Bracket

Control Valve
Bracing
Piston

Figure 2-68. Semi-active variable-stiffness device adapted from [248]

2.4

Active systems

The active systems require an external power to be energized. Basically, these systems need
sensor(s), controller(s), and actuator(s) to apply the proper resistance force. The main advantage
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of these systems is the ability to tune with a wide range of loadings. However, this advantage is
offset by the potentially large power required to actuate the control system.
2.4.1

Mass damper system

The main role of the conventional TMD system is changing the natural period (frequency) of the
primary structure [7]. Many efforts have been made to enhance the performance of the TMD
system, such as SATMD [249]. However, the external loadings with a wide range of frequencies,
such as wind, are applied to civil infrastructure and affect the structural response deeply [249].
Hence, these loadings make TMDs inefficient. An alternative solution is the implementation of an
actuator into TMD, which is called: an active mass damper system [7], which can set itself to the
load frequencies. The actuator is located between the main structure and TMD. The typical
diagram of the system is shown in Figure 2-69. The actuator can control the movement of TMD
to “increase structural control effectiveness” [7], which depends on the control strategy.

Y
Actuator

Kd
Cd

md

m

Fw(t)

x

K

Figure 2-69. Active tuned mass damper adapted from[249]
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2.4.2

Tendon system

An active tendon system is composed of prestressed tendons, which are controlled by
electrohydraulic servomechanisms [250], as displayed in Figure 2-70. The system is installed
between two stories. While the structure shakes, the interstory drift pulls or pushes the tendons,
and the amount of tension is adjusted by the actuators. This system can actuate continuously or
discretely [7].

Active Tendon

Actuator

Figure 2-70. Typical diagram active tendon system adapted from [7]

2.4.3

Bracing system

An active bracing system has an actuator embedded into the bracing system, as displayed in Figure
2-71 [7]. The bracing system is installed between two floors to control the interstory drift between
two stories [7]. The different control strategies have been applied experimentally and numerically
to tune the actuator and minimize the displacement [249].
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Floor

Hydraulic
Bracing

Figure 2-71. Semi-active bracing system

2.5

Summary

To maintain the stability of civil infrastructure, many seismic control systems have been
developed. Such systems have been thoroughly discussed in the literature and summarized in Table
2-4. Among controlled systems damping systems, SMA and MRF-based systems have attracted
significant attention due to their effectiveness.
MRF-based systems are promising candidates to replace conventional seismic control systems,
entirely or partially in different kinds of civil infrastructure such as buildings and bridges. It has
been found that most MRF-based systems have been developed based on the MRF-based dampers,
which enhance the structural behaviour of civil infrastructure. However, the self-centering is
missing capability in MRF-based applications.
An SMA is an excellent alternative as a replacement, partially or entirely, for conventional
protective systems in steel, timber, and concrete civil infrastructure. The review shows that SMAbased systems are the most common systems in steel structures as well as concrete structures. In
most protective system applications, SE-SMA-based systems have many practical characteristics
rather than SME in all discussed civil infrastructure. For instance, it is not required to apply the
source by external source. However, this study shows that the SMA-based applications have good
potential to enhance the structural response in civil infrastructure, particularly the displacements
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and the interstory drift. Nevertheless, it is observed that controllability is the missing feature in
most SMA-based systems, and cannot adopt under different loading conditions. Being passive in
the SE makes a good alternative for those applications when the frequency of applied loading is
less than the natural frequency of primary structures. The following chapters will introduce an
SMA-MRF core-based bracing system for civil infrastructures. It combines the recovery ability of
SMA-bases damper systems with the controllability of MRF-based damper systems.
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Table 2-4. The summary of structural control systems and their advantages and disadvantages

Chapter 3: Analytical Model of the SMA-MRF core bracing
Elements
3.1

Introduction
Maintaining the stability of civil structures under excessive dynamic loads, including

earthquakes and windstorms, has always been a big challenge for researchers and designers in
structural engineering communities. Recent advances in the development of multi-functional smart
materials, design, and construction of structural control systems, particularly bracing systems, with
the capability to retain the stability of civil infrastructures, have opened a new horizon in civil
engineering to keep the structural integrity. In the present study, a hybrid smart, bracing system
based on Magnetorheological Fluid (MRF) and Shape Memory Alloy (SMA) has been developed,
as presented in Figure 3-1(a). Analytical models are conducted to elaborate on the performance
and functionality of the developed model under the quasi-static load. The proposed SMA-MRF
core bracing element is composed of an MRF damper, as a core, and surrounded SMA wires
secured by two hollow cylinders, as shown in Figure 3-1(b). The conceptual 3D design and the
fabricated SMA-MRF based system is presented in Figure 3-2.
Outer Cylinder

SMA wires

MRF core

SMA wires

Inner Cylinder

Figure 3-1. (a) The proposed SMA-MRF core bracing system (b) The conceptual
design of SMA-MRF core
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Hook
Inner tube (cylinder)

SMA

MRF core
Outer tube (cylinder)
Customized nut and bolt

Figure 3-2. The 3D conceptual design of the scaled prototype of the SMA-MRF-based system

Considering some simplification, such as rotation, the proposed bracing system is a one-degreeof-freedom system, while it is installed in a building. As the mechanism is set to move only in the
axial direction, the rotation and movement in the other direction are negligible. Therefore, the
mechanism is free to move in one direction only, as shown in Figure 3-3(a).
The MRF-based damper is a two-way damper. So, this damper is functional under tension and
compression. The main issue is how to keep the SMA-wires under tension regardless of loading
direction. In order to resolve this issue, a novel design is considered to attach two SMA wires to
the inner cylinder(tube) and outer cylinder(tube). Similarly, the other two wires are kept to the
inner as well as the outer cylinders(tubes). This mechanism puts the SMA-wires under tension
loading, always.
When the external excitation tensions the system, the MRF damper and SMA wires held between
the bottom of the inner cylinder and the top of the outer cylinder supply the damping force, as
shown in Figure 3-3(b). In the same way, when the external loading compresses the system, as
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presented in Figure 3-3(c), again, the MRF core and SMA wires are secured by the top of the inner
cylinder, and the bottom of the outer cylinder provide the resistance force.

(a) Neutral

(b) Tension

(c) Compression

Figure 3-3. Possible states of the SMA-MRF core bracing system (a). the neutral position (b). Under
tension (c). under compression

In order to evaluate the functionality of the hybrid system (seen in Figure 3-4(a)), it is compared
with the SMA and the MRF bracing systems, as presented in Figure 3-4(b) and Figure 3-4(c),
respectively The components of the SMA system are derived from SMA elements in the SMAMRF bracing system. Similarly, the MRF-based bracing system’s element comes from the MRF

(a)SMA-MRF core
system

MRF core

SMA wires

core of the suggested system.

(b)SMA
system

(c)MRF
system

Figure 3-4. Schematic diagram of (a) SMA-MRF core bracing system, (b) SMA bracing system, (c) MRF
bracing system
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3.2

Analytical approach

The analytical procedure of the SMA-MRF bracing element is illustrated in Figure 3-5. As shown
in the working mechanism in the figure, the displacement of the SMA and the MRF core are equal.
This is a key point to calculate the damping force generated by each of them in the hybrid system.
In addition, the displacements and the forces are needed to find the hysteresis responses, not only
in the hybrid system but also in the sub-systems, including the SMA-based and the SMA-MRFbased systems. For simplicity, in the following subsections, the procedure is separately explained
for SMA and MRF.
Start

Displacement

SMA-based bracing system

MRF-based bracing system

d/dt

SMA

Force

Hysteresis

MRF

Force

Hysteresis

SMAMRF
Hysteresis

End
SMAMRF-based bracing system

Figure 3-5. The flowchart of dynamic response calculation of the SMA-based, the SMA-MRF-based, the
SMA-MRF core bracing systems
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3.2.1

SMA element

The resistive force of the SMA-elements can be computed by:
𝐹𝑠𝑚𝑎 = 𝜎𝐴

(3.1)

where 𝜎 and A denote the stress and the cross-section, respectively
The constitutive law for analytical modeling of 𝜎 in SMA wires is given as: [251]:
𝜎(𝜀) = 𝐸(𝜀 − 𝜀 𝑇 )

(3.2)

where 𝜎, 𝐸, 𝜀, and 𝜀 𝑇 are the stress, Young’s modulus of the SMA, the strain, and the phase
transformation strain, respectively.
The Young’s modulus of the SMA is defined by [251]:
𝐸 = 𝐸𝐴 + 𝜁(𝐸𝑀 − 𝐸𝐴 )

(3.3)

where 𝐸𝐴 and 𝐸𝑀 are Young’s modulus in the Austenite and Martensite phases, respectively. 𝜁
denotes the phase transformation volume fraction.
The relation between strain-stress in the Martensite phase and the Austenite phase is shown in
Figure 3-6(a). The loading state starts from zero and reaches the Martensite start strain (𝜀𝑚𝑠 ) that
is the end of the elastic response of the SMA. As the load increases, the state of SMA changes into
an inelastic mode to the Martensite finish strain (𝜀𝑚𝑓 ). Increasing the applied load beyond this
point, the strain goes to the inelastic phase. In this study, the system is designed in a way that
loading does not exceed 𝜀𝑚𝑓 . In the unloading phase, it starts from 𝜀𝑚𝑓 , and moves to the Austenite
start strain (𝜀𝑎𝑠 ). Continuing the load release changes the strain from 𝜀𝑎𝑠 to 𝜀𝑎𝑓 (Austenite finish
strain) in the inelastic state. By removing more load, it goes back to the initial shape.
In Eq.(3.2), 𝜀 𝑇 is defined for the loading and the unloading phases given by [113]:
𝜀 𝑇 = 𝜁𝜀𝐿𝑇

(3.4)
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𝑇
𝜀 𝑇 = 𝜁𝜀𝑈𝐿

(3.5)

where  L and  UL are the maximum phase transformation strain from Austenite to Martensite and
T

T

Martensite to Austenite, correspondingly.
𝑇
The relation between 𝜀𝐿𝑇 and 𝜀𝑈𝐿
is given by [113]:
𝑇
𝜀𝑈𝐿
= 𝜀𝐿𝑇 +

𝜎𝑚𝑠 − 𝜎𝑎𝑓 𝜎𝑚𝑓 − 𝜎𝑎𝑠
−
𝐸𝐴
𝐸𝑀

(3.6)

where 𝜎𝑚𝑠 and 𝜎𝑚𝑓 are the Martensite start and the finish stresses, respectively. Similarly, 𝜎𝑎𝑠 and
𝜎𝑎𝑓 denote the Austenite start and finish stresses. These stresses and the relevant strains are shown
schematically in Figure 3-6(a).

3.2.2

MRF core

The MRF damper is the core element of the proposed hybrid SMA-MRF bracing system. The
behaviour of MRF damper is based on the phenomena that the polarized iron particles stop moving
along the direction of the magnetic pole until the yield stress. After this point, the relation between
shear stress and strain rate becomes linear [29]. The mathematical model of the MRF based on the
Bingham model is expressed by [7]:
.

𝜏 < 𝜏𝑦𝑒𝑖𝑙𝑑 → 𝑦 = 0

(3.7)
.

.

𝜏 ≥ 𝜏𝑦𝑒𝑖𝑙𝑑 → 𝜏 = 𝜏𝑦𝑒𝑖𝑙𝑑 𝑠𝑔𝑛( 𝑦) + 𝜇𝑦

where 𝜏𝑦𝑒𝑖𝑙𝑑 , 𝜏, 𝜇, and 𝑦̇ indicate the yield stress, shear stress, viscosity, and strain rate,
respectively. This behaviour is plotted in Figure 3-6 (b).
In the MRF-based damper, 𝜇 is a variable viscosity and is a function of the applied magnetic field
upon the MRF.
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In the regular damper, it can be assumed that the fluid cannot resist the shear stress. However, the
MRF can do. It is linked to the semi-solid state of the MRF exposed to the magnetic field. This is
a key point and the main difference between the conventional damper, like Viscous-based and the

Stress(σ), MPa

MRF-based dampers.

τ

εmf,σmf
Superlastic Effect

τy

εms,σms
EM

Controllable
Yield stress

μ

.
ᵞ

EA
εas,σas

εaf,σaf
Strain(ε), %

(a)

(b)

Figure 3-6. The schematic diagram of (a) stress-strain relations in SMA (b) Shear stress-strain rate in
the MRF

The MRF-based dampers are developed in a way that MRF is the working fluid with variable
viscosity. The magnetic field in the control valve is provided by the electromagnetic coil and
supplies damping force by energizing the MRF and changing the yield stress of the fluid. The
magnetic flux path in this field governs the orientation of MRF polarization [252], and without
applying a magnetic field to the MRF, the resistance force is generated only as a result of the
viscosity of the MRF [253].
Many models have been proposed to describe the behaviour of MRF dampers. One of the most
widely used models is the Bingham [164], which describes the visco-plastic MRF damper
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behaviour. The schematic diagram of the Bingham model is presented in Figure 3-7. In this model,
the generated force is computed by [254]:
𝐹𝑀𝑅𝐹 = 𝑓𝑐 . 𝑠𝑔𝑛(𝑥̇ ) + 𝑐0 𝑥̇

(3.8)

where 𝑐0 , 𝑥̇ , and 𝑓𝑐 are the damping coefficient, a function of the variable viscosity, the velocity
of external excitation, and the frictional force, respectively. The variable viscosity depends on the
intensity of the magnetic field [255].
X
C0

F
Fc

Figure 3-7. The typical diagram of the Bingham model [254]

3.2.3

Equivalent viscous damping

Insertion of an energy dissipation device into the main structure adds an extra damping effect into
structures, reduces the displacement demand, and protect the structure against seismic loads. The
damping can be expressed in the equivalent viscous damping form, which is calculated by the area
of the hysteresis response of the system in the stress-strain curve. Considering the hysteresis
response, damping coefficients is given by [63]:
𝐴

𝜉 = 2𝜋𝐷 ℎ 𝐹

(3.9)

𝑚 𝑚

where 𝐴ℎ , 𝐹𝑚 , and 𝐷𝑚 are the amount of energy dissipation, maximum force and maximum
displacement in one complete stable cycle, respectively.
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Figure 3-8(a) illustrates a typical force-displacement relation of the MRF damper under one
loading protocol. Due to the variable viscosity of the MRF damper, the force produced by the MRF
damper is variable and increases from the passive state of MRF damper (without applied electric
current) up to the saturated state (applied maximum electric current). Thus, the energy dissipation
capacity is varied from the minimum to the maximum electric current. Figure 3-8 (b) shows the
schematic diagram of the force-displacement of the SMA-based bracing system. The energy
absorption capacity is only a function of the applied displacement where the energy dissipation is
not controllable. Figure 3-8 (c) shows the schematic energy dissipation capacity of the SMA-MRF
system in the inactive state (the minimum electric current) to the active state (the maximum electric
current).
3.3

Materials

As mentioned earlier, the present bracing system combines the SMA and the MRF properties to
develop a novel hybrid bracing system. In this section, the main characteristics of the material used
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dissipation

Force

Max electric
current

Force

Force

in each system are discussed.

