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RESUMEN 

 

Esta Tesis investiga la respuesta de estructuras con disipadores de energía avanzados 

sometidos a cargas sísmicas. Asimismo, aborda el proyecto sísmico de este tipo de 

estructuras aplicando métodos energéticos. Gracias al proyecto de investigación DIMFO 

financiado por la Junta de Andalucía (Proyecto de Excelencia PE 2012 TEP12 2429), se 

desarrolló un disipador histerético avanzado con capacidad de recentrado, así como la 

ideación y diseño de un espécimen de hormigón armado y los ensayos en mesa símica. 

Las aportaciones principales de esta Tesis son: (i) la caracterización del disipador 

avanzado y la propuesta de modelos numéricos para predecir su comportamiento 

histerético; (ii) el desarrollo de la metodología de proyecto sismorresistente basada en el 

balance energético de Housner-Akiyama a estructuras equipadas con este disipador 

avanzado de energía; y (iii) la propuesta de criterios para asegurar unas adecuadas 

propiedades de recentrado en las estructuras equipadas con estos dispositivos. Tanto la 

caracterización como la validación de las propuestas de esta Tesis han involucrado la 

participación activa en ensayos estáticos y dinámicos con mesa sísmica, y la extracción y 

análisis de los resultados. 

El disipador avanzado consta de dos partes trabajando en paralelo: (i) un Tube-in-Tube 

Damper (TTD) que se basa en la plastificación del acero para asegurar una alta capacidad 

de disipación de energía, y (ii) un elemento de Material con Memoria de Forma (SMA) 

hecho con una aleación de níquel-titanio (NiTi) con propiedades de superelasticidad. 

La metodología basada en criterios energéticos se aplicó al proyecto sísmico de 

estructuras con los disipadores avanzados estudiados y la formulación del balance 

energético se desarrolló para este tipo de estructuras. Un extenso estudio paramétrico se 

llevó a cabo y los resultados experimentales se compararon con las estimaciones 

obtenidas por las ecuaciones desarrolladas. De esta investigación, se propuso un valor 

para el índice de concentración de daño n para las estructuras estudiadas. La capacidad 

de recentrado de este tipo de estructuras también se investigó, así como la predicción y 

control de deformaciones plásticas residuales. Como conclusión, se propusieron 

expresiones para controlar las deformaciones residuales. 

La validación experimental se realizó para el caso general de una estructura de hormigón 

armado equipada con los disipadores avanzados ensayada en mesa sísmica. El espécimen 

presenta efectos de torsión y se sometió a dos componentes horizontales de terremotos 

reales actuando simultáneamente. El comportamiento dinámico del espécimen se estudió 

y los resultados en términos de desplazamientos, deformaciones, fuerzas y energías 

fueron discutidos. A partir de estos ensayos, se confirmó que el daño y las deformaciones 

residuales en la estructura principal fueron drásticamente reducidos, gracias al uso de 

disipadores avanzados con capacidad de recentrado. 
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ABSTRACT 

 

This Thesis investigates the response of structures with advanced energy dissipation 

devices subjected to seismic loadings. Furthermore, it addresses the seismic design of 

these kind of structures applying energy-based methods. Thanks to the research project 

funded by Junta de Andalucía DIMFO (Proyecto de Excelencia PE2012 TEP12 2429), an 

advanced hysteretic damper with recentering capability and the ideation and design of a 

reinforced concrete specimen and the shaking table tests were developed. The main 

contributions of this Thesis are: (i) the characterization of the advanced damper and the 

proposal of numerical models for predicting its hysteretic behaviour; (ii) the 

specialization of the Housner-Akiyama energy-balance approach to the structures 

equipped with this advanced damping device; and (iii) the proposal of criteria for assuring 

the appropriate recentering capacity of the overall structure. Both the characterization and 

the validation of the proposals of this Thesis involved the active participation in static and 

dynamic shake table tests, as well as the analyses of experimental results.   

The behaviour of this damper is constructed by the sum of two components working in 

parallel: (i) a Tube-In-Tube Damper (TTD) that is based on the metal yielding to ensure 

a high energy dissipation capacity, and (ii) a Shape Memory Alloy (SMA) element made 

of nickel-titanium (NiTi) alloy with superelastic properties. 

The energy-based methodology is applied to the seismic design of structures equipped 

with the studied advanced dampers and the energy balance formulation is developed for 

this kind of structures. An extensive parametric study is carried out and the experimental 

results are compared with the estimations obtained by the equations developed. From this 

research, a value for the damage concentration factor n for the structures studied is 

proposed. The recentering capability of this kind of structures is also investigated and the 

prediction and control of residual plastic deformations is studied. As a conclusion, 

expressions for controlling the residual deformations are proposed. 

The experimental validation is carried out for the general case of a reinforced concrete 

structure equipped with the advanced dampers tested on a shaking table. The specimen is 

prone to torsional effects and it is subjected to two horizontal components of real ground 

motions acting simultaneously. The dynamic behaviour of the specimen is studied and 

the results in terms of displacements, deformations, forces and energies are discussed. 

From these tests, it is confirmed that the damage and the residual deformations on the 

main structure are drastically reduced, thanks to the use of advanced dampers with 

recentering capability. 
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Chapter 1. INTRODUCTION 

 

Spain is located in a moderate seismicity zone, where the last earthquakes have revealed 

the vulnerability of many structures. Traditional earthquake-resistant design of structures 

allows, for economic reasons, significant damages that cannot be repaired. This 

philosophy implies a process of demolition and reconstruction in case of a severe 

earthquake, which is an unsustainable practice. Nowadays, this philosophy is not 

justifiable since new technologies of passive control can drastically limit the damage to 

the main structure and concentrate it on special easily replaceable elements after a seismic 

event. The current seismic engineering is oriented not only to avoid the loss of lives but 

to control the damage, within the paradigm that has been called the Performance Based 

Design (PBD). 
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The dynamic control of structures can be grouped into three areas: (i) base isolation, (ii) 

passive energy dissipation, and (iii) active control. These alternatives are illustrated in 

Figure 1.1 based on a frame building. It has been shown that base isolation is the best 

choice for most applications, but it is still nowadays an expensive technology and it is 

only justified for those of great importance. Active control systems are based on the use 

of actuators that apply forces to the structure in order to balance the hazardous excitation, 

thanks to real-time monitoring. Passive energy dissipation systems focus on enhancing 

the seismic response with the installation of devices integrated in the structural 

framework. These devices, called as dampers, represent an economically viable solution 

for a wide range of applications. Finally, hybrid control refers to a combined passive and 

active control systems. A review of the state-of-the-art and state-of-the-practice can be 

found in [Soong & Spencer (2002)]. 

(a)    (b)    (c)     

 

Fig 1.1 Dynamic control of structures (a) base isolation, (b) passive energy dissipation, (c) 

active control 

This thesis focus on the seismic design of structures with advanced passive control 

systems. Within this framework, the device object of study is based on a new hysteretic 

damper that combines the high energy dissipation capacity of metal yielding with the 

recentering properties of superelastic Shape Memory Alloys (SMA). This damper is 

designed and developed in a previous research project (PE2012 TEP12 2429), led by 

Amadeo Benavent-Climent. Shaking table tests on a reinforced concrete waffle-flat plate 

structure equipped with this kind of dampers are also involved in the experimental 

campaign, which is designed and constructed inside the same research project. To this 

extent, the contribution of this dissertation to this project is to participate actively in the 

experimental tests and to properly characterize the behaviour of the damper, as well as 

the data processing of the experimental results in order to have a better comprehensive 

understanding of the structure response. Moreover, this Thesis is aimed at proposing 

numerical models that accurately characterize the hysteretic behaviour of the complete 

damper, calibrated with the experimental results. All this work is subsequently used to 

the central part of the dissertation: seismic design of structures with advanced energy 

dissipation devices using energy-based methods. The energy-based design framework is 

presented and particularized to the kind of structures studied in this Thesis. The main 

issues on seismic design of structures with advanced dampers are discussed and new 

design criteria are proposed to guarantee appropriate recentering properties of the overall 

structure as conclusions of this study.  
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1.1 STATEMENT OF THE PROBLEM 

1.1.1 Previous research on advanced hysteretic dampers 

Seismic dampers are devices specially designed to dissipate high amounts of energy in a 

stable way. The use of dampers allows to focus the energy demand imposed by an 

earthquake on very localized parts of the structure and reducing or nullifying the plastic 

deformation energy absorbed by the main structure, responsible for supporting 

gravitational loads. Dampers can be classified in two groups: displacement-dependent 

dampers and velocity-dependent dampers. This Thesis focus on displacement-dependent 

dampers. Displacement-dependent dampers can be designed to work by several 

mechanisms, including metal yielding, phase transformation of metals or friction sliding. 

Velocity-dependent dampers use mechanisms such as fluid orificing or deformation of 

viscoelastic solids or liquids. The yielding of metals is one of the most popular 

mechanisms to dissipate energy and it constitutes the energy dissipation source of what 

is called in the literature metallic or hysteretic dampers. Several devices have been 

proposed in this field. Particularly interesting are the metals with shape memory 

properties, commonly known and Shape Memory Alloys (SMA). The phase 

transformation of SMA has some interesting properties (superelasticity) for the 

application on seismic engineering. 

In this context, this research is part of a more extensive investigation aimed at developing 

new dampers with improved performance. The new damper combines the Tube-in-Tube 

Damper (TTD hereafter) developed previously [Benavent-Climent (2010)] with a core 

bar made of NiTi Shape Memory Alloys (SMA bar hereafter).  On the one hand, the TTD 

exhibits a very stable hysteretic behaviour with great energy dissipation in each cycle due 

to the metal yielding. On the other hand, the superelastic effect of the SMA bar phase 

transformation provides recentering properties to the device. A review of the state-of-the-

art of these technologies is carried out next. 

1.1.1.1 Metallic dampers 

Dampers that rely on metal yielding (i.e. metallic dampers) are characterized by their 

capability of dissipate high amount of energy through plastic deformations in a stable 

way. High effort is done in the last decades in this way, and many metallic dampers have 

been developed as it can be seen in the state-of-the-art review of Javanmardi et. al. (2019). 

Firsts designs founded the source of dissipation in torsion or bending steel plates and 

uniaxial deformation of U-shape strips. The most well-known examples are: Buckling 

Restrained Braces (BRB), Added Damping and Stiffness (ADS), and its triangular 

version. Slit type and honeycomb dampers are other dissipation devices that have 

attracted attention recently. These examples, shown in Figure 1.2, are constructed by 

cutting a particular shape in the plates and letting some strips that dissipate energy through 

plastic flexural/shear deformations. 
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(a)     (b)     

   

Fig 1.2 Metallic dampers (a) slit damper, (b) honeycomb damper 

Recent research has been carried out about slit-type dampers made of mild steel. Chan & 

Albermani (2008) studied a slit damper fabricated from a standard structural wide-flange 

section with some slits cut in the web. Teruna et. al. (2015) investigated several steel 

dampers with a honeycomb geometry with in order to achieve the yielding of all the length 

of the strip simultaneously. Lee et. al. (2015) proposed optimized non-uniform shapes for 

the openings of the damper and compared their overall performance testing them under 

quasi-static cyclic tests. Lee et. al. (2016) developed a series of hourglass-shaped strip 

dampers and studied their performance under quasi-static and dynamic monotonic and 

cyclic loading. Amiri et. al. (2018) studied a symmetric slit damper cut from a steel plate 

having a low height-to-thickness ratio. The shape and dimensions of several specimens 

are changed to optimize the geometry and experimentally cyclic loading in quasi-static 

conditions are conducted. Extending the slit-type damper concept, Benavent-Climent 

(2010) invented a tube-in-tube damper based on yielding the walls of hollow mild steel 

structural sections, aimed at being installed in a frame structure as a conventional diagonal 

brace. Past studies on slit-type dampers used steel plates made of mild steel, low-yield 

steel or even high-strength steel [Benavent-Climent et. al. (1998)]. To the knowledge of 

the authors, slit-type dampers made of stainless steel have not been reported in the 

literature. 

For this thesis, the stainless-steel Tube-in-Tube Damper (TTD) developed in a previous 

research project (PE2012 TEP12 2429) is studied. The source of energy dissipation is the 

plastic deformation of stainless-steel plates with slits designed with an h/b aspect ratio 

(see Figure 1.2(a)) as large as possible within architectural and construction limits. 

Stainless steel has an inherent energy dissipation capacity markedly higher comparing it 

with low-yield or mild steel. This is due to its higher ductility, that is, the amount of 

plastic deformation that the material can endure until failure [Nip et. al. (2010)]. On the 

other hand, the energy dissipation capacity of the damper is enhanced by the large h/b 

ratio that guarantee flexural-type yielding of the steel strips. 

The proposed damper is constructed through the assemblage of two standardized 

stainless-steel tubes with a telescopic configuration (Figure 1.3(a)). All faces (i.e., the 

four walls) of the outer tube are regularly slit transversally to its longitudinal axis, forming 

strips. The strips are grooved so that one of its sides can be connected to a common plate, 

thus linking all in parallel. The common plate that gathers one end of each steel strip is 

fixed to the inner tube with plug welding at discrete points. The other end of each steel 

strip is connected to the corner of the outer tube. When the brace is subjected to axial 

forces, the relative displacements between the tubes impose a double curvature flexural 
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deformation on the strips, which behave as a series of fixed-ended beams. These strips 

constitute the energy dissipating part of the TTD. One end of each tube is connected to 

auxiliary brace members of the appropriate length that connect the TTD to the two points 

of the building structure that are expected to undergo large relative horizontal 

displacements (Figure 1.3(b)). Typically, in frame structures, these points are two beam-

column joints of consecutive spans and floor levels, as shown in Figure 1.3(b). Specific 

dimensions and characteristics of the specimens are explained in next chapter. 

(a)        (b)     

 

Fig 1.3 (a) TTD, (b) installation in a typical building frame 

1.1.1.2 Shape Memory Alloys 

Energy dissipation devices based on the use of Shape Memory Alloys (SMA) are 

particularly appealing in recent years within the earthquake engineering [Dolce & 

Cardone (2001a), Dolce & Cardone (2001b), DesRoches et. al. (2004), McCormick et. al. 

(2006), McCormick et. al. (2007), Tyber et. al. (2007), Ozbulut et. al. (2011), Wang & 

Zhao (2018)]. In addition to the energy dissipation, the SMA can fully recover its shape 

after being subjected to large strains, up to 6-8%. 

This ability is a result of a phase transformation that may be induced by either stress or a 

temperature change. SMAs have a crystal structure with two main phase transformations: 

the martensite and the austenite. Under martensite may exist as a pure crystal structure 

under low stress levels. The austenite phase is stable at high temperatures or low stresses. 

The phase transformation involves four characteristic temperatures: Mf, Ms, As and Af 

(ordered from lowest to highest). During the forward transformation, under zero load, 

austenite begins to transform to twinned martensite at the martensitic start temperature 

Ms. This transformation completes to martensite at the martensitic finish temperature Mf. 

At this stage, the material is fully in the twinned martensitic phase. During heating, the 

reverse transformation initiates at the austenitic start temperature As and the 

transformation is completed at the austenitic finish temperature Af [Lagoudas (2008)]. 

Figure 1.4 shows a typical phase diagram and stress-strain temperature curve of a NiTi 

SMA [Hartl & Lagoudas (2007)]. 
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Fig 1.4 Phase diagram and stress-strain temperature curve 

The key advantage of this solid-solid transformation is the reversibility of the process and 

the complete recovery of strain. In most civil engineering applications, SMAs are used at 

temperatures above Af, with the material in its austenite phase. When sufficiently high 

stress is applied to the material in the austenite phase, the SMA transforms into so-called 

“detwinned” martensite. When the load is released, a reverse transformation to the 

austenite state occurs, resulting in nearly complete shape recovery and a substantial 

hysteretic loop. The shape recovery is known as the superelastic effect, and it provides 

the structures equipped with SMAs with recentering properties. The hysteretic loop is a 

source of energy dissipation. The mechanical behaviour of superelastic SMAs fits 

perfectly with the requirements of a seismic control device [Dolce & Cardone (2001b)]. 

The main benefits can be summarized as follows: (i) reduction or even nullification of the 

residual deformation on the main structure after the earthquake due to the self-centering 

property, (ii) increase in the energy dissipation capacity of the overall structure, (iii) 

limitation of the forces imparted to the main structure because of the stress plateau present 

in strain levels up to 6–8%, (iv) reduction of lateral displacements and, as a result, 

limitation of the P-Δ effects, and (v) excellent resistance to corrosion and high-cycle 

resistance. The P-Δ effect is a destabilizing moment that takes place when the structure 

deforms laterally (e.g. due to earthquake or wind loads), which equals the force of the 

gravity loads multiplied by the horizontal displacement of the structure. The most 

commonly used SMAs are those based on nickel-titanium- (NiTi) and copper- (Cu) based 

alloys [Dolce & Cardone (2001b), DesRoches et. al. (2004), Ozbulut et. al. (2011)]. For 

engineering applications, the almost equiatomic system of NiTi alloys is found to be the 

best combination, owing to their temperature variation stability and higher resistance to 

corrosion and fatigue [Dolce & Cardone (2001a), DesRoches et. al. (2004)]. 

Figure 1.5 shows the typical stress-strain relationship of a SMA bar subjected to a forced 

displacement cycle at constant temperature, illustrating some parameters that are 

commonly used in the mechanical characterization [DesRoches et. al. (2004), 

McCormick et. al. (2006)]: residual strain εR, loading transformation stresses at start σLs 

and finish σLf of the phase, unloading transformation stresses at start σULs and finish σULf 

of the phase, initial elastic modulus EA, loading phase transformation elastic modulus EA-

M, unloading phase transformation elastic modulus EM-A, and modulus in the full 

martensite phase EM. The dissipated energy is illustrated by shading the area inside the 

loop of hysteresis ED. An approximation of the relevant stresses is represented with 

tangent dotted lines in Figure 1.5, where the stresses values correspond to the ordinates 
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of the intersection points of these lines. Residual strain is a parameter that characterizes 

the recentering capability, and it stands for the strain that is not recovered by the material 

after a complete cycle. Loading and unloading transformations stresses are usually hard 

to determine due to the nonlinear hysteretic behaviour. A simplified approximation is to 

define the loading transformation stress at 2% strain [DesRoches et. al. (2004)]. However, 

a better evaluation is to estimate the change of slopes on the curve for loading and 

unloading paths. 

 

Fig 1.5 Idealized cyclic behaviour of superelastic SMA 

Past research showed that hysteretic behaviour and the superelastic properties of SMAs 

are altered with repeated cyclic loading. For constant amplitude cycles and during initial 

cycles there is a decrease in σLs and σLf, while σULs and σULf hardly changes. This turns 

into a reduction of the dissipated energy in a single cycle ED. Nevertheless, the response 

become stable with repeating cycles. Under cycles of increasing amplitude, εR keeps 

constant as well as σLs and σLf, whereas σULs and σULf decrease. Thus, the shape of 

hysteresis comprises greater energy dissipation. When the loading stress plateau (i.e. the 

segment with slope EA-M in Figure 1.5) is overcome (onset of the pure martensite phase), 

the strain-stress curve exhibits a strain hardening effect [Dolce & Cardone (2001a), Dolce 

& Cardone (2001b), DesRoches et. al. (2004), McCormick et. al. (2006), McCormick et. 

al. (2007)]. 

The hysteretic behaviour and superelastic properties of SMAs are influenced by the size, 

strain rate, and temperature. As for the size effect, the superelastic properties can be 

achieved both in bars and in wires, although some studies reveal less residual strain in 

large diameter bars [McCormick et. al. (2006)]. Loading transformation stresses are lower 

in bars than in wires and unloading transformation stress becomes higher in bars. The 

consequence is a narrower hysteresis shape, with less energy dissipated per cycle for bars 

in comparison with wires. It has been shown that the strain rate effect does not have a 

remarkable impact on the residual strain εR but does indeed have a significant influence 

on the shape of the hysteresis loops. Increasing the strain rate results in a vertical 

displacement (i.e., both loading and unloading transformation stresses increase) and 

narrowing of the hysteretic loops. The narrowing implies a loss of energy dissipated per 

cycle. The reason for this behaviour is the self-heating of the material associated with an 

increasing difficulty to transfer the heat generated between phase transformations at high 

strain rates [Dolce & Cardone (2001a), Dolce & Cardone (2001b), DesRoches et. al. 

(2004)]. 
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Most past studies have focused on small diameter wires, and there is little information on 

large diameter bars, which are more usual in earthquake engineering applications. Past 

research did not clarify if the strain rate effect varies significantly with size. As for the 

effect of temperature, it has been shown that the residual strain remains the same for 

temperatures larger than Af, thus keeping the recentering capability unaffected. However, 

increasing temperature above Af causes a vertical displacement of the hysteresis loop (i.e., 

higher loading and unloading transformation stresses), while the energy dissipated per 

cycle remains almost the same. Finally, regarding the amount of energy that the SMA can 

dissipate up to failure (ultimate energy dissipation capacity), most studies to date address 

this issue as a problem of high-cycle fatigue [Mahtabi et. al. (2015)]. Yet earthquakes 

impose on the structures a relatively low number of cycles (in comparison with wind or 

traffic loads) having high stress levels that involve plastic deformations. These are the 

two common factors attributed to low-cycle fatigue. 

Some recent investigations on SMA low-cycle fatigue have been carried out on small 

diameter wires and micro-tubes [Song et. al. (2015), Zhang et. al. (2017)], whose 

conclusions may not be consistent with large diameter bars. Studies on the ultimate 

energy dissipation capacity of SMA large diameter bars under low cyclic fatigue are 

almost inexistent. 

The implementation of SMAs as seismic dampers has been studied in last years. Dolce 

et. al. (2000) focused on a configurable damper with pre-tensioned SMA wires and tested 

several specimens. Dolce et. al. (2005) experimentally studied the response of reinforced 

concrete frames with hysteretic dampers and SMA braces in reduced-scale structural 

model in shake table test. Christopoulos et. al. (2008) developed and validated a self-

centering damper that combines friction dissipative elements with tensioned elements, 

resulting in a flag-shape hysteretic behaviour with recentering capability. Miller et. al.  

(2012) combined the SMA with a buckling-restrained brace in a hybrid damper and 

validated its hysteretic behaviour experimentally. Erochko et. al. (2013) performed shake 

table test and numerical simulations of a self-centering energy dissipative braced system 

combining an energy dissipation part with pre-tensioned tendons for recentering 

purposes. 

As for the numerical investigation in this field, some recent effort can be found. 

Christopoulos et. al. (2002) investigated the seismic response of self-centering hysteretic 

in Single Degree Of Freedom systems in a parametric study that compares the flag-shape 

hysteretic behaviour with the elasto-plastic behaviour. McCormick et. al. (2007) 

conducted numerical time history analyses of frame structures equipped with SMA 

braces, comparing the response with conventional steel braces. Yan et. al. (2007) studied 

a two-storey frame structure with SMA braces by considering the temperature effect and 

it is validated through shaking table tests. Tremblay et. al. (2008) carried out a parametric 

study of multi-storey buildings with self-centering energy dissipative braces, comparing 

the response with similar structures with buckling restrained braces. 

In this Thesis, the proposed damper combines the high energy dissipation and stable 

behaviour of stainless steel with recentering properties of superelastic NiTi SMA bars. Its 

characterization is carried out separately because they can work independently. 

Afterwards, the two technologies are combined in an advanced hybrid damper. Numerical 
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models are proposed for each part, and validated with experimental results. An extensive 

numerical parametric research is carried out later in order to study the overall performance 

and to address the seismic design of this kind of structures. Finally, this damper is 

installed in a scaled reinforced concrete structure and tested in shaking table test as 

experimental validation. 

1.1.2 Flexible-stiff mixed structures 

Structural systems consisting on frame structures equipped with dampers are called in the 

literature “flexible-stiff mixed structures” [Akiyama (1985)]. The flexible part stands for 

the main structure that must be able to support essentially the gravity loads and to move 

laterally when the seismic action occurs. The stiff part is represented by the dampers and 

it is designed to absorb most part of the energy introduced by the earthquake by plastic 

deformations or other mechanisms. The stiffness of the flexible part must be considerable 

lower than the stiff part in order to enhance the efficiency of the system. This mixed 

structure has founded to have a great seismic performance, because the inelastic 

deformations are concentrated in the dampers while the main structure are released 

[Akiyama (2002)]. 

Figure 1.6 shows the hysteretic behaviour of a flexible-stiff mixed structure. The shear 

force Qi of a given story is plotted against the relative displacement of this story δi. Thin 

lines are used for each flexible and stiff part, while bold lines are used to show the mixed 

behaviour. Figure 1.6(a) represents a monotonic loading, and Figure 1.6(b) a cyclic 

loading. In this figure, the stiffness of each part is named as ski and fki, where the subindex 

s depicts the stiff part and the subindex f the flexible part. The stiff part can be formed 

with displacement-dependent energy dissipation devices (EDDs) which can include 

different technologies, as explained in section 1.1.1.  

 

Fig 1.6 Hysteretic behaviour of a flexible-stiff mixed structure: (a) monotonic loading and (b) 

cyclic loading 

Research about these kind of systems has been widely carried out in last decades due to 

their effective seismic performance [Christopoulos et. al. (2008), Oviedo et al. (2010), 

Oviedo (2012), Benavent-Climent et al. (2016, 2018)]. To this extent, different 

approaches for the design of EDDs have been developed [Connor (2003), Kasai et al. 

(2009), Benavent-Climent (2011), Donaire-Ávila & Benavent-Climent (2020)]. The 

current Japan Building Code includes since 2005 [JBC (2009)] an energy-balance based 
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design method for structures equipped with displacement-dependent dampers that applies 

the energy-based design approach developed by Akiyama (1985). 

In this Thesis, the flexible part is represented by frame structures and the stiff part focus 

on advanced EEDs that combines the yielding of a stainless steel damper with the 

superelasticity of Shape Memory Alloys. The Housner-Akiyama energy-balance 

approach is applied to this kind of structures. 

1.1.3 Energy-based methods 

1.1.3.1 The energy approach to seismic design 

Earthquakes’ effect in seismic design of structures is usually characterized in terms of 

forces, into the so-called force-based approach. This method is based on ductility factors, 

assuming the rule of “equal displacements” for structures than can suffer damage during 

seismic events. This approach is originated in the Single Degree Of Freedom (SDOF) 

systems studied by Veletsos & Newmark (1960), in which same peak displacement are 

founded in elasto-plastic and elastic SDOF systems under the same ground motion. To 

this extent, a reduction is assumed in the design lateral strength of the structure by the 

ductility factor μ, counterpart of factor q in EN 1998. Nevertheless, the generalization of 

this method to multi-storey buildings produces some problems. Among them, the inability 

to predict the cumulative damage among storeys. To solve this matter, it is attempted to 

prevent the damage concentration by ensuring a minimum columns’ moment capacity in 

relationship with beams’ moment capacity of the system. 

However, instead of using the entelechy of equivalent forces to represent the earthquake’s 

effect on a structure, it becomes more appropriate to characterize it in terms of seismic 

energy. The resultant forces that experiments the structure are a product of the relative 

displacements of the ground, not the other way around [Fardis (2018)]. Characterizing 

the earthquake’s effects in terms of energy provides a more rational base for seismic 

design and constitutes the bases of the so-called energy-based design approach. The first 

energy-based approach is proposed by Housner (1956) and later developed by Akiyama 

(1985) and continuing nowadays. This method is identified as a promising approach 

within the conceptual framework of Performance-Based Seismic Design by the Vision 

2000 report on future seismic codes [SEAOC (1995)]. The energy-balance based seismic 

design approach as formulated by Akiyama (1985) is implemented in the Japan Building 

Code since 2005 [JBC (2009)], for the design of conventional structures (without 

dampers) and for the design of structures with displacement-dependent dampers.   

The overview of the advantages is summarized in [Fardis (2018)]: 

1. Energy approach is based on the energy balance (or conservation), which is a 

nature law, solid, well known and easy to apply, as well as the force-based 

foundation, i.e., equilibrium. 

2. The energy input of an earthquake in a given structure almost only depends on the 

fundamental period of the structure and the total mass of the system, and it hardly 

relies on other factors as viscous damping ratio, post-yielding hardening, degree 

of inelastic range or the number of Degrees of Freedom. 

3. Energy can be synthesized in a single scalar measure value, even for complex 3D 

interactions, while other vectors’ approach is more difficult to manage. 
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4. The damage related information is efficiently embodied in the energy concept. 

5. Energy identifies numerical problems. Numerical instability and lack or 

convergence are clearly shown in the energy evolution during nonlinear Time 

History Analyses. 

Despite the great consistence of this theory, there is still a long need of progress to 

implement this method within professionals. that are strongly attached to the tradition of 

conducting the capacity-demand verifications in terms of forces (forced-based seismic 

design) or (most recently but only in a very incipient way) in terms of displacements 

(displacement-based seismic design), but not at all in terms of the product of force by 

displacement (energy-based seismic design). One of the big issues is to characterize the 

energy dissipation capacity of structural elements and systems, which presents a large gap 

of knowledge that requires extensive experimental investigations. Big efforts have been 

done to this extent and this Thesis attempts to shed some light on this concern, particularly 

regarding the characterization in quantitative terms of the energy dissipation capacity of 

the advanced damper that constitutes the centre of this work. 

1.1.3.2 Energy-based design framework 

The equilibrium of all forces involved in the dynamic Multi-Degree Of Freedom (MDOF) 

system subjected to the three translational components of the ground motion are 

expressed in the following equation: 

𝐌�̈�(𝑡) + 𝐂�̇�(𝑡) + 𝐅𝐒(𝐮(𝑡), �̇�(𝑡)) = −∑ 𝐌𝐉𝐢�̈�𝑔,𝑖(𝑡)
𝑁𝑔
𝑖=1

+ 𝐩(𝑡) (1.1) 

Here, u, �̇� and �̈� are the vectors of displacement, velocity and acceleration along the time 

t at each Degree Of Freedom (DOF) of the system. The term 𝐅𝐈 = 𝐌�̈�(𝑡) stands for the 

inertial forces, with M as the mass matrix; the term 𝐅𝝽 = 𝐂�̇�(𝑡) represents the damping 

forces due to inherent viscous damping, with C as the damping matrix; and the term 

𝐅𝐒(𝐮(𝑡), �̇�(𝑡))  denotes the nonlinear relationship between resisting forces and 

deformations, in which both material and geometry nonlinearities are included [Chopra 

& McKenna (2016)]. The dynamic excitation is expressed in the right side of Eq. (1.1), 

where: �̈�𝑔,𝑖 represents the ground acceleration of each earthquake component i of the total 

Ng components of the ground motion; 𝐉𝐢  is the influence factor; and p stands for the 

external loads (gravity, dynamic, wind, etc.). In this regard, is only gravity loads are taken 

into account as external loads, the displacement caused by this action (Kust = p) in elastic 

range is uncoupled from the total displacements [Clough & Penzien (1992)]. In this case, 

the motion equation (1.1) can be rewritten as: 

𝐌�̈�(𝑡) + 𝐂�̇�(𝑡) + 𝐅𝐒(�̅�(𝑡), �̇�(𝑡)) = −∑ 𝐌𝐉𝐢�̈�𝑔,𝑖(𝑡)
𝑁𝑔
𝑖=1

 (1.2) 

Where �̅�(𝑡) denote the displacements with respect to the state of static equilibrium.  

Pre-multiplying the Eq. (1.2) by 𝑑�̇�T, i.e. �̇�T𝑑𝑡, and integrating it over the duration of the 

earthquake, t = td, the energy balance equation obtained is: 

∫ �̇�T𝐌�̈�𝑑𝑡
𝒕𝒅
𝟎

+ ∫ �̇�T𝐂�̇�𝑑𝑡
𝒕𝒅
𝟎

+ ∫ �̇�T𝐅𝐒𝑑𝑡
𝒕𝒅
𝟎

= −∫ �̇�T∑ 𝐌𝐉𝐢�̈�𝑔,𝑖𝑑𝑡
𝑁𝑔
𝑖=1

𝒕𝒅
𝟎

 (1.3) 

𝐸𝐼 = −∫ �̇�T∑ 𝐌𝐉𝐢�̈�𝑔,𝑖𝑑𝑡
𝑁𝑔
𝑖=1

𝒕𝒅
𝟎

  (1.3a) 
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𝑊𝑘 = ∫ �̇�T𝐌�̈�𝑑𝑡
𝒕𝒅
𝟎

=
1

2
�̇�T𝐌�̇� (1.3b) 

𝑊𝜉 = ∫ �̇�T𝐂�̇�𝑑𝑡
𝒕𝒅
𝟎

   (1.3c) 

𝑊𝑒𝑠 +𝑊𝑝 = ∫ �̇�T𝐅𝐒𝑑𝑡
𝒕𝒅
𝟎

  (1.3d) 

The right side of Eq. (1.3) represents the total amount of energy input by the earthquake, 

EI of Eq. (1.3a), herein input energy. This input energy is a very stable quantity that is 

only governed by the total mass and the fundamental period in a structural system where 

flexural deformations are predominant [Akiyama (1985)]. The left term can be 

decomposed by partial integrals, expressing the kinetic energy Wk of Eq. (1.3b) at the 

instant when the ground motion fades away; the energy consumed by the damping 

mechanism Wξ of Eq. (1.3c); the strain energy stored and/or dissipated by the system Eq. 

(1.3d) that can be split into the cumulative plastic strain energy (dissipated) Wp, and the 

elastic strain energy (stored) Wes at the instant when the ground motion fades away. The 

sum of the kinetic and elastic strain energies turns into the elastic vibrational elastic 

energy, i.e., We=Wes+Wk. Thus, Eq. (1.3) can be expressed as: 

𝑊𝑒 +𝑊𝜉 +𝑊𝑝 = 𝐸𝐼   (1.4) 

This expression is the fundamental equation of the Energy-Based Design. Eq. (1.1) 

provides the equilibrium of forces (i.e. vector magnitudes) at each instant t and provide a 

“snapshot” of the state of the structure. In contrast, Eq. (1.4) provides the equilibrium of 

energies (i.e. scalar magnitude), and provides a more convenient comprehensive picture 

of the response of the structure accumulated along the time. The energy balance equations 

allow to globally understand the performance of the system in a holistic way. 

The difference between the input energy and the damping energy is what Housner (1956) 

defined as the energy that contributes to damage, i.e., 𝐸𝐷 = 𝐸𝐼 −𝑊𝜉 . Moreover, both ED 

and EI can be also expressed as equivalent velocities VE and VD, as shown in the following 

equation: 

𝑉𝐸 = √
2𝐸𝐼

𝑀𝑇
 ;  𝑉𝐷 = √

2𝐸𝐷

𝑀𝑇
  (1.5) 

Here, MT is the total mass of the system. To further develop this equations, several 

research has been done in order to propose an estimation of VD from VE [Benavent-

Climent et. al. (2001), Fajfar & Vidic (1994), Kuwamura & Galambos (1989), Lawson & 

Krawinkler (1995), López-Almansa et. al. (2013)]. In this thesis, the proposal of Akiyama 

(1985) is used, as expressed next: 

𝑉𝐷

𝑉𝐸
=

1

1+3𝜉+1.2√𝜉
   (1.6) 

Where ξ is the inherent fraction of damping of the structure (i.e. the damping ratio). 

By substituting Eq. (1.5) in Eq. (1.4), the energy balance equation can be rewritten as 

follows: 

𝑊𝑒 +𝑊𝑝 =
1

2
𝑀𝑇𝑉𝐷

2
   (1.7) 
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Where the elastic vibrational energy We can be approximated from the maximum shear 

force sustained by the main structure on the first storey [Akiyama (1985)] as follows: 

𝑊𝑒 =
𝑀𝑇𝑔

2𝑇2

4𝜋2
𝛼1

2

2
   (1.8) 

Here, g is the acceleration of the gravity, T is the fundamental period of the MDOF system 

and α1 is the yield shear force coefficient of the first storey. The yield shear force 

coefficient αi of the i storey is referred to as the ratio of storey yield-shear force to the 

weight of the above mass as follows: 

𝛼𝑖 =
𝑄𝑦,𝑖

∑ 𝑚𝑗𝑔
𝑁𝑠
𝑗=𝑖

    (1.9) 

Where, mi and Qy,i are the mass and the yield-sear force of the i storey and Ns is the total 

number of storeys. Therefore, when the sub index is equal to 1 as in Eq. (1.8), it refers to 

the first storey values, i.e., α1 = Qy,1/MTg. It is worth noting that Eq. (1.8) underestimates 

the value of elastic vibrational energy because it represents part of the structural 

endurance. However, this equation remains on the conservative side. 

As for the energy absorbed by inelastic deformations Wp, it can be calculated from the 

following expression [Akiyama (1985)]: 

𝑊𝑝 =
𝑀𝑇𝑔

2𝑇2

4𝜋2
𝑐𝑖𝜂𝑖𝛼𝑖

2𝛾𝑖  (1.10) 

Where ci is a coefficient that relates the total mass MT, the sum of the above masses, the 

stiffness of the i storey ki, and the equivalent stiffness 𝑘𝑒𝑞 =
4𝜋2𝑀𝑇

𝑇2
, as follows[Akiyama 

(1985)]: 

𝑐𝑖 =

(
∑ 𝑚𝑗
𝑁𝑠
𝑗=𝑖

𝑀𝑇
)

2

𝑘𝑖
4𝜋2𝑀𝑇
𝑇2

   (1.11) 

The non-dimensional coefficient ηi represents the energy absorbed by inelastic 

deformations in the i storey, defined as follows: 

𝜂𝑖 =
𝑊𝑝,𝑖

𝑄𝑦,𝑖𝛿𝑦,𝑖
    (1.12) 

Where Wp,i is the energy dissipated by inelastic deformations, Qy,i is the yield-shear force, 

and δy,i is the yield displacement, all of them for the i storey. 𝛾𝑖 is defined as the ratio 

𝛾𝑖 =
𝑊𝑝

𝑊𝑝𝑖
  (1.13) 

where Wpi is the plastic strain energy dissipated at the i-th story. 

One strategy to avoid damage concentration in a given stories and to maximize the energy 

dissipation capacity of the overall structure is to achieve a uniform damage distribution 

among storeys, so the plastic strain energy can be maximized. This issue can be managed 

by procuring the same 𝜂𝑖  in all storeys. To this extent, several expressions for the 

optimum yield-shear force distribution �̅�𝑖 have been proposed in the literature [Connor 
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(2003), Japan Building Code (2009), Benavent-Climent et. al. (2011), Donaire-Ávila & 

Benavent-Climent (2020)]. For this thesis, the expression of the Japan Building Code 

(JBC) is adopted for design purposes, although the most recent proposal of Donaire-Ávila 

& Benavent-Climent (2020) is used in some cases. The equation proposed by the JBC is 

the following: 

�̅�𝑖 = 1 +

(

 
 1

√
∑ 𝑚𝑗
𝑁𝑠
𝑗=𝑖

𝑀𝑇

−
∑ 𝑚𝑗
𝑁𝑠
𝑗=𝑖

𝑀𝑇

)

 
 2𝑇

1+3𝑇
 (1.14) 

Ideally, the structures should be designed with a lateral strength distribution that strictly 

follows the optimum yield-shear force coefficient distribution, that is, with 𝛼𝑖 = �̅�𝑖𝛼1. 

Nevertheless, in real structures, the variability on the mechanical properties of the 

materials and the rationalization of the geometry of sections for simplifying the 

construction process, result in inevitable deviations of this distribution with respect to the 

optimum. These deviations are a source of damage concentration and must be taken into 

account. For this reason, Akiyama (1985) proposed the concept of the damage 

concentration factor n  and proposed to estimate 𝛾𝑖 by the following equation: 

𝛾𝑖 =
∑ 𝑠𝑗𝑝𝑗

−𝑛𝑁𝑠
𝑗=1

𝑠𝑗𝑝𝑗
−𝑛    (1.15) 

Where sj and pj are expressed as follows: 

𝑠𝑗 = ∑ (
𝑚𝑗

𝑀𝑇
)
2

𝑁𝑠
𝑗=𝑖 �̅�𝑖

2 𝑘1

𝑘𝑖
  (1.16) 

𝑝𝑗 =
𝛼𝑗

�̅�𝑖𝛼1
    (1.17) 

The deviation of the actual lateral strength of the i storey regarding the optimum value is 

measured by the coefficient pj. The exponent n in Eq. (1.15) represents a parameter of 

damage concentration and it is influenced by several parameters. The higher is the value 

of n, the greater is the damage concentration. Although its value is not constant, it seems 

to be dependent on the type of structure. Akiyama (1985) conducted numerical research 

and concluded that for structures with beam-swat collapse mechanism this value is about 

6, and for structures with column-swat collapse mechanism the value is approximately 

12. Adopting an appropriate value of n is of primer importance in the energy-balance 

based methodology. 

In this regard, this dissertation has the aim of shedding some light on the plastic strain 

distribution and damage distribution/concentration in frame structures equipped with 

advanced dampers, and to propose an adequate value for the damage factor n for 

structures equipped with the advanced damper dealt within this Thesis. 
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1.1.4 Residual deformations and recentering capability 

Controlling residual drift is a key part of current seismic design. Limiting or nullifying 

plastic deformations at the end of an earthquake is a cornerstone to achieve resilience in 

all kind of constructions. Residual drift is defined as the permanent deformations of a 

structure that remain at the end of the earthquake and are caused by the nonlinear behavior 

of the yielding components of the system. In addition to structural implications, excessive 

residual drifts have physiological and psychological effects and can result in the total loss 

of a structure [Christopoulos (2010)]. Based on an empirical study conducted in Japan, 

McCormick et al. (2008) concluded that the occupants of a building can perceive residual 

drifts of 0.5%, and they experience dizziness and nausea if the residual drift approaches 

1.0 %. They also concluded that it was generally less expensive to rebuild a structure than 

to repair it when residual drifts are greater than 0.5%. 

Within the paradigm of Performance Based Design, some criteria have been proposed to 

approach this problem [AASHTO (2010), EN1998-2 2005, EN15129 (2018), Medeot 

(2004), Medeot (2008), Medeot (2012)]. The field of recentering capability has been 

especially studied in bridges and buildings with base isolation systems [Wilson & 

Wesolowsky (2005), Dolce & Cardone (2006)]. There are also studies on beam-column 

connections with recentering capability [Ricles et. al. (2001), Ocel et. al. (2004)] and 

recentering devices aimed to be installed as diagonal bars in frame buildings [Dolce et. 

al. (2005), Zhang & Zhu (2008), Speicher et. al. (2009)]. 

These last advanced devices are usually called dampers with recentering capability. This 

kind of damper can be generally characterized as two springs working in parallel: (i) one 

spring with elastic or superelastic properties, and (ii) one spring with elastic-perfect-

plastic behaviour. The first element can be a very high initial elastic modulus material 

with elastic behaviour, which stores elastic energy momentarily, or a Shape Memory 

Alloy (SMA) element with superelastic properties, that has an elastic nonlinear behaviour 

and it can also dissipate some energy. The second spring is represented by a friction or 

hysteretic damper, such as metallic dampers or Buckling Restrained Brace. Some 

research has been done in this field [Dolce & Cardone (2001a, 2001b, 2006), Zhu & 

Zhang (2008), Miller et. al. (2012), Erochko et. al. (2013)], as explained in section 1.1.1.2. 

Self-centering capability of a system (also referred to as restoring force) was not taken 

into account as one of the main parameters of seismic engineering until the paradigm of 

Performance Based Design (PBD). The central purpose of this capability is to limit 

residual displacement of a system at the end of an earthquake and prevent cumulative 

displacement during the event.  

It is worth noting the work of Renzo Medeot regarding the recentering capability 

evaluation on isolation devices though recent years [Medeot (2004, 2008, 2012)]. He 

compared the methodology of different standards and he proposed an energy approach to 

this extent. First, the AASHTO (1991) Guide Specification for Seismic Isolation Design, 

require a minimum restoring force in the post-elastic behaviour of the system, which is 

traduced in a lateral force of at least 0.025 times of the total weight of the system at 50% 

of the design displacement. In 1999, requirement was modified to 0.0125 times the total 

seismic weight. However, this criterion is not based on solid theoretical fundamentals, 

but rather follows an empirical approach. 
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On the other hand, the European code EN1998-2 (2005) assumes that an isolation system 

possesses adequate self-restoring capability when the maximum residual displacement in 

static equilibrium is lower than 0.5 times the design displacement. This condition results 

in the requirement of ensuring a minimum post-yielding stiffness that could become 

overly conservative. For base isolation systems with a bilinear behaviour approximation, 

Medeot (2008, 2012) proposed an alternative approach based on energy considerations 

that requires that the reversible stored energy at maximum displacement, Esi, is greater 

than 0.25 times the energy dissipated by hysteretic deformation in a single plastic 

excursion up to the maximum displacement, EHi. The validity of this requirement to 

ensure adequate recentering capability was demonstrated through extensive time history 

analyses and experimental studies. This energy-based criterion was adopted recently in 

the European product standard EN 15129 (2018). 

Although this energy criterion seems to be very attractive, it is needed to validate it in 

systems with non bilinear behaviour approximation and not only for isolation systems but 

also for frame systems. This work tends to fill the gap of knowledge to this extent, 

studying the behaviour of Moment Resisting Frames (MRF) equipped with advanced 

hysteretic dampers that combine metal yielding as dissipating part and phase 

transformation of Shape Memory Alloys as a recentering material. 

  



Chapter 1. Introduction 

49 

1.2 AIMS AND OBJECTIVES 

The work carried out in this dissertation continues the research line of the group led by 

Professor Benavent-Climent on the seismic performance of frame structures and passive 

control systems. More precisely, this research focus on the seismic design of structures 

with advanced energy dissipation devices using energy-based methods. To this extent, 

the main objectives of the present study are to: 

1. Characterize experimentally the hysteretic behaviour and the energy dissipation 

capacity of advanced hysteretic dampers that combine in parallel a metallic 

damper with Shape Memory Alloys with superelastic properties. Specifically, this 

characterization is conducted on the TTD-SMA damper developed in previous 

studies, within the research project PE2012 TEP12 2429. 

2. Develop refined numerical models that can predict with accuracy the hysteretic 

behaviour of the TTD-SMA under arbitrary cyclic loadings and its failure. 

3. Evaluate experimentally the response of reinforced concrete frame structures 

equipped with advanced hysteretic dampers with superelastic properties. For this 

purpose, the shake table dynamic tests performed in a waffle-flat plate reinforced 

concrete structure with TTD-SMA dampers within the research project PE2012 

TEP12 2429 are used. 

4. Apply the energy-based approach of seismic design based on the Housner-

Akiyama energy balance to frame structures equipped with advanced dampers that 

combine an elastic-perfectly plastic component with a superelastic component. 

More precisely, the objectives are to: (i) stablish the energy balance of the 

structure; (ii) propose an adequate value for the damage concentration index n for 

this particular type of structures that can be used with Akiyama’s damage 

distribution law in order to estimate the distribution of dissipation energy demand 

among storeys; (iii) determine appropriate values for the ratios of normalized 

dissipated energy and normalized maximum displacement that, used in 

conjunction with the Akiyama’s energy balance equations, can provide a 

reasonable safe-side prediction of the structure’s response in terms of maximum 

displacement and energy dissipation demands between dampers and main 

structure.  

5. Develop a formulation based on the energy criteria to predict the residual plastic 

deformation after the earthquake in each storey of structures equipped with 

advanced hysteretic dampers with superelastic properties, and propose new   

design criteria. 
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1.3 PUBLISHED WORKS DERIVED FROM THE THESIS 

1.3.1 Contributions in JCR journals 

This dissertation has contributed to the following research papers: 

Authors:  González-Sanz, Guillermo; Galé-Lamuela, David; Escolano-

Margarit, David; Benavent-Climent, Amadeo. 

Title: Hysteretic behaviour and ultimate energy dissipation capacity of large 

diameter bars made of shape memory alloys under seismic loadings 

Journal: Metals 

ISSN: 2075-4701 

Impact Factor (2019): 2.117 

JCR rank: 18/79 (Q1) in Metallurgy & metallurgical engineering 

Volume: 9 (10) 

Date:  13 October 2019 

Editorial: MDPI 

DOI: doi:10.3390/met9101099 

 

Authors:  González-Sanz, Guillermo; Escolano-Margarit, David; Benavent-

Climent, Amadeo. 

Title: A new stainless-steel Tube-in-Tube damper for seismic protection of 

structures 

Journal: Applied Sciences 

ISSN: 2076-3417 

Impact Factor (2019): 2.474 

JCR rank: 32/91 (Q2) in Engineering, multidisciplinary 

Volume: 10 (4) 

Date:  19 February 2020 

Editorial: MDPI 

DOI: doi:10.3390/app10041410 

 

1.3.2 Conference contributions 

During the time of the PhD program, the author has published and presented works related 

with the dissertation in the following conferences: 

González-Sanz, Guillermo; Galé-Lamuela, David; Benavent-Climent, Amadeo. 

Characterization of the behaviour of seismic dampers with Shape Memory Alloys. 

1st Conference on Structural Dynamics (DinEst 2018), 20-21 June 2018, Madrid 

(Spain). 

Galé-Lamuela, David; Benavent-Climent, Amadeo, González-Sanz, Guillermo. 

Numerical simulation of shaking table test on a reinforced concrete waffle-flat 

plate structure using OpenSees. 1st Conference on Structural Dynamics (DinEst 

2018), 20-21 June 2018, Madrid (Spain). 

Galé-Lamuela, David; Donaire-Ávila, Jesús; Escolano-Margarit, David; 

González-Sanz, Guillermo; Benavent-Climent, Amadeo. Energy dissipation 

capacity on RC columns subjected to unidirectional and bidirectional seismic 

loading. 7th ECCOMAS Thematic Conference on Computational Methods in 
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Structural Dynamics and Earthquake Engineering (COMPODYN 2019), 24-26 

June 2019, Crete (Greece). 

Escolano-Margarit, David; González-Sanz, Guillermo; Benavent-Climent, 

Amadeo. Experimental and numerical study of a stainless steel Tube-in-Tube 

damper for passive energy dissipation. 17th World Conference on Earthquake 

Engineering (17 WCEE), 13-18 September 2020, Sendai (Japan). 
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1.4 STRUCTURE OF THE DISSERTATION 

This dissertation is divided into six chapters that satisfy the aims and objectives presented 

in Section 1.2. Chapter 1 introduces the statement of the problem with a review of the 

main points on which this Thesis makes a contribution, that is: (i) advanced hysteretic 

dampers with recentering properties, (ii) energy-based methodology for seismic design 

of structures, and (iii) control of residual deformations and research on recentering 

capability. This chapter also summarizes the main objectives and reports the published 

works resulted from this dissertation.  

Chapter 2 describes the experimental and numerical characterization of an advanced 

damper with recentering capability. The behaviour of this damper consists of two 

different technologies that are studied separately. On the one hand, a Tube-in-Tube 

Damper (TTD) made of stainless steel with high energy dissipation capacity and stable 

behaviour. On the other hand, a Shape Memory Alloy (SMA) bar made of nickel-titanium 

(NiTi) composition with superelastic properties. Both experimental and numerical 

research is carried out to accurately characterize the overall hysteretic behaviour and the 

ultimate energy dissipation capacity until failure.  

Chapter 3 applies the energy-based methodology to the seismic design of structures 

equipped with the advanced dampers with recentering capability studied in Chapter 2. 

The energy balance formulation is developed for this kind of structures. Afterwards, an 

extensive parametric study is carried out and the results are compared with the estimations 

obtained by the equations developed. From this research, a value for the damage 

concentration factor n for the structures studied is proposed.  

Chapter 4 presents the recentering capability of structures equipped with the same kind 

of advanced dampers with superelastic properties. The prediction and control of residual 

plastic deformations are studied through parametric numerical research and expressions 

for controlling the residual deformations are proposed.  

Chapter 5 explains the characteristics of a reduced-scale reinforced concrete specimen 

equipped with the advanced dampers described in Chapter 2. The specimen is constructed 

for conducting shaking table dynamic tests by reproducing simultaneously two horizontal 

components of real ground motions and the torsional effect is also taken into account. 

The dynamic behaviour is studied and the results in terms of displacements, deformations, 

forces and energies are discussed. These tests are used as experimental validation of a 

realistic behaviour of a 3D structure equipped with advanced dampers. The energy 

approach developed in Chapters 3 and 4 is applied to this experimental campaign and it 

is confirmed that the damage and the residual deformations on the main structure are 

drastically reduced, thanks to the use of advanced dampers.  

Finally, a summary and conclusions of the dissertation along with future research in this 

field are exposed as closing Chapter. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 2. EXPERIMENTAL AND NUMERICAL 

CHARACTERIZATION OF THE TTD-SMA 

 

This chapter has the aim of studying experimentally and numerically an advanced energy 

damper with recentering capability. The behaviour of this damper is constructed by the 

sum of two components working in parallel: (i) a Tube-In-Tube Damper (TTD) that is 

based on the metal yielding to ensure a high energy dissipation capacity, and (ii) a Shape 

Memory Alloy (SMA) element made of nickel-titanium (NiTi) alloy with superelastic 

properties. Since these technologies have an independent behaviour, the characterization 

is carried out separately in sections 2.1 and 2.2. 

With the experimental and numerical characterization of the damper, the calibrated 

hysteretic models are used to build complete structures with advanced energy dissipation 

devices with the purpose of studying the global response of this kind of structures. These 

objectives are developed in further chapters. 
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2.1 EXPERIMENTAL AND NUMERICAL CHARACTERIZATION OF THE TTD 

2.1.1 Experimental investigation 

The experimental research involves the study of the hysteretic behaviour and the energy 

dissipation capacity of the TTD. Two different kind of tests are performed: (i) dynamic 

shaking table test, and (ii) quasi-static cyclic tests. Three identical TTDs are built 

following the specifications of chapter 1. Figure 2.1 shows the actual dimensions of the 

studied specimens. The square hollow tubes are #150.4 mm and #140.4 mm 

(#width.thickness) for the outer and inner sections, respectively. All the specimens are 

cut from a single element made of the same material. A sum of 100 strips (25 per face) 

are slit on the outer tube, with dimensions of b=5 mm, h=80 mm t=4 mm and a radius of 

the ends of r=5 mm. Material tests are also conducted to determine the mechanical 

properties. 

 

Fig. 2.1 TTD damper specimen 

2.1.1.1 Material testing 

All TTD specimens are built with stainless Steel, grade 1.4301 (304-L AISI). Material 

mechanical properties are obtained following the indications of ISO 6892-1:2016 from 

standard tension tests, as shown in Figure 2.2. 

 

Fig. 2.2 Coupon tension test specimen 

Several strain rates are selected for the monotonic tests in order to study the behaviour 

under quasi-static and dynamic conditions. A strain rate of 0.03 mm/mm/s were used for 
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static loading, and 0.115 mm/mm/s were applied for dynamic loading. The strain rate is 

defined here as strain increments per second at the central section of the coupon tension 

test specimen (i.e., between points 2 and 3 in Figure 2.2), between zero strain and yield 

strain. Two specimens are tested for each value of strain rate. 

Stress-strain curves obtained during the tests and a trilineal idealisation are shown in 

Figure 2.3(a). The mean values and the corresponding standard deviations of the main 

curve parameters obtained from direct tensile tests are summarized in Table 2.1. In this 

table, σ0.2% is the 0.2% yielding stress which is a parameter widely used to describe 

stainless steel; σu and εu are the ultimate stress and elongation, respectively; σy and εy are 

the yielding stress and strain at the limit of proportionality; and σb and εb are the stress 

and strain at the end of the smooth transition branch between elastic and inelastic ranges. 

Stress-strain idealisations are constructed with the following criteria: (i) an initial lineal 

elastic branch following the modulus of elasticity E until the limit of proportionality (σy, 

εy), (ii) a transition linear branch from (σy, εy) to (σb, εb) representing the transition curve, 

and (iii) a final horizontal branch from (σb, εb) to (σu, εu) that closely fits the inelastic part. 

The values of σb and εb are determined so as the area under the actual curve and the 

trilineal approximation is the same. Same modulus of elasticity is founded in all test, 

E=2·105 MPa, irrespective of the strain rate applied. 