Min Energy
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Max Energy
dissipation

Displacement
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Min Energy
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Min electric
current
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(b)

Min electric
current
Max electric
current
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Figure 3-8. The schematic diagram of energy dissipation of (a) the MRF-based bracing system (b) the
MRF-based bracing system (c) the SMA-MRF core bracing system
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3.3.1

Shape memory alloys (SMA)

Shape memory alloys (SMAs) with different compositions, such as Cu-Zn, Fe-Pd, Mn-Cu, and
NiTi, are available in the market. SMAs exhibit two unique properties, which differentiate them
from conventional alloys, namely, shape memory effect (SME) and superelasticity (SE). The shape
memory effect explains the ability of SMA to return to its initial state by heating. The
superelasticity effect results in recovering the original shape by removing the load upon it. In this
study, as the working temperature for most civil applications is above the Austenite finish
temperatures of SMA alloys; therefore, only SE is considered.

Table 3-1 provides the different parameters for two SMAs (e.g., NiTi and FeNiCuAlTaB)
considered in this study. One may note that the 𝐴𝑓 is the minimum temperature in which the
superelasticity occurs and 𝜀𝑚𝑎𝑥 represents the superelastic strain range, which is the maximum
reversible strain without having the permanent deformation. The 𝐴𝑓 and 𝜀𝑚𝑎𝑥 in NiTi and
FeNiCuAlTaB are 53oC and 5.7%, and -62oC and 15%, respectively.
To develop the SMA-based and the SMA-MRF-based systems, each system had either four NiTi
or four FeNiCuAlTaB wires where the length of each wire was 1000 mm with a cross-sectional
area of 218.05 mm2 and 116.80 mm2, respectively, as presented in Table 3-2.
Table 3-1. The SMA material properties

Alloy
NiTi
FeNiCuAlTaB

𝜀𝑠 (%)
4.6
13.5

𝐸𝐴 𝐺𝑝𝑎)
45.3
46.9

𝜀𝑚𝑎𝑥 (%) 𝐴𝑓 ( 𝑜𝑐)
5.7
53
15
-62

Reference
[256]
[256]

Table 3-2. The dimensions of the SMA bracing system

Material
Length(mm) Area of each SMAs(mm2) Number of SMA wires
NiTi
1000
218.05
4
FeNiCuAlTaB
1000
116.80
4
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3.3.2

MRF core

As the present work focuses on seismic applications for civil structures, a large-scale double MR
fluid damper with the nominal maximum force 200 kN is selected [21]. The MRF damper can
provide a wide range of force capacity, based on the value of the applied magnetic field. In this
research, the system is studied for two electric current values, namely, 0 A and 1 A, which present
the minimum and maximum possible electric currents to provide the minimum and maximum
intensity of the magnetic field for this damper, respectively.
3.4

Results

In order to find the effect of SMAs, particularly superelasticity, in the SMA-based and SMA-MRFbased bracing systems, a lateral displacement, as shown in Figure 3-9, has been applied to the
systems. This loading protocol increases steadily to investigate all of the possible phases in the
SMAs and different velocities in the MRF-based damper in those bracing systems. As seen, the
maximum and minimum applied displacements are 30.6 mm and -27.9 mm, respectively.
Another important parameter is the velocity of the applied load, which is required to calculate the
loading in the MRF system with respect to the applied axial displacement. The loading protocol
displayed in Figure 3-9 has a 0.5 Hz frequency. Hence, a wide range of velocities is applied to the
MRF-based and SMA-MRF-based systems. The calculated velocity for the applied lateral
displacement is illustrated in Figure 3-10 with the maximum and minimum velocity of 62mm/s
and -64 mm/s, respectively.
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Figure 3-9. The axial excitation of SMA bracing systems and SMA-MRF core bracing system
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Figure 3-10. The equivalent velocity excitation of MRF-bracing systems and SMA-MRF bracing system

3.4.1

Hysteresis responses

The hysteresis responses of the SMA and MRF-based bracing systems with the suggested materials
under the applied loading protocol are illustrated in Figure 3-11 to Figure 3-14, whereas the SMAbased, the MRF-based, and the SMA-MRF-based bracing systems with different SMA materials
in inactive and active modes are presented. As depicted in Figure 3-11, the SMA-based systems
are capable of working in both tension and compression states. The Martensite start forces for all
SMA systems are about 175 kN. However, the corresponding Martensite finish forces of
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FeNiCuAlTaB and NiTi are 181 kN and 190 kN, respectively. It is also noticed that by removing
the external excitations, all the SMA-based bracing systems move back to the initial state.
Therefore, the system can recover the original shape after unpredictable excitation, such as
earthquakes. In the MRF bracing system, the peak force in inactive mode is about 52 kN, as
presented in Figure 3-12(a), and it reached 175 kN in active mode, as illustrated in Figure 3-12(b).
In the case of an emergency such as a severe earthquake, the electric power may not be available
to energize the MRF core. Hence, Figure 3-12(a) represents the worst-case scenario.

Figure 3-11. (a) Hysteresis of FeNiCuAlTaB SMA-bracing system, (b) Hysteresis of NiTi SMA-bracing
system

Figure 3-12. (a)Hysteresis of inactive MRF bracing system (Off state) (b) Hysteresis of activated MRF
bracing system (On mode)
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In the absence of the magnetic field in the SMA-MRF core bracing system, the hysteresis responses
have been revealed in Figure 3-13. The peak force is almost 240 kN in FeNiCuAlTaB-based and
increases to 250 kN in NiTi-based systems. It is noted that without energizing the MRF core, the
SMA-MRF core bracing systems in all the SMA materials provide remarkably greater resisting
force compared to the systems in which there are only SMA or MRF bracing systems.
The dynamic behaviours of all the SMA-MRF core bracing systems in the presence of a magnetic
field are shown in Figure 3-14. It is found that the active systems provide greater resistance than
those of the MRF-based and SMA-based bracing systems. It is also observed that the ratio of
damping forces of active mode to inactive mode increases about 50.1% and 50.5% in the
FeNiCuAlTaB-based and NiTi-based system, respectively. The hysteresis responses of the bracing
systems (see Figure 3-14) indicate a significant drop in the recovery capability of the bracing
systems while implementing MRF core to the bracing system. Moreover, energizing the MRF core
up to the saturated value results in decreasing the re-centering ability of the systems. In order to
activate the recovery ability of the SMA-MRF based system, the MRF core-based bracing can be
switched from active mode to inactive mode. In other words, by implementing suitable controllers
in the SMA-MRF-based system, the re-centering ability of this system is tuned. This feature can
be used during and after seismic events, by switching the system from On to Off mode.
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(a)

(b)

Figure 3-13. (a) Hysteresis of an active SMA-MRF core FeNiCuAlTaB NiTi-based bracing system based, (b)
Hysteresis of an activate SMA-MRF core NiTi based bracing system based

(a)

(b)

Figure 3-14. (a) Hysteresis of an inactive SMA-MRF core FeNiCuAlTaB NiTi-based bracing system based, (b)
Hysteresis of an inactivate SMA-MRF core NiTi based bracing system based

3.4.2

Energy dissipation capacity

One important finding is the amount of energy dissipation in bracing systems subjected to the
loading, as displayed in Figure 3-15. This amount in the "Off" mode of MRF bracing is about 39.4
kJ, and in "On" mode, it increases to 145.92 kJ. As observed that the SMA bracing systems
dissipate energy about 16.27 kJ and 17.3 kJ in FeNiCuAlTaB-based, and NiTi-based system,
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respectively. Enforcing the MRF core into the SMA bracing system provokes to boost the
magnitude in an inactive mode from 55.88 kJ to 162.22 kJ in NiTi-based MRF and shifts from
56.71 kJ to 163.2 kJ in FeNiCuAlTaB-based in active mode. It is observed that the systems with
MRF core, even in inactive mode, dissipates a higher amount of energy compared to the systems
with only SMA wires.
Amount of energy dissipitation

200

Energy(kJ(kN.m)

FeNiCuAlTaB

NiTi

150
100
50
0
SMA bracing
system

Inactive MRF
Active MRF Inactive SMA- Active SMAbracing system bracing system MRF bracing MRF bracing
system
system
Type of the system

Figure 3-15. Amount of energy dissipations for all the systems

3.4.3

Equivalent viscous damping

In order to compare the equivalent viscous damping of all systems, the hysteresis responses for all
the systems are computed for the last positive and negative applied loading, which has the
maximum and the minimum displacement, respectively, as displayed in Figure 3-16 and Figure
3-17. Hence, there are two complete force-displacement cycles. In order to find the maximum
equivalent viscous damping between the two complete cycles, which is a function of the maximum
force, maximum displacement, and the energy dissipation capacity (see Eq.6), the absolute
maximum damping force and displacement have to be calculated which occur under a positive
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load, as displayed in Figure 3-16 and Figure 3-17. Thus, this load is used to calculate one
parameter, namely equivalent viscous damping.
The equivalent viscous damping coefficients of all the systems are also computed based on the
hysteresis responses of the bracing systems, as presented in Figure 3-18. The coefficient is about
0.32 in the MRF bracing systems with and without applying a magnetic field. However, the use of
SMAs reduces this amount in SMA-MRF core bracing systems to 0.18 in FeNiCuAlTaB-based,
and 0.17in NiTi-based systems. In the "Off" mode, it drops to 0.11 for FeNiCuAlTaB-based and
0.10 for the NiTi-based system. The comparison among all the systems proves that the minimum
coefficient is about 0.04, which occurred in the NiTi-based SMA-bracing system whereas, the
FeNiCuAlTaB provides 0.05 equivalent damping.
As observed, the equivalent viscous damping coefficients are calculated based on the amount of
energy dissipation, the maximum displacement, and the damping force. Hence, these values are
close in On and Off states of the MRF-based core are close.
Bracing systems based on FeNiCuAlTaB
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Active MRF
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Figure 3-16. Hysteresis of FeNiCuAlTaB-based bracing systems and MRF-based systems
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Figure 3-17. Hysteresis of NiTi-based based bracing systems and MRF-based system

Equivalent viscous damping
coefficient

Damping coefficient
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0

FeNiCuAlTaB

SMA bracing
system

Inactive MRF
bracing system

Active MRF
bracing system

Inctive SMAMRF bracing
system

NiTi

Active SMAMRF bracing
system

Type of system

Figure 3-18. Equivalent viscous damping coefficients of all bracing systems

3.5

Conclusion

A novel efficient -semi-active SMA-MRF core bracing system has been introduced to be installed
in building frames. This smart, bracing element significantly improves the stability of the structure
by dissipating more energy of the applied dynamic loads and minimizing the permanent
deformations. Several analytical models have been provided to illustrate the performance and
functionality of the proposed model. The obtained hysteresis responses can be different from
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Figure 3-8 because of loading conditions and assumptions for the analytical approach, SMA
properties, and applied electric currents. The main conclusions of this study are as follows:
1. The implementation of the MRF core into the SMA bracing system increases the amount
of energy dissipation even without applying a magnetic field in comparison with the SMAbased system. The increment of about 250% is observed in the active state of the SMAMRF-based systems. It is noted that the difference between active and inactive SMA-MRF
based system is about 190% for both used SMAs.
2. In the unloading phase, switching from active to inactive (On to Off mode) - in SMA-MRF
bracing systems enhance the ability of the structure to re-center.
3. It is noted that 𝜀𝑚𝑎𝑥 of FeNiCuAlTaB is 15%, and that of NiTi is 5.7%. This value helps
the system to recover the pre-defined state in larger strain. However, the applied strain on
the bracing system does not go beyond 3% in real civil infrastructure.
4. The main advantage of FeNiCuAlTaB systems is the value of 𝐴𝑓 which provides the ability
of SMA to recover to the initial shape in the ambient temperature that is not possible for
NiTi.
5. The study shows that recentering ability, energy dissipation capacity, and equivalent
viscous damping coefficient are controllable. Hence. Each and/or all of them could be set
with respect to a structural target(s).
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Chapter 4: Design and Analysis of an SMA-MRF core-based bracing system

4.1

Introduction

In order to take the benefits of the SMA-MRF-based core bracing system in the civil infrastructure,
the numerical model is required to be developed. A state-of-art hybrid SMA-MRF-based core
bracing system is fabricated in-house to enhance the structural behaviour of the bracing system,
including energy dissipation capacity and the equivalent damping coefficient. Experimental tests
are conducted to illustrate the functionality of the system and the benefits of the SMA and the
MRF systems. Furthermore, the numerical model of the SMA-based, the MRF-based, and the
SMA-MRF-based systems are developed and validated.
4.2

Sizing the SMA-based bracing system

The SMA-based bracing, as displayed in Figure 4-1, used in this study, is similar to the one
introduced by [87]. To develop the SMA-based, as well as the SMA-MRF-based systems, SMAs
in the form of wires are used to insert into those systems. To select SMA wires’ dimensions
properly among all commercial available NiTi, two main constraints are considered. Firstly, the
total maximum resistive force by SMA wires under tension and compression should be close to
the damping force supplied by the activated MRF-damper. Another factor is the maximum
allowable strain in SMA wires keeping wire between the Martensite start strain and the Martensite
finish strain; it takes advantage of the recovery capability in the inelastic phase and the energy
dissipation capacity in SMAs.
According to the fundamental properties of SMA and experimental tests, two wires having a 1.5
mm diameter and length of 170 mm are chosen for the tension loading. Similarly, two wires having
the same dimensions are used for the compression loading.
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Figure 4-1. The schematic diagram of the SMA-based system developed by [114]

4.3

Sizing the MRF-based bracing system

The MRF-based bracing system, as shown in Figure 4-2, is originally a typical MRF damper which
is installed diagonally in the frame. The damper, as the most common MRF-based system, is
developed based on the direct shear mode of the MRF based [189].

Figure 4-2. The Schematic diagram of the MRF-based system

Due to the natural characteristics of the MRF, as the working fluid, the damping force of the
damper is a function of the magnetic field. The total amount of force, as presented in Figure 4-3,
in MRF shear mode, can be computed by [258]:
𝐹𝑀𝑅𝐹 = 𝐹𝜂 + 𝐹𝜏

(4.1)

where 𝐹𝜂 and 𝐹𝜏 denote the viscous shear force and the magnetic-dependent shear force,
respectively. The detail of the different transformation phases between 𝐹𝜂 and𝐹𝜏 can be found in
[258].
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In this study, it is assumed that the MRF damper and SMA-based system are massless and only
have the damping and stiffness effect due to negligible masses of the MRF damper and SMAbased system compared to the structure.
In order to match the resistive force by the SMA-elements to the MRF-damper, the maximum
force of the active MRF-damper is considered. Assuming the peak force of the scaled active MRFbased damper (max (FMRF)), the cross-sectional area of n SMA wires can be computed as:
max(𝐹𝑀𝑅𝐹 )
𝐴𝑤𝑖𝑟𝑒 = (3⁄𝑛) (
)
𝜎𝑚𝑠

(4.2)

where 𝜎𝑚𝑠 is the martensite stress of the SMA specimen. In the present study, two SMA-wires for
the tension and two wires for the compression are used in the SMA-based systems as well as the
SMA-MRF core bracing system.
Concerning the maximum allowable displacement in the MRF-damper, the length of each SMAwire is determined to move to the beyond the Martensite start strain(𝜀𝑚𝑠 ).

F
Ft

Increase the magnetic field

Fh

.
X

Figure 4-3. The schematic damping force vs. velocity by an MRF damper
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4.4
4.4.1

Experimental Characterization of SMA and MRF dampers
Experimental Setup

In order to perform the experimental tests, a universal servo-hydraulic testing machine-MTS model
370.5 has been used. This loading frame machine has a 500 kN loading capacity with a 150 mm
dynamic stroke with an in-built actuator and displacement sensor to run tests and collect data. The
system also has a control scheme and software to execute the desired measurement, such as
displacement. For most loads, the frequency range between 0.1-1 Hz, which is in the acceptable
range. The schematic diagram of the system is shown in Figure 4-4.
The data monitoring and gathering have been conducted by software developed by the MTS
machine’s manufacturer. The experimental setup of the machine and the accessories in the Applied
Laboratory for Advanced Materials and Structures (ALAMS) at the University of British
Columbia, Okanagan campus, is illustrated in Figure 4-5.
MTS model 370.5
Gripping mechanism

MTS Machine Components

Actuator
Top Gripper

Controller & DAQ

Computer
Specimen

Bottom Gripper
Force Sensor

Figure 4-4. The schematic diagram of the setup configuration the experimental test
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Controller
MTS Controller
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Bottom Grip

PC

Gauges and manual control

Figure 4-5. The MTS loading frame and the accessories

4.4.2

Shape Memory Alloy (SMA)

NiTi is the most common SMA among all SMAs [5]. In this study, the NiTi wire specimen
manufactured by Confluent Medical Technologies Co. is used. Its characteristics are given in Table
4-1.
In order to determine the strain-stress response of the SMA, the specimen having a 1.5 mm
diameter and 560 mm length is chosen. Due to the difficulty of keeping SMA in place by the
machine grippers, two steel plates at the top and bottom grippers are used. Two ends of SMA wire
are secured by steel bolts having 10 mm diameter and 145 mm in length and nut having 20 mm
width across flat and 10 mm thickness of each plate. In addition, this action reduces the possibility
of disconnection of the SMA specimen as a result of the fatigue due to the stresses at the ends of
the specimen, as presented in Figure 4-6.
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Table 4-1. The properties of NiTi shape memory alloy

PHYSICAL PROPERTIES

Value

Melting point (oC)

1310

Density (g/cm3)

6.5

Electrical resistivity (μohm-cm)

82

Modulus of Elasticity (GPa)

41

Coefficient of Thermal Expansion(\oC)

11 × 10-6

Ultimate Tensile Strength (MPa)

~1070

Total Elongation

~10%

Straight length(mm)

560

Diameter(mm)

1.5

Top Plate and nut
SMA wire
SMA wire
Bottom Plate and nut

Figure 4-6. The experimental setup for the SMA specimen

In order to find the hysteresis response of the SMA, the loading protocol, as illustrated in Figure
4-7, is performed by the loading frame machine. To find the hysteresis responses of the SMA
specimen, the static loading is applied by the MTS machine. The time period of this loading is
remarkably greater than the loading introduced in Chapter 3 (Figure 3-9). The main reason for that
is giving enough time to the specimen to change its state gradually and recover the original state
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eventually. The maximum amplitude is about 4.7%the strain in the SMA, which is applied along
ten cycles with a constant frequency [259].

Figure 4-7. The applied load to the SMA specimen

The “uniaxial self-centering material” is selected to model the SMA part of the bracing system in
OpenSees. The hysteresis behaviour of this material is displayed in Figure 4-8. It is observed that
there are many parameters, such as “Initial Stiffness”, “Post-Activation Stiffness”, “Forward
Activation Force”, “Ratio of Forward to Reverse Activation Force”, “Slip Deformation”, “Bearing
Deformation, Ratio of Bearing Stiffness to Initial Stiffness”, that should be set to model the system
in Opensees.
All parameters are set, as given in Table 4-2. After tuning, the strain-stress response of the uniaxial
self-centering material is compared to the experimental data, as displayed in Figure 4-9.
The numerical hysteresis responses show that strains and stresses, particularly the Martensite
strains and stresses and Austenite strains and stresses, are close to experimental results. In other
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words, hysteresis responses in the OpenSees follow the experimental hysteresis responses in the
loading and the unloading phase of every complete cycle. So, a good agreement between numerical
and experimental results is found. After tuning the SMA model, the SMA dimensions are also
scaled up with respect to the maximum force in the MRF-based damper; more details can be found
in [259].

Stress

Post-Slip Linear Bearing
Stiffness=$rBear*$k1

Slip Strain $epsSlip

Activation Stress $sigAct

K2

K1

Strain

Bearing Strain $espBear
(if=0, No Bearing)

Figure 4-8. The strain-stress behaviour of “uniaxial self-centering Material" in the OpenSees [260]

Table 4-2. Parameters of self-centering materials

Properties

Value

Initial Stiffness

37,500 kN/mm2

Post-Activation Stiffness

4500 kN/mm2

Forward Activation Stress (Force)

450 MPa

Ratio of Forward to Reverse Activation Stress (Force)

0.86
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Figure 4-9. The comparison between hysteresis responses of the numerical and experimental responses

4.4.3

Magnetorheological fluid (MRF) damper

In order to find the dynamic response, namely force-displacement and velocity-force, an MRF
damper model RD-8041-1 fabricated by LORD Co. is chosen, portrayed in Figure 4-10. The
characteristics of the MRF damper is given in Table 4-3. The damper can provide a force greater
than 2447N (peak to peak) with 1A electric current and also supplies the damping force in offstate (0 A), which is less than 667N (peak to peak). To activate the damper, it requires a 12 V DC
to be activated. The continuous-time to keep the system fully energized for 1A is about 30s. It is
also possible to apply a maximum intermittent of 2A to activate the damper.
In order to find the dynamic behaviour of the MRF-based damper, the loading protocol, as shown
in Figure 4-11, is applied by the MTS machine [86,259]. The maximum amplitude is about 8 mm.
the frequencies are between 1 Hz in the first cycle to 2 HZ in the last cycle.
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Specimen

Figure 4-10. The experimental setup for MRF damper
Table 4-3. The properties of the MRF damper (LORD®)

PHYSICAL PROPERTIES
Stroke (mm)
Extended Length (mm)
Body Diameter(mm)
Shaft Diameter(mm)
Tensile Strength(N)
Damper Forces (N), Peak to Peak, 5 cm/sec @ 1 A
Damper Forces N), Peak to Peak, 20 cm/sec @ 0 A
Maximum Operating Temperature(°C)
Input Current, Continuous for 30 seconds(A)
Input Current, Intermittent(A)
Input Voltage(V)

Value
74
248
42.1
10
8896 max
>2447
<667
60
1 max
2 max
12 V

Figure 4-11.The applied load to the MRF damper
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In order to characterize the MRF-based damper, the response of the different states of MRF –based
damper, from the zero applied electric current (inactive, off-state) to the maximum applied current
(the saturated state, active) have been investigated. To this end, the following activation currents
were applied: 0 A, 0.2 A. 0.4 A, 0.6 A, 0.8 A, and 1A, to the studied MRF damper.
It is worth mentioning that there is no direct way to model the MRF damper in OpenSees. Hence,
modeling the MRF damper is performed based on the working principles of this device. Two
suitable alternatives are the “Viscous Damper Material” and “Viscous Material” which are
available in OpenSees’s library
In the present work, “Viscous Damper Material” is chosen to model the MRF damper [261], due
to the similar actuation mechanism with the viscous damper. “Elastic stiffness of linear spring”,
“Damping coefficient”, and “Velocity exponent”, as the relevant parameters, are tuned by the trial
and error method to achieve a good comparison with the experimental results. After setting those
parameters, the force-displacement and the force-velocity of the numerical and the experimental
models are compared, as presented in Figure 4-12 and Figure 4-13, respectively. In the minimum
state (0A), the remarkable noise in the experimental data is observed due to the limitations of the
testing machine. Overall, it is found that there is a good match between the numerical and
experimental results.
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Figure 4-12. The comparison between hysteresis responses of the numerical and the experimental results of the MRF
damper
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Figure 4-13. The comparison between force vs. velocity of the numerical and the
experimental results of the MRF damper

4.5

The conceptual design of the SMA-MRF core bracing system:

The proposed system is composed of two steel tubes, MRF-based damper, SMA-wires, customized
nuts, and bolts. The outer tube has a greater height than the inner one. Four customized nuts and
bolts are connected to the outer cylinder, and four customized nuts and bolts are attached to the
inner cylinder. The two ends of each SMA wire are held by customized nuts and secured to the
body of the cylinder by customized bolts, as introduced in Figure 3-2. Each end of the MRF-based
damper in the proposed system is fixed by two customized hooks.
4.6

Fabrication of the bracing system

In order to develop the prototype of the SMA-MRF core bracing system, the conceptual 3D design
of the system is developed, as presented in Figure 4-14. As observed, two steel cylinders surround
the MRF damper. The inner with the outside diameter (OD) 25.29 mm and outer steel cylinder
with OD 26.22 mm are considered. The height of the inner and outer cylinders are about 252.00
mm and 278.40 mm, correspondingly.
The cylinders hold the two SMA wires by four customized nut and bolts for the tension state and
keep another two SMA wires for the compression state by the other four nut and bolts. Two ends
of each SMA wire having 1.50 mm diameter and 170.00 mm length are secured to the body of the
cylinder by the customized bolts and nuts.
The bottom of the MRF damper and the inner cylinder are kept in place by a bolt with a 10.77 mm
diameter passing throughout them; the two sides of this bolt are kept by two customized steel
hooks. Similarly, the top of the MRF damper and the outer cylinder are secured by two hooks.
These hooks have been designed so that the device can properly be grabbed in the MTS machine.
Figure 4-14 shows the two-way SMA-MRF core bracing system. The details of the system are
presented in Annex F.
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Figure 4-14. The prototype of two-ways SMA-MRF core bracing system

4.7

Experimental setup

In order to evaluate the performance of the proposed system, it has been experimentally tested by
the loading frame machine. Figure 4-15 illustrates the experimental setup at ALAMS at the
University of British Colombia, Okanagan campus. The loading frame machine and its main
components are presented in Figure 4-16.

Figure 4-15. The MTS loading frame machine with its accessories

DAQ

PC

MTS control system

MTS loading frame

Figure 4-16. The typical diagram of the setup configuration the experimental test
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4.8

Characterization of the SMA-MRF damper

In order to find the hysteresis behaviour of the SMA-MRF core bracing system, it is secured
between the top and the bottom gripper of the MTS machine directly, as presented in Figure 4-17.
In the next step, a loading protocol, as displayed in Figure 4-18, is applied to the specimen. As
observed, the loading protocol includes one complete cycle, with a frequency of 1 Hz, which is
the maximum allowable frequency in the MTS machine, and the maximum amplitude of 7 mm.

Figure 4-17. The two ways SMA-MRF core bracing system

Figure 4-18. The loading protocol applied by the MTS machine
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The SMA-MRF-based system is tested under applied 0A and 1A under the same loading protocol.
The experimental results are presented in Figure 4-19. It is observed that the system is capable of
providing the damping force under the tension as well as the compression with and without applied
electric current. Furthermore, activated and inactivated hysteresis responses are symmetrical. It
means the system behaves the same in tension and compression, regardless of loading’s direction.
It is seen that the maximum forces of the system are controllable and varied between 3076 N and
2355 N under 0A and 1A, respectively.