Table 2.1. Mechanical properties of stainless steel at different strain rates  

Strain rate 

(mm/mm/s) 

σ0.2% 

(MPa) 

σu 

(MPa) 

σy 

(MPa) 

Qy 

(kN) 

σb 

(MPa) 

QB 

(kN) 

εy  

(%) 

δy 

(mm) 

εb  

(%) 

εu  

(%) 

0.003 377±15 604±30 250±5 15.50 405±15 25.14 0.12±0.05 1.08 0.40±0.01 46±1 

0.115 529±6 709±16 400±10 24.83 560±15 34.76 0.20±0.01 1.73 0.57±0.02 44±2 
 

(a)      (b)      

   

Fig. 2.3 Stress-strain curves (a) tensions tests, (b) idealisation 

Knowing the geometry and mechanical properties of the stainless steel that form the strips 

of the damper, the axial yielding force Qy and apparent maximum force QB can be 

obtained by applying fundamental engineering principles, as expressed in the following 

equation: 

𝑄𝑦 = 𝑛
𝜎𝑦𝑡𝑏

2

2ℎ′
 ;  𝑄𝐵 = 𝑛

𝜎𝐵𝑡𝑏
2

2ℎ′
  (2.1) 
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Here b is the strip width, t is the strip thickness, r is the radios at the strips ends (see Figure 

2.4(a)), n is the total number of damper strips, and h’=h + [2r2/(h + 2r)] is the height of 

an equivalent strut replacing the actual round-shape ends by straight lines, as shown in 

Figure 2.4(b). The expression for h’ was obtained by comparing the results of numerical 

analyses conducted with two different finite element models (Model 1 and Model 2) that 

represented one steel strip. In Model 1 the strip had rounded ends, as shown in Figure 

2.4(a). In Model 2 the actual rounded ends were replaced by straight lines defined, as 

shown in Figure 2.4(b). A parametric study was conducted with different combinations 

of r, h and b. For each combination, the value of the equivalent height h’ that makes the 

strength and stiffness of the strip approximately equal (error less than 10%) in Model 1 

and in Model 2 was determined. The expression for h’ was readily obtained by numerical 

regression of these results.   

 

Fig. 2.4 Geometry of the (a) actual and (b) equivalent strip 

By using the equivalent strip approximation of Figure 2.4(b) and by integrating the 

curvatures along the total height h + 2r, the damper’s yielding displacement is given by 

the equation [Benavent-Climent (2010)]: 

𝛿𝑦 =
𝑄𝑦ℎ′

3

𝑛𝐸𝑡𝑏3
′ (1 + 3𝑙𝑛

ℎ+2𝑟

ℎ′
)   (2.2) 

Table 2.1 also includes the theoretical values of Qy, QB and δy obtained with Eqs (2.1) and 

(2.2). 

2.1.1.2 Shaking table dynamic tests 

With the aim of assessing the performance of the TTD under realistic dynamic 

earthquake-type loadings, a reinforced concrete (RC) structure equipped with six TTDs 

are tested in the shaking table of the Laboratory of Structural Dynamics of the University 

of Granada, Spain. The RC structure is scaled from a portion of a prototype building with 

a scale factor of 2/5. The whole structure consisting of RC waffle-flat plates supported by 

isolated columns is shown in Figure 2.5, and it was designed to sustain only gravity loads, 

according to the Spanish construction codes [EHE-08, NSCE-02]. The selected portion 

of the structure is enclosed with red dashed lines in Figure 2.5. Red circles in this figure 

stand for the points where the bending moments are assumed to be zero under horizontal 

loads, i.e. mid span of the plate and mid height of the columns. 

 

Fig. 2.5 Sketch of the whole structure 
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Figure 2.6 shows the RC specimen with the TTDs mounted on the shaking table. Three 

identical TTDs are installed in each story as diagonal bars, referred here as SS-TTD1, SS-

TTD2 and SS-TTD3 for the lower story, and SS-TTD4, SS-TTD5 and SS-TTD6 for the 

upper story. The mass of the upper part of the structure is represented with reactive steel 

blocks located at the top columns and on the waffle-flat plate.  

 

 

Fig. 2.6 RC structure with dampers (a) plan (b) elevation 
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The overall setup can be seen in Figure 2.7. A bidirectional MTS 3x3m2 shaking table 

test is used to perform dynamic seismic tests. The instrumentation setup contains uniaxial 

accelerometers, displacements transducers (LVDTs) and more than 400 strain gauges into 

the whole structure. A pair of LVDTs for each damper measure the values of the relative 

axial displacements between the tubes of the SS-TTD. Axial forces are obtained as the 

average value from six strain gauges fixed to the auxiliary square hollow sections (#80.4 

mm) connecting the SS-TTDs to the main structure. A detailed description of a similar 

RC structure tested in precious studies and with a different type of damper can be found 

in [Benavent-Climent et al. (2019)]. 

 

Fig. 2.7 General overview of the experimental setup used for the shaking table tests 

The RC structure equipped with the SS-TTDs is subjected to eight seismic simulations, 

consecutively. All simulations are bidirectional with two horizontal components, north-

south (NS) and east-west (EW), of the ground motion recorded at Bar-Skupstina Opstine 

during Montenegro earthquake (1979), applied simultaneously. The amplitude scale 

factor of the ground motions is increased from 15% of the original record to 190%. The 

NS component is applied in the symmetrical direction axis of the test specimen (referred 

to as direction X), and the EW component in the orthogonal direction (referred to as 

direction Y). The complete histories of acceleration applied to the shaking table in the X 

and Y horizontal directions are shown in Figure 2.8. The movements of the reactive steel 

blocks located at the top of the columns of the upper storey are shown in Figure 2.9. More 

precisely, the relative displacements in the X and Y horizontal directions with respect to 

the RC waffle-flat plate in Figure 2.9(a) and (b) respectively), and the rotations about the 

vertical axis passing through the centre of mass in Figure 2.8(c). 
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Fig. 2.8 History of accelerations applied to the shaking table 

(a)    (b)    (c)    

 

Fig. 2.9 History of relative displacements and rotations during shaking table tests: (a) X 

direction, (b) Y direction, (c) rotation. 

As can be seen in Figure 2.9, relative displacements in the Y direction are about two times 

larger than in the X direction. In terms of inter storey drifts, i.e. relative displacements 

divided by the height of the columns, the maximum values are about 1% in X direction 

and 2% in Y direction. These values are below the limit of 2.5% associated with the 

performance level of life safety, and far below the 4% associated with collapse, as 

described in precious studies on RC waffle-flat plate systems [Benavent-Climent et. al. 

(2019)]. This means that the SS-TTDs protected the structure against collapse and kept it 

within reasonable levels of safety under earthquakes with peak ground accelerations as 

large as the acceleration of the gravity, as shown in Figure 2.8. 

This section focuses on the results obtained from the SS-TTDs located on the upper floor, 

namely SS-TTD4, SS-TTD5 and SS-TTD6. Figure 2.10 shows the overall response of 

these SS-TTDs in terms of axial force vs axial displacement. All SS-TTDs endured large 

plastic deformations but without failure, i.e., they did not reach their ultimate energy 

dissipation capacity. 

(a)    (b)    (c)     

 

Fig. 2.10 Q-δ curves obtained from the shaking table tests (a) SS-TTD4, (b) SS-TTD5, (c) SS-

TTD6 
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2.1.1.3 Quasi-static cyclic tests 

In order to quantify the ultimate energy dissipation capacity of the SS-TTDs installed in 

the upper storey of the RC structure, cyclic quasi-static loadings are performed to SS-

TTD4, SS-TTD5 and SS-TTD6 after the shaking table dynamic tests. Quasi-static cyclic 

tests are carried out in a SAXEWAY T1000 universal testing machine with a maximum 

load capacity of 1000 kN, as shown in Figure 2.11. Thick 25 mm base plate are used to 

rigidly clamp the inner and outer tubes of the dampers to the base of the testing machine 

and to the actuator, respectively. Testing program is conducted under displacement 

control with the same cyclic rate of 0.02 Hz. Control and measure of relative 

displacements between the tubes are carried out with two displacement transducers 

(LVDTs) in two opposite faces of the damper. For each SS-TTD, a different cyclic forced 

displacement loading history is applied. An initial displacement of 10 mm in positive 

direction is performed to SS-TTD4, followed by cycles of constant amplitude equal to 5 

times the yield displacement. Sequential sets of cycles with incremental amplitude are 

selected for the specimens SS-TTD5 and SS-TTD6, following the protocol proposed by 

ATC (1992). In both cases, the increment of displacement amplitude from one set of 

cycles to the next is fixed equal to the yield displacement. The difference between tests 

are the number of cycles nc applied within each test. nc=10 is programed for SS-TTD5, 

while nc=4 for the SS-TTD6. The failure is assumed to occur when the force under 

increasing displacements dropped below 20% of the maximum force attained in previous 

cycles of deformation. 

(a)      (b)    

  

Fig. 2.11 Experimental setup for static cyclic tests (a) identification of components, (b) 

photograph 

Total Q-δ hysteretic curves obtained from the quasi-static cyclic tests of the three SS-

TTDs are plotted in dotted lines in Figure 2.12. Solid black lines stand for the hysteretic 

behaviour before failure, with the criterion exposed previously.  

 

 



Chapter 2. Experimental and numerical characterization of the TTD-SMA 

61 

(a)    (b)    (c)     

 

Fig. 2.12 Q-δ curves obtained from the quasi-static cyclic tests (a) SS-TTD4, (b) SS-TTD5, (c) 

SS-TTD6 

2.1.2 Results and discussion 

2.1.2.1 Hysteretic behaviour 

As seen in section 2.1.1.1, yield force and displacement are altered due to the strain rate 

effects [Cardoni et. al. (2012), Lichtenfeld et. al. (2006), Lee et. al. (2005)]. Yield force 

and yield displacement values obtained from Eqs. (2.1) and (2.2) for quasi-static and 

dynamic loads are shown in Table 2.1, and referred here as QyST=15.5kN, δyST=1.08mm 

and QyDYN=24.83kN, δyDYN=1.73mm, respectively. Figure 2.13 shows the entire load-

displacement Q-δ hysteretic curves of the SS-TTD4, SS-TTD5 and SS-TTD6 in all tests 

normalized by the corresponding yield force and yield displacement. From this figure, it 

can be observed that the SS-TTDs exhibit a stable hysteretic behaviour with almost 

identical Q-δ curves in repeated cycles of the same amplitude, that is, a small reduction 

of the peak strength under repeated cycles is founded. It is also seen, especially in Figure 

2.13(c), that second order effects due to strip geometric nonlinearity appear at very large 

displacements, quantified in a displacement ductility μ=δmax/δy above 12. This geometric 

nonlinearity turns into a spurious increase of the restoring force. However, this effect 

becomes significant far beyond the realistic range of lateral displacements that cloud be 

allowed in actual structures equipped with dampers. 

(a)    (b)    (c)   

 

Fig. 2.13 Total normalized Q-δ curves of the tested specimens (a) SS-TTD4, (b) SS-TTD5, (c) 

SS-TTD6 

The equivalent viscous ratio ξeq is a typical parameter that characterizes the shape of the 

hysteretic loop Q-δ obtained in one cycle of imposed deformation at maximum amplitude, 

and it is defined as follows: 

𝜉𝑒𝑞 =
1

2𝜋

𝑊𝑐

𝑄𝑚𝑎𝑥𝛿𝑚𝑎𝑥
    (2.3) 
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where Wc is the dissipated energy in a single cycle and Qmax the attained force at δmax. 

This formula is obtained by equating the hysteretic energy dissipated in one cycle and the 

energy dissipated through viscous damping by means of an equivalent viscous damper in 

one cycle of harmonic vibration [Chopra (1995)]. Larger ξeq stands for a hysteretic loop 

close to an ideal parallelogram, what it is desirable. From the results of quasi-static 

increasing amplitude tests, ξeq is calculated and plotted in Figure 2.14 against the 

normalized amplitude of the cycle δmax/δy. From this figure, it can be noticed that the value 

of the equivalent viscous damping ratio remains approximately constant at 30% for 

practical cycle amplitudes δmax/δy between 5 and 10. This value is compared in the last 

columns of table 2.2 with the same ratio calculated in previous studies [Chan & 

Albermani (2008), Teruna et. al. (2015), Lee et. al. (2015), Amiri et. al. (2018)] for similar 

slit-type steel dampers with different geometries and material properties (h, b, t, σy). The 

value obtained in this study is in the lower bound of the range of other similar dampers 

(30-51%) presented in previous studies. Thus, the studied damper has no greater energy 

dissipation in a cycle of fixed amplitude in comparison with other dampers. Other typical 

parameters used to characterise the damper’s performance are the accumulated inelastic 

deformation ratio η and the cumulative ductility factor μCUM, and they are also shown and 

compared in table 2.2. These parameters are defined later in Eqs (2.5) and (2.7), 

respectively. 

 

Fig. 2.14 Equivalent viscous damping ξ versus the normalized cycle amplitude 

Table 2.2. Comparison with other slit-type plate dampers  

 

Reference 

h 

(mm) 

b 

(mm) 

t 

(mm) 

σy 

(MPa) 

δy 

(mm) 

Qy 

(kN) 

μ μCUM η ξ 

Chan (2008) 77-99 15-17 8 316 1.2-1.7 11.5-17.5 8-11 380-490 370-460 30-50 

Teruna (2015) 240 70-90* 20 292 2.5-3.4 114-176 10-20 80-125 325-700 40-50 

Lee (2015) 180 30-36* 10 300 0.8-1.2 73-83 30-38 380-660 1200-2200 44-51 

Lee (2016) 180 36* 10 208 1.0-1.5 78-89 20-35 370-480 1000-1400 - 

Amiri (2018) 80 14-28* 20 241 1.1-1.5 30-71 20-28 390-480 558-642 36-43 

Benavent (2010) 20-80 15-20 8-12 449 0.2-0.5 51-332 30-60 480-720 407-774 - 

This study 80 5 4 250-400 1.1-1.7 15.5-24.8 12-17 1728-2707 3332-3766 30 

* Nonuniform shape (dimensions at the ends of the strip) 
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2.1.2.2 Ultimate energy dissipation capacity and prediction of failure 

Ultimate energy dissipation capacity in low-cycle fatigue field highly depends of the 

pattern of loading applied [Benavent-Climent (2007), Kato et. al. (1973), Jiao et. al. 

(2009)]. A proposed method [Benavent-Climent (2007), Kato et. al. (1973)] to evaluate 

this dependency is based on splitting the total dissipated energy by the damper into the 

co-called skeleton part and the Bauschinger part, as illustrated in Figure 2.15. The typical 

Q-δ curve obtained by testing a steel component under arbitrarily applied cyclic loads 

until failure (Figure 2.15(a)) can be decomposed into the skeleton part (Figure 2.15(b)) 

and Bauschinger part (Figure 2.15(c)) as follows. The skeleton part is formed, in each 

domain of loading, by connecting sequentially the segments of the Q-δ curve whose force 

Q exceeds the maximum force attained in previous cycles in the same domain of loading. 

The skeleton curves obtained in this way coincide with the Q-δ obtained by subjecting 

the steel component to monotonic loadings [Kato et. al. (1973)]. The skeleton curves are 

idealized by the trilinear curve in Figure 2.15(b) (dashed and dotted lines), in turn defined 

by the following parameters: Qy and δy given by Eqs (2.1) and (2.2); the elastic stiffness 

Ke (=Qy/δy); the force QB at the onset of the second plastic branch given by Eq (2.1); and 

the first and second plastic stiffness, Kp1 and Kp2. The displacement δB associated with QB 

is readily obtained from Kp1 and QB. In Figure 2.15(b), 𝛿𝑆 𝑢
+ and 𝛿𝑆 𝑢

−  denote the 

maximum deformation accumulated in the positive and negative skeleton parts. The 

portion of the total plastic strain energy dissipated by the damper on the skeleton part, in 

the positive and negative domains of loading, respectively  𝑊𝑆 𝑢
+and  𝑊𝑆 𝑢

−, is readily 

obtained by integrating the areas enveloped by each skeleton curve in Figure 2.15(b). The 

Bauschinger part is constituted by the segments of the Q-δ curve that start at Q=0 and 

end at the point corresponding to the maximum load attained in the preceding cycles in 

the same loading domain. The Bauschinger parts are graphically depicted in Figure 

2.15(c), and the area enveloped in each domain of loading, 𝑊𝐵 𝑢
+ and 𝑊𝐵 𝑢

− , represents 

the portion of the total energy dissipated by the steel element in the Bauschinger part. 

(a)   

 
(b) 
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(c) 

 
Fig. 2.15 Decomposition of Q-δ curve (a) overall curve, (b) skeleton part, (c) Bauschinger part 

For convenience, 𝑊𝑆 𝑢
+ ,  𝑊𝑆 𝑢

− , 𝑊𝐵 𝑢
+ , 𝑊𝐵 𝑢

− , 𝛿𝑆 𝑢
+and 𝛿𝑆 𝑢

−  are expressed in a non-

dimensional form by: 

�̅�𝑆
+ =

𝑊𝑆 𝑢
+

𝑄𝑦𝛿𝑦
;  �̅�𝑆

− =
𝑊𝑆 𝑢
−

𝑄𝑦𝛿𝑦
;   �̅�𝐵

+ =
𝑊𝐵 𝑢
+

𝑄𝑦𝛿𝑦
;   �̅�𝐵

− =
𝑊𝐵 𝑢
−

𝑄𝑦𝛿𝑦
 ;   �̅�𝑒𝑝

+ =
𝛿𝑆 𝑢
+

𝛿𝑦
; �̅�  𝑒𝑝

− =
𝛿𝑆 𝑢
−

𝛿𝑦
  (2.4) 

and the sum of the dissipated energy on the skeleton part, on the Bauschinger part, and 

the total energy dissipated by the steel component until failure can be also expressed in 

non-dimensional forms by: 

𝜂𝑆 = | �̅�𝑆
+| + | �̅�𝑆

−|;   𝜂𝐵 = | �̅�𝐵
+| + | �̅�𝐵

−|;   𝜂𝑒𝑝 = | �̅�𝑒𝑝
+| + | �̅�𝑒𝑝

−|;   𝜂 = 𝜂𝑆 + 𝜂𝐵  (2.5) 

Based on previous studies [Benavent-Climent et. al. (1998)], 𝜂𝐵  and 𝜂𝑒𝑝  follow a linear 

relationship as follows: 

𝜂𝐵 = 𝑎 𝜂𝑒𝑝 + b′  (2.6) 

where a and b’ are two parameters determined from tests. 

The decomposition of the hysteretic curves explained above is carried out on the 

normalized results of the specimens SS-TTD4, SS-TTD5 and SS-TTD6 tested until 

failure and the ending values of the non-dimensional parameters expressed in Eqs (2.4) 

and (2.5) are showed in Table 2.3. Normalized skeleton curves obtained with this 

procedure are plotted in coloured lines in Figure 2.16. A trilinear approximation of these 

curves is also plotted with thick black dotted line following Kp1=1/2.5 and Kp2=1/14. The 

decomposition is done at each point of the complete loading history, shown in Figure 

2.13, and the corresponding values of the ratios 𝜂𝑆 , 𝜂𝐵 , 𝜂 and 𝜂𝑒𝑝  are plotted in Figure 

2.17 with coloured lines for each specimen. Final values summarized in Table 2.3 are 

displayed with a different marker for each specimen in Figure 2.17. These coloured curves 

represent the “energy dissipation path” followed by each specimen up to failure.  

In Figure 2.17(a) is also plotted a black solid line passing through the point (0, 3900) with a 

slope of a=-14.66, which closely fits experimental results. This value for a is the same that 

obtained Benavent-Climent et. al. (1998) for slit-type plates made of mild and high-strength 

steel, so this study confirms the validity of the proposed value also for stainless steel. 

Regarding the parameter b’, the proposed value for slit-type plates made of stainless steel is 

b’=3900, based on the experimental results. This parameter stands for the ultimate energy 

dissipation capacity of the damper. Comparing the adopted value of b’ with the reported 

values of Benavent-Climent et. al.  (1998) for mild steel and high-strength steel (b’=1325 

and b’=250, respectively), it is worth noting that the ultimate energy dissipation capacity of 
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the SS-TTDs is about three times larger than that of the mild steel, and 16 times larger than 

that of the high-strength steel. 

The normalized energy dissipated on the skeleton part is plotted against 𝜂𝑒𝑝  in Figure 2.17(b) 

with solid black line. The estimation of this curve was constructed from the trilinear 

approximation of the skeleton curve shown in Figure 2.16 with thick black dotted line. It can 

be seen a very good agreement between this prediction and the experimental results. In Figure 

2.17(c), the black lines of Figures 2.17(a) and (b) are redrawn in thin black lines, and the sum 

of this curves are displayed with a thick black line. This last curve represents the total 

normalized energy dissipation capacity of the SS-TTDs until failure, with the proposed values 

Kp1=1/2.5, Kp2=1/14, a=-14.66, b’=3900 and Qy, QB, δy, given by Eqs (2.1) and (2.2). With 

the establishment of this limit curve, the failure of the SS-TTD under arbitrary loadings can 

be predicted from the hysteretic curves by calculating the values of 𝜂 and 𝜂𝑒𝑝  at any instant 

of time and monitoring the path until these values reach the limit curve. 

Table 2.3. Ultimate energy dissipation capacity  

Specimen | �̅�𝑒𝑝
+| | �̅�𝑒𝑝

−| | �̅�𝑆
+| | �̅�𝑆

−| | �̅�𝐵
+| | �̅�𝐵

−|   𝜂+ |𝜂−| η μCUM 𝜂𝐵 / 𝜂𝑆  

SS-TTD5 17.6 9.3 37 41 1643 1611 1680 1652 3332 1912 41.7 

SS-TTD6 22.5 28.4 54 66 1700 1633 1754 1699 3453 1728 27.8 

SS-TTD4 9.3 6.5 16 10 1884 1856 1900 1866 3766 2707 143.8 
 

 
Fig. 2.16 Skeleton curves 

 
Fig. 2.17 Ultimate energy dissipation capacity (a) Bauschinger part, (b) skeleton part, (c) total 
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Another way to study the ultimate energy dissipation capacity is relating it with the 

cumulative ductility factor μCUM defined by Eq (2.7), as proposed in [Chan & Albermani 

(2008), Teruna et. al. (2015), Lee et. al. (2015), Lee et. al. (2016), Amiri et. al. (2018)]. 

In this equation, the sum of plastic displacements in the whole loading history Σδ is 

normalized by the yielding displacement δy. The complete paths of 𝜂 against μCUM of the 

tested specimens in this study are plotted in Figure 2.18. 

 
Fig. 2.18 Normalized ultimate energy dissipation capacity against cumulative ductility factor 

The ending pair of values (𝜂, μCUM) are displayed with red circles in Figure 2.19 and 

compared with reported results of previous studies [Chan & Albermani (2008), Teruna 

et. al. (2015), Lee et. al. (2015), Lee et. al. (2016), Amiri et. al. (2018), Benavent-Climent 

(2010)]. From this figure, it is worth noting that the SS-TTDs has an energy dissipation 

capacity and a cumulative ductility widely higher that other slit-type plate dampers. 

 
Fig. 2.19 Comparison of the relationship 𝜂-μCUM between the selected references and this study 

2.1.3 Numerical characterization 

The prediction of the SS-TTD’s hysteretic behaviour under arbitrary cyclic loadings is 

characterized with the performance of two different numerical models. On the one hand, 

a polygonal model in constructed based on linear segments approximation. On the other 

hand, Bouc-Wen model [Baber et. al. (1985)] is used to characterize the smooth transition 

between elastic and inelastic parts. 

2.1.3.1 Polygonal model 

The polygonal model is based on the decomposition of the Q-δ curves into the skeleton 

and Bauschinger parts, as explained in section 2.1.2. The skeleton curve can be estimated 

experimentally with the procedure of section 2.1.2, or numerically. For this model, the 

Bauschinger curves are approximated by two linear segments, as shown with dashed lines 

in Figure 2.20. The first branch is assumed to have a slope equal to the elastic stiffness 
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Ke. The maximum force attained in previous cycles of displacements of the same domain 

of loading is named Qm, and it is the ending point of the Bauschinger part illustration of 

Figure 2.20. The displacement associated with this Bauschinger part Bδ is very well 

correlated with the accumulated plastic deformations on the skeleton part ΣSδ at the 

starting point of Bauschinger curve, as discussed next. The calculated pair of values (ΣSδ, 

Bδ) for each Bauschinger parts obtained from the experimental tests conducted on the SS-

TTD5 and SS-TTD6 are shown in Figure 2.21(a). It is observed a linear relationship of 

these parameters with a slope of β=0.35 (i.e. Bδ=0.35ΣSδ) for this study, plotted with thick 

black dashed line. Last parameter of this model is the ordinate of the two segments, named 

as αQm. The ratio α is taken so as the areas under the actual Bauschinger curve and the 

bilinear approximation are the same. In Figure 2.21(b) this relationship between the 

normalized forces Qm/Qy and αQm/Qy obtained from the tested specimens is plotted. From 

this figure, the assumed value of this parameter for this study is taken as α=0.4. 

 
Fig. 2.20 Idealisation of the Bauschinger parts 

(a)         (b)  

 

Fig. 2.21 Modellisation of the Bauschinger parts (a) β values, (b) α values 

2.1.3.2 Bouc-Wen model 

Bouc-Wen hysteretic concept is a widespread numerical model based on Wen’s 

formulation [Wen (1976)] that exhibits a smooth transition between elastic and inelastic 

parts. Although this model does not take into account the energy dissipation explicitly, 

the continuous resultant curve closely fits the actual shape of the Q-δ curves obtained 

experimentally. Moreover, this model is implemented in well-known FEM structural 

analysis software, such as SAP2000 (2017) and OpenSees (2010). The main parameters 

that define this model are: (i) the initial stiffness k0, (ii) the post-yielding stiffness ratio to 

the initial one α‘, and (iii) a transition parameter from linear to nonlinear range n. In 

addition, OpenSees has implemented a refined version of this model [Baber et. al. (1985)] 

which includes additional parameter to control the hysteresis shape (β’ and γ) and the 

strength degradation (Δν and Δη). A detailed description of the formulation used can be 
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founded in [Haukaas & Der Kiureghian (2004)]. In this study, a calibration of these 

parameters is carried out to closely fit the experimental normalized Q/Qy versus δ/δy 

curves obtained from experimental results, giving: k0=1, α‘=1/14, n=1.2, β’=0.5, γ=0.5, 

Δν=-6·10-4, and Δη=1·10-3. 

2.1.3.3 Comparison and validation 

Normalized hysteretic curves obtained from experimental results are shown and 

compared in Figure 2.22 with the two proposed numerical models for the same loading 

history. Both models provide very good agreement with experimental results in terms of 

hysteretic shape and energy dissipation. The comparison is done by decomposing the 

numerical hysteretic curves into the skeleton and Bauschinger parts, as explained in 

section 2.1.2, and the energy paths 𝜂 − 𝜂𝑒𝑝  are monitored and displayed in Figure 2.22(b), 

(d) and (f) for each SS-TTD tested in this study. Numerical paths are compared with 

experimental ones with close results. Both models have a good hysteretic and energy 

calibration, with errors below 10% in all cases. 

       (a)       (b)  

 
       (c)       (d)  
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     (e)       (f)  

 
Fig. 2.22 Comparison between test and numerical model simulations (a) SS-TTD4 normalized 

Q-δ curves, (b) SS-TTD4 energy dissipation paths, (c) SS-TTD5 normalized Q-δ curves, (d) SS-

TTD5 energy dissipation paths, (e) SS-TTD6 normalized Q-δ curves, (f) SS-TTD6 energy 

dissipation paths 

2.2 EXPERIMENTAL AND NUMERICAL CHARACTERIZATION OF THE SMA 

This section presents the study of the hysteretic behaviour and ultimate energy dissipation 

capacity of large diameter bars made of Shape Memory Alloys (SMA) under seismic 

loadings. A simple numerical model is also proposed that can be easily implemented in 

FEM software to perform non-linear time history analyses and to obtain the response of 

structures equipped with devices that use SMA. 

2.2.1 Experimental investigation 

The experimental research has the aim of (i) characterizing the hysteretic behaviour of 

SMA bars made of Nickel-Titanium alloy (NiTi) with superelastic properties and (ii) 

study the influence of the strain rate on the overall performance. For this experimental 

campaign, the standard ASTM F20516 (“Standard Test Method for Tension Testing of 

Nickel-Titanium Superelastic Materials”) and the testing protocols used in the literature 

[Dolce & Cardone (2001a), Dolce & Cardone (2001b), DesRoches et. al. (2004), 

McCormick et. al. (2006), McCormick et. al. (2007)] are considered to program the 

loading protocols. Herein, the tests conducted at frequencies less than 0.05Hz are 

considered as quasi-static and those performed at frequencies larger than 0.2Hz as 

dynamic. 

2.2.1.1 Test specimens 

For this study, a set of thirteen specimens are tested under quasi-static and dynamic cyclic 

loadings. The specimens are cylindrical bars of 12.7mm diameter and 750mm length. 

They are made of a NiTi alloy with a heat treatment to guarantee superelastic properties 

in ambient temperature conditions by fully annealment. Figure 2.23 shows the results of 

the Differential Scanning Calorimetry (DSC) experiment, provided by the manufacturing 

company SAES Smart Materials (New Hartford, NY, USA). The reference temperatures 

obtained from this test are: Mf=-37.66ºC, Ms=-31.36ºC, As=-16.13ºC and Af=-5.16ºC. 

Unfortunately, no more specific material-related information was available from the 

manufacturer. 
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Fig. 2.23 DSC experiment 

2.2.1.2 Quasi-static cyclic tests 

A total of eleven specimens are tested under quasi-static loads, applying different 

frequencies and loadings protocols, as explained below. Cycles of constant amplitude at 

ε=4.5% with a frequency of 0.02Hz are selected to test six identical specimens. This 

quasi-static loading protocol (protocol 1) is shown in Figure 2.24, and the specimens are 

referred as S11 to S16 (S calls for static tests, the first number stands for the loading 

protocol, and the second number refers to the specimen tested). These tests are carried 

out to have a “benchmark response” of the SMA under cycles of constant amplitude and 

low frequency test. For this reason, six identical specimens are tested and with the aim of 

assessing the repeatability of the results, in particular in terms of (i) number of cycles 

necessary to stabilize the hysteretic loop’s shape, (ii) maximum stress at same cycles of 

constant amplitude, and (iii) residual strain. The ratio of standard deviation to the mean 

(i.e. the coefficients of variation) obtained for these variables are: 0, 0.04 and 0.10, 

respectively. 

The loading protocol shown in Figure 2.25 are applied to two specimens S21, S22, at 

different frequencies of 0.02, 0.04Hz, respectively. These incremental amplitude cycling 

test are performed to compare the behaviour of the SMA due to the strain rate effect with 

the dynamic cyclic tests. The specimens S31 and S32 are subjected to cyclic displacements 

until failure by using the constant amplitude cyclic loading of Figure 2.26 at a frequency 

of 0.02Hz. Another specimen, S41, is tested until failure at the same frequency of 0.02Hz, 

but with the loading protocol of constant amplitude cycles shown in Figure 2.27. 

All tests are conducted in ambient temperature (20-25ºC) with a universal testing 

machine, SAXEWAY T1000 (MOOG Inc., East Aurora, NY, USA). The setup used for 

this experimental campaign involved a pair of displacement transducers (LVDTs) for the 

displacement control and the internal load cell of the actuator that measured the applied 

force. 
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Fig. 2.24 Loading protocol 1 (frequency 0.02Hz) used for specimens S11 to S16 

 
Fig. 2.25 Loading protocol 2 (frequencies 0.02, 0.04, 0.2, 1.0Hz) used for specimens S11, S22, 

D21, D22 

 
Fig. 2.26 Loading protocol 3 (frequency 0.02Hz) used for specimens S31, S32 

 
Fig. 2.27 Loading protocol 4 (frequency 0.02Hz) used for specimen S41 

2.2.1.3 Dynamic cyclic tests 

Two specimens are subjected to the loading protocol 2 (Figure 2.25) under dynamic 

conditions at frequencies of 0.2 and 1.0Hz, referred to as D21 and D22, where the capital 

letter stands for dynamic test. As for the quasi-static tests, these tests are conducted in 

ambient temperature (20-25ºC). The experimental tests are conducted with an INSTRON 

8803 fatigue testing system (INSTRON, Norwood, MA, USA) with the same setup of the 

quasi-static test. 

2.2.2 Results and discussion 

2.2.2.1 Hysteretic behaviour 

The hysteretic behaviour of specimen S11 is shown in Figure 2.28. Similar behaviour is 

founded in specimens S21 to S16. Most relevant features are described next. First, by 

repeating the first initial cycles, it can be seen a reduction in the loading and unloading 
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transformation stresses, which turns into a reduction of the energy dissipated per cycle. 

The literature calls this phenomenon as “functional fatigue” [Eggeler et. al. (2004)], 

which means that after successive cycles, the hysteresis loops tend to quickly stabilize 

and become almost identical. Second, the value of the maximum stress attained in all 

cycles is practically the same. Third, within these test, the residual strain εR remains 

approximately constant. 

 
Fig. 2.28 Hysteresis loops of specimen S11 

The results of the tested specimens S21, S22, D21 and D22 under the loading protocol 2 at 

different quasi-static and dynamic frequencies are shown in Figure 2.29. Two interesting 

observations should be commented. First, the hysteresis loops at increasing amplitudes 

follow essentially the same pattern for a given strain rate. That is, the loading and 

unloading paths in a fixed amplitude almost overlap the paths obtained in previous cycles. 

Second, the variances of the hysteretic loops under different strain rates are notables. In 

order to compare this behaviour, the hysteretic loops at 6% strain performed by each 

specimen are shown in Figure 2.30. From these figures, it is worth noting that the change 

in the strain rate results in (i) greater values of the loading and unloading transformations 

stresses, (ii) narrower hysteresis loops, and (iii) earlier and more remarkable occurrence 

of the strain hardening effect. These changes in the overall behaviour mean a lower energy 

dissipation in each cycle and lower equivalent viscous damping as the loading frequency 

is increased. The high dependency of SMA response on thermo-mechanical loading 

conditions is the justification of this response [Zhu & Zhang (2013), Kan et. al. (2016), 

Ammar et. al. (2017)]. Actually, the self-heating the SMA at high strain rates and the 

difficulty of transferring this heat to the environment under cyclic loadings is responsible 

for the discrepancies observed on the loops’ shape. Regarding the residual strain, it can 

be also seen from Figure 2.30 that it is not clearly affected by the strain rate effect. 
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Fig. 2.29 Hysteresis loops of specimens (a) S21, (b) S22, (c) D21, (d) D22 

 
Fig. 2.30 Hysteresis loops of specimen under quasi-static and dynamic loading at 6% strain 
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The equivalent viscous damping ratios in each cycle are computed for the specimens S21, 

S22, D21 and D22 and plotted in Figure 2.31 against the cycle amplitude. The loading 

protocol consisted in one cycle of increasing amplitude of ε=1, 2, 3, 4, 5% followed by 

four cycles of constant amplitude at ε=6%. So, four point in the maximum amplitude are 

shown for each test. However, the specimen D22 failed during the second cycle of ε=6%, 

so only one point is calculated for this strain amplitude. As it can be seen from the Figure 

2.31, ξeq tends to increase as ε does, for the same applied frequency. With the repetition 

of same amplitude cycles, ξeq tends to decrease, because of the functional fatigue 

explained earlier. 

 
Fig. 2.31 Equivalent viscous damping ξeq for 12.7mm diameter NiTi bars 

The dependency of the strain rate on the hysteretic behaviour of the NiTi alloys are further 

investigated. Response of the first single cycle at ε=6% of specimens S21 and D22 are 

selected and compared with the results conducted by previous studies [Dolce & Cardone 

(2001a), DesRoches et. al. (2004), McCormick et. al. (2006), Zhu & Zhang (2013)] on 

NiTi wires and bars subjected to same conditions of strain amplitude and strain rate. For 

comparing these results, the energy dissipated in one cycle ED is normalized by the 

product of yield force Fy and displacement δy determined as follows. An idealization of 

the force deformation F-δ curve is carried out with a bilinear approximation, as shown in 

Figure 2.32. The second branch closely fits the loading transformation phase path, and 

the first branch is adjusted so the area under the real curve and the bilinear approximation 

is the same. Thus, the intersection of these branches gives the point Fy-δy. The results are 

shown in Table 2.4. In this table, ϕ is the diameter of the wire or bar, σy is the yield stress 

obtained dividing Fy by the area of the specimen, εy is the yield strain obtained dividing 

δy by the initial length of the specimen, EA refers to the initial elastic modulus, and �̅�𝐷 is 

the dissipated energy ED normalized by the product Fyδy. Since these values depends on 

the frequency applied, in the las column of table 2.4 the ratio between the normalized 

energy dissipated in quasi-static tests (0.02Hz) �̅�𝐷,𝑠𝑡𝑎𝑡𝑖𝑐  and the normalized energy 

dissipated in dynamic tests (1.0Hz) �̅�𝐷,𝑑𝑦𝑛𝑎𝑚𝑖𝑐 is computed. In this study, the specimens 

with ϕ<2mm are considered wires hereafter, and whore with ϕ>6mm are considered bars. 
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Fig. 2.32 Bilinear idealization of the force-displacement curve loading branch 

Table 2.4. Ultimate energy dissipation capacity  

Reference ϕ (mm) 
σy (Mpa) εy (%) EA (MPa) �̅�𝐷 �̅�𝐷,𝑠𝑡𝑎𝑡𝑖𝑐

�̅�𝐷,𝑑𝑦𝑛𝑎𝑖𝑐
 

0.02Hz 1.0Hz 0.02Hz 1.0Hz 0.02Hz 1.0Hz 0.02Hz 1.0Hz 

McCormick (2006) 0.25 504 553 1.83 1.79 27500 30900 1.12 1.00 0.89 

Zhu (2013) 0.58 305 309 1.22 1.12 25000 27500 2.10 1.48 0.71 

Dolce (2001) 1.84 390 415 1.40 1.25 27900 33200 1.00 0.93 0.84 

DesRoches (2004) 7.10 315 374 1.33 1.40 23700 26700 1.67 0.71 0.42 

McCormick (2006) 12.70 328 414 1.33 1.54 24700 26900 1.41 0.89 0.56 

This study 12.70 245 359 1.12 1.39 21900 25800 1.78 1.11 0.62 
 

Some relevant features should be noticed from this table. First, there is no clear difference 

among wires and bars regarding the normalized dissipated energy for the same frequency 

applied. The average value of �̅�𝐷,𝑠𝑡𝑎𝑡𝑖𝑐 under quasi-static loads is 1.14 and 1.62 for wires 

and bars respectively, and for dynamic loads the average value of �̅�𝐷,𝑑𝑦𝑛𝑎𝑚𝑖𝑐 is 1.1 and 

0.87 for wires and bars respectively. However, it can be noticed a notable difference in 

terms of the normalized energy dissipation reduction due to the type of loading. In 

particular, 
�̅�𝐷,𝑠𝑡𝑎𝑡𝑖𝑐

�̅�𝐷,𝑑𝑦𝑛𝑎𝑖𝑐
 is about 40% grater on bars than on wires. Second, the yielding strain 

is reduced in wires with dynamic loads in comparison with the quasi-static condition. 

Nevertheless, this tendency is opposite for bars. This may be affected by the sample size 

that produce different deformation mechanisms within the superelastic strain range 

[Nemat-Nasser et. al. (2005)]. 

2.2.2.2 Ultimate energy dissipation capacity and prediction of failure 

NiTi SMA fatigue is distinguished into functional and structural fatigue in previous 

studies [Eggeler et. al. (2004), Treadway et. al. (2015)]. The description of functional 

fatigue can be founded in section 2.2.2.1. As for structural fatigue, it stands for the gradual 

loss of strength under large number of repeated cycles until the specimen failure. Within 

this description, it can be differentiated high-cycle from low-cycle fatigue. The former 

happens after several thousands of cycles in which the material keeps in the elastic range. 

The latter takes place at several dozens or hundreds of cycles and it involves plastic 

deformations. Regarding the vibrational response of a structure subjected to severe 

earthquakes, where there are small number of cycles with inelastic performance of the 

structural members, low-cycle fatigue is the kind of fatigue object of study. 
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In order to have a better understanding of this problem, some recent investigations on 

NiTi SMAs have been carried out based on both experimental and theoretical research 

[Zhang et. al. (2017), Kang & Song (2015), Moumni et. al. (2005)]. Some fatigue failure 

models have been proposed based on energy criteria that seems to have a good agreement 

between experimental and prediction approaches. Nevertheless, this failure models are 

based on experiments with NiTi wires and micro-tubes. This study has the aim of 

validating this proposal for NiTi bars. For this purpose, the response of the specimens S31, 

S32 and S41 tested with cycles of constant amplitude in quasi-static conditions until failure 

are used. The sum of the dissipated energy of each specimen accumulated until failure is 

computed and normalized by Fyδy, as explained in section 2.2.2.1, i.e., ∑ �̅�𝐷,𝑠𝑡𝑎𝑡𝑖𝑐 =

∑𝐸𝐷,𝑠𝑡𝑎𝑡𝑖𝑐 /(𝐹𝑦𝛿𝑦). The value of this ratio for the three specimens is shown in the second 

column of Table 2.5. The normalized energy dissipated, �̅�𝐷,𝑠𝑡𝑎𝑡𝑖𝑐, in the first cycle is also 

calculated for each specimen and displayed in the third column of Table 2.5. Moreover, 

the total energy dissipated is expressed in terms of equivalent number of cycles until 

failure 𝑁𝑓 = ∑ �̅�𝐷,𝑠𝑡𝑎𝑡𝑖𝑐/�̅�𝐷,𝑠𝑡𝑎𝑡𝑖𝑐, as shown in the fourth column. Since the specimens 

S31, S32 and S41 are tested under quasi-static conditions it becomes necessary to estimate 

the energy dissipated under dynamic frequencies, in order to compare them with previous 

studies. To this extent, the value obtained in this study for NiTi bars of 12.7mm diameter 

is �̅�𝐷,𝑑𝑦𝑛𝑎𝑚𝑖𝑐/�̅�𝐷,𝑠𝑡𝑎𝑡𝑖𝑐 = 0.62 (last row in Table 2.4), is used to convert the normalized 

static energy to normalized dynamic energy. The estimated value of �̅�𝐷,𝑑𝑦𝑛𝑎𝑚𝑖𝑐 for these 

tests is shown in last column of table 2.5. The pair of values (𝑁𝑓 , �̅�𝐷,𝑑𝑦𝑛𝑎𝑚𝑖𝑐) obtained in 

this way are plotted with circumferences in Figure 2.33 on they are compared with those 

reported by [Moumni et. al. (2005)] for 3.2mm diameter NiTi bars tested under dynamic 

conditions (0.3Hz), displayed with square symbols. The ultimate energy dissipation 

capacity corresponding to each point of Figure 2.33 can be simply obtained by 

multiplying its abscissa (𝑁𝑓) by its ordinate (�̅�𝐷,𝑑𝑦𝑛𝑎𝑚𝑖𝑐). 

Table 2.5. Ultimate normalized energy dissipation capacity  

Specimen ε (%) ∑�̅�𝐷,𝑠𝑡𝑎𝑡𝑖𝑐 �̅�𝐷,𝑠𝑡𝑎𝑡𝑖𝑐 𝑁𝑓  �̅�𝐷,𝑑𝑦𝑛𝑎𝑚𝑖𝑐 

S31 4.0 124 1.17 106 0.73 

S32 4.0 112 1.17 96 0.73 

S41 2.5 260 0.52 500 0.32 

 
Fig. 2.33 Normalized energy dissipation versus the number of cycles to failure 
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As can be seen from Figure 2.33, the results of the ultimate energy dissipation capacity 

obtained in this study are consistent with previous studies. A regression analysis of all 

these values is performed, and the relationship of the ultimate energy dissipation capacity 

of NiTi bars subjected to dynamics cyclic loading expressed in terms of 𝑁𝑓  and 

�̅�𝐷,𝑑𝑦𝑛𝑎𝑚𝑖𝑐, can be defined by the following equation: 

�̅�𝐷,𝑑𝑦𝑛𝑎𝑚𝑖𝑐 = 7.0𝑁𝑓
−0.52 (2.7) 

2.2.3 Numerical characterization 

2.2.3.1 Proposed hysteretic model 

Numerical characterization of the NiTi SMA hysteretic behaviour bars has been proposed 

in previous studies [Ikeda et. al. (2004), Saleeb et. al. (2011), Karakalas et. al. (2019)]. 

Some of them are addressed by microscopic grain-based models, extended to 

macroscopic level and taking into account stress-strain-temperature relationships, 

including memory effect. Complex models that includes the evolutionary response under 

thermo-mechanical loadings in three dimensions are also proposed. However, a simple 

flag-shape hysteretic model is used in this study, because its simplicity and due to it is 

widely implemented in FEM software to perform nonlinear Time History Analysis of 

complete structures. Figure 2.34 shows the conventional flag-shape model, defined by the 

following parameters: initial stiffness k1, loading phase transformation stiffness k2L, 

unloading phase transformation stiffness k2UL, strain hardening stiffness k3, loading 

transformation strength at start FLs, loading transformation deformation at finish δLf, and 

ratio of loading transformation strength at start β. Here, FLs and k1 can be readily 

calculated from the cross area A and length L of the bar, and the mechanical properties of 

the material (initial modulus of elasticity EA and yield stress σLS), i.e. FLs = σLSA and 

k1=EA/L. 

 
Fig. 2.34 Conventional flag-shape model 

Due to the simplicity of the conventional flag-shape model, it is not able to capture the 

typical residual deformations existing in SMA hysteresis loops. Besides, this model does 

not account for the energy dissipated in cycles of small amplitude (below ε=σLS /EA), 

which should not be neglected, especially when the SMA is subjected to seismic loadings. 

In this case, the conventional flag-shape model can lead to a wrong prediction of the 

accumulated energy on the SMA bars and to an unsafe estimation of failure. To shed 

some light on this concern, maintaining the advantages of the model’s simplicity, a new 

hysteretic model is proposed to better characterize the hysteretic behaviour of SMA bars. 
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It is constructed by two springs working in parallel. The first spring is modelled as the 

conventional flag-shape model explained above and shown in Figure 2.34, but altering 

the initial stiffness by a reduction factor γ, as shown in Figure 2.35(a). The second spring 

is based on the elastic-perfectly plastic (EPP) hysteretic behaviour, with a yield force 

equal to (1-γ)/FLS and elastic stiffness kEEP, as shown in Figure 2.35(b). The sum of both 

springs turns into the complete model shown in Figure 2.35(c). It is worth noting that the 

secant stiffness at δ=δLS gives the stiffness k1=EA/L. 

 
Fig. 2.35 Proposed hysteretic model (a) Flag-shape component, (b) elastic-perfectly plastic 

component, (c) complete model 

In the complete proposed model, FLS and k1 are determined in the same way that in the 

conventional flag-shape model, as indicated above. The rest of the parameters are 

calibrated in this study with the results of the dynamic cyclic tests described in section 

2.2.2.1, giving: k2L=k1/15, k2UL=3k1/50, k3=k1, δLf=4FLs/k1, β=0.1, kEEP=4k1 and γ=0.86. 

The comparison between the results of dynamic cyclic test on specimen D22 (black dotted 

line) and the prediction of the proposed model (red solid line) in shown in Figure 2.36. 

Hysteretic behaviour is reasonable well captured taken into account the simplicity of the 

model, and the energy dissipated is ED=130kNmm for the numerical model and 

ED=119kNmm for the test, so the difference is less than 10%. 

 
Fig. 2.36 Comparison between the proposed hysteretic model and dynamic cyclic tests. 
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2.2.3.2 Validation with Shake Table Tests of a structure with NiTi SMA bars 

With the aim of validating the proposed hysteretic model of section 2.2.3.1, several NiTi 

SMA bars identical to those described in section 2.2.1.1 are assembled forming a 

hysteretic damper, as illustrated in Figure 2.37. This brace-type damper is aimed to be 

mounted as a diagonal bar in a frame structure. The damper is assembled by a telescopic 

configuration of two standard hollow structural section, with a central SMA bar. The inner 

tube has a central plate, where the SMA bar is fixed at mid-length, as well as at both ends 

to the inner and outer tube, with the mechanical anchors shown in Figure 2.37(c). The 

arrangement of the SMA bar is designed so it always carries tensions forces under axial 

displacements in one half of the total length, letting free the other half part. 

(a)          (b)    (c) 

 
Fig. 2.37 Assemblage of NiTi SMA bars to form a hysteretic damper (a) elevation (b) sections 

(c) detail of the anchorage. 

A reinforced concrete (RC) structure similar to that described in section 2.1.1.2 equipped 

with the NiTi SMA bar dampers described above is tested in shake table. The test 

specimen is subjected simultaneously to the two horizontal components (NS and EW) of 

the far-filed ground motion recorded at Calitri during the Campano Lucano (Italy, 1980) 

earthquake. The hysteretic response of the SMA dampers in terms of axial force and axial 

displacement F-δ is obtained from the displacement transducers and the strain gauges 

installed in each damper. The response of one of this SMA dampers is shown with black 

dotted line in Figure 2.38. Moreover, the numerical model proposed in section 2.2.3.1 is 

constructed and it is subjected to the same displacement history of the shaking table tests. 

The results of this prediction is plotted with solid red line in Figure 2.38. As can be seen 

in from figure, the proposed model is able to closely predict the hysteretic behaviour, both 

in terms of force-displacement loops and in the accumulated energy dissipated 

(ED=2563kNmm in the test and ED=2699kNmm in the model). 

 
Fig. 2.38 Experimental test vs numerical model implemented in FEM software. 
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2.3 CONCLUSIONS 

This chapter has evaluated the hysteretic behaviour of an advanced hysteretic damper 

with recentering capability consisting of two parts working in parallel: an elastoplastic 

part (metallic damper) and an elastic part (SMA alloy). The experimental part involves 

static and dynamic tests into cyclic loading patterns and under realistic seismic ground 

motions, where the damper is installed as a diagonal bar in a reinforced concrete frame 

structure. The numerical research consists on the proposal of models that represent the 

damper’s behaviour. Based on previous studies and also on already well-known 

numerical models proposed previously, it has been adopted accurate models that represent 

both elements of the advanced damper. The device object of study has two components 

working in parallel: the stainless steel Tube-in-Tube Damper (TTD) and the Shape 

Memory Alloy (SMA) material with superelastic properties. 

It has been demonstrated the high energy dissipation capacity of the TTD under cyclic 

and seismic loadings, with a very stable behaviour until failure. The source of energy 

dissipation is the plastic deformation of stainless steel strips formed in the outer tube of 

the damper. The geometric nonlinearity effect appears in ductility levels far beyond 

realistic scenarios of seismic performance of structures. The ultimate energy dissipation 

capacity is evaluated by decomposing the hysteretic behaviour into the so-called skeleton 

part and the Bauschinger part and it is proposed a procedure to predict the failure. Both 

cumulative ductility and energy dissipation capacity until failure has been computed and 

compared with other previous slit dampers, achieving values notably higher (more than 

four times) than the reported values on the literature. Two numerical models are proposed 

to characterize the TTD’s hysteretic behaviour: (i) a polygonal model constructed on the 

decomposition on skeleton and Bauschinger parts and (ii) a model based on the Bouc-

Wen formulation. Both models closely represent the TTD’s behaviour. 

The study of the hysteretic behaviour of NiTi superelastic SMA bars reveals that this 

material has some intrinsic properties that perfectly fits with the requirements of a seismic 

control device: (i) recentering properties, (ii) energy dissipation capacity, (iii) an elastic 

stress plateau up to strains of 6-8%, (iv) final strain hardening that controls nonlinear 

geometric effects (i.e. P-Δ effects), (v) excellent corrosion and high-cycle fatigue 

resistance. The strain rate effect present in SMA has been evaluated performing quasi-

static and dynamic cyclic tests. This effect turns into: (i) increase of the loading and 

unloading stresses, (ii) reduction in the energy dissipation per cycle, (iii) residual 

deformations keeps unaltered. Ultimate energy dissipation capacity has been evaluated 

and compared with previous studies, being in agreement with previous reported values. 

It has been also proposed an expression to predict the ultimate energy dissipation capacity 

of NiTi SMA bars under low-cycle fatigue. This expression is quantified in terms of the 

number of cycles at constant amplitude until failure and the normalized energy dissipation 

in one cycle. Superelastic hysteretic loops of the SMA has been characterized through a 

proposed numerical model that combines a conventional flag-shape model with an 

elastic-perfectly plastic behaviour. A calibration of the proposed model is carried out with 

dynamic cyclic test and the results of dynamic shake table tests performed on a reinforced 

concrete structure with NiTi SMA bar dampers are used to its validation. 
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The sum of these two components turns into an advanced damper that combines the high 

energy dissipation capacity of metal yielding with the recentering properties of 

superelastic SMA. All models closely reproduce the result obtained experimentally for 

each component individually. Moreover, these models can be easily implemented in FEM 

software to perform nonlinear Time History Analysis of 3D structures subjected to 

earthquakes. 
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Chapter 3. APPLICATION OF THE ENERGY-BASED 

METHODOLOGY TO THE SEISMIC DESIGN OF 

STRUCTURES EQUIPPED WITH ADVANCED DAMPERS 

WITH SUPERELASTIC PROPERTIES 

 

This chapter has the aim of applying the energy-based methodology to the seismic design 

of structures equipped with advanced dampers with superelastic properties. The advanced 

dampers consist of two parts working in parallel: an elastoplastic part and a superelastic 

part. The first part can be materialized with a tube-in-tube (TTD) damper [Benavent-

Climent (2010)] and the second part with rods made of SMA. For this reason, the 

elastoplastic element and the superelastic elements will be also referred to as TTD and 

SMA elements herein. The energy balance formulation proposed by Housner-Akiyama 

[Housner (1956), Akiyama (1985)] is used to study the response of this kind of structures.  
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The main goals are to propose criteria for: (i) stablishing the energy balance of the 

structure; (ii) calculating the energy dissipation distribution demand among storeys, 

taking into account the variability on the mechanical properties of the dampers and 

proposing an appropriate value for the index of damage concentration for the structures 

investigated; (iii) determining the dissipation energy demand in the dampers and in the 

main structure, taking into account the variability of the mechanical properties of the 

dampers and analysing different seismic hazard scenarios; (iv) estimating the 

displacements maximum response. Applying the energy-based methodology to the 

particular type of structures investigated in this Thesis involves clarifying, through 

numerical dynamic response analyses, the relationship between the normalized 

cumulative plastic strain energy and the normalized maximum deformation, at the instant 

of the maximum deformation and at the end of the earthquake. 

3.1 FORMULATION OF THE ENERGY BALANCE OF THE STRUCTURE 

3.1.1 General formulation of the energy balance of a structure 

The fundamental energy balance equation is [Housner (1956), Akiyama (1985)]: 

𝑊𝑒 +𝑊𝑝 +𝑊𝜉 = 𝐸𝐼   (3.1) 

In this equation, EI is the relative energy input in the system, We is the vibrational elastic 

energy, Wp is the inelastic strain energy and Wξ is the energy dissipated by the damping 

mechanism. The vibrational elastic energy can be decomposed as follows: 

𝑊𝑒 = 𝑊𝑒𝑠 +𝑊𝑘  (3.2) 

where, Wes is the elastic strain energy and Wk is the kinetic energy. 

Housner (1956) defined the energy input that contributes to structural damage as follows: 

𝐸𝐷 = 𝐸𝐼 −𝑊𝜉 = 𝑊𝑒 +𝑊𝑝  (3.3) 

For design purposes, and for systems that undergo a certain level of plastic deformations 

(i.e. when the amount of dissipated hysteretic energy is larger than about 4 times the 

product of the yield force and yield displacement) it can be assumed that the ratio ED/EI 

depends only on the fraction of damping ξ of the structure [Akiyama (1985)] and the 

influence of other factors such as the level of plastic deformations studied by [Benavent-

Climent (2002)] and others is negligible. In this case, ED/EI can be estimated and 

expressed as a relationship of equivalent pseudo-velocities: 

𝑉𝐷

𝑉𝐸
=

1

1+3𝜉+1.2√𝜉
  (3.4) 

With VE as the total input energy expressed in terms of equivalent pseudo-velocity and 

VD as the input energy that contributes to structural damage expressed in terms of 

equivalent pseudo-velocity: 

𝑉𝐸 = √
2𝐸𝐼

𝑀
 ;  𝑉𝐷 = √

2𝐸𝐷

𝑀
  (3.5) 
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There are two instants during the earthquake where the response of the structures needs 

to be evaluated [Akiyama (1985)]: (i) instant of maximum deformation of the structure, 

tm; and (ii) instant when the ground motion stops t0; in this instant the kinetic energy is 

almost zero and commonly becomes exactly zero few seconds after t0. 

In the case of vibrational systems with small degree of inelastic deformations or with little 

damping, ED(tm) can be larger than ED(t0) [Akiyama (1985)]. However, for the large levels 

of seismic energy input discussed here, the inelastic strain energy consumes an important 

part of the total energy input and, in general, ED(tm) ≤ ED(t0). As overestimating the energy 

input leads to a safe-side prediction of the seismic response, we can take ED(tm) = ED(t0) 

for design purposes. 