Figure 4-19. The experimental results of the SMA-MRF based core bracing system

4.8.1

Energy dissipation capacity

The energy dissipation capacity of the SMA-MRF-based system is calculated and shown in Figure
4-20. In the inactive state of the system, the system can absorb about 18 kJ of energy and changes
up to 51 kJ in the active state of the system. It is noted that the SMA components of the system in
an inactive system make a major contribution to the absorption energy capacity. Since the system
is energized, the MRF-core-based system enhances the capacity of the systems, a remarkable
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increase of about 183%. Thus, the energy dissipation capacity of the system is controllable and
can be changed upon the applied electric current. It is a vital outcome of the system to enhance the
dynamic behaviour of the civil infrastructure equipped with this novel bracing system by
impending a good control strategy.
Energy Dissipation Capacity
60

Energy(J(N.m))

50
40
30
20
10
0
SMA-MRF-0A

SMA-MRF-1A
Type of system

Figure 4-20. The comparison between the energy dissipation capacity of the active and the inactive
SMA-MRF-based system

4.8.2

The equivalent viscous damping coefficient

The equivalent viscous damping coefficient is another studied parameter for this novel system. To
compute the damping, fully activate (1A) and inactive (0A) systems are considered, as shown in
Figure 4-21. It is seen that the damping coefficients are about 0.08 and 0.24 in the inactive and
active modes of the system, respectively. It means that the activation of the MRF-core based
system increases the damping of the system. Hence, the controllability of the damping coefficient
is a significant feature of the SMA-MRF-based system and can be tuned between the minimum
and the maximum value with respect to the amount of the applied electric field. It is also observed
that the system can provide the damping coefficient in the inactive state of the system. Rephrasing,
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the system, as a passive system, is capable of damping the dynamic response of the civil
infrastructure experiencing external loading.
Equivalant Viscous Damping Coefficient
0.3

Coefficient

0.25
0.2

0.15
0.1

0.05
0
SMA-MRF-0A
Type of system

SMA-MRF-1A

Figure 4-21. The comparison between the equivalent viscous damping coefficient of active and inactive
SMA-MRF-based system

4.8.3

Validation results:

To validate the numerical results of the SMA-MRF based system, the OpenSees is used to develop
the numerical model of the SMA-MRF based system. From the library materials of OpenSees, the
“SelfCentering” materials and “ViscousDamper” are chosen to model the SMA wires and the
MRF-based damper, respectively.
The two material models are modeled parallel to simulate the behaviour of the SMA-MRF based
system, which can be considered as a new model. Then, the model is exposed to the same loading
protocol introduced in Figure 4-23.
The comparison between the numerical and experimental results is conducted and displayed in
Figure 4-22 and Figure 4-23. As observed, there is a good match between numerical results and
experimental results in the 0A state as well as the 1A state. In other words, the numerical model
actuates in the pressure as well as compression loading and absorbs the energy in both ways.
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However, a slight difference between experimental and numerical results close to the center is
observed. It is mainly due to slipping SMA wires around the customized nuts and bolts, which
affect the recentring capacity.

Figure 4-22. OpenSees and experimental results in the inactive state (0A) of the SMA-MRF based system

Figure 4-23. OpenSees and experimental results in the active state (1A) of the SMA-MRF based system
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4.9

Conclusion

In this study, the proof of concept of the semi-active bracing systems based on the SMA-MRF has
been proposed to implement into civil infrastructure. According to novelty in design, the system
is a two-way system. In other words, the system can work while the systems move forward and
backward (the tension and compression mode) under external excitation. The main outcome of the
research are as follows:
1. The system supplied the tunable resistive force subjected to the tension as well as
compression loads equally. Thus, the performance of the system is verified experimentally.
2. The hysteresis responses and the maximum resistive forces of the system can be changed
regarding the amount of activation of the MRF-based core.
3. It is found that the energy dissipation capacity of the system is a function of SMA and
applied electric currents upon the MRF-based core. Hence, the energy dissipation ability is
controllable and can be tuned concerning desired outputs.
4. It is observed that the equivalent viscous damping coefficient of the proposed system can
be set due to the amount of applied electric currents.
5. The dynamic response of an SMA-based, MRF-based, and SMA-MRF based bracing
systems have been generated and obtained in OpenSees. The numerical models of the main
components of the bracing system have been validated numerically and experimentally.
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Chapter 5: Numerical study of SMA-MRF Bracing Systems
5.1

Introduction

Civil infrastructures are vulnerable to catastrophic failure when exceeding the limit loading,
requiring a reliable structural control mechanism to enhance the integrity and stability of the
structure. Bracing systems improve the performance of the structures through increasing the
stiffness of structures, the damping coefficient, and/or the energy absorption capacity. However,
the functionality of those bracing systems is not controllable and may be altered after strong
seismic events.
In this study, a smart bracing system based on multifunctional materials, particularly the shape
memory alloy (SMA) and the magnetorheological fluid (MRF) has been developed. The
superelasticity properties of SMA gives the capability of recovering the original state after
remarkable deformation. Furthermore, the SMA dissipates the energy of the applied load in the
loading-unloading mechanism. The viscosity of MRF is variable and depends on the intensity of
the applied magnetic fields.
In the present chapter, to study its effect on the performance of the buildings, a numerical model
of a two-story frame is developed by the Open System for Earthquake Engineering Simulation
(OpenSees) software. Then, nonlinear time-history analysis is performed to compare the results of
the modeled frame with and without the Viscous-based, the SMA-Viscous-based, and the SMAMRF-based bracing systems under three simulated ground motion profiles. The comparison
between drifts of all frames proves that the SMA-MRF-based bracing systems significantly
preserve the structural integrity and result in a better seismic performance

125

5.2

Analytical Model of the SMA-MRF Structural Bracing System

In order to study the effect of a bracing system on the dynamic response of a structure, an idealized
two-story frame similar to the one used in [262] is considered, as shown in Figure 5-1. The mass
and stiffness matrix of the frame are given by [262]:
𝑀 = 𝑚[
𝐾=

24𝐸𝐼𝑐
ℎ3

2 0
]
0 1

(5.1)

3 −1
[
]
−1 1

(5.2)

where 𝑀, and 𝐾 are the mass and the stiffness matrixes of the frame. ℎ, 𝐸 and 𝐼 represent the
height, Young’s modulus, and the moment of inertia, respectively. 𝑚 represents in lumped mass.
The first two natural frequencies of the frame are given by [262]:
𝑓1 =

3.464
2𝜋

√

𝐸𝐼𝑐

,𝑓 =
𝑚ℎ3 2

6.928
2𝜋

𝐸𝐼𝑐

√

(5.3)

𝑚ℎ3

To find the dynamic equation of motion for the frame model, the equation of motion is expressed
by [262]:
..

.

..

𝑀𝑢 + 𝐶𝑢 + 𝐾𝑢 = −𝑀𝑢𝑔 (𝑡)

(5.4)

..

where u g and u is the ground acceleration and the displacement of the floor, respectively.
Inserting the structural control systems given into the frame, the damping and/or the stiffness of
the frame are changed. Assuming massless control elements and ignoring their horizontal effect,
Eq.(5.4) is modified to:
..

.

..

𝑀𝑢 + 𝐶𝑒𝑞 𝑢 + 𝐾𝑒𝑞 𝑢 = −𝑀𝑢𝑔 (𝑡)

(5.5)

where 𝐶𝑒𝑞 and 𝐾𝑒𝑞 are the damping matrix and modified stiffness matrix.
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2EIc
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Figure 5-1. The two-story frame adapted from [262]

Bracing system

Figure 5-2. The schematic diagram of a 2DOF frame with structural control elements

Structural control system:

In order to improve the dynamic behaviour of the frame, the SMA-MRF (hybrid) based bracing
system is installed in the frame, as shown in Figure 5-2. While the hybrid bracing system is under
loading, it provides the resistive force (𝐹𝑆𝑀𝐴−𝑀𝑅𝐹 ).
In terms of the effect, the hybrid system on the equation of motion, Eq. (5.4) is rewritten as:
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..

.

..

𝑀𝑢 + 𝐶𝑢 + 𝐾𝑢 = −𝑀𝑢𝑔 (𝑡) − 𝐹𝑆𝑀𝐴−𝑀𝑅𝐹

(5.6)

The SMA-MRF core bracing system is originally composed of a parallel arrangement of the
SMA-based and the MRF-based systems. The force is composed of 𝐹𝑆𝑀𝐴 and 𝐹𝑀𝑅𝐹 by:
𝐹𝑆𝑀𝐴−𝑀𝑅𝐹 = 𝐹𝑆𝑀𝐴 + 𝐹𝑀𝑅𝐹

(5.7)

where 𝐹𝑆𝑀𝐴 and 𝐹𝑀𝑅𝐹 denote the force supplied by the SMA-damper and the MRF-damper,
respectively. These dampers add stiffness and damping forces to the structure that are used to
control the natural frequency and equivalent damping ratio of the structure.
5.3

Modeling the SMA-MRF damper into a two-story frame

In order to model and analyze the introduced frame, as presented in Figure 5-1, OpenSees software
is used, and the proper material models are chosen for the model from the materials library in
OpenSees to develop an accurately representative model of the frame [259]. It is an idealized twostory frame, fixed to the ground, four massless column, and two rigid floors.
In the first step, for modeling purposes, the two-story frame with a height of 3657.6 mm and a bay
length of 7315.2 mm is considered. The weight of the first and second floor are about 2000 kN
and 1000 kN, respectively. Each column has the moment of inertia 133.194 × 106 mm4 and the
area of 40909.5 mm2. The material of columns has the Young modulus of 206.84 kN/mm2.
In order to validate the numerical model of the frame in OpenSees, the first two-natural frequencies
are obtained in OpenSees and compared to the analytical results using Eq.(5.3). The first and
second natural frequencies, using the two approaches, are about 1.28 Hz (𝑓1 ) and 2.63 Hz (𝑓1 ),
respectively. Hence, the numerical model is a good match with the analytical
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5.4

Seismic control of frame structure integrated with the SMA-MRF core bracing system

The effectiveness of Viscous-based, the SMA-Viscous-based, and particularly the SMA-MRFbased systems in providing the structural stability in the time-domain subjected to dynamic loading
is studied. Then, to control the structural behaviour of civil infrastructures in the time-domain,
many structural elements need to be considered. However, an alternative and more efficient
approach to investigate the control issues in civil infrastructure is transforming the time-domain
responses to frequency-domain responses. Hence, the control approach is based on structural
amplitude responses for a specific bandwidth of the frequencies. Commonly, the bandwidth is the
first few natural frequencies of the civil infrastructure.
In this chapter, a frequency analysis of the simplified frame with and without the structural control
element has been performed to study the influence of the conventional and novel structural control
system in the frequency domain.
In order to enhance the functionality of the SMA-MRF based system, a simple On-Off control
algorithm has been designed and embedded in the modeled frame to suppress the structural
amplitude in the desired frequency bandwidth. The dynamic response of a simplified 2DOF
structure equipped with the Viscous-based, the Viscous-SMA-based, and the developed hybrid
SMA-MR-based systems have been conducted using the OpenSees. A comparison between the
present SMA-MRF-based and the Viscous-based systems has been performed. It is observed that,
upon activation, the developed SMA-MRF-based structural control system reduces the amplitude
of the maximum drift ratio of both degrees of freedom in a wide range of the frequency spectrum
of the structure.
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5.5

Design and modeling of structural stability control elements for earthquake

While presenting a novel hybrid control element, the present work compares the performance of a
simplified two-degrees of freedom (2 DOFs) structure equipped with the present hybrid SMAMRF-based element, the Viscose-based, and the SMA-Viscous-based under three earthquake
profiles. In chapter 3, the SMA-MRF-based system has been introduced in detail. However, one
of the most conventional systems is the viscous-based system. Here, the brief of the viscous-based
system is discussed.

5.5.1

Viscous-based control element

Due to the similarity of the working mechanism between the MRF-based system and the Viscous-based
damper, the Viscous-based system is as a common passive system is considered to compare their
performance on the frame. A viscous damper is a cylinder-piston filled with a polymer liquid, as shown
schematically in Figure 5-3. The amount of force generated in a viscous damper is proportional to the rate
of change in piston displacement, i.e. the velocity of the piston rod. The relation between force and
velocity of a typical viscous damper can be expressed by [26,263,264]:

Figure 5-3. The schematic diagram of a viscous-based structural control system adapted from [263]

𝐹𝑉𝑖𝑠𝑐𝑜𝑢𝑠 (𝑡) = 𝐶𝑑 |𝑥̇ |𝛼 𝑠𝑔𝑛(𝑥̇ (𝑡))

(5.8)
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where 𝐶𝑑 , 𝛼, and 𝑥̇ (𝑡) represent the damping coefficient, the velocity exponent, and the piston rod
displacement, respectively.
To model a viscous-damper in the OpenSees, the behaviour of the damper has been considered as
the superposition of a spring and a dashpot, as shown in Figure 5-4 [264].
1

𝐹𝑉𝑖𝑠𝑐𝑜𝑢𝑠 ′ (𝑡) = [(𝑥𝑚 (𝑡) − 𝑠𝑔𝑛(𝐹𝑉𝑖𝑠𝑐𝑜𝑢𝑠 (𝑡))(|𝐹𝑉𝑖𝑠𝑐𝑜𝑢𝑠 (𝑡)|𝛼 ⁄𝐶𝑑 )]𝐾𝑑

(5.9)

where 𝑘𝑑 and 𝑥𝑚 represent the total spring displacement and the internal stiffness of the system.

Figure 5-4. A linear spring element and a linear viscous dashpot element for modeling of a nonlinear
viscous damper [26,263]

5.5.2

Modeling a 2 DOFs Frame

To study the influence of the structural control systems on the dynamic response, a 2D two-story
frame with embedded bracing systems (X-shape) is considered, as shown in Figure 5-2. The
dynamic response for the first and second stories have been determined; the results have been
compared with that of the idealized 2D frame.
5.5.3

Frequency analysis

The drift ratio, an important structural parameter used in the structural stability assessment
criterion, is defined as:
Dr =

ur
h

(5.10)
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where 𝑢r and ℎ stand for the relative displacement between two consecutive floors and the height
of the floor, correspondingly.
To analyze the structural response of the frame in the frequency domain, the Discrete Fourier
Transform (DFT) is applied to transform the drift ratio in the time-domain to the DRIFT RATIO
(DR) in the frequency domain. The DFT for the given Dr with the length of n is computed by:
n−1

(5.11)

DRIFT RATIO(DR)[jω] = ∑ Dr[k]exp(−jωkT)
0

For better presentation, Eq. (5.11) is simplified to:
(DR)n =

1000
|DR[jω]|
n

(5.12)

where |𝐷𝑅[𝑗𝜔]| stands for the absolute value of the 𝐷𝑅[𝑗𝜔]. (DR)n is the normalized drift ratio.
5.6

Simulation of the stability control elements for earthquake

The effects of the stability control elements have been simulated for three ground motions (GM),
namely, Christchurch (New Zealand. 2011), Darfield (New Zealand, 2010), and Parkfield (the
USA, 1979). In the following subsections, the earthquake profiles have been presented. The
response of the frame has been provided, and the influences of the frame under three ground
motions have been studied.
5.6.1

Modeling Earthquakes

The properties of GMs are given in Table 5-1. It is seen that the strength of the earthquake is varied
from 6.2 MW in Christchurch, 7MW in Darfield, and 6.0 MW in Parkfield. The acceleration profile
of Christchurch, Darfield, and Parkfield are presented in Figure 5-5. As it is seen, the maximum
absolute acceleration in Christchurch, Darfield, and Parkfield is 0.715 g, 0.238g, and 0.57g,
respectively [265]. One may note that the GMs have been scaled down 1:2 original values.

132

Figure 5-5. Acceleration time history of selected earthquake

Table 5-1. Selective ground motions and characteristics in three tectonic environments [265]

5.6.2

Earthquake

Year

Site

Mw

R(km)

Vs30(m/s)

Christchurch, NZ

2011

Resthaven

6.2

5

141

Darfield, NZ

2010

Resthaven

7.0

19

141

Parkfield

1979

P.F.Z.-1

6.0

3
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Matching The MRF-damper to Viscus damper

In order to use the MRF-based damper in the SMA-MRF-based system bracing system, the
numerical model is scaled up about 30.5 times greater than the original values [259]. The main
reason is to match the maximum force in the MRF-based bracing system to the viscous-based
bracing system, developed in OpenSess, as presented in Figure 5-6.
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Figure 5-6. The matching the MRF-based bracing system’s hysteresis respond to the viscous-based bracing
system’s hysteresis response

5.6.3

Effect of control element on GMs: time-domain response

To compare the functionality of the structural control systems, the displacement of the first story
of the frame with and without the control systems has been determined under Parkfield GM, shown
in Figure 5-7 and Figure 5-8. It has been observed that displacements of the frame surprisingly
reduced by the SMA-MRF-based system in Off-state and particularly On-state. A comparison
between maximum displacements under all GMs is presented in Figure 5-9 and Figure 5-10. It is
seen that adding the SMA-MRF element reduces the maximum displacement of the first story for
all GMs. On the other hand, activating the SMA-MRF system reduces the maximum displacement
to 36, 24, and 13 for Christchurch, Parkfield, and Darfield, respectively. This approximately results
in 45.4%, 54.7%, and 71.7% reduction for the three GMs, respectively.
Similarly, the maximum displacement of the second story has been determined for the three GMs
when adding structural control elements and shown in Figure 5-10. Once again, one may realize
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that activating the hybrid SMA-MRF system results in a sharp reduction, approximately 43%83%, compared to the conventional system.

Figure 5-7. The displacement of the first floor under the Parkfield ground motion

Figure 5-8. The displacement of the second floor under the Parkfield ground motion
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The maximum displacement in the first floor
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Figure 5-9. The maximum displacement of the first story on GMs
The maximum displacement in the Second floor
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Figure 5-10. The maximum displacement of the second story on GMs

5.6.4

Effects of control elements on the structural stability: frequency domain

In the previous section, the functionality of the structural control systems under different GMs has
been shown in the time domain analysis. However, understanding the functionality of the system
for different applied frequencies is essential in the design and development of the stability control
element for dynamic loadings. In this section, the effects of adding control elements in structural
stability have been investigated in the frequency domain. For the sake of brevity, only one GM,
the Christchurch earthquake, has been considered for the simulation.
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In order to illustrate the performance of the structures under external dynamic loading, three
regions, namely safe zone (SZ), warning zone (WZ), and danger zone (DZ), have been introduced.
The safe zone is considered as the zone in which the maximum normalized drift ratio is less than
0.01; the warning zone is where the drift ratio is between 0.01 to 0.1. The drift ratio above 0.1 is
considered as the danger zone where the structure will be at a high risk of failure. One may note
that for loading frequency close to the natural frequency, the structure begins to resonance leading
to high instability.
In order to compare the effect of structural control systems on both floors of the frame, the
frequency responses of each floor are studied separately. Figure 5-11 and Figure 5-12 compare the
effects of adding control elements in the drift ratio for the first and second stories under the
Christchurch earthquake. The peak Drift Ratio of the SMA-viscous system significantly changes
down drift ratio to 0.08 while it leads to a 1.5 Hz shift in the natural frequency of the structure
embedded with the control system. The inactive SMA-MRF-based system decreases the drift ratio
by 68.5%. One may realize that activating the hybrid SMA-MRF system may keep the stability
for the structure in the safe zone for a wide range of loading frequencies. Similar results are
observed for the first and the second floors for all GMs.
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Figure 5-11. The frequency response of the first floor with structural control systems under the scaled
Christchurch GM

Figure 5-12. The frequency response of the second floor with structural control systems under the scaled
Christchurch GM
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5.6.5

The semi-active control algorithm for the frequency response of drift ratios

According to the stability limitation, such as drift displacement, given by structural design, a safe
zone (SZ) is defined for safe structural stability. The drift displacements at selected locations are
measured constantly; accordingly, for drift displacement lower than the safe zone, no electric field
is induced to MR damper (system activated). Once the drift displacement goes beyond the safe
zone, a constant electric current will be induced to the MRF damper (system deactivated).
Although the present system is capable of adjusting for the different magnitudes of drift
displacements, for the sake of simplicity, the present system is just an “On-Off” system, as
presented in Figure 5-13. One may be noted that when the value of the drift displacement increases
from the safe zone, a fixed electric current will be applied to the MRF damper supplying a constant
control force to bring back the drift to the safe zone. Once the magnitude of the drift falls in the
safe zone, the electric source will be disconnected. Therefore, this algorithm minimizes the risk of
structural destabilization.
Figure 5-14 and Figure 5-15 illustrate the frequency response of the drift ratio of the first and
second floors of the structure. It is observed that in the frequency band 0.8-1.7 Hz, the response of
the system exceeds the safe zone. Therefore, the control system needs to be activated in this
frequency range. To save energy, the control system is activated before 0.8 Hz and deactivated
after 1.7 Hz. This ensures the frequency response of the system to fall in the safe zone when
subjecting to a wide range of loading frequencies.
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Figure 5-13. The schematic diagram of the closed-loop controller

Figure 5-14. The frequency response of the first story with structural control systems under the scaled
Christchurch GM
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Figure 5-15. The frequency response of the second-story with structural control systems under the scaled
Christchurch GM

5.7

Conclusion

The dynamic response of the Viscous-based, the SMA-Viscous-based, and the SMA-MRF based
bracing systems have been generated and obtained in the OpenSees. In the first step, a two-story
frame is modeled in the OpenSess and validated by analytical results. This frame is used to study
the effect of the different proposed bracing systems. Then, the effects of adding structural control
elements in stability control of the structures have been investigated. Several structural control
elements, namely the SMA-MRF-based system, the Viscous-base, and the SMA-Viscous-base,
have been examined for drift ratios for a simplified two-degrees of freedom structures both in the
time domain and in the frequency domain. It was observed that adding control elements reduces
the drift ratio for both stories subjected to three earthquakes under the study. The SMA-MRF
control system provided more reduction in the drift ratio for both stories subjected to the three
earthquakes. To illustrate the performance and functionality of the systems, three zones, namely
safe zone, warning zone, and danger zone, have been introduced. It was observed that activating
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the SMA-MRF system makes the frequency response of the structure fall in the safe zone for a
wide range of loading frequencies.
In the aspect of the electric energy consumption, the MRF-based and the SMA-MRF-based
systems, systems are studied for two states with(On) and without(Off) maximum electric current.
In the Off state, there is no electric power; but in the On state, the maximum allowable current is
applied to the SMA-MRF-based system, as well as the MRF-based system.
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Chapter 6: Effect of cyclic loading on the SMA behaviour
6.1

Introduction

In the previous chapters, the prototype of the SMA-MRF core bracing system has been proposed,
designed, and fabricated. It aims to protect the civil infrastructures subjected to seismic activities.
Furthermore, it is assumed that the system should be fully functional in the lifespan of real
buildings. Hence, any change from the ideal behaviour of each element of the proposed system
affects the outcomes of the entire system significantly.
The MRF-based damper has been fabricated and tested after 2 million cycles by manufacturer, and
results have shown a negligible difference from its initial behaviour [266]. Another material is the
SMA, which is used in the form of wire in this smart system. Few studies have been conducted on
the effect of long-term use. Hence, the investigation of that condition is in demand to find any
possible change over the initial response.
In this chapter, experimental responses of SMA wires by focusing on dissipation capacity and
residual deformation are studied to compare responses of SMAs with and without applied
prestraining. Among all applying prestrained, ranging from 1.5% to 2 %, 1.7% is chosen due to
reasonable experimental results. Comparisons between 0% and 1.7% prestrained SMA’s specimen
under short and long-term cyclic loads are conducted.
6.2

Energy absorption calculation

SMA-based systems absorb the energy of external excitation through their hysteresis. In order to
calculate the energy dissipation capacity, the obtained hysteresis response should be divided into
n elements, as presented in Figure 6-1. Each element can be assumed as a trapezoid with an area
equal to the energy dissipation between two small displacements. Due to the SE SMA’s flag shape
hysteresis, the energy dissipation strip shown in Figure 6-1 seems to consider portion beyond the
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hysteresis. However, this additional portion will cancel out when the full cycle of hysteresis is
considered. The sum of all elements is the total energy dissipation capacity under the specific
loads.
The total energy dissipation is computed by [86]:
𝑛−1

(6.1)

𝐸𝑛𝑒𝑟𝑔𝑦𝑡𝑜𝑡𝑎𝑙 = ∑ 0.5(𝐹𝑖 + 𝐹𝑖−1 )(𝐷𝑖 − 𝐷𝑖−1 )
𝑖=1

where Fi and Di denote the force and displacement of the “i-th” node of the “i-th” element,
respectively.
When energy dissipation is normalized by the volume of the SMA material, it can be calculated
from force (strain) and force (stress) data, as illustrated in Figure 6-1.
Energy dissipation of i th-element

Force

Fi
Fi-1

Di-1 Di

Displacement

Figure 6-1. The energy absorption of a typical hysteresis response of the SMA

Effect of cyclic loading on the deformation of SMA

The load shown in Figure 6-2 is applied 100 times to the specimen to simulate the cyclic loads,
and similarly, 1000 cycles are used to model the long-term cyclic loads. It is assumed that the load
is strong enough to pull the element into the inelastic region up to 3.5% longer than the original
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length. This limit is set to not go beyond the fully superelastic response in all cases, including the
pre-strained cases. One hundred cycles of such loads are anticipated to happen in critical situations.
The hysteresis responses for both loading conditions are obtained experimentally using an MTS
load frame. The SMA wires have been subjected to a 1.7% initial pre-straining prior to the
application of external loading.
The first load cycle
4
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0
0

0.5

Time(s)
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Figure 6-2. One load cycle applied by the MTS machine

The permanent (residual) deformation is an index to estimate how much the SMA loses its ability
to recover its original state. The SMA specimen has been subjected to 1000 load cycles with a
typical loading shown in Figure 6-2. Figure 6-3 illustrates the effects of cyclic loading on the
residual deformation of the SMA specimens. It is seen that the major rise occurs between 1 to 100
cycles, which is approximately about 1.5 mm (0.30 % strain) after the first 100 cycles. Beyond
300 cycles, the residual deformation can be assumed as constant. The range of the residual
deformation is between 1.9 mm (0.34% strain) to 2.2 mm (0.40% strain) from cycle 300 to cycle
1000. One may be noted that SMA, such as conventional materials, loses its characteristics under
cyclic loads [267].
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Figure 6-3. Effect of cyclic loading on residual(strain) deformation of SMA

6.3

Pre-straining SMA

In order to select the pre-strain point for the SMA during loading and unloading phases, two
possible points are considered in the hysteresis response of the SMA as shown in Figure 6-4. The
first option is 𝜎1 , in the loading phase and the second option is 𝜎2 , in the unloading phase. In this
study, the pre-straining point, which is about 1.7 % in the loading phase, is selected to apply to the
SMA specimen. It is mainly due to avoid applying the maximum allowable strain and reduce the
possibility of the degradation under cyclic loadings, while the pre-straining is applied.

Stress(σ)

1

2

σ1

ε

Strain(ε)

Figure 6-4. The typical hysteresis response of the SMA
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6.4

Results and discussions

In order to simulate the external periodical dynamic live loads, such as winds and earthquakes, the
SMA’s short and long terms behaviour is investigated.