On the other hand, when the seismic motion fades away, the elastic vibrational energy is 

negligible. Thus, it can be made We(t0)=0. So, the energy balance equations at those 

instants can be rewritten as:  

𝐴𝑡     𝑡 = 𝑡𝑚:  𝐸𝐷(𝑡𝑚) = 𝑊𝑒(𝑡𝑚) +𝑊𝑝(𝑡𝑚)  (3.6) 

𝐴𝑡     𝑡 = 𝑡0:    𝐸𝐷(𝑡0) = 𝑊𝑝(𝑡0)   (3.7) 

The first term of Eqs. (3.6) and (3.7) characterises the seismic action demand while the 

second term represents the capacity of the structure, both in terms of energy.  

The prediction of the seismic response of damage-concentration type multistory frames 

with advanced dampers presented in the next paragraphs is based on this energy balance. 

These energy balance equations are the same used by Akiyama (1985) for predicting the 

response of flexible-stiff mixed structures with energy concentration in the first story. 

In general structures, for stablishing the energy balance of the vibrational system 

prescribed by previous equations, it is necessary to know the relation between the 

averaged apparent maximum deformation ratio, �̅�, and the averaged cumulative plastic 

deformation ratio, �̅�  that are defined as follows: 

𝜇+ = (𝛿+ − 𝑑𝑦  )/𝑑𝑦 , 𝜇
− = (𝛿− − 𝑑𝑦  )/𝑑𝑦 , �̅� = (𝜇+ + 𝜇− )/2  (3.8) 

𝜂+ = 𝑊+ /(𝑉𝑦 𝑑𝑦 ), 𝜂
− = 𝑊− /(𝑉𝑦 𝑑𝑦 ), �̅�  =(𝜂+ + 𝜂− )/2       (3.9) 

where δ is the maximum amplitude displacement, Vy is the yield shear force,dy is the 

yield displacement and W is the dissipated energy. All these magnitudes are defined for 

the positive (superscript +) and negative (superscript -) domains. 

The larger the ratio �̅�/�̅� the higher the energy absorption efficiency with respect to the 

maximum deformation. In contrast to the total input energy E, that is independent on the 

type of structure, the ratio �̅�/�̅� is not constant but depends on the structural type and is 

strongly influenced by the characteristics of the ground motion. The following values 

have been proposed in previous studies [Akiyama (1985)]: for systems with slip type 

restoring force characteristics �̅�/�̅� = 1, and in systems with elastic-plastic restoring force 

characteristics such as weak-beam type moment frames �̅�/�̅� = 2. It means that, for the 

same normalized hysteretic energy dissipation demand �̅�, the maximum displacement in 

the slip type system will be two times larger than that of the elastic-perfectly plastic 

system. 
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In the case of flexible-stiff mixed structures, Akiyama (1985) concluded that the ratio 

�̅�/�̅�  on the stiff part of the structure at the instant of the maximum deformation is 

approximately, �̅�𝑠 𝑚/ �̅�𝑠 𝑚 = 4. The same value was used by Harada (1995). In both 

cases it was assumed that the flexible part remains elastic; this assumption does not apply 

to the structural system investigated in this thesis, in which the main frame is allowed to 

undergo (limited) plastic deformations. Investigating this ratio �̅�𝑠 𝑚/ �̅�𝑠 𝑚  and other 

ratios of interest for structures that undergo plastic deformations and are equipped with 

hysteretic dampers with a superelastic component is addressed later in section 3.2. Eqs. 

(3.6) and (3.7) establish the energy balance of the structure. In designing structures using 

energy-balance methods, the second member of Eqs. (3.6) and (3.7) must be made larger 

or equal than the first member.   

3.1.2 Specialization of the energy-balance equations for structures with hysteretic 

dampers that include superelastic components  

3.1.2.1 Estimation of We(tm) 

Following Akiyama’s approach [Akiyama (1985)], We is estimated from maximum 

elastic strain energy that the whole structure can store in the first storey. This includes the 

energy stored by the main structure pWe, and by the superelastic component SMAWe. For 

the sake of simplicity, the contribution of the elastic energy of the TTD is neglected and 

it is supposed that the post-elastic stiffness of the superelastic component is zero. 

The energy stored by the main structure pWe is: 

𝑊𝑒𝑝 =
𝑉𝑝𝑦1𝑑𝑝𝑦1

2
=

𝑉𝑝𝑦1
2 1

𝐾𝑒𝑞

2
=

𝛼1𝑝

2
𝑀𝑔2

2

𝑇𝑝1
2

4𝜋2
=

𝑀𝑔2𝑇𝑝1
2

4𝜋2

𝛼1𝑝

2

2
  (3.10) 

Here, the MDOF system is converted to an equivalent SDOF system with the entire mass 

of the main structure M, vibrating with the fundamental period of the main structure Tp1 

and with the same yield interstory drift displacement of the MDOF in the first storey.  

𝑇𝑝1 = 2𝜋√
𝑀

𝐾𝑒𝑞
 ;  𝑑𝑝𝑦1 =

𝑉𝑝𝑦1

𝐾𝑒𝑞
  (3.11) 

Here Keq is the equivalent stiffness of the SDOF system. For convenience, new 

coefficients are defined next for the main structure, the TTD and the SMA: 

𝛼1𝑝 =
𝑉𝑝𝑦1

𝑀𝑔
 ;  𝛼1𝑁 =

𝑉𝑑𝑁𝑦1(1−𝐵)

𝑀𝑔
 ;  𝛼1𝑄 =

𝑉𝑑𝑄𝑦1

𝑀𝑔
  (3.12) 

The elastic strain energy stored by the SMA is: 

𝑊𝑒𝑆𝑀𝐴 = 𝑉𝑑𝑁𝑦1(1 − 𝐵)𝑑𝑚𝑎𝑥1 = 𝛼1𝑁 𝑀𝑔𝑑𝑚𝑎𝑥1  (3.13) 

So, the total elastic strain energy of the system can be expressed by summing the part of 

the main structure and the part of the superelastic component: 

𝑊𝑒(𝑡𝑚) =
𝑀𝑔2𝑇𝑝1

2

4𝜋2

𝛼1𝑝
2

2
+𝑀𝑔𝑑𝑚𝑎𝑥1 𝛼1𝑁   (3.14) 
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3.1.2.2 Estimation of Wp at the instant of maximum deformations Wp (tm) and at the end 

of the ground motion Wp (t0) 

The relation between the global plastic strain energy Wp dissipated by the whole structure, 

and that dissipated in a given story i, Wpi, can be expressed by: 

𝑊𝑝 = 𝛾𝑖𝑊𝑝𝑖  (3.15) 

The value for γi can be estimated with the general expression proposed by Akiyama 

(1985) given by:  

𝛾𝑖 =
∑ 𝑠𝑗𝑝𝑗

−𝑛𝑁
𝑗=1

𝑠𝑖𝑝𝑖
−𝑛   (3.16) 

𝑤𝑖𝑡ℎ: 𝑠𝑗 = (∑
𝑚𝑗

𝑀

𝑁
𝑗=𝑖 )

2

𝛼�̅�
2 𝐾1

𝐾𝑖
  ;   𝑝𝑗 =

𝛼𝑗

𝛼1�̅�𝑗
   (3.17) 

In this equation factor αi̅  is the optimum shear force coefficient distribution factor and 

the factor pj measures the deviation of the actual shear force coefficient with respect to 

the optimum value. Several expressions have been proposed in the literature for αi̅ 
[Akiyama (1985), Japan Building Code (2009), Benavent-Climent (2011), Donaire-Avila 

& Benavent-Climent (2020)]. n is a damage concentration factor that governs to which 

extent the damage tends to concentrate in a given story as a function of the deviation of 

lateral strength of the story with respect to the value provided by the optimum distribution 

𝛼�̅�. The value of n varies depending on the type of structural system. For example, strong-

column weak beam systems are less prone to damage concentration than strong beam-

weak column systems, and therefore n is smaller in the former case than in the later. The 

appropriate value of n for the type of structure investigated in the Thesis is discussed and 

proposed in section 3.3.3. 

Eqs. (3.15) and (3.16) can be specialized for the first story giving: 

𝑊𝑝 = 𝛾1𝑊𝑝1  (3.18) 

and  

𝛾1 =
∑ 𝑠𝑗𝑝𝑗

−𝑛𝑁
𝑗=1

𝑠1𝑝1−𝑛
  (3.19) 

For the sake of simplicity, all post-elastic stiffness is assumed to be zero. Further, for 

convenience the following coefficients are defined: 

a) Apparent maximum deformation ratios of the main structure in the positive and 

negative domain, averaged and maximum 𝜇𝑝
+ = (𝛿𝑚

+ − 𝑑𝑝𝑦 )/𝑑𝑝𝑦, 𝜇𝑝
− = (𝛿𝑚

− − 𝑑𝑝𝑦 )/

𝑑𝑝𝑦, �̅�𝑝 =(𝜇𝑝
+ + 𝜇𝑝

−)/2, 𝜇𝑝,𝑚𝑎𝑥=max{|𝜇𝑝
+|, |𝜇𝑝

−|}, respectively; and quotient 𝜇𝑝,𝑚𝑎𝑥/�̅�𝑝 , 

where 𝛿𝑚
+  and 𝛿,𝑚

−  are the maximum displacements of the i-th story, in the positive and 

negative domains respectively, and dpy is the yielding deformation of the main structure.  

b) Apparent maximum deformation ratios of the SMA in the positive and negative 

domain, averaged and maximum 𝜇𝑑𝑁
+ = (𝛿𝑚

+ − 𝑑𝑑𝑁𝑦 )/𝑑𝑑𝑁𝑦 , 𝜇𝑑𝑁
− = (𝛿𝑚

− − 𝑑𝑑𝑁𝑦 )/

𝑑𝑑𝑁𝑦 , �̅�𝑑𝑁 =(𝜇𝑑𝑁
+ + 𝜇𝑑𝑁

− )/2 , 𝜇𝑑𝑁,𝑚𝑎𝑥 =max {|𝜇𝑑𝑁
+ |, |𝜇𝑑𝑁

− |} , respectively; and quotient 

𝜇𝑑𝑁,𝑚𝑎𝑥/�̅�𝑑𝑁, where 𝛿𝑚
+  and 𝛿,𝑚

−  are the maximum displacements of the i-th story, in the 
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positive and negative domains respectively, and ddNy is the yielding deformation of the 

SMA.  

c) Apparent maximum deformation ratios of the TTD in the positive and negative domain, 

averaged and maximum 𝜇𝑑𝑄
+ = (𝛿𝑚

+ − 𝑑𝑑𝑄𝑦 )/𝑑𝑑𝑄𝑦 , 𝜇𝑑𝑄
− = (𝛿𝑚

− − 𝑑𝑑𝑄𝑦 )/𝑑𝑑𝑄𝑦 , 

�̅�𝑑𝑄=(𝜇𝑑𝑄
+ + 𝜇𝑑𝑄

− )/2, 𝜇𝑑𝑄,𝑚𝑎𝑥=max{|𝜇𝑑𝑄
+ |, |𝜇𝑑𝑄

− |}, respectively; and quotient 𝜇𝑑𝑄,𝑚𝑎𝑥/

�̅�𝑑𝑄, where 𝛿𝑚
+  and 𝛿,𝑚

−  are the maximum displacements of the i-th story, in the positive 

and negative domains respectively, and ddQy is the yielding deformation of the TTD.  

d) Cumulative plastic deformation ratios of the main structure in the positive and negative 

domain, averaged and maximum 𝜂𝑝
+ = 𝑊𝑝

+ /(𝑉𝑝𝑦𝑑𝑝𝑦) , 𝜂𝑝
− = 𝑊𝑝

− /(𝑉𝑝𝑦𝑑𝑝𝑦) , �̅�𝑝  

=(𝜂𝑝
+ + 𝜂𝑝

−)/2 ; 𝜂𝑝,𝑚𝑎𝑥 =max {|𝜂𝑝
+|, |𝜂𝑝

−|} , respectively; quotient 𝜂𝑝,𝑚𝑎𝑥/�̅�𝑝  and sum 

𝜂𝑝 = 𝜂𝑝
+ + 𝜂𝑝

−, where 𝑊𝑝
+ and 𝑊𝑝

− are the dissipated in positive and negative domain, 

Vpy is the yield shear force and dpy is the yield displacement of the main structure. 

e) Cumulative plastic deformation ratios of the SMA in the positive and negative domain, 

averaged and maximum 𝜂𝑑𝑁
+ = 𝑊𝑑𝑁

+  /(𝑉𝑑𝑁𝑦𝑑𝑑𝑁𝑦) , 𝜂𝑑𝑁
− = 𝑊𝑑𝑁

−  /(𝑉𝑑𝑁𝑦𝑑𝑑𝑁𝑦) , �̅�𝑑𝑁 

=(𝜂𝑑𝑁
+ + 𝜂𝑑𝑁

− )/2; 𝜂𝑑𝑁,𝑚𝑎𝑥=max{|𝜂𝑑𝑁
+ |, |𝜂𝑑𝑁

− |}, respectively; quotient 𝜂𝑑𝑁,𝑚𝑎𝑥/�̅�𝑑𝑁  and 

sum 𝜂𝑑𝑁 = 𝜂𝑑𝑁
+ + 𝜂𝑑𝑁

− , where 𝑊𝑑𝑁
+  and 𝑊𝑑𝑁

−  are the dissipated in positive and negative 

domain, VdNy is the yield shear force and ddNy is the yield displacement of the SMA. 

f) Cumulative plastic deformation ratios of the TTD in the positive and negative domain, 

averaged and maximum 𝜂𝑑𝑄
+ = 𝑊𝑑𝑄

+  /(𝑉𝑑𝑄𝑦𝑑𝑑𝑄𝑦) , 𝜂𝑑𝑄
− = 𝑊𝑑𝑄

−  /(𝑉𝑑𝑄𝑦𝑑𝑑𝑄𝑦) , �̅�𝑑𝑄 

=(𝜂𝑑𝑄
+ + 𝜂𝑑𝑄

− )/2 ; 𝜂𝑑𝑄,𝑚𝑎𝑥 =max {|𝜂𝑑𝑄
+ |, |𝜂𝑑𝑄

− |} ,respectively; quotient 𝜂𝑑𝑄,𝑚𝑎𝑥/�̅�𝑑𝑄  and 

sum 𝜂𝑑𝑄 = 𝜂𝑑𝑄
+ + 𝜂𝑑𝑄

− , where 𝑊𝑑𝑄
+  and 𝑊𝑑𝑄

−  are the dissipated in positive and negative 

domain, VdQy is the yield shear force and ddQy is the yield displacement of the TTD. 

By using these coefficients, Wp1 can be written as follows: 

𝑊𝑝1 = (𝑉𝑝𝑦1𝑑𝑝𝑦1)𝜂𝑝1 + (𝑉𝑑𝑁𝑦1𝑑𝑑𝑁𝑦1)𝜂𝑑𝑁1 + (𝑉𝑑𝑄𝑦1𝑑𝑑𝑄𝑦1)𝜂𝑑𝑄1  (3.20) 

Substituting and operating: 

𝑊𝑝1 = 𝑀𝑔 { 𝛼1𝑝 (
𝜂𝑝1

𝜇𝑝,𝑚𝑎𝑥1
) (𝑑𝑚𝑎𝑥1 − 𝑑𝑝𝑦1) +

𝛼1𝑁

(1−𝐵1)
(

𝜂𝑑𝑁1

𝜇𝑑𝑁,𝑚𝑎𝑥1
) (𝑑𝑚𝑎𝑥1 − 𝑑𝑑𝑁𝑦1) +

𝛼1𝑄 (
𝜂𝑑𝑄1

𝜇𝑑𝑄,𝑚𝑎𝑥1
) (𝑑𝑚𝑎𝑥1 − 𝑑𝑑𝑄1)}         (3.21) 

The value of the ratios 
𝜂𝑝1

𝜇𝑝,𝑚𝑎𝑥1
 , 

𝜂𝑑𝑁1

𝜇𝑑𝑁,𝑚𝑎𝑥1
 ,

𝜂𝑑𝑄1

𝜇𝑑𝑄,𝑚𝑎𝑥1
  depends on the structure 

characteristics. These ratios can be calculated at the instant of maximum deformation tm 

and substituted in Eqs. (3.21) and (3.18) they provide the plastic strain energies Wp1 and 

Wp at the instant of maximum deformation, Wp1 (tm) and Wp (tm). These ratios can be 

calculated also at the end of the ground motion to and provide the plastic strain energies 

Wp1 and Wp when the quake fades away, Wp1 (to) and Wp (to). The appropriate values of 

these ratios for the structural system investigated in the Thesis are discussed and proposed 

in section 3.2.4. 
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3.1.2.3 Energy-balance equations for structures with hysteretic dampers that integrate 

superelastic components 

Substituting We(tm) and Wp(tm) given by Eqs. (3.14) and (3.18) in the energy balance 

equation at the instant of maximum displacement given by Eq. (3.6), taking into account 

Eq. (3.5) and operating, it is given the energy balance expression of the system at the 

instant of maximum deformation for structures with hysteretic dampers that integrate 

superelastic components: 

𝑉𝐷
2(𝑡0) = 2𝑔 {(

𝑔𝑇𝑝1
2

4𝜋2

𝛼1𝑝

2

2
)+ (𝑑𝑚𝑎𝑥1 𝛼1𝑁 )+ 𝛾1 [ 𝛼1𝑝 (

𝜂𝑝1

𝜇𝑝,𝑚𝑎𝑥1
) (𝑑𝑚𝑎𝑥1 − 𝑑𝑝𝑦1)+

𝛼1𝑁

(1−𝐵1)
(

𝜂𝑑𝑁1
𝜇𝑑𝑁,𝑚𝑎𝑥1

) (𝑑𝑚𝑎𝑥1 − 𝑑𝑑𝑁𝑦1)+ 𝛼1𝑄 (
𝜂𝑑𝑄1

𝜇𝑑𝑄,𝑚𝑎𝑥1
) (𝑑𝑚𝑎𝑥1 − 𝑑𝑑𝑄1)]}    (3.22) 

Where the ratios 
𝜂𝑝1

𝜇𝑝,𝑚𝑎𝑥1
 , 

𝜂𝑑𝑁1

𝜇𝑑𝑁,𝑚𝑎𝑥1
 ,

𝜂𝑑𝑄1

𝜇𝑑𝑄,𝑚𝑎𝑥1
  correspond to the instant of maximum 

displacement.  

Similarly, substituting Wp(t0) given by Eq. (3.18) in the energy balance equation when the 

ground motion ends given by Eq. (3.7), it is given the energy balance expression of the 

system at the instant when the quake fades away for structures with hysteretic dampers 

that integrate superelastic components: 

𝑉𝐷
2(𝑡0) = 2𝑔 {𝛾1 [ 𝛼1𝑝 (

𝜂𝑝1

𝜇𝑝,𝑚𝑎𝑥1
) (𝑑𝑚𝑎𝑥1 − 𝑑𝑝𝑦1)+

𝛼1𝑁

(1−𝐵1)
(

𝜂𝑑𝑁1
𝜇𝑑𝑁,𝑚𝑎𝑥1

) (𝑑𝑚𝑎𝑥1 − 𝑑𝑑𝑁𝑦1)+

𝛼1𝑄 (
𝜂𝑑𝑄1

𝜇𝑑𝑄,𝑚𝑎𝑥1
) (𝑑𝑚𝑎𝑥1 − 𝑑𝑑𝑄1)]}         (3.23) 

where the ratios 
𝜂𝑝1

𝜇𝑝,𝑚𝑎𝑥1
 , 

𝜂𝑑𝑁1

𝜇𝑑𝑁,𝑚𝑎𝑥1
 ,

𝜂𝑑𝑄1

𝜇𝑑𝑄,𝑚𝑎𝑥1
  correspond to the instant when the ground 

motion ends.  

3.1.2.4 Prediction of the maximum inter story drift in the first storey, dmax1 

Once the earthquake is characterized in terms of VD, the maximum drift in the first story 

can be predicted from Eq. (3.23) by using appropriate values for the ratios 
𝜂𝑝1

𝜇𝑝,𝑚𝑎𝑥1
 , 

𝜂𝑑𝑁1

𝜇𝑑𝑁,𝑚𝑎𝑥1
 and 

𝜂𝑑𝑄1

𝜇𝑑𝑄,𝑚𝑎𝑥1
 at the instant of maximum deformation. In contrast to the total input 

energy in terms of VD, that is independent of the type of structure, the value of these ratios 

is different for each structural type and varies with the characteristic of the structure. For 

this reason, a parametric study is conducted in section 3.2 to determine their values for 

the instant tm. With these values, it is shown in section 3.3 that it is possible to estimate 

the maximum displacement of the structure in the first story, 𝑑𝑚𝑎𝑥1 , based on the 

characteristics of the system (𝑇𝑝1, 𝛼1𝑝 , 𝛼1𝑁 , 𝛼1𝑄 , 𝐵1, 𝑑𝑝1, 𝑑𝑑𝑁1, 𝑑𝑑𝑄1 ) and on the 

amount of energy that contributes to damage input by the earthquake, VD(t0). 
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3.1.2.5 Calculation of the maximum interstory drift for the upper storeys, dmaxi 

From Eq. (3.6), the energy balance equation for tm, can be rewritten as 

𝑊𝑝(𝑡𝑚) = 𝐸𝐷(𝑡0) −𝑊𝑒(𝑡𝑚)  (3.24) 

with We given by Eq. (3.14).  

Moreover, the energy dissipated in the storey i at the instant of maximum deformation, 

𝑊𝑝𝑖(𝑡𝑚), can be obtained with Eq. (3.15) where 𝛾𝑖is given by Eq. (3.16). 

Furthermore, the total plastic strain energy in a single storey at the instant tm can be 

expressed as: 

𝑊𝑝𝑖 = ∑ (𝑚𝑗𝑔)
𝑁
𝑗=𝑖 { 𝛼𝑖𝑝 (

𝜂𝑝𝑖

𝜇𝑝,𝑚𝑎𝑥𝑖
) (𝑑𝑚𝑎𝑥𝑖 − 𝑑𝑝𝑦𝑖) +

𝛼𝑖𝑁

(1−𝐵𝑖)
(

𝜂𝑑𝑁𝑖

𝜇𝑑𝑁,𝑚𝑎𝑥𝑖
) (𝑑𝑚𝑎𝑥𝑖 − 𝑑𝑑𝑁𝑦𝑖) +

𝛼𝑖𝑄 (
𝜂𝑑𝑄𝑖

𝜇𝑑𝑄,𝑚𝑎𝑥𝑖
) (𝑑𝑚𝑎𝑥𝑖 − 𝑑𝑑𝑄𝑖)}         (3.25) 

Similarly to dmax1, the maximum interstory drift in the upper stories, dmaxi can be obtained 

with Eq. (3.25) using the appropriate values for the ratios 
𝜂𝑝𝑖

𝜇𝑝,𝑚𝑎𝑥𝑖
 , 

𝜂𝑑𝑁𝑖

𝜇𝑑𝑁,𝑚𝑎𝑥𝑖
 and 

𝜂𝑑𝑄𝑖

𝜇𝑑𝑄,𝑚𝑎𝑥𝑖
 at 

the instant tm for the type of structure investigated in this thesis. 

3.2 PARAMETRIC STUDY ON MDOF SHEAR-TYPE MODELS WITH TTD-

SMA DAMPERS WITH ELASTIC-PERFECTLY PLASTIC RESTORING 

FORCE CHARACTERISTICS 

For this study, simplified multi-degree of freedom (MDOF) systems idealized as shear-

type models are used to represent multistory buildings subjected to lateral seismic 

loadings. In this modelization, the mass of each level/floor is lumped at a point (mass 

point). The mass points are connected by springs working in parallel that represent the 

restoring force exerted by the main frame, the superelastic element and the hysteretic 

damper. Shear-type models have the advantage of limiting the number of variables 

involved in the problems (i.e. the elastic stiffness and yield strength of each spring in case 

of assuming elastic-perfectly plastic restoring force characteristics). However, they are 

not able to capture the redistribution of internal forces between stories when the structure 

undergoes plastic deformations. For the sake of simplicity, post-elastic stiffness in all 

models are supposed to be zero with the aim of reducing the number of the problem 

variables. 

This parametric study has the aim of: (i) obtaining the ratios  
𝜂𝑝𝑖

𝜇𝑝,𝑚𝑎𝑥𝑖
 , 

𝜂𝑑𝑁𝑖

𝜇𝑑𝑁,𝑚𝑎𝑥𝑖
 and 

𝜂𝑑𝑄𝑖

𝜇𝑑𝑄,𝑚𝑎𝑥𝑖
 

that are involved into the energy balance equations presented in section 3.1.2, and (ii) 

investigating other ratios that helps to understand the behaviour of structures equipped 

with advanced dampers with superelastic properties. 
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3.2.1 Structures and numerical models considered 

This investigation focusses on a standard residential Moment Resisting Frames with 3 

bays of 6 meters and 3-6-9 storeys that constitute the “main structure” (STR), as shown 

in Figure 3.1(a). One TTD and one SMA damper are installed in each story.  

(a)  (b)  

Fig. 3.1 (a) Structural model used for MDOFs and (b) idealization as shear-type models. 

Illustration for N=6 

Taking into account realistic gravity loads for this kind of structures, the resultant mass 

per floor is mi=50Tn (=50 kNs2/m). The same mass is taken for all the levels. 

At each story, the relationships between inter story drift and the restoring force exerted 

by the main structure (STR), the TTD and the SMA are modelled with three shear springs 

per story (one for each component: STR, TTD, SMA), as shown in Figure 3.1(b). The 

masses are concentrated in each floor. The software used for Time History Analysis is 

OpenSees (2010). 

The main structure is modelled with an elastic-perfect-plastic spring, with Vpy, yield force 

of the spring; dpy, yield displacement of the spring, it is shown in Figure 3.2. 

 

Fig. 3.2 Hysteretic behaviour of the main structure 

The TTD-SMA damper is modelled combining in parallel two springs with different 

hysteretic behavior. One of them concerns a conventional bilinear elastic-perfect-plastic 

hysteretic behaviour representing the TTD component, while the other is a flag-shape 

spring representing the SMA. The main parameters of each spring are shown in the Figure 
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3.3(a) and (b): VdQy, yield force of the elastic-perfect-plastic spring; ddQy, yield 

displacement of the elastic-perfect-plastic spring; VdNy, yield force of the flag-shape 

spring; ddNy, yield displacement of the flag-shape spring; B, see Figure 3.3(b), width of 

the flag in the flag-shape spring. The sum of both springs provides the total restoring force 

of the TTD-SMA damper as illustrated in Figure 3.3(c).  

 
Fig. 3.3 Hysteretic behaviour of the springs: (a) elastic-plastic representing TTD, (b) flag-

shape representing SMA, (c) mixed damper TTD-SMA. 

The variables that characterize the analysed structures are as follows: 

a) Fundamental period of the whole structure: T1=0.5, 1.0, 2.0s, that corresponds with 

N=3, 6, 9 number of storeys of each model, respectively. The number of storeys represents 

structures with different dynamic properties and, therefore, different seismic response. 