6.4.1

Short-term loading

The hysteresis responses of the 0% and 1.7% pre-strained SMA specimens under short-term cyclic
loads are displayed in Figure 6-5. For the 0% pre-strained cycle, a small initial force, about 40 N,
is applied by the MTS machine to fix the specimen in place.
Significant differences in the hysteresis responses are observed between initial responses and
responses under cyclic loads. One of the main differences is that the considerable residual
deformation appears in the 0% pre-strained SMA specimen after ten cycles, whereas the 1.7% prestrained specimen does not exhibit this deformation under the short-term cyclic loads. The second
change is the decrease in the under-the-curve area.

Figure 6-5. The hysteresis responses of the 0% and 1.7% pre-strained specimen along 100 cycles
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The amount of energy dissipation capacity for up to 100 cyclic loads is shown in Figure 6-6. The
energy dissipation capacity drops remarkably with an increasing number of cycles for both SMAs.
The sharpest drop from 2.5 J/cm3 to 1 J/cm3 occurs in the first ten cycles. Thereafter, the energy
dissipation capacity decreases more gradually and reaches 0.7J/cm3 after 100 cycles for both the
0% and 1.7% pre-strained specimens. It is worth mentioning that the reduction is linked to the
degradation of the SMA. It is s that the degradation has a similar effect on the energy dissipation
capacity reduction on all SMA specimens regardless of level applied prestraining.
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Figure 6-6. The amount of energy dissipation capacity in 0% and 1.7% pre-strained specimen

6.4.2

Long-term loading

The hysteresis responses of the SMA specimen for up to 1000 cyclic loads are shown in Figure
6-7. A significant improvement in the term of full recovery capability of hysteresis response after
100 cycles are observed when the SMA wires are subjected to pre-strain.

148

Figure 6-7. The hysteresis responses of the 0% and 1.7% pre-strained specimen along 1000

The effect of long-term loads on the energy absorption capacity is presented in Figure 6-8. It shows
a similar trend for both specimens. In the first 100 cycles, energy absorption capacity drops sharply
from 2.3 J/cm3 to 0.7 J/cm3. This is followed by a much more gradual decrease to 0.5 J/cm3 at
1000 cycles.
Energy dissipation capacity
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Figure 6-8. The amount of energy dissipation capacity in 0% and 1.7% prestrained specimen
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6.5

Conclusion

The effects of high-amplitude cyclic loadings (i.e. loads that pull the structures beyond the elastic
region) on the dynamic behaviour of SMA-based structural control elements have been studied
experimentally. The study demonstrates that SMA-elements in the SE mode are good passive
structural control elements that provide excellent energy absorption and self-centering capacity.
To develop these components, two important parameters should be considered: the loss of energy
dissipation capacity and residual deformation. The experimental study indicates:
•

The energy dissipation capacity of an SMA-element drops by about 75% in the first 100
cycles. Thus, a safety factor of approximately 2.5 is required in the design of SMA based
structural control elements.

•

During the initial 100 cycles, the residual strain of about 0.26% takes place in the
conventional SMA specimen. Hence, SMA-based structural control elements require
adequate preload in order to provide optimum self-centering capacity.
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Chapter 7: Summary, Conclusion, and Future works
In this study, a novel smart bracing system has been proposed to enhance the stability of civil
infrastructure. The proposed system ensures the functionality and serviceability of structures when
subjected to unpredicted external loads, such as seismic loads. To illustrate the performance and
functionality of the proposed system, several issues, including analytical, numerical, experimental,
and simulation of case studies, have been tackled. The following subsections provide brief
descriptions and contributions of the present study. Regarding the controllability of output, the
proposed system can be considered as a suitable structural control for the low, medium, and high
seismic zone.
7.1

Conceptual design

The conceptual design of the novel hybrid system, called SMA-MRF core bracing, has been
developed in which the controllability of MR dampers and the superelasticity effect of SMA have
been combined. The hybrid bracing system has a core MRF damper surrounded by SMA wires.
The design ensures that the SMA wires are under tension when subject to both compression as
well as tension loadings.
7.1.1

Analytical study

An analytical model has been developed to simulate the performance of the novel hybrid system
in Chapter 3. This model captures the simultaneous effects of magnetic, electrical, and mechanical
fields.
The model has been utilized to investigate the controllable energy dissipation capacity, the
recentering ability, and the damping coefficient in the tension and the compression modes.
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7.1.2

Fabrication

Based on the conceptual design, a prototype of the system has been designed, and accordingly, the
system has been fabricated. The system is composed of two sliding cylinders, a core MR damper
fixed in the inner cylinder, and four SMA wires attached and fixed at the outer cylinder.
7.1.3

Experimental analysis

The prototype models have been subjected to the dynamic loads (Chapter 4) by an MTS load frame
machine to obtain the experimental data.
The comparison between the performance of the SMA-MRF core bracing system to the SMAbased system and the MRF-based system has been conducted. The experimental results in the
proposed systems have been compared with that of the numerical approach (Chapter 4).
It is understood that the performance of SMA-based systems in the long-term may alter because
of material degradation. To compensate for the degradation effects in the energy absorption
capacity as well as increasing in the residual deformation in the SMA-based bracing systems, the
SMA wires have been subjected to predefined pre-straining. The remarkable enhancement has
been found in the pre-strained mode after applied cyclic loads.
7.1.4

Numerical analysis

The numerical model of the hybrid bracing system has been developed in the OpenSees. Moreover,
the numerical model of the SMA-based bracing system, the MRF bracing, and the conventional
bracing system have been explored in Chapter 5. The numerical and experimental models have
been compared to validate the accuracy of the numerical models. The numerical model of the twostory frame has been developed. To find the structural behaviour, the frame has been equipped
with the hybrid bracing and subjected to three scaled simulated ground motions.
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The performance of all systems has been compared to study the effect of the bracing systems on
the structural behaviour of the frame.
7.2

Conclusion

The SMA-MRF core bracing system has been proposed to enhance structural stability under
external seismic loadings. The main outcomes of the present hybrid system are summarized as
follows:
7.2.1

Energy dissipation capacity

The hybrid SMA-MRF core bracing system can play a major role in the energy dissipation of the
external loadings. In fact, the energy dissipation capacity of the present systems is much greater
than that of the SMA-based and inactive MRF-based bracing systems. The force-displacement
responses of the smart bracing system have displayed that the amount of energy dissipation varies
by the applied electric current.
It is observed that the implementation of the SMA-MRF core bracing system dramatically
increases the absorption energy capacity of civil infrastructure.
7.2.2

Re-centering ability

Re-centering is one of the most important issues in structural stability. The results from analytical
and experimental works proved that the re-centering ability of civil structures equipped with the
proposed hybrid system had been significantly improved. It is worth noting that the re-centering
ability of structure may be controlled by changing the strength of the magnetic field. Therefore,
the plastic deformation of the structural members under the ground motions may be decreased or
fully eliminated.

153

7.2.3

The equivalent viscous damping coefficient

The equivalent viscous damping coefficient, which shows the damping capability of the system,
has been calculated analytically and validated by experimental results. It has been observed that
the equivalent viscous damping coefficient is a function of the viscosity of MR fluid in the MRF
core and SMA wires. Therefore, energizing the MRF damper increases this coefficient. Similar
results have been computed numerically for the energized hybrid SMA-MRF system installed in
civil infrastructure and subjected to the simulated earthquake profiles.
7.2.4

Pre-straining effect

The degradation in SMA wires in the SMA-based bracing systems leads to permanent deformation,
and in turn, decreases the energy dissipation capacity as well as its equivalent viscous damping.
The side-effects of the degradation have been decreased by applying pre-straining on SMA wires
in the system. It has been noted that pre-straining SMA wires significantly reduced the residual
strain. Besides, the pre-strained wires have kept the functionality of the SMA-based system much
better than the standard system.
7.2.5

Other structural parameters

The nonlinear time-history analysis of civil infrastructure has been conducted; the inter-story drift,
and the maximum displacement, as the structural behaviour’s parameters, have been obtained. The
results have proved that the effect becomes much better than civil infrastructure equipped with the
SMA system and the MRF-based system. Hence, it is a suitable alternative to be replaced with
systems.
7.3

Contribution

The outcomes of this work have been summarized into several major contributions followed by
the relevant details and minor ones:
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❖ Numerical modeling
o Introduced practical finite element (FEA) codes to model the SMA and the MRF
core
o Developing the FEA model for the SMA-MRF based system
❖ Investigation on the effects of cyclic loadings on the response of the SMA, MRF, and
SMA-MRF -based control elements
o Defined correction factors to involve the effects of cyclic loading on the stressstrain response of SMA and SMA-hybrid based systems
o Study the effects of pre-straining SMA on the stress-strain response of SMA wires
o Conducting experimental tests on the stress-strain responses of SMA to study the
effect of pre-straining under simulated short- and long-term cyclic loading
o Conducting research to study the effect of cyclic loading on the hysteresis
response of SMA wires.
❖ Experimental investigation
o Designing the prototype of the SMA-MRF core bracing system
o Fabrication of the SMA-MRF system’s components
o Performance testing of critical components
o Assembly all components and delivering a practical and ready-use SMA-MRF
element
o Conducting experimental tests upon the SMA-MRF core bracing system in the
MTS machine
o Validation of numerical results with corresponding experimental ones
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❖ Dynamic analysis of a simplified frame structure integrated with the SMA-MRF core
bracing system
o Developed the numerical model of the frame in OpenSees
o Modeling the frame with SMA-based, the MRF-based, the SMA-MRF-based
systems in OpenSees
o Conducting the time-history analysis for frame equipped the SMA-MRF-based
systems
o Performing the frequency analysis for the frame with the SMA-MRF-based
systems
7.4

Future works:

The study has shown the huge potential of the novel system to enhance the dynamic behaviour of
civil infrastructure under simulated ground motions. In order to extend the various civil
engineering applications of this system, some suggestions should be considered. For instance, the
size, the length of SMA wire and MRF-based damper, the source of electric power, kind of control
system, the static and the dynamic tests of the inner and the outer cylinders, and customized nuts,
which meet the requirements for actual applications in civil infrastructure.
7.4.1

Actual size fabrication and testing

Civil infrastructure, such as building and bridge, has its own specifications. To find the proper
structural responses, the actual size of the SMA-MRF bracing system should be designed and
manufactured with respect to the specification of the target structure, which determines the size of
each component, particularly SMAs and MRF-based core. Moreover, testing the actual size of the
proposed system and obtaining its dynamic behaviour under different loading conditions will help
develop a more accurate numerical model of the system.
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Today, SMA materials, mostly NiTi-based, are available in the market in many forms and
dimensions. In order to have a fully functional SMA-MRF-based system, a better mechanism for
SMA-based components should be designed and developed to prevent sliding in SMA-wires
around the nuts and bolts. However, most MRF-based dampers are prototype. In order to develop
an MRF-based damper for civil engineering applications, particularly in buildings, more studies
should be performed considering the prototype's fabrication as well as the mass production’s cost.
7.4.2

Implementation of real civil infrastructure

At least one type of civil infrastructure, such a steel building, should be selected and integrated
with the proposed system and explore its structural behaviour in order to prepare the system for
industrial applications. Then, this system can also be extended in a wide range of civil engineering
applications such as RC structure.
7.4.3

Control system

It has been observed that a 20 ton-MRF-based damper just needs 50 Watt electric power to be fully
energized. This amount of required activation energy can be supplied by the battery, emergency
generator, or electric grid. So, the controllability of the system, as a primary advantage of the semiactive system, can be set the applied electric current in order to take the desired outputs by a
suitable controller. A wide range of control strategies, from the classics like a PID controller to
modern control, like a fuzzy controller, can be developed.
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Appendix A SMA modeling
# ------------------------------------------------------------------------------------------------# Example 1. cantilever 2D
# EQ ground motion with gravity
# all units are in kip, inch, second
# elasticBeamColumn ELEMENT
# Silvia Mazzoni & Frank McKenna, 2006
#
# ^Y
# |
# 2 __
# |
|
# |
|
# |
|
# (1) 4.2 m
# |
|
# |
|
# |
|
# =1= ---- -------->X
#
# SET UP --------------------------------------------------------------------------wipe;
# clear opensees model
model basic -ndm 2 -ndf 3;
# 2 dimensions, 3 dof per node
file mkdir data;
# create data directory
# define GEOMETRY -----------------------------------------------------------# nodal coordinates:
# node 1 0. 0.;
# node#, X Y
# node 2 0. 432.
node 1 0. 0.000
node 2 0. 4200.0

# Single point constraints -- Boundary Conditions
fix 1 1 1 1;
# node DX DY RZ
# nodal masses:
mass 2 5.18 0. 0.;

# node#, Mx My Mz, Mass=Weight/g.

# Define ELEMENTS -----------------------------------------------------------# define geometric transformation: performs a linear geometric transformation
of beam stiffness and resisting force from the basic system to the globalcoordinate system
geomTransf Linear 1;
# associate a tag to transformation
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#
#
#
#
#
#
#

sma
set
set
set
set
set
set

set
set
set
set
set
set

SMA 3
k1 28000
k2 [expr 0.128*$k1]
sigmaMs 375.0
sigmaAf 160.0
epsilonl 0.06

SMA 3
k1 43000
k2 [expr 0.08*$k1]
sigmaMs 500.0
sigmaAf 160.0
epsilonl 0.06

set sigAct $sigmaMs
set beta [expr 1-($sigmaAf/$sigmaMs)]
set Rm 0
set rBear [expr $Rm/$k1]
puts "beta=$beta"
#uniaxialMaterial SelfCentering $matTag $k1 $k2 $sigAct $beta <$epsSlip>
<$epsBear> <rBear>
uniaxialMaterial SelfCentering $SMA $k1 $k2 $sigAct $beta 0.0 $epsilonl
$rBear

uniaxialMaterial Steel01 1 240 2.059e5 0.01

#IPE 160
#section WFSection2d $secTag $matTag $d $tw $bf $tf $Nfw $Nff
section WFSection2d 1 3 145.2 5.0 82.0 7.4 5 5