These values stand for low to medium rise structures that are very common in residential 

buildings.  

b) Total base shear force coefficient 𝛼1 =
𝑉𝑝𝑦1+𝑉𝑑𝑄𝑦1+𝑉𝑑𝑁𝑦1

𝑀𝑔
; with Vpy1 as the yield shear 

force of the main structure in the first story, VdQy1 as the yield shear force of the TTD in 

the first story, VdNy1 as the yield shear force of the SMA in the first story, M as the global 

mass of the model and g as the gravity acceleration. The values investigated are:  𝛼1= 

0.05, 0.1, 0.2, 0.3.  

c) Global lateral stiffness distribution between storeys χN=kN/k1, with kN as the lateral 

stiffness of the las floor and k1 the first floor lateral stiffness. The values investigated are: 

χN= 0.1, 0.2, 0.4.  

d) Coefficient B that controls the width of the flag in the SMA hysteretic model. The 

values investigated are: B = 0, 0.3. B=0 represents a nonlinear elastic behaviour without 

hysteretic energy dissipation, and B=0.3 characterizes a realistic medium value for a 

typical SMA nonlinear hysteretic behaviour with some plastic energy dissipated in each 

cycle.  

e) Resistance relationship among the SMA and the sum of resistances of the main 

structure and the energy damper in each floor, 𝑟𝑞𝑖 =
𝑉𝑑𝑁𝑦𝑖(1−𝐵)

𝑉𝑑𝑄𝑦𝑖+𝑉𝑝𝑦𝑖
. In all cases, the same 𝑟𝑞𝑖 =

𝑟𝑞  is adopted for all stories. The values investigated are: rq = 0.2, 0.33, 0.5, 0.75, 0.9 for 

B=0, and rq = 0.2, 0.33, 0.5, 0.6 for B=0.3. This parameter measures the importance, in 

terms of strength, of the SMA component over the STR and TTD component. Large 

values of rq represent that the SMA is a relevant element in the complete system. Low 

values of rq stand for a system with little influence of the SMA in the whole structure. 

f) Ratio of dampers and main structure resistance, fi=(𝑉𝑑𝑁𝑦𝑖 + 𝑉𝑑𝑄𝑦𝑖)/𝑉𝑝𝑦𝑖. In all cases, 

the same 𝑓𝑖 = 𝑓  is adopted for all stories. The only value investigated is f =1, that is, 
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𝑉𝑝𝑦𝑖 = 𝑉𝑑𝑁𝑦𝑖 + 𝑉𝑑𝑄𝑦𝑖 . Further, it is also imposed that 𝑑𝑑𝑁𝑦𝑖 = 𝑑𝑑𝑄𝑦𝑖 = 0.4𝑑𝑝𝑦𝑖 .This 

condition is based on the work of Oviedo et al. (2010) that recommended these limiting 

values to optimize the response of the mixed structures (main frame with dampers) and 

to minimize its sensibility to small variations on the mechanical properties of the 

structural elements.  

g) Inherent damping of 5% at the first and last vibration modes of each models, 

represented by the Rayleigh damping matrix. 

h) The total lateral resistance of each story, expressed in terms of the yield shear force 

coefficient 𝛼𝑖 defined by: 

𝛼𝑖 = (VdQyi+VdNyi+Vpyi)/∑ 𝑚𝑖𝑔
𝑁
𝑗=𝑖          (3.26) 

is adjusted so that the distribution �̅�𝑖(= 𝛼𝑖/𝛼1)  follows the “optimum” distribution,  

proposed by Donaire-Avila & Benavent-Climent (2020) and given by: 

�̅�𝑖 =
𝑀

∑ 𝑚𝑗
𝑁
𝑗=𝑖

√
𝐾𝑖 𝑘𝑓 𝑖∑ (𝜓𝑚𝑛,𝑖𝛤𝑛

2𝐸ℎ𝑛
𝑆𝐷𝑂𝐹)𝑟

𝑛=1

𝐾1 𝑘𝑓 1∑ (𝜓𝑚𝑛,1𝛤𝑛
2𝐸ℎ𝑛

𝑆𝐷𝑂𝐹)𝑟
𝑛=1

𝐾1(𝐾𝑖+1)

𝐾𝑖(𝐾1+1)
  (3.27) 

where fki is the elastic stiffness of the main structure at the i-th story, Ki is the stiffness 

ratio between the dampers system and the main structure at the i-th story, Γn is the n-th 

modal participation factor, 𝐸ℎ𝑛
𝑆𝐷𝑂𝐹  is the hysteretic energy dissipated by the n-th 

equivalent SDOF system, 𝜓𝑚𝑛,𝑖 is the ratio between the hysteretic energy dissipated at 

the i-th story and the total dissipated energy. 

This condition is applied in order the attain a roughly uniform distribution of hysteretic 

energy (normalized by the yield strength and yield inter story drift) among storeys. 

i) Same value of masses in each floor: mi=m. 

j) Elastic-Perfect-Plastic hysteretic behaviour is taken for the main structure and the TTD, 

and Flag-Shape hysteretic model is used for the SMA, as showed in Figures 3.3(a) and 

3.3(b). 

Combining these variables, a sum of 135 case studies is used for this research. Model’s 

parameter combinations are shown in Table 3.1. 
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Table 3.1. MDOFs case studies 

N χN α1 B rq N χN α1 B rq N χN α1 B rq 

3 0.20 

0.10 

0 

0.2 

6 0.10 

0.10 

0 

0.2 

6 0.20 

0.10 

0 

0.2 

0.33 0.33 0.33 

0.5 0.5 0.5 

0.75 0.75 0.75 

0.9 0.9 0.9 

0.3 

0.2 

0.3 

0.2 

0.3 

0.2 

0.33 0.33 0.33 

0.5 0.5 0.5 

0.6 0.6 0.6 

0.20 

0 

0.2 

0.20 

0 

0.2 

0.20 

0 

0.2 

0.33 0.33 0.33 

0.5 0.5 0.5 

0.75 0.75 0.75 

0.9 0.9 0.9 

0.3 

0.2 

0.3 

0.2 

0.3 

0.2 

0.33 0.33 0.33 

0.5 0.5 0.5 

0.6 0.6 0.6 

0.30 

0 

0.2 

0.30 

0 

0.2 

0.30 

0 

0.2 

0.33 0.33 0.33 

0.5 0.5 0.5 

0.75 0.75 0.75 

0.9 0.9 0.9 

0.3 

0.2 

0.3 

0.2 

0.3 

0.2 

0.33 0.33 0.33 

0.5 0.5 0.5 

0.6 0.6 0.6 
 

N χN α1 B rq N χN α1 B rq N χN α1 B rq 

9 0.10 

0.05 

0 

0.2 

9 0.20 

0.05 

0 

0.2 

9 0.40 

0.05 

0 

0.2 

0.33 0.33 0.33 

0.5 0.5 0.5 

0.75 0.75 0.75 

0.9 0.9 0.9 

0.3 

0.2 

0.3 

0.2 

0.3 

0.2 

0.33 0.33 0.33 

0.5 0.5 0.5 

0.6 0.6 0.6 

0.10 

0 

0.2 

0.10 

0 

0.2 

0.10 

0 

0.2 

0.33 0.33 0.33 

0.5 0.5 0.5 

0.75 0.75 0.75 

0.9 0.9 0.9 

0.3 

0.2 

0.3 

0.2 

0.3 

0.2 

0.33 0.33 0.33 

0.5 0.5 0.5 

0.6 0.6 0.6 
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3.2.2 Ground motions considered 

The ground motions used in this study are taken from the Thesis of Mota (2017), obtained 

directly from the PEER database (PEER NGS-West2, 2016). Since the response 

structure’s response is strongly influenced by the characteristics of the ground motion, 

two different kind of earthquakes are taken into account separately: impulsive 

earthquakes and non-impulsive earthquakes. The selection is showed in Table 3.2 and 

Table 3.3 for impulsive and non-impulsive ground motions, respectively. 

These ground motions are scaled so the input energy in terms of equivalent velocity is 

equal to VE=150cm/s in all cases. This criterion is adopted with the aim of achieving 

nonlinear behaviour in the main structure, but with little plastifications.  

Table 3.2. Impulsive earthquakes  

Name Earthquake Magnitude 

(Mw) 

PGA 

(cm/s2) 

i8DUZCE Duzce Turkey (1999) 7.14 790 

i12KOCAELI Kocaeli Turkey (1999) 7.51 222 

i15TABAS Tabas Iran (1978) 7.35 837 

i18CHICHI Chi-chi Taiwan (1999) 7.62 306 

i26IMPERIAL Imperial Valley (1979) 6.53 282 

i31SANSALVADOR San Salvador (1971) 5.80 396 

i37CAPE Cape Mendocino (1992) 7.01 468 
 

Table 3.3. Non-impulsive earthquakes  

Name Earthquake Magnitude 

(Mw) 

PGA 

(cm/s2) 

ni5NORTHRIDGE Northridge (1994) 6.69 609 

ni6KOBE Kobe (1995) 6.90 306 

ni10LOMA Loma Prieta (1989) 6.93 493 

ni15GAZLI Gazli (1976) 6.80 688 

ni16NAHANNI Nahanni Canada (1985) 6.76 1177 

ni18ERZICAN Erzican Turkey (1992) 6.69 487 

ni21DINAR Dinar Turkey (1995) 6.4 273 

 

3.2.3 Response variables considered in the parametric study  

The response parameters obtained from Time History Analysis (THA) results of the 

parametric study are expressed with the following ratios: 

a) Apparent maximum deformation ratios of the main structure in the positive and 

negative domain, averaged and maximum 𝜇𝑝
+ = (𝛿𝑚

+ − 𝑑𝑝𝑦 )/𝑑𝑝𝑦, 𝜇𝑝
− = (𝛿𝑚

− − 𝑑𝑝𝑦 )/

𝑑𝑝𝑦, �̅�𝑝 =(𝜇𝑝
+ + 𝜇𝑝

−)/2, 𝜇𝑝,𝑚𝑎𝑥=max{|𝜇𝑝
+|, |𝜇𝑝

−|}, respectively; and quotient 𝜇𝑝,𝑚𝑎𝑥/�̅�𝑝 , 
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where 𝛿𝑚
+  and 𝛿,𝑚

−  are the maximum displacements of the i-th story, in the positive and 

negative domains respectively, and dpy is the yielding deformation of the main structure.  

b) Apparent maximum deformation ratios of the SMA in the positive and negative 

domain, averaged and maximum 𝜇𝑑𝑁
+ = (𝛿𝑚

+ − 𝑑𝑑𝑁𝑦 )/𝑑𝑑𝑁𝑦 , 𝜇𝑑𝑁
− = (𝛿𝑚

− − 𝑑𝑑𝑁𝑦 )/

𝑑𝑑𝑁𝑦 , �̅�𝑑𝑁 =(𝜇𝑑𝑁
+ + 𝜇𝑑𝑁

− )/2 , 𝜇𝑑𝑁,𝑚𝑎𝑥 =max {|𝜇𝑑𝑁
+ |, |𝜇𝑑𝑁

− |} , respectively; and quotient 

𝜇𝑑𝑁,𝑚𝑎𝑥/�̅�𝑑𝑁, where 𝛿𝑚
+  and 𝛿,𝑚

−  are the maximum displacements of the i-th story, in the 

positive and negative domains respectively, and ddNy is the yielding deformation of the 

SMA.  

c) Apparent maximum deformation ratios of the TTD in the positive and negative domain, 

averaged and maximum 𝜇𝑑𝑄
+ = (𝛿𝑚

+ − 𝑑𝑑𝑄𝑦 )/𝑑𝑑𝑄𝑦 , 𝜇𝑑𝑄
− = (𝛿𝑚

− − 𝑑𝑑𝑄𝑦 )/𝑑𝑑𝑄𝑦 , 

�̅�𝑑𝑄=(𝜇𝑑𝑄
+ + 𝜇𝑑𝑄

− )/2, 𝜇𝑑𝑄,𝑚𝑎𝑥=max{|𝜇𝑑𝑄
+ |, |𝜇𝑑𝑄

− |}, respectively; and quotient 𝜇𝑑𝑄,𝑚𝑎𝑥/

�̅�𝑑𝑄, where 𝛿𝑚
+  and 𝛿,𝑚

−  are the maximum displacements of the i-th story, in the positive 

and negative domains respectively, and ddQy is the yielding deformation of the TTD.  

d) Apparent maximum deformation ratios of the TTD+SMA in the positive and negative 

domain, averaged and maximum 𝜇𝑑
+ = (𝛿𝑚

+ − 𝑑𝑑𝑦 )/𝑑𝑑𝑦 , 𝜇𝑑
− = (𝛿𝑚

− − 𝑑𝑑𝑦 )/𝑑𝑑𝑦 , 

�̅�𝑑 =( 𝜇𝑑
+ + 𝜇𝑑

−)/2 , 𝜇𝑑,𝑚𝑎𝑥 =max {|𝜇𝑑
+|, |𝜇𝑑

−|} , respectively; and quotient 𝜇𝑑,𝑚𝑎𝑥/�̅�𝑑 , 

where 𝛿𝑚
+  and 𝛿,𝑚

−  are the maximum displacements of the i-th story, in the positive and 

negative domains respectively, and ddy is the yielding deformation of the TTD+SMA, 

calculated as following: ddy=(VdQy+VdNy)/(kdQ+kdN); where VdQy is the yield shear force, 

ddQy the yield displacement and kdQ=VdQy/ddQy the stiffness of the TTD; VdNy is the yield 

shear force, ddNy the yield displacement and kdN=VdNy/ddNy the stiffness of the SMA.  

e) Cumulative plastic deformation ratios of the main structure in the positive and negative 

domain, averaged and maximum 𝜂𝑝
+ = 𝑊𝑝

+ /(𝑉𝑝𝑦𝑑𝑝𝑦) , 𝜂𝑝
− = 𝑊𝑝

− /(𝑉𝑝𝑦𝑑𝑝𝑦) , �̅�𝑝  

=(𝜂𝑝
+ + 𝜂𝑝

−)/2 ; 𝜂𝑝,𝑚𝑎𝑥 =max {|𝜂𝑝
+|, |𝜂𝑝

−|} , respectively; quotient 𝜂𝑝,𝑚𝑎𝑥/�̅�𝑝  and sum 

𝜂𝑝 = 𝜂𝑝
+ + 𝜂𝑝

−, where 𝑊𝑝
+ and 𝑊𝑝

− are the dissipated in positive and negative domain, 

Vpy is the yield shear force and dpy is the yield displacement of the main structure. 

f) Cumulative plastic deformation ratios of the SMA in the positive and negative domain, 

averaged and maximum 𝜂𝑑𝑁
+ = 𝑊𝑑𝑁

+  /(𝑉𝑑𝑁𝑦𝑑𝑑𝑁𝑦) , 𝜂𝑑𝑁
− = 𝑊𝑑𝑁

−  /(𝑉𝑑𝑁𝑦𝑑𝑑𝑁𝑦) , �̅�𝑑𝑁 

=(𝜂𝑑𝑁
+ + 𝜂𝑑𝑁

− )/2; 𝜂𝑑𝑁,𝑚𝑎𝑥=max{|𝜂𝑑𝑁
+ |, |𝜂𝑑𝑁

− |}, respectively; quotient 𝜂𝑑𝑁,𝑚𝑎𝑥/�̅�𝑑𝑁  and 

sum 𝜂𝑑𝑁 = 𝜂𝑑𝑁
+ + 𝜂𝑑𝑁

− , where 𝑊𝑑𝑁
+  and 𝑊𝑑𝑁

−  are the dissipated in positive and negative 

domain, VdNy is the yield shear force and ddNy is the yield displacement of the SMA. 

g) Cumulative plastic deformation ratios of the TTD in the positive and negative domain, 

averaged and maximum 𝜂𝑑𝑄
+ = 𝑊𝑑𝑄

+  /(𝑉𝑑𝑄𝑦𝑑𝑑𝑄𝑦) , 𝜂𝑑𝑄
− = 𝑊𝑑𝑄

−  /(𝑉𝑑𝑄𝑦𝑑𝑑𝑄𝑦) , �̅�𝑑𝑄 

=(𝜂𝑑𝑄
+ + 𝜂𝑑𝑄

− )/2 ; 𝜂𝑑𝑄,𝑚𝑎𝑥 =max {|𝜂𝑑𝑄
+ |, |𝜂𝑑𝑄

− |} ,respectively; quotient 𝜂𝑑𝑄,𝑚𝑎𝑥/�̅�𝑑𝑄  and 

sum 𝜂𝑑𝑄 = 𝜂𝑑𝑄
+ + 𝜂𝑑𝑄

− , where 𝑊𝑑𝑄
+  and 𝑊𝑑𝑄

−  are the dissipated in positive and negative 

domain, VdQy is the yield shear force and ddQy is the yield displacement of the TTD. 

h) Cumulative plastic deformation ratios of the TTD+SMA in the positive and negative 

domain, averaged and maximum 𝜂𝑑
+ = (𝑊𝑑𝑄

+ +𝑊𝑑𝑁
+ ) /[(𝑉𝑑𝑁𝑦 + 𝑉𝑑𝑄𝑦)

2
/(𝑘𝑑𝑁 + 𝑘𝑑𝑄)], 



Chapter 3. Application of the energy-based methodology 

97 

𝜂𝑑
− = (𝑊𝑑𝑄

− +𝑊𝑑𝑁
− ) /[(𝑉𝑑𝑁𝑦 + 𝑉𝑑𝑄𝑦)

2
/(𝑘𝑑𝑁 + 𝑘𝑑𝑄)] , �̅�𝑑 = (𝜂𝑑

+ + 𝜂𝑑
−)/2 ; 

𝜂𝑑,𝑚𝑎𝑥 =max {|𝜂𝑑
+|, |𝜂𝑑

−|} , respectively; quotient 𝜂𝑑,𝑚𝑎𝑥/�̅�𝑑  and sum 𝜂𝑑 = 𝜂𝑑
+ + 𝜂𝑑

− , 

where 𝑊𝑑𝑄
+  and 𝑊𝑑𝑄

−  are the dissipated in positive and negative domain by the TTD, 𝑊𝑑𝑁
+  

and 𝑊𝑑𝑁
−  are the dissipated in positive and negative domain by the SMA, VdQy is the yield 

shear force, ddQy the yield displacement and kdQ=VdQy/ddQy the stiffness of the TTD; VdNy 

is the yield shear force, ddNy the yield displacement and kdN=VdNy/ddNy the stiffness of the 

SMA. 

i) Quotient �̅�𝑝 / �̅�𝑝  of the main structure in each story. 

j) Quotient �̅�𝑑𝑁/ �̅�𝑑𝑁  of SMA in each story. 

k) Quotient �̅�𝑑𝑄/ �̅�𝑑𝑄  of TTD in each story. 

l) Quotient �̅�𝑑 / �̅�𝑑   of TTD+SMA in each story. 

ll) Quotient 𝜂𝑝 /𝜇𝑝,𝑚𝑎𝑥 of the main structure in each story. 

m) Quotient 𝜂𝑑𝑁/𝜇𝑑𝑁,𝑚𝑎𝑥  of SMA in each story. 

n) Quotient 𝜂𝑑𝑄/𝜇𝑑𝑄,𝑚𝑎𝑥  of TTD in each story. 

o) Quotient 𝜂𝑑 /𝜇𝑑,𝑚𝑎𝑥  of TTD+SMA in each story. 

All these ratios are obtained for two different instants of time: (i) the instant of absolute 

maximum roof displacement tm, and (ii) when the structure ends the vibration (i.e. kinetic 

energy zero) t0. 

3.2.4 Results of the parametric study 

In this section, the values of the ratios presented in section 3.2.3 are obtained for each 

model. The few response points where the main structure remains in the elastic range are 

excluded. These results are compared between the different case studies for each type of 

earthquake at two different instants of time, tm and t0, in Figures 3.4 to 3.19. Response 

points are groped in figures by the models’ number of storeys, i.e., fundamental period of 

the structure, and kind of ground motion. In each figure, a different colour is used for 

each value of χN (green for χN=0.1, red for χN=0.2 and blue for χN=0.4); markers represent 

different values of α1 (circumference for α1=0.1, square for α1=0.2, diamond for α1=0.3); 

and size of markers stands for the value of B (little markers for B=0, big markers for 

B=0.3). The parameter of rq is plotted in abscissa and the ratio studied in ordinates. 

Regressions of the main results for the complete set of models are calculated for each 

parameter with a standard deviation (±σ). Resultant curves are also plotted in these figures 

with thick black dotted line for B=0 and with thick grey dotted line for B=0.3. These 

regressions are put together and compared in Figures 3.20 to 3.27. 
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Fig. 3.4 𝜇𝑚𝑎𝑥/�̅� ratios for impulsive earthquakes at t=t0 (a) N=3, (b) N=6, (c) N=9. 

 

Fig. 3.5 𝜂𝑚𝑎𝑥/�̅� ratios for impulsive earthquakes at t=t0 (a) N=3, (b) N=6, (c) N=9. 

 

Fig. 3.6 �̅�/�̅� ratios for impulsive earthquakes at t=t0 (a) N=3, (b) N=6, (c) N=9. 

 

Fig. 3.7 𝜂/𝜇𝑚𝑎𝑥 ratios for impulsive earthquakes at t=t0 (a) N=3, (b) N=6, (c) N=9. 
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Fig. 3.8 𝜇𝑚𝑎𝑥/�̅� ratios for non-impulsive earthquakes at t=t0 (a) N=3, (b) N=6, (c) N=9. 

 

Fig. 3.9 𝜂𝑚𝑎𝑥/�̅� ratios for non-impulsive earthquakes at t=t0 (a) N=3, (b) N=6, (c) N=9. 

 

Fig. 3.10 �̅�/�̅� ratios for non-impulsive earthquakes at t=t0 (a) N=3, (b) N=6, (c) N=9. 

 

Fig. 3.11 𝜂/𝜇𝑚𝑎𝑥 ratios for non-impulsive earthquakes at t=t0 (a) N=3, (b) N=6, (c) N=9. 
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Fig. 3.12 𝜇𝑚𝑎𝑥/�̅� ratios for impulsive earthquakes at t=tm (a) N=3, (b) N=6, (c) N=9. 

 

Fig. 3.13 𝜂𝑚𝑎𝑥/�̅� ratios for impulsive earthquakes at t=tm (a) N=3, (b) N=6, (c) N=9. 

 

Fig. 3.14 �̅�/�̅� ratios for impulsive earthquakes at t=tm (a) N=3, (b) N=6, (c) N=9. 

 

Fig. 3.15 𝜂/𝜇𝑚𝑎𝑥 ratios for impulsive earthquakes at t=tm (a) N=3, (b) N=6, (c) N=9. 
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Fig. 3.16 𝜇𝑚𝑎𝑥/�̅� ratios for non-impulsive earthquakes at t=tm (a) N=3, (b) N=6, (c) N=9. 

 

Fig. 3.17 𝜂𝑚𝑎𝑥/�̅� ratios for non-impulsive earthquakes at t=tm (a) N=3, (b) N=6, (c) N=9. 

 

Fig. 3.18 �̅�/�̅� ratios for non-impulsive earthquakes at t=tm (a) N=3, (b) N=6, (c) N=9. 

 

Fig. 3.19 𝜂/𝜇𝑚𝑎𝑥 ratios for non-impulsive earthquakes at t=tm (a) N=3, (b) N=6, (c) N=9. 
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All results’ regressions calculated for the main values and with a standard deviation for 

each ratio are shown in Figures 3.20 to 3.27. In each figure, the results for the different 

ground motions and values of the parameter B are plotted, with the aim of identifying 

tendencies and differences. The quantification of these variances can be done by 

comparing the resultant equations of the curves. 

Figure 3.20 and 3.21 compares global trends of 𝜇𝑚𝑎𝑥/�̅�  ratios by plotting the 

regressions calculated. Figure 3.20 shows the trends at t=t0 and Figure 3.21 at t=tm. These 

ratios represent the deviation of the maximum apparent deformation in positive and 

negative domain with respect to the mean value. The greater is the value of these ratios, 

the higher is the deviation. 𝜇𝑚𝑎𝑥/�̅� =1 indicate that the maximum apparent deformation 

in positive domain is identical in negative domain, as it is desirable. From these figures, 

it can be seen that the trends are very stable with little variations regarding rq. At the 

instant tm, the ratios increase as rq increases. Higher values are founded in impulsive 

ground motions with regard to non-impulsive ground motion, quantified around a 5%. 

The parameter B has a negligible influence on the results. 

 
 Fig. 3.20 𝜇𝑚𝑎𝑥/�̅�  ratios at t=t0. 
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Fig. 3.21. 𝜇𝑚𝑎𝑥/�̅�  ratios at t=tm. 

Figure 3.22 and 3.23 compares global trends of 𝜂𝑚𝑎𝑥/�̅�  ratios by plotting the 

regressions calculated. Figure 3.22 shows the trends at t=t0 and Figure 3.23 at t=tm. These 

ratios represent the deviation of the maximum cumulative plastic deformation in positive 

and negative domain with respect to the mean value. The greater is the value of these 

ratios, the higher is the deviation. 𝜂𝑚𝑎𝑥/�̅� =1 indicate that the maximum cumulative 

plastic deformation in positive domain is identical in negative domain, as it is desirable. 

From these figures, it can be seen that the trends are very stable with little variations 

regarding rq in general. Similar values and trends are founded at t0 with regard to tm and 

comparing impulsive with non-impulsive ground motion. The parameter B as a negligible 

influence on 𝜂𝑝,𝑚𝑎𝑥/�̅�𝑝  and 𝜂𝑑𝑄,𝑚𝑎𝑥/�̅�𝑑𝑄 ratios, but growing tendencies can be seen in 

𝜂𝑑,𝑚𝑎𝑥/�̅�𝑑  and 𝜂𝑑𝑁,𝑚𝑎𝑥/�̅�𝑑𝑁 ratios as rq increases. 

 
 Fig. 3.22 𝜂𝑚𝑎𝑥/�̅�  ratios at t=t0. 



Chapter 3. Application of the energy-based method methodology 

104 

 
Fig. 3.23 𝜂𝑚𝑎𝑥/�̅�  ratios at t=tm. 

Figure 3.24 and 3.25 compares global trends of �̅� /�̅�  ratios by plotting the regressions 

calculated. Figure 3.24 shows the trends at t=t0 and Figure 3.25 at t=tm. These ratios 

characterize the efficiency of the structure in dissipating energy with averaged results. 

The greater is the value of these ratios, the higher is the efficiency. Growing trends can 

be seen in �̅�𝑝 /�̅�𝑝  and �̅�𝑑𝑄/�̅�𝑑𝑄 as rq increases. The tendency is opposite in the �̅�𝑑 /�̅�𝑑  

ratio. Regarding �̅�𝑑𝑁/�̅�𝑑𝑁, the values keep flat and do not vary with rq. Comparing non-

impulsive with impulsive ground motions, higher values of 20 to 35% are founded in the 

formers. The parameter B as a negligible influence, except in �̅�𝑑𝑁/�̅�𝑑𝑁  with B=0.3, 

because of the SMA contribution to dissipate energy. Similar trends are founded at t0 with 

regard to tm, but values 20-80% higher are founded in the former. 

 
 Fig. 3.24 �̅� /�̅�  ratios at t=t0. 
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Fig. 3.25 �̅� /�̅�  ratios at t=tm. 

Figure 3.26 and 3.27 compares global trends of η /μmax  ratios by plotting the 

regressions calculated. Figure 3.26 shows the trends at t=t0 and Figure 3.27 at t=tm. These 

ratios characterize the efficiency of the structure in dissipating energy with maximum 

response. The greater is the value of these ratios, the higher is the efficiency. Growing 

trends can be seen in η𝑝 /μp,max  and η𝑑𝑄/μdQ,max  as rq increases. The tendency is 

opposite in the η𝑑 /μd,max ratio. Regarding η𝑑𝑁/μ𝑑𝑁,max, the values keep flat and do not 

vary with rq. Comparing non-impulsive with impulsive ground motions, higher values of 

25 to 35% are founded in the formers. The parameter B as a negligible influence, except 

in η𝑑𝑁/μ𝑑𝑁,max with B=0.3, because of the SMA contribution to dissipate energy. Similar 

trends are founded at t0 with regard to tm, but values 20-80% higher are founded in the 

former. 

 
 Fig. 3.26 𝜂 /𝜇𝑚𝑎𝑥 ratios at t=t0. 
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Fig. 3.27 𝜂 /𝜇𝑚𝑎𝑥 ratios at t=tm. 

 

The evolution of the plastic strain energy along the complete time history of each 

earthquake is also analysed. As an example, the results for the study case N=6, α1=0.1, 

χN=0.2, rq=0.33, B=0 and the selected impulsive and non-impulsive earthquakes are 

plotted separately in Figures 3.28 and 3.29, respectively. In order to compare the results 

obtained, the timeline in abscissa axis has been normalized by the value at the end of the 

vibration t0, and the plastic energy has been normalized by the total energy dissipated at 

the end of the simulation Wp(t0). The history of plastic energy dissipation of each storey 

is plotted with coloured dotted lines and the global response in coloured solid line. The 

instant of maximum displacement tm is represented with a marker along the history. For 

each ground motion, a different colour and marker has been selected to offer a better 

comprehensive display. For each figure, a cubic polynomial regression has been adjusted 

and plotted with black bold dotted line, so the global trends can be quantified. 