#element nonlinearBeamColumn $eleTag $iNode $jNode $numIntgrPts $secTag
$transfTag
element nonlinearBeamColumn 1 1 2 7 1 1
# connectivity:
#element elasticBeamColumn 1 1 2 3600 3225 1080000 1; # element
elasticBeamColumn $eleTag $iNode $jNode $A $E $Iz $transfTag

187

# Define RECORDERS -----------------------------------------------------------recorder Node -file Data/dis_sma.txt -node 2 -dof 2 disp;
#
displacements of free nodes
recorder Node -file Data/force_sma.txt -node 2 -dof 2 reaction;
# support
reaction
recorder Node -file Data/force_sma_base.txt -node 1 -dof 2 reaction;
#recorder Node -file Data/Disp2.txt -time -node 2 -dof 1 2 4 disp;
#recorder Node -file Data/Vel2.txt -time -node 2 -dof 1 2 4 vel;

recorder Element -file Data/SMA_stress_strain.txt -ele 1 section 1 fiber 1 1
stressStrain

# define GRAVITY -----------------------------------------------------------# timeSeries Linear 1
# pattern Plain 1 1 {
# load 2 0. -20. 0.;
# node#, FX FY MZ -- superstructure-weight
# }
# constraints Plain;
# how it handles boundary conditions
# numberer Plain;
# renumber dof's to minimize band-width
(optimization), if you want to
# system BandGeneral;
# how to store and solve the system of equations
in the analysis
# algorithm Linear;
# use Linear algorithm for linear analysis
# integrator LoadControl 0.1;
# determine the next time step for an
analysis, # apply gravity in 10 steps
# analysis Static;
# define type of analysis static or transient
# analyze 10;
# perform gravity analysis
# loadConst -time 0.0;
# hold gravity constant and restart time

# --------------------------cYCLIC aNALYSIS--------------pattern Plain 3 Linear {
load 2 0.0 0.1 0.0
}
# pattern Plain $patternTag $tsTag <-fact $cFactor> {
# load...
# load $nodeTag (ndf $LoadValues)
# $nodeTag tag of node to which load is applied.
# $loadvalues ndf reference load values.
#
#
#
#

eleLoad...
sp...
...
}
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# NOTES:
# The command to generate a LoadPattern contains in { } the commands to
generate all the loads and single-point constraints..
#
#
#
#
#
#

$patternTag unique tag among load patterns
$tsTag the tag of the time series to be used in the load pattern
$cFactor constant factor (optional, default=1.0)
load... command to nodal load
eleLoad ... command to generate elemental load
sp ... command to generate single-point constraint

foreach Dincr {0 0.06375 -0.06375 0.07875 -0.07875 0.09375 -0.09375 0.1125 0.1125 0.13125 -0.13125 0.15 -0.15} {
integrator DisplacementControl 2 2 $Dincr
analysis Static
analyze 1000
}

# integrator DisplacementControl $node $dof $incr <$numIter $?Umin $?Umax>
# $node node whose response controls solution
# $dof degree of freedom at the node, valid options: 1 through ndf at node.
# $incr first displacement increment ?Udof
# $numIter the number of iterations the user would like to occur in the
solution algorithm. Optional, default = 1.0.
# $?Umin the min stepsize the user will allow. optional, defualt = ?Umin =
?U0
# $?Umax the max stepsize the user will allow. optional, default = ?Umax =
?U0

# # pattern Plain $patternTag $tsTag <-fact $cFactor> {
# # load $nodeTag (ndf $LoadValues)
# # $nodeTag tag of node to which load is applied.
# # $loadvalues ndf reference load values.

# # }
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#pattern UniformExcitation 2 1 -accel 2;
tag, dof) acceleration is applied

# define where and how (pattern

# set damping based on first eigen mode
set freq [expr [eigen -fullGenLapack 1]**0.5]
set dampRatio 0.02
rayleigh 0. 0. 0. [expr 2*$dampRatio/$freq]

# display displacement shape of the column
recorder display "Displaced shape" 10 10 500 500 -wipe
prp 200. 50. 1;
vup 0 1 0;
vpn 0 0 1;
display 1 5 40
# create the analysis
wipeAnalysis;
# clear previously-define analysis parameters
# constraints Plain;
# how it handles boundary conditions
# numberer Plain;
# renumber dof's to minimize band-width
(optimization), if you want to
# system BandGeneral;
# how to store and solve the system of equations in
the analysis
# algorithm Linear
# use Linear algorithm for linear analysis
# integrator Newmark 0.5 0.25 ; # determine the next time step for an
analysis
# analysis Transient;
# define type of analysis: time-dependent
# analyze 10000 0.02;
# apply 3995 0.01-sec time steps in analysis
#
#
#
#
#

constraints Transformation
numberer RCM
system BandGeneral
test EnergyIncr 1.0e-5 1000
#test NormUnbalance 1.0e-5 1000

#
#
#
#
#

#test NormDispIncr 1.0e-5 200
algorithm ModifiedNewton -initial 0.001
integrator Newmark 0.5 0.25
analysis Transient
#

# analyze 10012 0.01
#
puts "ok End"

puts "Done!"wipe
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Appendix B MRF-based damper (1A)
wipe
puts "system"
model basic -ndm 3 -ndf 6
set OutputmaxwellMRF1 OutputmaxwellMRF1;
file mkdir $OutputmaxwellMRF1;

puts "node"
node 1 0 0 0
node 2 1 0 0
fix 1 1 1 1 1 1 1
fix 2 0 1 1 1 1 1
puts "element"
#uniaxialMaterial ViscousDamper $matTag $K $Cd $alpha <$LGap> < $NM $RelTol
$AbsTol $MaxHalf>
set Cof 1; # it is teh
set K [expr $Cof*1e3]
set Cd [expr $Cof*640*1e-3]
set alpha 0.1
#uniaxialMaterial Viscous 1 $Cd $alpha
uniaxialMaterial ViscousDamper 1 $K $Cd $alpha
element twoNodeLink 1 1 2 -mat 1 -dir 1
puts "recoeder"
recorder Node -file OutputmaxwellMRF1/node2k1e3_disp.txt -time -node 2 -dof 1
disp;
recorder Node -file OutputmaxwellMRF1/node2k1e3_vel.txt -time -node 2 -dof 1
vel;
recorder Element -file OutputmaxwellMRF1/ele1k1e3_f.txt -time -ele 1 -dof 1
force;
#pattern MultipleSupport $patternTag {
#groundMotion $gmTag Plain <-accel $tsTag> <-vel $tsTag> <-disp $tsTag> <-int
(IntegratorType intArgs)> <-fact $cFactor>
#imposedMotion $nodeTag $dirn $gMotionTag
# Displacement Loading Protocol ----------------------------------------------------set dt1 0.01;
# Displacement Loading Protocol
set fileName2 "ViscousD4.tcl";

set Scalefact [expr 1.00000];
# Set Displacement loading history
set DispSeries "Series -dt $dt1 -filePath $fileName2 -factor [expr
$Scalefact]"
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# Set Applied Direction of loading history
set dir 1
# Set Dynamic Analysis Parameters # --------------------------------------------------------#
# Displacement Control
# Note: In order to calibrate the viscoelastic damper displacement control is
used
# since the damper is time dependent and rate effects are needed to generate
force
# Steps:
# 1. A multisupport excitation is used in OpenSees with displacement history
input
# 2. The imposed displacement motion is applied to the free end of the
damper
#groundMotion $gmTag Plain <-accel $tsTag> <-vel $tsTag> <-disp $tsTag> <-int
(IntegratorType intArgs)> <-fact $cFactor>
#imposedMotion $nodeTag $dirn $gMotionTag

pattern MultipleSupport 5 {
groundMotion 2 Plain -vel $DispSeries
#
node dir GMotion
imposedMotion 2 $dir
2
}
puts "analysis"
wipeAnalysis;
constraints Transformation
integrator Newmark 0.5 0.25 ;
numberer RCM
system UmfPack
test EnergyIncr 1.0e-8 100 2
algorithm Newton;
analysis Transient
analyze 20000 0.0
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Appendix C Natural frequencies of a two-story frame with SMA-MRF bracing
#############################################################################
########
#
# Modelling of two Story Shear Frame equipped with shape memory alloy(SMA)
#bars , magnetorheological fluid(MRF) damper , SMA-MRF damper
#
# Shahin Zareie, Ph.D.
# The University of British Columbia, British Columbia, Canada
#
#In order to develop this code: two references are used:
#
Source 1:
#http://opensees.berkeley.edu/wiki/index.php/Dynamic_Analyses_of_1#Story_Moment_Frame_with_Viscous_Dampers
#
Source 2:
#http://opensees.berkeley.edu/wiki/index.php/Dynamic_Analysis_of_2#Story_Moment_Frame
# Date: 23/11/2018
# Revised: #
#
#############################################################################
########
# Define model
# All the units are in mm,KN,sec
wipe all;
# clear memory of past model definitions
model BasicBuilder -ndm 2 -ndf 3; # Define the model builder, ndm =
#dimension, ndf = #dofs
set pi [expr acos(-1.0)]; # calcute the Pi number
set numModes 2

# create data directory
set Output Output;S
file mkdir $Output;
# define geometry

# Columns and Beam Properties
set Ac 40909.5; # mm2 ---->63.41 in2 to 40909.5 mm2 benchmark in source 2
set Ic 133194056.32;# mm4 ---->320.0 in4 to mm4 benchmark in source 2
set E 206.84 ; # KN/mm2 --->30000 Ksi to 206.84 KN/mm2 benchmark in source 2
set Ib 41626e+12; # mm4 ---->rigid material
set Ab 40909.5; # mm2. ---->63.41 in2 to 40909.5 mm2 benchmark in source 2
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set h 3657.6; #story heigth # mm
set L [expr 2*$h]; #bay width is eual to L=2*h

# nodal coordinates:
node 1 0. 0. ;
node 2 $L 0. ;
node 3 0. $h ;
node 4 $L $h ;
node 5 0. [expr 2*$h]; #bay width is eual to L=2*h
node 6 $L [expr 2*$h]; #bay width is eual to L=2*h

# Single point constraints -- Boundary Conditions
fix 1 1 1 1;
fix 2 1 1 1;

# MP constraints
equalDOF 3 4 2 3
equalDOF 5 6 2 3
# mass
set W 1000.; #KN
set g 9810.; #mm/sec2
set m [expr $W/$g];
# assign mass
mass 3 $m 0. 0. ;
mass 4 $m 0. 0. ;
mass 5 [expr $m/2.] 0. 0. ;
mass 6 [expr $m/2.] 0. 0. ;

# define geometric transformation:
set TransfTag 1;
geomTransf Linear $TransfTag ;
# define elements:
# columns
element elasticBeamColumn 1 1 3 $Ac $E [expr 2.*$Ic] $TransfTag;
element elasticBeamColumn 2 3 5 $Ac $E $Ic
$TransfTag;
element elasticBeamColumn 3 2 4 $Ac $E [expr 2.*$Ic] $TransfTag;
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element elasticBeamColumn 4 4 6 $Ac $E $Ic
# beams
element elasticBeamColumn 5 3 4 $Ab $E $Ib
element elasticBeamColumn 6 5 6 $Ab $E $Ib

$TransfTag;
$TransfTag;
$TransfTag;

# record eigenvectors
#---------------------for { set k 1 } { $k <= $numModes } { incr k } {
recorder Node -file [format "modes/mode%i.out" $k] -nodeRange 1 6 -dof 1 2 3
"eigen $k"
}
# perform eigen analysis
#----------------------------set lambda [eigen $numModes];
# calculate frequencies and periods of the structure
#--------------------------------------------------set omega {}
set f {}
set T {}
foreach lam $lambda {
lappend omega [expr sqrt($lam)]
lappend f [expr sqrt($lam)/(2*$pi)]
lappend T [expr (2*$pi)/sqrt($lam)]
}
puts "periods are $T"
# write the output file cosisting of periods
#-------------------------------------------set period "modes/Periods.txt"
set Periods [open $period "w"]
foreach t $T {
puts $Periods " $t"
}
close $Periods

# create display for mode shapes
#--------------------------------#
$windowTitle $xLoc $yLoc $xPixels $yPixels
recorder display "Mode Shape 1" 10 10 500 500 -wipe
prp $h $h 1;
# projection reference point (prp); defines the center
of projection (viewer eye)
vup 0 1 0;
# view-up vector (vup)
vpn 0 0 1;
# view-plane normal (vpn)
viewWindow -2000 2000 -2000 2000;
# coordiantes of the window relative
to prp

196

display -1 5 20;
# the 1st arg. is the tag for display mode (ex. -1
is for the first mode shape)
# the 2nd arg. is magnification factor for nodes, the 3rd arg.
is magnif. factor of deformed shape
recorder display "Mode Shape 2" 10 510 500 500 -wipe
prp $h $h 1;
vup 0 1 0;
vpn 0 0 1;
viewWindow -2000 2000 -2000 2000
display -2 5 20
# Run a one step gravity load with no loading (to record eigenvectors)
#----------------------------------------------------------------------integrator LoadControl 0 1 0 0
# Convergence test
#
tolerance maxIter displayCode
test EnergyIncr 1.0e-10 100 0
# Solution algorithm
algorithm Newton
# DOF numberer
numberer RCM
# Constraint handler
constraints Transformation

# System of equations solver
system ProfileSPD
analysis Static
set res [analyze 1]
if {$res < 0} {
puts "Modal analysis failed"
}
# get values of eigenvectors for translational DOFs
#--------------------------------------------------set f11 [nodeEigenvector 3 1 1]
set f21 [nodeEigenvector 5 1 1]
set f12 [nodeEigenvector 3 2 1]
set f22 [nodeEigenvector 5 2 1]
puts "eigenvector 1: [list [expr {$f11/$f21}] [expr {$f21/$f21}] ]"
puts "eigenvector 2: [list [expr {$f12/$f22}] [expr {$f22/$f22}] ]"

wipeAnalysis
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Appendix D Time-history analysis a two-story frame with SMA-MRF bracing