Despite the visible deviations due to the intrinsic variability of the ground motions, it can 

be seen a common trend of the plastic energy to dissipate in a similar proportion in all 

storeys. This finding allows to use the same distribution of dissipated plastic energy at 

the end of the ground motion t0 and at the instant of maximum deformation tm. The 

comparison between impulsive and non-impulsive ground motions reveals that the input 

of energy is faster in the former and more uniform along the time in the latter. This is due 

to the presence of pulses in the impulsive earthquakes that input a greater portion of the 

total energy input in the early time history. 
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Fig. 3.28 Introduction of plastic strain energy along the complete time history. Impulsive 

ground motions. 
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Fig. 3.29 Introduction of plastic strain energy along the complete time history. Non-impulsive 

ground motions. 
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3.3 PARAMETRIC STUDY ON MDOF FRAME-TYPE MODELS WITH TTD-

SMA DAMPERS WITH REALISTIC ELASTIC-PLASTIC RESTORING FORCE 

CHARACTERISTICS: PROPOSAL OF DAMAGE CONCENTRATION FACTOR 

In this section, realistic frame-type models are used instead of simplified shear-type 

models. The main differences between these systems are: (i) frame-type models capture 

the redistribution of internal forces among storeys once the plasticization of the system 

starts, (ii) non-zero post-elastic stiffness are adopted which turns into a more complex 

and realistic behaviour of the system. 

Energy distribution among storeys is strongly influenced by the earthquake characteristics 

and on the post-elastic stiffness [Akiyama (1985), Yel et al. (2008), Shen et al. (2014)]. 

Thus, realistic post-elastic stiffness is used in these frame-type models. Variabilities on 

the mechanical properties of the dampers also affects energy distribution among storeys, 

so it is also taken them into account. The main objectives of this section are: (i) to study 

the distribution of plastic strain energy among storeys; (ii) to compare this distribution 

with the prediction proposed by Akiyama, as explained in section 3.1, applying the 

optimum distribution described in the Japanese Building Code (JBC); and (iii) to propose 

an adequate value for the damage concentration index n for this kind of structures. 

3.3.1 Structures considered and numerical modelling 

The prototype building used for this section in terms of geometry and loads is the same 

used by Ramírez et al. (2001) to validate the design methods of frames with dampers 

implemented in ASCE-SEI (2013), and it is shown in Figure 3.30. The size of the beams 

and columns are different from those adopted by Ramirez et al. (2001). The structure is 

based on steel Moment Resisting Frames (MRF) with 5 bays of 8.23 meter in each 

direction and 3-6-9 storeys depending on the study case. The first storey height is 4.42 

meters and 4.304 meters for the rest of the floors. The steel yield stress is assumed to be 

fy=355N/mm2. The structure’s inherent damping is taken 5%. The resulting mass that 

corresponds to the seismic action in the last floor is 160Tn for each MRF, and 296Tn for 

the rest of the storeys. This study focusses on one of this MRF equipped with advanced 

dampers. An illustration of the MFR of N=9 storeys is shown in Figure 3.30(b). 

   (a)     (b) 

 
Fig. 3.30 Structural prototype for MDOF frame-type models, (a) typical plan, (b) elevation of 

the MRF equipped with dampers. 



Chapter 3. Application of the energy-based method methodology 

110 

These frames are designed just for gravity loads. Lateral actions are resisted by the 

external frames in both directions, equipped with advanced TTD-SMA dampers. The 

main structure is allowed to have little nonlinear behaviour with the aim of taking into 

account the general situation of all elements plastifying. The design process considers the 

following subjects: 

a) The whole structure (i.e. main frame and dampers) is designed for the following 

distribution of lateral forces in the first mode (m=1): 

𝐹𝑖1 = (𝑉pD,1 + 𝑉dy,1) {[�̅�𝑘 +
2𝑇1

1+3𝑇1
(√�̅�𝑘 − �̅�𝑘

2)] − [�̅�𝑘+1 +
2𝑇1

1+3𝑇1
(√�̅�𝑘+1 −

�̅�𝑘+1
2 )]}               (3.28) 

These forces correspond to the optimum distribution of story shear force coefficients, 

�̅�𝑘,𝑜𝑝𝑡 = 𝛼𝑘,𝑜𝑝𝑡/𝛼1, prescribed by the current Japan Building Code (JBC, 2009) for 

structures with hysteretic dampers designed with the energy-based methods and is 

given by (3.30). 

The whole structure (i.e. main frame and dampers) is designed for the following 

distribution of lateral forces in the higher vibration modes (m>1): 

𝐹𝑖𝑚 = 𝑚𝑖𝜑𝑖𝑚Γ𝑚𝑆𝑒(𝑇𝑚)            (3.29) 

This is the equation of the conventional modal analysis. Here, mi is the mass of the 

level i, 𝜑𝑖𝑚 is the component of the vibration mode m at level i, Γ𝑚 is the modal 

participation factor of the mode m, and 𝑆𝑒(𝑇𝑚) is the spectral acceleration for the 

period Tm obtained from an elastic response spectrum, as follows: 

0.2<T<0.6s: Se=1.068g;  

0.6<T:          Se=0.6408g/T 

This spectrum is constructed for an input of energy VDSv=100 cm/s for periods 

T>0.6s, and scaled so the spectral acceleration of the fundamental vibration period 

of the whole structure T1 is worth Se(T1)=2100/T1=628/T1 in cm/s2. 

VpD,1 is the design base shear force of the main structure in the first floor; that is, the 

shear force calculated using the mean values of the materials’ properties and 

associated with the onset of plastic deformations on the structure. It is obtained 

dividing the (maximum) yield shear force on the main structure in the first floor Vpy,1 

by the product of two overstrength coefficients qsqR. Here qR is a factor that accounts 

for the overstrength due to the redistribution of seismic action effects in redundant 

structures and qs is a factor accounting for overstrength due to all other sources. For 

the steel structure investigated, the assumed values for these coefficients are 1.3 and 

1.5 respectively, so qsqR=1.95. Consequently, VpD,1= Vpy,1/1,95. Vpy,1 is calculated by 

performing a pushover analysis with the load pattern of the first vibrational mode of 

the main structure, using the mean values of the materials’ properties. Vdy,1 is the 

yield shear force of the dampers’ system (TTD-SMA) in the first floor. 

The effects (i.e. internals forces, displacements etc.) of the lateral loads defined above 

for each vibration mode Fim are combined by applying the rule of the square root of 

the sum of the squares (SRSS). The number of vibration modes combined is taken so 
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the sum of mobilized mass exceeds 90% of the total mass. The main structure is 

designed as strictly as possible with these stresses. No minimum strength ratio is 

required between the columns and beams that join the same joint.   

b) Beams and columns are selected to be sections type 1 or 2, as expressed in the 

EN1993 (2005). 

c) The geometric slenderness of the columns Lc/iz is lower than 70, with Lc as the length 

of the column and iz as the minimum bending radius of the section. 

d) It is imposed a resistance limit between the dampers’ system and the main structure 

of fi=(𝑉𝑑𝑁𝑦𝑖 + 𝑉𝑑𝑄𝑦𝑖)/𝑉𝑝𝑦𝑖1. This requirement is based on the studies conducted by 

Akiyama (1985), Inoue and Kuwamura (1998), Oviedo et al. (2010), and it is aimed 

at protecting adequately the main structure from excessive damage. 

e) The distribution of total lateral strength on the structure, in terms of yield shear fore 

coefficient, is intended to approach as much as possible the optimum distribution 

prescribed by the JBC (2009) adopted distribution: 

�̅�𝑘,𝑜𝑝𝑡 = 1 + [
1

√�̅�𝑘
− �̅�𝑘]

2𝑇1

1+3𝑇1
   (3.30) 

with �̅�𝑘 = ∑ 𝑚𝑗/𝑀
𝑁
𝑗=𝑘 , mj the mass of the level j, M the total mass of the structure 

and g the gravity acceleration. 

f) The following conditions is imposed to avoid plastic deformations on the main frame 

in case of a frequent earthquake:  

∑ (𝐸pes,𝑘 + 𝐸desQ,𝑘 + 𝐸𝑑𝑒𝑠𝑁,𝑘 + 𝐸dHQ,𝑘)
𝑁
𝑘=1

1

4

1

2
𝑀 [

𝑇1

2𝜋
𝑆e(𝑇1, 5%)𝜂(𝑇1, 𝜉I)]

2
        (3.31) 

with 𝐸pes,𝑘 = 𝑉pD,𝑘𝑑D,𝑘/2 , 𝐸desQ,𝑘 = 𝑉dQy,𝑘𝑑dQy,𝑘/2 , 𝐸dHQ,𝑘 = 4𝑉dQy,𝑘(𝑑D,𝑘 −

𝑑dQy,𝑘) and 𝐸𝑑𝑒𝑠𝑁,𝑘 as the elastic strain energy of the SMA hysteretic behaviour of 

the storey k when it is reached the displacement dDk. This condition is taken from the 

current Building Standard Law of Japan (JBC, 2009) for structures with hysteretic 

dampers designed with the energy-based methods. 

The main structure is modelled with elastic frame elements. Nonlinear behaviour is 

concentrated at the ends of these elements with plastic hinges. Beams’ hinges are 

constructed with a bending moment – rotation hysteretic behaviour. Yield bending 

moment and yield rotation are calculated from steel mechanical properties of each section 

and geometry. Based on experimental studies in linear steel elements [Yel et al. (2008), 

Shen et al. (2014)], post yielding stiffness is taken as 3.6% of the elastic stiffness. As for 

column’s hinges, same procedure has been followed. The interaction with axial stresses 

is taken into account as established in EN1993 (2005). TTD and SMA dampers are 

defined as two-node links with nonlinear springs in the axial direction. Hysteretic 

behaviour of the TTD is constructed as proposed in González-Sanz et al. (2020) with 

Bouc-Wen material, and SMA behaviour is modelled with a flag-shape material, as 

proposed in González-Sanz et al. (2019). The software used is SAP2000 (2017). 
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Five structures are designed for the purpose of this research. Different number of storeys 

are selected, N=3, 6, 9, in order to represent structures with short, medium and long 

fundamental periods, respectively. Main structure is designed strictly with the loads 

considered, but with realistic European steel sections. Thus, some variations on the 

optimum strength distribution are inevitable. Dampers are designed with the maximum 

strength limit assumed fi=1, so great part of lateral actions are supported by this system. 

This criterion allows to adjust the size of main structure elements for supporting gravity 

loads, essentially. The strength relationship between TTD and SMA is characterized by 

rq parameter. The values adopted for this parameter remain below 0.33 in order to have a 

mixed damper behaviour with high energy dissipation capacity and recentering 

capability. The main parameters defining each case study are: 

CASE 1) N=3, α1=0.3, χN=0.3, fi=1, rq=0.20, B=0, 𝑑𝑑𝑁𝑦𝑖 = 𝑑𝑑𝑄𝑦𝑖 = 0.2𝑑𝑝𝑦𝑖. 

CASE 2) N=6, α1=0.2, χN=0.23, fi=1, rq=0.10, B=0, 𝑑𝑑𝑁𝑦𝑖 = 𝑑𝑑𝑄𝑦𝑖 = 0.2𝑑𝑝𝑦𝑖. 

CASE 3) N=6, α1=0.25, χN=0.2, fi=0.5, rq=0.33, B=0, 𝑑𝑑𝑁𝑦𝑖 = 𝑑𝑑𝑄𝑦𝑖 = 0.1𝑑𝑝𝑦𝑖. 

CASE 4) N=9, α1=0.3, χN=0.1, fi=1, rq=0.10, B=0, 𝑑𝑑𝑁𝑦𝑖 = 𝑑𝑑𝑄𝑦𝑖 = 0.1𝑑𝑝𝑦𝑖. 

CASE 5) N=9, α1=0.3, χN=0.1, fi=1, rq=0.33, B=0, 𝑑𝑑𝑁𝑦𝑖 = 𝑑𝑑𝑄𝑦𝑖 = 0.1𝑑𝑝𝑦𝑖. 

The parameter B is equal to 0 for all these structures because its value has a negligible 

influence on the overall response, as described in section 3.2.4. However, it is worth 

noting that the hybrid behaviour of the damper TTD-SMA in the case study 3 (fi=0.5, 

rq=0.33 and B=0) is similar to that of a model of damper without TTD but with B=0.5 in 

the SMA hysteretic loops.  

Within these criteria, resultant sections for each model are showed in Table 3.4. 

Dimensions and yield displacements are expressed in mm and dampers’ strength in kN. 

As the dampers are located in the central bay, the axial forces induced by lateral loads in 

the main structure causes that some interior columns have different section than the 

exterior columns, especially in firsts floors. As it can be noticed, main structure in CASE 

4 and CASE 5 has the same sections design since the only parameter variation is rq value. 
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Table 3.4. Sections and properties of MDOF frame-type models  

 N 1 2 3 4 5 6 7 8 9 

CASE Frame          

1 

Ext. 

Col. 

HEB 

260 

HEB 

260 

HEB 

240 
      

Int. 

Col. 

HEB 

400 

HEB 

260 

HEB 

240 
      

Beams 
IPE 

400 

IPE 

400 

IPE 

330 
      

VdNy 368 288 163       

VdQy 737 575 287       

ddy 16 24 24       

2 

Ext. 

Col. 

HEB 

450 

HEB 

450 

HEB 

450 

HEB 

400 

HEB 

360 

HEB 

300 
   

Int. 

Col. 

HEM 

600 

HEB 

500 

HEB 

450 

HEB 

400 

HEB 

360 

HEB 

300 
   

Beams 
IPE 

450 

IPE 

450 

IPE 

450 

IPE 

450 

IPE 

500 

IPE 

360 
   

VdNy 292 273 243 202 147 72    

VdQy 1315 1230 1096 908 660 326    

ddy 9 14 15 15 12 13    

3 

Ext. 

Col. 

HEM 

500 

HEB 

500 

HEB 

450 

HEB 

400 

HEB 

360 

HEB 

300 
   

Int. 

Col. 

HEM 

600 

HEB 

500 

HEB 

450 

HEB 

400 

HEB 

360 

HEB 

300 
   

Beams 
IPE 

550 

IPE 

550 

IPE 

550 

IPE 

550 

IPE 

550 

IPE 

360 
   

VdNy 1004 940 837 693 504 249    

VdQy 335 313 279 231 168 83    

ddy 5 9 9 8 7 7    

4 

Ext. 

Col. 

HEM 

600 

HEM 

600 

HEB 

600 

HEB 

600 

HEB 

500 

HEB 

340 

HEB 

320 

HEB 

280 

HEB 

260 

Int. 

Col. 

HEM 

900 

#40 

HEM 

800 

#40 

HEM 

600 

#40 

HEM 

600 

#40 

HEM 

600 

HEM 

500 

HEB 

500 

HEB 

450 

HEB 

320 

Beams 
HEB 

450 

HEB 

450 

HEB 

450 

HEB 

450 

HEB 

450 

HEB 

450 

HEB 

400 

HEB 

400 

IPE 

360 

VdNy 675 654 621 577 520 450 354 263 132 

VdQy 3040 2943 2795 2594 2339 2024 1644 1183 593 

ddy 4 8 8 8 8 8 8 7 9 

5 

Ext. 

Col. 

HEM 

600 

HEM 

600 

HEB 

600 

HEB 

600 

HEB 

500 

HEB 

340 

HEB 

320 

HEB 

280 

HEB 

260 

Int. 

Col. 

HEM 

900 

#40 

HEM 

800 

#40 

HEM 

600 

#40 

HEM 

600 

#40 

HEM 

600 

HEM 

500 

HEB 

500 

HEB 

450 

HEB 

320 

Beams 
HEB 

450 

HEB 

450 

HEB 

450 

HEB 

450 

HEB 

450 

HEB 

450 

HEB 

400 

HEB 

400 

IPE 

360 

VdNy 1858 1784 1432 1287 1160 1151 1004 723 362 

VdQy 1858 1784 1432 1287 1160 1151 1004 723 362 

ddy 4 8 8 8 8 8 8 7 9 

#40 represents that the I section is closed laterally with plates of 40mm thickness 
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3.3.2 Ground motions considered 

The ground motions used in this study are taken from the Thesis of Mota (2017), obtained 

directly from the PEER database (PEER NGS-West2, 2016). Since the response 

structure’s response is strongly influenced by the characteristics of the ground motion, 

two different kind of earthquakes are taken into account separately: impulsive 

earthquakes and non-impulsive earthquakes. The selection is showed in Table 3.5 and 

Table 3.6 for impulsive and non-impulsive ground motions, respectively. 

These ground motions are scaled so the input energy in terms of equivalent velocity that 

contributes to damage is equal to VD=100cm/s in the models with N=3, 6; and 

VD=150cm/s in the models with N=9. These criteria are adopted with the aim of achieving 

nonlinear behaviour in the main structure.  

Table 3.5. Impulsive earthquakes  

Name Earthquake Magnitude 

(Mw) 

PGA 

(cm/s2) 

i1COYOTE Coyote Lake (1979) 7.1 187 

i17LANDERS Landers (1992) 7.28 128 

i19LOMA Loma Prieta (1989) 6.93 505 

i21SUPERSTITION Superstition Hills (1987) 6.54 112 

i30SANFERNANDO San Fernando (1971) 6.61 1195 

i38CHRISTCHURCH Christchurch New Zealand (2011) 6.20 585 

i40WESTMORLAND Westmorland (1981) 5.90 427 
 

Table 3.6. Non-impulsive earthquakes  

Name Earthquake Magnitude 

(Mw) 

PGA 

(cm/s2) 

ni1MORGAN Morgan Hill (1984) 6.19 191 

ni13COALINGA Coalinga (1983) 6.36 68 

ni17SIERRAMADRE Sierra Madre (1991) 5.61 172 

ni28KOZANI Kozani Greece (1995) 5.10 185 

ni30MAMMOTH Mammoth Lakes (1980) 5.94 369 

ni31MANJIL Manjil Iran (1990) 7.37 205 

ni33SANSIMEON San Simeon CA (2003) 6.52 46 
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3.3.3 Distribution of the plastic strain energy dissipation demand among storeys. 

Comparison with the optimum distribution of JBC and proposal for the 

damage concentration factor n. 

In this section, the distribution of plastic strain energy dissipation demand among storeys 

is analysed for each case studied. This distribution can be altered by the inherent 

variability of the dampers’ properties. Thus, different scenarios have been taken into 

account. For each scenario, the yield force of the dampers has been modified with a 

variability coefficient, λvar, following a lower limit of 0.85 in the selected story and an 

upper limit of 1.20 for the rest of storeys, as proposed in ASCE-SEI (2013). Initial 

stiffness of the dampers is maintained constant for not varying the fundamental period of 

the system, so yield displacements have been modified consequently. This turns into a 

number of scenarios equal to the number of storeys of each model, as shown in Table 3.7. 

 

Table 3.7. Scenarios of damper’s properties variability 

N 1 2 3 4 5 6 7 8 9 

λvar 

0.85 1.2 1.2       

1.2 0.85 1.2       

1.2 1.2 0.85       

λvar 

0.85 1.2 1.2 1.2 1.2 1.2    

1.2 0.85 1.2 1.2 1.2 1.2    

1.2 1.2 0.85 1.2 1.2 1.2    

1.2 1.2 1.2 0.85 1.2 1.2    

1.2 1.2 1.2 1.2 0.85 1.2    

1.2 1.2 1.2 1.2 1.2 0.85    

λvar 

0.85 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 

1.2 0.85 1.2 1.2 1.2 1.2 1.2 1.2 1.2 

1.2 1.2 0.85 1.2 1.2 1.2 1.2 1.2 1.2 

1.2 1.2 1.2 0.85 1.2 1.2 1.2 1.2 1.2 

1.2 1.2 1.2 1.2 0.85 1.2 1.2 1.2 1.2 

1.2 1.2 1.2 1.2 1.2 0.85 1.2 1.2 1.2 

1.2 1.2 1.2 1.2 1.2 1.2 0.85 1.2 1.2 

1.2 1.2 1.2 1.2 1.2 1.2 1.2 0.85 1.2 

1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 0.85 

 

The plastic energy distribution values computed for each case study in each scenario and 

for each earthquake are plotted in coloured dot lines in Figure 3.31 with a different marker 

for each ground motion. The plastic energy distribution is represented in abscissas and 

the number of storey in ordinates. The envelope of the variability scenarios for each 

ground motion and case study is plotted in a thick red dotted line in Figure 3.31. These 

envelopes are compared with the prediction of the distribution of plastic strain energy 

presented in Eq. (3.15) in section 3.1.2. The optimum shear force distribution among 

storeys is adopted from the JBC (2009), as presented in Eq. (3.30). Several values for the 

damage concentration index n have been considered with the aim of choosing the value 

that fits best the response of these kind of structures. The envelope results with n=2, 3 

and 4 for each case study are plotted with thick black dashed lines in Figure 3.31. 
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CASE 1) N=3, α1=0.3, χN=0.3, fi=1, rq=0.20, B=0, 𝑑𝑑𝑁𝑦𝑖 = 𝑑𝑑𝑄𝑦𝑖 = 0.2𝑑𝑝𝑦𝑖. 

 

CASE 2) N=6, α1=0.2, χN=0.23, fi=1, rq=0.10, B=0, 𝑑𝑑𝑁𝑦𝑖 = 𝑑𝑑𝑄𝑦𝑖 = 0.2𝑑𝑝𝑦𝑖. 

 

CASE 3) N=6, α1=0.25, χN=0.2, fi=0.5, rq=0.33, B=0, 𝑑𝑑𝑁𝑦𝑖 = 𝑑𝑑𝑄𝑦𝑖 = 0.1𝑑𝑝𝑦𝑖. 

 

  



Chapter 3. Application of the energy-based method methodology 

117 

CASE 4) N=9, α1=0.3, χN=0.1, fi=1, rq=0.10, B=0, 𝑑𝑑𝑁𝑦𝑖 = 𝑑𝑑𝑄𝑦𝑖 = 0.1𝑑𝑝𝑦𝑖. 

 

CASE 5) N=9, α1=0.3, χN=0.1, fi=1, rq=0.33, B=0, 𝑑𝑑𝑁𝑦𝑖 = 𝑑𝑑𝑄𝑦𝑖 = 0.1𝑑𝑝𝑦𝑖. 

 

Fig. 3.31 Distribution of plastic strain energy dissipation demand among storeys, (a) CASE 1, 

(b) CASE 2, (c) CASE 3, (d) CASE 4, (e) CASE 5. 

The envelopes of the responses obtained for the impulsive earthquakes is very close to 

the prediction. Particularly, the prediction captures very well the trend of the central 

stories to dissipate more energy that the lower and upper stories. The distribution of the 

plastic strain energy for the non-impulsive earthquakes is more uniform with a linear 

trend. This is mostly due to ni30MAMMOTH ground motion. The intrinsic characteristic 

of this earthquake shows a different distribution in comparison with the rest of 

earthquakes, with a concentration on plastic strain energy in the first and last storeys. This 

behaviour alters the envelopes in these storeys, but the resultant curves are in a reasonable 

agreement with the prediction. From these figures, it can be seen that, for frame structures 

equipped with dampers with recentering capability, assuming n=3 for the damage 

concentration index provides the best fitting between prediction and results of nonlinear 

THAs. 

As a relevant conclusion of this section, it is worth noting that the plastic strain energy 

distribution of frame structures equipped with advanced dampers with recentering 

capability is scarcely affected by the variability of the properties (strength) of the dampers 

(i.e. the distribution is nearly the same in all scenarios). That is, the structures equipped 

with advanced dampers with recentering properties are not very sensitive to spurious, yet 

unavoidable, variations on the mechanical properties of the dampers. Thus, it can be 

concluded that these systems are less likely to damage concentration in comparison with 
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other kind of systems that exhibit greater values of the damage index concentration n. 

The higher is the value of n, the greater is proneness of the structure to damage 

concentration. Although its value is not constant, it seems to be dependent on the type of 

structure. For example, in previous studies [Akiyama (1985)] it is proposed a damage 

index concentration for strong-column weak beam systems of n=6, and for strong beam-

weak column systems n=12. In this Thesis it is proposed n=3 for frame structures 

equipped with advanced dampers with recentering capability.  

3.4 ESTIMATION OF THE MAXIMUM STORY DISPLACEMENT OF EACH 

STORY 

In this section, the maximum inter story drifts of the models defined in section 3.3 under 

the ground motions described in Tables 3.5 and 3.6, scaled as described in section 3.3.2, 

are compared with the  prediction obtained as explained in section 3.1.2.4 y 3.1.2.5, by 

using the values of the ratios 
𝜂𝑝𝑖

𝜇𝑝,𝑚𝑎𝑥𝑖
 , 

𝜂𝑑𝑁𝑖

𝜇𝑑𝑁,𝑚𝑎𝑥𝑖
 and 

𝜂𝑑𝑄𝑖

𝜇𝑑𝑄,𝑚𝑎𝑥𝑖
 proposed in section 3.2 and the 

damage concentration factor n proposed in section 3.3.3. More precisely, the equations 

used to estimate 
𝜂𝑝𝑖

𝜇𝑝,𝑚𝑎𝑥𝑖
 , 

𝜂𝑑𝑁𝑖

𝜇𝑑𝑁,𝑚𝑎𝑥𝑖
 and 

𝜂𝑑𝑄𝑖

𝜇𝑑𝑄,𝑚𝑎𝑥𝑖
 for B=0 and considering the standard 

deviations (see Fig. 3.27) are:  

 

For impulsive earthquakes at t=tm: 

[mean values] 𝜂𝑝 /𝜇𝑝,𝑚𝑎𝑥 = 1.17 + 1.35𝑟𝑞 (3.32) 

[mean +σ] 𝜂𝑝 /𝜇𝑝,𝑚𝑎𝑥 = 1.64 + 1.64𝑟𝑞 (3.33) 

[mean -σ] 𝜂𝑝 /𝜇𝑝,𝑚𝑎𝑥 = 0.70 + 1.06𝑟𝑞 (3.34) 

[mean values] 𝜂𝑑𝑄/𝜇𝑑𝑄,𝑚𝑎𝑥 = 3.52 + 2.17𝑟𝑞 (3.35) 

[mean +σ] 𝜂𝑑𝑄/𝜇𝑑𝑄,𝑚𝑎𝑥 = 4.51 + 2.54𝑟𝑞 (3.36) 

[mean -σ] 𝜂𝑑𝑄/𝜇𝑑𝑄,𝑚𝑎𝑥 = 2.54 + 1.80𝑟𝑞 (3.37) 

[mean values] 𝜂𝑑𝑁/𝜇𝑑𝑁,𝑚𝑎𝑥 = 0.00 (3.38) 

[mean +σ] 𝜂𝑑𝑁/𝜇𝑑𝑁,𝑚𝑎𝑥 = 0.00 (3.39) 

[mean -σ] 𝜂𝑑𝑁/𝜇𝑑𝑁,𝑚𝑎𝑥 = 0.00 (3.40) 

 

For non-impulsive earthquakes at t=tm: 

[mean values] 𝜂𝑝 /𝜇𝑝,𝑚𝑎𝑥 = 1.45 + 1.98𝑟𝑞 (3.41) 

[mean +σ] 𝜂𝑝 /𝜇𝑝,𝑚𝑎𝑥 = 2.45 + 2.38𝑟𝑞 (3.42) 
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[mean -σ] 𝜂𝑝 /𝜇𝑝,𝑚𝑎𝑥 = 0.44 + 1.58𝑟𝑞 (3.43) 

[mean values] 𝜂𝑑𝑄/𝜇𝑑𝑄,𝑚𝑎𝑥 = 4.54 + 2.99𝑟𝑞 (3.44) 

[mean +σ] 𝜂𝑑𝑄/𝜇𝑑𝑄,𝑚𝑎𝑥 = 6.17 + 2.80𝑟𝑞 (3.45) 

[mean -σ] 𝜂𝑑𝑄/𝜇𝑑𝑄,𝑚𝑎𝑥 = 2.91 + 3.17𝑟𝑞 (3.46) 

[mean values] 𝜂𝑑𝑁/𝜇𝑑𝑁,𝑚𝑎𝑥 = 0.00 (3.47) 

[mean +σ] 𝜂𝑑𝑁/𝜇𝑑𝑁,𝑚𝑎𝑥 = 0.00 (3.48) 

[mean -σ] 𝜂𝑑𝑁/𝜇𝑑𝑁,𝑚𝑎𝑥 = 0.00 (3.49) 

For each CASE structure of section 3.3, the maximum interstory drift was calculated for 

each scenario of variability of mechanical properties of the dampers and the envelope was 

taken for comparing it with the prediction. Figure 3.32 shows the results of the THA in 

coloured dotted lines with different markers for each ground motion and the envelope is 

plotted with a thick red dashed line; the maximum interstory drift is represented in 

abscissas and the number of storey in ordinates. The prediction of the maximum interstory 

drift was conducted also for each scenario of mechanical properties (strength) of the 

dampers and it is plotted with black dotted lines. The envelope was taken and it is drawn 

with thick black dashed line in Figure 3.32. For both THA results and predictions, the 

averaged values are also computed and displayed in solid red and black lines, 

respectively. 