#
#############################################################################
########
#
# Modelling of two Story Shear Frame equipped with shape memory alloy(SMA)
bars , magnetorheological fluid(MRF) damper , SMA-MRF damper
#
# Shahin Zareie, Ph.D.
# The University of British Columbia, British Columbia, Canada
#
#In order to develop this code: two refrences are used:
#
Source 1:
http://opensees.berkeley.edu/wiki/index.php/Dynamic_Analyses_of_1Story_Moment_Frame_with_Viscous_Dampers
#
Source 2:
http://opensees.berkeley.edu/wiki/index.php/Dynamic_Analysis_of_2Story_Moment_Frame
# Date: 23/11/2018
# Revised: #
#
#############################################################################
########
# Define model
# All the units are in mm,KN,sec
wipe all;
# clear memory of past model definitions
model BasicBuilder -ndm 2 -ndf 3; # Define the model builder, ndm =
#dimension, ndf = #dofs
set pi [expr acos(-1.0)]; # calcute the Pi number
set Tn 0.7717; # sec (Natural Period)

# create data directory
set Output Output;
file mkdir $Output;
# define geometry

# Columns and Beam Properties
set Ac 40909.5; # mm2 ---->63.41 in2 to 40909.5 mm2 benchmark in source 2
set Ic 133194056.32;# mm4 ---->320.0 in4 to mm4 benchmark in source 2
set E 206.84 ; # KN/mm2 --->30000 Ksi to 206.84 KN/mm2 benchmark in source 2
set Ib 41626e+12; # mm4 ---->rigid material
set Ab 40909.5; # mm2. ---->63.41 in2 to 40909.5 mm2 benchmark in source 2
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set h 3657.6; #story heigth # mm
set L [expr 2*$h]; #bay width is eual to L=2*h

# nodal coordinates:
node 1 0. 0. ;
node 2 $L 0. ;
node 3 0. $h ;
node 4 $L $h ;
node 5 0. [expr 2*$h]; #bay width is eual to L=2*h
node 6 $L [expr 2*$h]; #bay width is eual to L=2*h

#
#
#
#
#
#
#

# nodal
node 11
node 22
node 33
node 44
node 55
node 66

coordinates:
0. 0. ;
$L 0. ;
0. $h ;
$L $h ;
0. [expr 2*$h]; #bay width is eual to L=2*h
$L [expr 2*$h]; #bay width is eual to L=2*h

#
#
#
#
#
#

#equalDOF $rNodeTag $cNodeTag $dof1 $dof2
equalDOF 1 11 1 2 3
equalDOF 2 22 1 2 3
equalDOF 3 33 1 2 3
equalDOF 4 44 1 2 3
equalDOF 5 66 1 2 3

# # middle nodal coordinates:
set alpha 0.8; # define how much devison
node 14 [expr $alpha*$L] [expr $alpha*$h] ;
#node 23 [expr (1.0-$alpha)*$L] [expr $alpha*$h] ;
# node 36 [expr $alpha*$L] [expr ($alpha+1.0)*$h] ;
node 45 [expr (1.0-$alpha)*$L] [expr ($alpha+1.0)*$h]
# Single point constraints -- Boundary Conditions
fix 1 1 1 1;
fix 2 1 1 1;

# MP constraints
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equalDOF 3 4 2 3
equalDOF 5 6 2 3
# mass
set W 1000.; #KN
set g 9810.; #mm/sec2
set m [expr $W/$g];
# assign mass
mass 3 $m 0. 0. ;
mass 4 $m 0. 0. ;
mass 5 [expr $m/2.] 0. 0. ;
mass 6 [expr $m/2.] 0. 0. ;

# define geometric transformation:
set TransfTag 1;
geomTransf Linear $TransfTag ;
# define elements:
# columns
element elasticBeamColumn
element elasticBeamColumn
element elasticBeamColumn
element elasticBeamColumn
# beams
element elasticBeamColumn
element elasticBeamColumn

1
2
3
4

1
3
2
4

3
5
4
6

$Ac
$Ac
$Ac
$Ac

$E
$E
$E
$E

[expr
$Ic
[expr
$Ic

5 3 4 $Ab $E $Ib
6 5 6 $Ab $E $Ib

2.*$Ic] $TransfTag;
$TransfTag;
2.*$Ic] $TransfTag;
$TransfTag;
$TransfTag;
$TransfTag;

set TransfCorotationalTag 3;
geomTransf Corotational $TransfCorotationalTag; #brace
# SMA material
set SMA 3
set k1 28000
set k2 [expr 0.128*$k1]
set sigmaMs 375.0; # KN/mm2
set sigmaAf 160.0; # KN/mm2
set epsilonl 0.06
set sigAct $sigmaMs
set beta [expr 1-($sigmaAf/$sigmaMs)]
set Rm 0
set rBear [expr $Rm/$k1]
puts "beta=$beta"

200

set E_SMA [expr 40.0*1e3];; # KN/mm2
#uniaxialMaterial SelfCentering $matTag $k1 $k2 $sigAct $beta <$epsSlip>
<$epsBear> <rBear>
uniaxialMaterial SelfCentering $SMA $k1 $k2 $sigAct $beta 0.0 $epsilonl
$rBear

# set Radious [expr (4*$Ic*$E/($pi*$sigmaMs))**0.25/10]; # Calculation of
Radiuos of SMA bars
# set area [expr $pi*$Radious**2];
set MRF_force 75; # KN the maximum force of MRF damper
# # # set Radious [expr (4*$Ic*$E/($pi*$sigmaMs))**0.25]; # Calculation of
Radiuos of SMA bars
# # #set Radious [expr (4*$Ic*$E/($pi*$E_SMA))**0.25]; # Calculation of
Radiuos of SMA bars
set Cof_r 1; # how to sclae the SMA's radious
set Delta_L 21;
# set area [expr ($MRF_force*$Lenghth)/($E_SMA*$Delta_L)];
set area [expr ($MRF_force)/($sigmaMs)];
set Radious [expr $Cof_r*($area/$pi)**0.5];
set Im [expr $Radious**4/$pi];
# #set Radious 0.50;
puts "--------------------------------------------------"
#puts "E_SMA=$E_SMA"
puts "Radious=$Radious"
#puts "E_SMA=$E_SMA"
puts "area=$area"
puts "Im=$Im"
puts "--------------------------------------------------"

set sma_sec 14
section Fiber $sma_sec {
#patch circ $matTag $numSubdivCirc $numSubdivRad $yCenter $zCenter $intRad
$extRad $startAng $endAng
patch circ $SMA 16
4
0.0 0.0 0.0 $Radious 0.0 360
}

element elasticBeamColumn 9 1 14 $Ac $E $Ic
element elasticBeamColumn 10 4 45 $Ac $E $Ic

$TransfTag;
$TransfTag;

element forceBeamColumn 7 14 4 10 $sma_sec $TransfTag;
element forceBeamColumn 8 45 5 10 $sma_sec $TransfTag;
#element elasticBeamColumn 7 1 4 $area $E [expr 2.*$Ic] $TransfTag;
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# ---------------------------------------------------------------------# ----------------------------- Damper ------------------------# ---------------------------------------------------------------------# ---------------------------------------------------------------------#Damper
#uniaxialMaterial ViscousDamper $matTag $K $Cd $alpha <$LGap> < $NM $RelTol
$AbsTol $MaxHalf>
set Cof 80.5; # it is teh
set K [expr $Cof*1e3];
set Cd [expr $Cof*680*1e-3];
set alpha 0.1;
set damper 5;
#uniaxialMaterial Viscous 1 $Cd $alpha
uniaxialMaterial ViscousDamper $damper $K $Cd $alpha
#element twoNodeLink $eleTag $iNode $jNode -mat $matTags -dir $dirs
element twoNodeLink 77 1 4 -mat $damper -dir 1
# element twoNodeLink 8 2 3 -mat $damper -dir 1
# element twoNodeLink 9 3 6 -mat $damper -dir 1
element twoNodeLink 1010 4 5 -mat $damper -dir 1
# ---------------------------------------------------------------------# ----------------------------- Damper ----- ------------------------# ---------------------------------------------------------------------# ---------------------------------------------------------------------# Record-------------------------------------------------------------------#timeSeries Path $tag -dt $dt -filePath $filePath <-factor $cFactor>
#timeSeries Path 1 -dt 0.01 -filePath TAKY.txt -factor [expr 0.5*$g]; #
define acceleration vector from file (dt=0.01 is associated with the input
file gm)
#timeSeries Path 1 -dt 0.005 -filePath Christchurch.txt -factor [expr
0.50*$g]; # define acceleration of Christchurch vector from file (dt=0.005 is
associated with the input file gm)
#timeSeries Path 1 -dt 0.005 -filePath Tarapaca.txt -factor [expr 0.50*$g]; #
define acceleration of Tarapaca vector from file (dt=0.005 is associated with
the input file gm)
# timeSeries Path 1 -dt 0.01 -filePath Tohoko.txt -factor [expr 0.50*$g]; #
define acceleration vector of Tohoko from file (dt=0.01 is associated with
the input file gm)

timeSeries Path 1 -dt 0.005 -filePath Parkfield.txt -factor [expr 0.50*$g]; #
define acceleration of Tarapaca vector from file (dt=0.005 is associated with
the input file gm)
#timeSeries Path 1 -dt 0.005 -filePath Darfield.txt -factor [expr 0.50*$g]; #
define acceleration of Tarapaca vector from file (dt=0.005 is associated with
the input file gm)
#timeSeries Path 1 -dt 0.005 -filePath Imperial_valley.txt -factor [expr
0.50*$g]; # define acceleration of Tarapaca vector from file (dt=0.005 is
associated with the input file gm)
#timeSeries Path 1 -dt 0.005 -filePath Christchurch.txt -factor [expr
0.50*$g]; # define acceleration of Tarapaca vector from file (dt=0.005 is
associated with the input file gm)
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# set damping based on first eigen mode
set freq [expr [eigen 1]**0.5]
set period [expr 2*$pi/$freq]
puts $period
set damp 0.02;
rayleigh [expr 2*$damp*$freq] 0. 0. 0.
#pattern UniformExcitation $patternTag $dir -accel $tsTag <-vel0 $ver0>
pattern UniformExcitation 1 1 -accel 1;
# define where and how (pattern
tag, dof) acceleration is applied
# Define
--# Define
--recorder
Floor
recorder
Floor
recorder
accel; #
recorder
accel; #

RECORDERS ---------------------------------------------------------RECORDERS ---------------------------------------------------------Node -file $Output/Disp6.txt -time -node 6 -dof 1 disp; # The Second
Node -file $Output/Disp4.txt -time -node 4 -dof 1 disp; # The First
Node -file $Output/Acc6.txt -timeSeries 1 -time -node 6 -dof 1
The Second Floor
Node -file $Output/Acc4.txt -timeSeries 1 -time -node 4 -dof 1
The First Floor

# recorder Element -file $Output/SMA_disp.txt -time -ele 7 8 deformations ;
recorder Element -file $Output/SMA_stress_strain.txt -ele 7 8 section 1 fiber
1 1 stressStrain

recorder Element -file $Output/MRF_Force_loacl.txt -time -ele 77 1010 -dof 1
localForce;
recorder Element -file $Output/MRF_disp.txt -time -ele 77 1010 deformations ;

recorder Node -file $Output/Base.txt -time -node 1 2 -dof 1 reaction; #
support reaction
# drift recorder command: recorder Drift -file $filename -time -iNode
$NodeI_ID -jNode $NodeJ_ID -dof $dof -perpDirn
$Record.drift.perpendicular.to.this.direction
recorder Drift -file $Output/Drift-Story1.txt -time -iNode 1 -jNode 3 -dof 1
-perpDirn 2;
recorder Drift -file $Output/Drift-Story2.txt -time -iNode 3 -jNode 5 -dof 1
-perpDirn 2;

# display displacement shape of the column
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recorder display "Displaced shape" 10 10 500 500 -wipe
prp 200. 50. 1;
vup 0 1 0;
vpn 0 0 1;
display 1 5 40
# create the analysis
wipeAnalysis;
# clear previously-define analysis parameters
wipeAnalysis;
# clear previously-define analysis parameters
constraints Transformation;
# how it handles boundary conditions
numberer RCM;
# renumber dof's to minimize band-width (optimization), if
you want to
system UmfPack;
# how to store and solve the system of equations in the
analysis (large model: try UmfPack)
test EnergyIncr 1.0e-8 100;
# test Eneregy incerment
algorithm KrylovNewton;
# use Kyrlow-Newton algorithm
integrator Newmark 0.5 0.25 ; # determine the next time step for an analysis
analysis Transient;
# define type of analysis: time-dependent
analyze [expr 4*40096] 0.001; # apply 10*4096 steps for 0.001-sec time steps
in analysis
puts "Done!"
wipe
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Appendix E Matlab Code

clc
clear all;
close all;
P=acos(-1.0);% define Pi number
A=40909.5; %mm2 ---->63.41 in2 to 40909.5 mm2 benchmark in source 2
I=133194056.32;% mm4 ---->320.0 in4 to mm4 benchmark in source 2
E=206.84 ; % KN/mm2 --->30000 Ksi to 206.84 KN/mm2 benchmark in source 2
h=3657.6; % %mm #story heigth # mm
W=1000.; % #KN
g=9810.; % #mm/sec2
m=W/g; % calculation of mass based on Source 2

f1=(3.464/(2*P))*sqrt(E*I/(m*h^3));
f2=(6.928/(2*P))*sqrt(E*I/(m*h^3));
T1=1/f1;
disp("the First natural period");
disp(T1);
T2=1/f2;
disp("the second natural period");
disp(T2);
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Appendix F As-built drawing
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