The standard deviations for the values of the 
𝜂𝑖

𝜇𝑚𝑎𝑥𝑖
 ratios obtained in section 3.2 are also 

considered in the predictions, as shown in Eqs. (3.32 – 3.49). Same procedure has been 

carried out with these ratios’ values, but only the resultant envelope curves are shown for 

the sake of clarity. These envelope curves are plotted with thick blue dotted lines. 

 

 

CASE 1) N=3, α1=0.3, χN=0.3, fi=1, rq=0.20, B=0, 𝑑𝑑𝑁𝑦𝑖 = 𝑑𝑑𝑄𝑦𝑖 = 0.2𝑑𝑝𝑦𝑖. 
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CASE 2) N=6, α1=0.2, χN=0.23, fi=1, rq=0.10, B=0, 𝑑𝑑𝑁𝑦𝑖 = 𝑑𝑑𝑄𝑦𝑖 = 0.2𝑑𝑝𝑦𝑖. 

 

CASE 3) N=6, α1=0.25, χN=0.2, fi=0.5, rq=0.33, B=0, 𝑑𝑑𝑁𝑦𝑖 = 𝑑𝑑𝑄𝑦𝑖 = 0.1𝑑𝑝𝑦𝑖. 

 

CASE 4) N=9, α1=0.3, χN=0.1, fi=1, rq=0.10, B=0, 𝑑𝑑𝑁𝑦𝑖 = 𝑑𝑑𝑄𝑦𝑖 = 0.1𝑑𝑝𝑦𝑖. 

 

CASE 5) N=9, α1=0.3, χN=0.1, fi=1, rq=0.33, B=0, 𝑑𝑑𝑁𝑦𝑖 = 𝑑𝑑𝑄𝑦𝑖 = 0.1𝑑𝑝𝑦𝑖. 

 

Fig. 3.32 Maximum interstory drifts, (a) CASE 1, (b) CASE 2, (c) CASE 3, (d) CASE 4, (e) 

CASE 5. 
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The values of maximum interstory drifts are similar in all cases. The mean values in the 

first storey are around 1.5% (65mm). For the central storeys the maximum interstory drift 

the value goes to 2.4% (103mm). In the upper storeys, the mean value is worth 2.0% 

(86mm). 

There are no remarkable differences in maximum interstory drifts between impulsive and 

non-impulsive ground motions, but a slightly increment in the values can be found for the 

impulsive earthquakes. The same trend is followed in all cases, with lower interstory drifts 

in the first floor in comparison with central storeys and ending with a little reduction in 

the upper levels.  

From these Figures, it can be seen that the prediction envelopes closely fit THA results 

envelopes. Most of the mean predicted interstory drifts are greater than the THA results, 

especially in the cases with rq=0.33. Thus, in can be concluded that the value of the 

damage index concentration n=3 and the expressions for 
𝜂𝑖

𝜇𝑚𝑎𝑥𝑖
 proposed in this Thesis, 

provide a satisfactory, safe-side, prediction of the maximum response of the structure in 

terms of interstory drifts. The agreement between response of THA and prediction is good 

and not over conservative. Considering the standard deviations of the 
𝜂𝑖

𝜇𝑚𝑎𝑥𝑖
 ratios, most  

of the THA response envelopes keep inside the predicted envelope curves. 

3.5 DISTRIBUTION OF PLASTIC STRAIN ENERGY DISSIPATION DEMAND 

AMONG THE MAIN STRUCTURE, TTD AND SMA OF EACH STORY 

The aim of this section is to predict how the plastic strain energy dissipation demand in 

each story is distributed among the main structure (STR), the TTD and the SMA installed 

in that story. The energy balance equation at the instant when the quake fades away is 

given by Eq. (3.7). On the other hand, the distribution of plastic strain energy among 

storeys is given by Eq. (3.15). The energy balance equation can be rewritten as: 

𝑊𝑝𝑖(𝑡0) =
𝐸𝐷(𝑡0)

𝛾𝑖
           (3.50) 

Moreover, Wpi(t0) can be written as: 

𝑊𝑝𝑖(𝑡0) = [∑ (𝑚𝑗𝑔)
𝑁
𝑗=𝑖 ] [ 𝛼𝑖𝑝 (

𝜂𝑝𝑖

𝜇𝑝,𝑚𝑎𝑥𝑖
) (𝑑𝑚𝑎𝑥𝑖 − 𝑑𝑝𝑦𝑖) +

𝛼𝑖𝑁

(1−𝐵𝑖)
(

𝜂𝑑𝑁𝑖

𝜇𝑑𝑁,𝑚𝑎𝑥𝑖
) (𝑑𝑚𝑎𝑥𝑖 −

𝑑𝑑𝑁𝑦𝑖) + 𝛼𝑖𝑄 (
𝜂𝑑𝑄𝑖

𝜇𝑑𝑄,𝑚𝑎𝑥𝑖
) (𝑑𝑚𝑎𝑥𝑖 − 𝑑𝑑𝑄𝑖)]               (3.51) 

where the ratios 
𝜂𝑝𝑖

𝜇𝑝,𝑚𝑎𝑥𝑖
 , 

𝜂𝑑𝑁𝑖

𝜇𝑑𝑁,𝑚𝑎𝑥𝑖
 ,

𝜂𝑑𝑄𝑖

𝜇𝑑𝑄,𝑚𝑎𝑥𝑖
  correspond to the instant when the ground 

motion ends. The distribution of the plastic strain energy dissipation demand among the 

main structure (STR), the TTD and the SMA, referred to as Wpi,p, Wpi,TTD and Wpi,SMA 

herein, can done in the same proportion that these components contribute in Eq. (3.51), 

and therefore: 
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𝑊𝑝𝑖,𝑝(𝑡0)  =
𝐸𝐷(𝑡0)

𝛾𝑖
 

{
 

 𝛼𝑖𝑝 (
𝜂𝑝𝑖

𝜇𝑝,𝑚𝑎𝑥𝑖

)(𝑑𝑚𝑎𝑥𝑖−𝑑𝑝𝑦𝑖)

𝛼𝑖𝑝 (
𝜂𝑝𝑖

𝜇𝑝,𝑚𝑎𝑥𝑖

)(𝑑𝑚𝑎𝑥𝑖−𝑑𝑝𝑦𝑖)+
𝛼𝑖𝑁

(1−𝐵𝑖)
(

𝜂𝑑𝑁𝑖

𝜇𝑑𝑁,𝑚𝑎𝑥𝑖

)(𝑑𝑚𝑎𝑥𝑖−𝑑𝑑𝑁𝑦𝑖)+ 𝛼𝑖𝑄 (
𝜂𝑑𝑄𝑖

𝜇𝑑𝑄,𝑚𝑎𝑥𝑖

)(𝑑𝑚𝑎𝑥𝑖−𝑑𝑑𝑄𝑖)
}
 

 
        (3.52) 

𝑊𝑝𝑖,𝑁(𝑡0)  =
𝐸𝐷(𝑡0)

𝛾𝑖
 

{
 

 
𝛼𝑖𝑁

(1−𝐵𝑖)
(

𝜂𝑑𝑁𝑖

𝜇𝑑𝑁,𝑚𝑎𝑥𝑖

)(𝑑𝑚𝑎𝑥𝑖−𝑑𝑑𝑁𝑦𝑖)

𝛼𝑖𝑝 (
𝜂𝑝𝑖

𝜇𝑝,𝑚𝑎𝑥𝑖

)(𝑑𝑚𝑎𝑥𝑖−𝑑𝑝𝑦𝑖)+
𝛼𝑖𝑁

(1−𝐵𝑖)
(

𝜂𝑑𝑁𝑖

𝜇𝑑𝑁,𝑚𝑎𝑥𝑖

)(𝑑𝑚𝑎𝑥𝑖−𝑑𝑑𝑁𝑦𝑖)+ 𝛼𝑖𝑄 (
𝜂𝑑𝑄𝑖

𝜇𝑑𝑄,𝑚𝑎𝑥𝑖

)(𝑑𝑚𝑎𝑥𝑖−𝑑𝑑𝑄𝑖)
}
 

 
       (3.53) 

𝑊𝑝𝑖,𝑄(𝑡0)  =
𝐸𝐷(𝑡0)

𝛾𝑖
 

{
 

 𝛼𝑖𝑄 (
𝜂𝑑𝑄𝑖

𝜇𝑑𝑄,𝑚𝑎𝑥𝑖

)(𝑑𝑚𝑎𝑥𝑖−𝑑𝑑𝑄𝑖)

𝛼𝑖𝑝 (
𝜂𝑝𝑖

𝜇𝑝,𝑚𝑎𝑥𝑖

)(𝑑𝑚𝑎𝑥𝑖−𝑑𝑝𝑦𝑖)+
𝛼𝑖𝑁

(1−𝐵𝑖)
(

𝜂𝑑𝑁𝑖

𝜇𝑑𝑁,𝑚𝑎𝑥𝑖

)(𝑑𝑚𝑎𝑥𝑖−𝑑𝑑𝑁𝑦𝑖)+ 𝛼𝑖𝑄 (
𝜂𝑑𝑄𝑖

𝜇𝑑𝑄,𝑚𝑎𝑥𝑖

)(𝑑𝑚𝑎𝑥𝑖−𝑑𝑑𝑄𝑖)
}
 

 
       (3.54) 

Taking into account the models defined in section 3.3 under the ground motions described 

in Tables 3.5 and 3.6, scaled as described in section 3.3.2, the response of each CASE is 

compared with the prediction of the Eqs. (3.52, 3.53, 3.54) by using the values of the 

ratios 
𝜂𝑝𝑖

𝜇𝑝,𝑚𝑎𝑥𝑖
 , 

𝜂𝑑𝑁𝑖

𝜇𝑑𝑁,𝑚𝑎𝑥𝑖
 and 

𝜂𝑑𝑄𝑖

𝜇𝑑𝑄,𝑚𝑎𝑥𝑖
 proposed in section 3.2 and the damage concentration 

factor n proposed in section 3.3.3. More precisely, the equations used for 
𝜂𝑝𝑖

𝜇𝑝,𝑚𝑎𝑥𝑖
 , 

𝜂𝑑𝑁𝑖

𝜇𝑑𝑁,𝑚𝑎𝑥𝑖
 

and 
𝜂𝑑𝑄𝑖

𝜇𝑑𝑄,𝑚𝑎𝑥𝑖
  for B=0 (see Figure 3.26) are:  

For impulsive earthquakes at t=t0: 

𝜂𝑝 /𝜇𝑝,𝑚𝑎𝑥 = 1.42 + 2.18𝑟𝑞 (3.55) 

𝜂𝑑𝑄/𝜇𝑑𝑄,𝑚𝑎𝑥 = 6.01 + 4.36𝑟𝑞 (3.56) 

𝜂𝑑𝑁/𝜇𝑑𝑁,𝑚𝑎𝑥 = 0.00  (3.57) 

For non-impulsive earthquakes at t=t0: 

𝜂𝑝 /𝜇𝑝,𝑚𝑎𝑥 = 1.75 + 2.78𝑟𝑞 (3.58) 

𝜂𝑑𝑄/𝜇𝑑𝑄,𝑚𝑎𝑥 = 7.71 + 5.52𝑟𝑞 (3.59) 

𝜂𝑑𝑁/𝜇𝑑𝑁,𝑚𝑎𝑥 = 0.00  (3.60) 

For each CASE of section 3.3, the distribution of plastic strain energy was calculated for 

each scenario of variability of mechanical properties of the dampers and the envelope was 

taken for comparing it with the prediction. For each case study and type of ground motion, 

a set of three figures are plotted to represent the plastic strain energy in the main structure, 

TTD and SMA, respectively. Figure 3.33 shows the results of the THA in coloured dotted 

lines with different markers for each ground motion and the envelope with a thick red 

dashed line; the plastic strain energy is plotted in abscissas and the number of story in 

ordinates. The prediction of the plastic strain energy was conducted also for each scenario 

of mechanical properties (strength) of the dampers and it is plotted with black dotted lines. 

The envelope was taken and it is drawn with thick black dashed line. For both THA results 

and predictions, the averaged values are also computed and displayed in solid red and 
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black line, respectively. The standard deviations for the values of the 
𝜂𝑖

𝜇𝑚𝑎𝑥𝑖
 ratios obtained 

in section 3.2 was not considered in these predictions for the sake of clarity, because little 

variation has been founded.  

 

CASE 1) N=3, α1=0.3, χN=0.3, fi=1, rq=0.20, B=0, 𝑑𝑑𝑁𝑦𝑖 = 𝑑𝑑𝑄𝑦𝑖 = 0.2𝑑𝑝𝑦𝑖. 

   

CASE 2) N=6, α1=0.2, χN=0.23, fi=1, rq=0.10, B=0, 𝑑𝑑𝑁𝑦𝑖 = 𝑑𝑑𝑄𝑦𝑖 = 0.2𝑑𝑝𝑦𝑖. 

 

CASE 3) N=6, α1=0.25, χN=0.2, fi=0.5, rq=0.33, B=0, 𝑑𝑑𝑁𝑦𝑖 = 𝑑𝑑𝑄𝑦𝑖 = 0.1𝑑𝑝𝑦𝑖. 
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CASE 4) N=9, α1=0.3, χN=0.1, fi=1, rq=0.10, B=0, 𝑑𝑑𝑁𝑦𝑖 = 𝑑𝑑𝑄𝑦𝑖 = 0.1𝑑𝑝𝑦𝑖. 

  

CASE 5) N=9, α1=0.3, χN=0.1, fi=1, rq=0.33, B=0, 𝑑𝑑𝑁𝑦𝑖 = 𝑑𝑑𝑄𝑦𝑖 = 0.1𝑑𝑝𝑦𝑖. 

  

Fig. 3.33 Distribution of plastic strain energy demand among the main structure, TTD and 

SMA, (a) CASE 1, (b) CASE 2, (c) CASE 3, (d) CASE 4, (e) CASE 5. 

As can be seen from these Figures, most of the plastic strain energy is dissipated by the 

TTD. The main structure dissipates little energy. It is worth noting that the plastic strain 

energy dissipated by the SMA is always zero, since the value of the parameter B=0 for 

these case studies. 

There are no remarkable differences comparing the response of impulsive with non-

impulsive ground motions, besides the performance with ni30MAMMOTH earthquake, 

as explained in section 3.3.3. The same trend is followed in all cases, with lower strain 

energy dissipation demand in the first floor in comparison with central storeys and ending 

with a little reduction in the upper levels. 

From these Figures, it can be seen that the predicted envelopes have a good agreement 

with the envelopes of the THA results in the overall cases. In general, the envelopes of 

the predicted strain energy dissipation demand estimate lower values that the envelopes 

of the THA data, but with reasonable results. Thus, these predictions can be a good 

procedure to estimate the energy dissipation demand for design purposes. 
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3.6 CONCLUSIONS AND FUTURE WORK 

In this chapter, the energy-based methodology is applied to the seismic design of 

structures equipped with advanced dampers with superelastic properties. The general 

formulation of the energy balance of a structure is described, following the studies of 

Housner (1956) and Akiyama (1985). The energy balance equations are specialized for 

structures with advanced dampers that combine an elastoplastic element with a 

superelastic element. New equations are proposed to predict: (i) the elastic strain energy; 

(ii) the plastic strain energy at the instant of maximum deformations and at the end of the 

ground motion, and (iii) the maximum interstory drifts in each story. 

An extensive parametric study on MDOF shear-type models with TTD-SMA dampers is 

carried out. The variables taken into account are: (i) fundamental period of the structure 

T1; (ii) total base shear force coefficient 𝛼1; (iii) global lateral stiffness distribution among 

storeys χN; (iv) coefficient B that controls the width of the flag in the SMA hysteretic 

model; and (v) resistance relationship among the SMA and the sum of resistances of the 

main structure and the TTD, characterized by the parameter rq. A sum of 135 case studies 

is used for this research and 14 different simulations are performed for each case study, 

taking into account 7 impulsive and 7 non-impulsive historic earthquakes. Regressions of 

the results for this parametric study are calculated for the mean values and the mean 

values with a standard deviation. The evolution of the plastic strain energy along the 

complete time history is also studied. From this parametric study, the following results 

and conclusions are reached: 

1) new expressions that predict the values for the ratios  
𝜂𝑝𝑖

𝜇𝑝,𝑚𝑎𝑥𝑖
 , 

𝜂𝑑𝑁𝑖

𝜇𝑑𝑁,𝑚𝑎𝑥𝑖
 and 

𝜂𝑑𝑄𝑖

𝜇𝑑𝑄,𝑚𝑎𝑥𝑖
 

involved in the energy balance equations are developed, together with other ratios 

that characterize the behaviour of this kind of structures;  

2) in general, it can be said that the parameter B has a negligible influence on the 

results (except in the ratios where the energy dissipated by the SMA contributes); 

3) higher values of the ratios mentioned in (1) are found in non-impulsive 

earthquakes with regard to impulsive earthquakes; 

4) the plastic strain energy distribution among storeys along the time history follows 

a common trend (with the unavoidable differences due to the variability of the 

ground motions); this justifies using the same distribution of plastic strain energy 

at the instant of maximum deformation and at the end of the ground motion. 

 

A second parametric study on MDOF frame-type models with TTD-SMA dampers with 

realistic restoring forces characteristics is conducted in order to capture the influence of 

the post-elastic stiffness and the redistribution of internal forces when the system yields. 

Five steel moment resisting frames with N=3, 6 and 9 storeys are designed in order to 

represent structures with short, medium and long fundamental periods, respectively. A 

set of 14 ground motions (7 impulsive and 7 non-impulsive earthquakes different to the 

ones used in the previous parametric study) are used to perform non-linear Time History 

Analysis. The inherent variability of the dampers’ strength is taken into account by 

studying different scenarios of variability, following the ASCE-SEI limits. The plastic 

strain energy distribution is computed for each THA. The mean values and the envelope 

curves are obtained for each case study and compared with the distribution predicted by 



Chapter 3. Application of the energy-based method methodology 

126 

using Akiyama’s approach, and the optimum yield shear force coefficient distribution 

adopted by the Japan Building Code (JBC). The main results of this study are: 

1) the predicted plastic strain energy distribution envelope curves are very close to 

those obtained from the THAs, especially in the central storeys; 

2) the optimum shear force distribution proposed by the JBC seems to be a good 

approach for design purposes; 

3) a value for damage concentration index n=3 is proposed for frame structures 

equipped with dampers with recentering capability. 

4) the structures equipped with the advanced dampers with recentering capability 

investigated in this Thesis are less likely to damage concentration than other 

systems such as the strong column-weak beam structures that exhibit greater 

values of the damage index concentration n. 

The maximum inter story drifts is predicted from the energy balance equations of the 

structure and are compared with the results of the parametric study conducted on the 

MDOF frame-type models of the. The ratios 
𝜂𝑝𝑖

𝜇𝑝,𝑚𝑎𝑥𝑖
 , 

𝜂𝑑𝑁𝑖

𝜇𝑑𝑁,𝑚𝑎𝑥𝑖
 and 

𝜂𝑑𝑄𝑖

𝜇𝑑𝑄,𝑚𝑎𝑥𝑖
 proposed in the 

parametric study on MDOF shear-type models are used to obtain the predicted values. 

Mean values and envelopes (taking into account the scenarios of dampers’ variability and 

the standard deviation of the ratios) are compared for each case study and kind of ground 

motion. The following conclusions can be made: 

1) there are no remarkable differences in maximum interstory drifts between 

impulsive and non-impulsive ground motions, but a slightly increment of lateral 

displacements in observed for the impulsive earthquakes; 

2) a good agreement is found between the prediction and the results of the THAs, 

and similar trends are observed in all cases. 

3) the damage index concentration n=3 and the expressions for 
𝜂𝑖

𝜇𝑚𝑎𝑥𝑖
 proposed in this 

Thesis provide a satisfactory, safe-side, prediction of the maximum response of 

the structure in terms of interstory drifts; 

4) the agreement between response of THA and prediction is good and not over 

conservative, so it can be used for design purposes. 

The energy distribution among the main structure, TTD and SMA components was also 

investigated, based on the energy balance equations. The main findings can be 

summarized as follows: 

1) most of the plastic strain energy is dissipated by the TTDs; 

2) the main structure dissipated little energy; 

3) there are no remarkable differences comparing the response of impulsive with 

non-impulsive ground motions; 

4) the predicted envelope curves have a good agreement with the envelopes of the 

THA results in all cases; 

5) these predictions can be a good procedure to estimate the energy dissipation 

demand for design purposes. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 4. RECENTERING CAPABILITY OF 

STRUCTURES EQUIPPED WITH ADVANCED DAMPERS 

WITH SUPERELASTIC PROPERTIES: PREDICTION AND 

CONTROL OF RESIDUAL PLASTIC DEFORMATIONS 

 

In this chapter, the recentering capability of frame structures equipped with advanced 

dampers with superelastic properties is studied. Based on the review carried out in 

Chapter 1 about residual deformations and recentering capability, it is shown a gap of 

knowledge in the study of the recentering capability on frame structures. The attractive 

energy-based criterion recently adopted by the Anti-Seismic Devices standard EN 15129 

(2018) is assumed and developed for this research. 
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To this extent, the advanced dampers characterized in Chapter 2, that involve a Shape 

Memory Alloy (SMA) component with superelastic properties and a metallic hysteretic 

damper (TTD) component, are used to carry out this study. The relation between the 

dissipated energy and residual deformation in a single TTD-SMA damper under static 

conditions is studied first. Next, the parametric study on multistory frames equipped with 

these dampers developed in Chapter 3 is extended to obtain the relation between 

normalized residual drift and the elastic to hysteretic energy ratio. As a result, new 

expressions and criteria to provide the structure with appropriate recentering capability 

are proposed. 

The main aims of this Chapter regarding the dissertation are: (i) to develop formulation 

based on the energy criteria that allow to predict the residual plastic deformation after the 

seismic event in each story of frame structures equipped with advanced dampers with 

recentering capability, and (ii) to propose design criteria based on this investigation. An 

extensive numerical study is carried out with the aim of computing the global trends on 

the residual deformations and recentering capability so specific criteria can be stablished. 

4.1 RECENTERING CAPABILITY OF A SINGLE TTD-SMA DAMPER UNDER 

STATIC CONDITIONS 

The recentering capability of an energy dissipation device (EED) is defined by the 

European product standard EN 15129 (2018) as its capacity, at the end of an earthquake, 

to recover its initial shape when the applied external force is zero, or to recover the initial 

shape of the system by limiting residual displacement.  

Recentering capability may refer to the entire structural system under dynamic seismic 

conditions, or to either the single device under static conditions [EN 15129 (2018)]. This 

section focuses on the recentering capability of single TTD-SMA damper subjected to 

quasi-static conditions, with reference to the shape of the force-displacement cyclic curve. 

Figure 4.1(a) represents the force-displacement curve in one cycle of displacement of the 

TTD element; herein it will be assumed that the hysteretic law follows the elastic-

perfectly plastic model characterized by force VdQy and displacement dQy at yielding. 

Figure 4.11(b) shows the force-displacement curve in one cycle of displacement of the 

SMA superelastic element; herein it will be assumed that its hysteretic behavior follows 

a flag-shape model defined by force VdNy and displacement dNy at yielding under loading 

paths, and the parameter B that governs the reduction of the yielding force upon 

unloading. Since both elements work in parallel, the hysteretic behavior of the whole 

TTD-SMA is obtained simply by summing up the forces provided by each element, as 

shown in Figure 1(c), where 𝑉𝑑𝑦(= 𝑉𝑑𝑁𝑦 + 𝑉𝑑𝑄𝑦) is the yield force and 𝛿𝑑𝑦  the yield 

displacement. 
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Fig. 4.1 Hysteretic behaviour of the components with dQy<dNy: (a) elastic-plastic representing 

TTD, (b) flag-shape representing SMA, (c) mixed damper TTD-SMA. 

EN 15129 (2018) categorizes an EDD as a statically recentering device when the residual 

displacement at zero force r is less than 10% the maximum attained displacement dmax, 

i.e. r<0.1dmax in Fig. 4.1(c). To ensure that r at zero external force is smaller than the 

residual deformation that would remain in the elastoplastic element in the absence of the 

super-elastic part, i.e. r≤(dmax-dQy) in Figure 4.1(a), it is necessary that the force 

exerted by the super-elastic element in the unloading path, VdNy(1-B), be equal or larger 

than the yield force on the elastoplastic element VdQy, that is, VdNy(1-B)VdQy. The limiting 

situation 𝑉𝑑𝑁𝑦 (1 − 𝐵) = 𝑉𝑑𝑄𝑦  is studied next. For convenience, 𝑉𝑑𝑁𝑦  and 𝑉𝑑𝑄𝑦  are 

expressed in terms of B and Vdy by VdNy=Vdy/(2-B) and VdQy=Vdy(1-B)/(2-B). The energy 

EH dissipated in a full cycle of amplitude dmax is given by Equation (4.1): 

𝐸𝐻 = 2𝑉𝑑𝑁𝑦𝐵(𝛿𝑑𝑚𝑎𝑥 − 𝛿𝑑𝑁𝑦) + 4𝑉𝑑𝑄𝑦(𝛿𝑑𝑚𝑎𝑥 − 𝛿𝑑𝑄𝑦) (4.1) 

Next, the following adimensional parameters are defined: 

𝜂𝐻 =
𝐸𝐻

𝑉𝑑𝑦 𝛿𝑑𝑦
    (4.2) 

𝜇𝑑 =
𝛿𝑑𝑚𝑎𝑥

𝛿𝑑𝑦
    (4.3) 

𝜆𝑁 =
𝛿𝑑𝑁𝑦

𝛿𝑑𝑦
    (4.4) 

 𝜆𝑄 =
𝛿𝑑𝑄𝑦

𝛿𝑑𝑦
    (4.5) 

𝜆𝑅 =
𝛿𝑟

𝛿𝑑𝑦
=

𝛿𝑑𝑁𝑦(1−𝐵) 

𝛿𝑑𝑦
= 𝜆𝑁(1 − 𝐵)  (4.6) 

After some algebra with Eqs. (4.2) and (4.5), the dissipated energy can be expressed by: 

𝜂𝐻 = 2(𝜇𝑑 − 1) + 
2𝐵

2−𝐵
(1 − 𝜆𝑁) + 

4−4𝐵

2−𝐵
(1 − 𝜆𝑄) (4.7) 

Two different cases can be considered depending on the relative values of dQy and dNy. 

The first case is dQy>dNy and is shown in Figure 4.2, for which 𝜆𝑄 = 1 and 𝜆𝑁 < 1. The 

second case is dNy>dQy and is shown in Figure 4.1, for which 𝜆𝑁 = 1 and 𝜆𝑄 < 1.  
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Fig. 4.2 Hysteretic behaviour of the components with dQy>dNy: (a) elastic-plastic representing 

TTD, (b) flag-shape representing SMA, (c) mixed damper TTD-SMA. 

Focusing on the first case (Q=1), fixing 𝜇𝑑=1 and varying the two independent variables 

B and 𝜆𝑁 between 0 and 1, the values of 𝜂𝐻  and 𝜆𝑅 can be readily obtained from Eqs. 

(4.2) and (4.6). The results are plotted in Figure 4.3(a). The normalized dissipated energy 

  is seen to increase as the normalized residual deformation 𝜆𝑅 decreases. Also, the 

lower λN, the lower the residual displacements, enhancing re-centering capability. As for 

the second case (i.e. for N=1), fixing 𝜇𝑑=1 and varying the two independent variables B 

and 𝜆𝑄 between 0 and 1, the corresponding values of 𝜂𝐻  and 𝜆𝑅 can be obtained from 

Eqs. (4.2) and (4.6). The results are plotted in Figure 4.3(b), showing that normalized 

dissipated energy  increases with normalized residual deformation 𝜆𝑅. Also, the lower 

𝜆𝑄, the higher the normalized energy dissipation capacity. The aforementioned trends in 

both cases do not change for 𝜇𝑑>1 since, as observed in Eq. (4.7), this simply increases 

the value of 𝜂𝐻 by the amount 2(𝜇𝑑 − 1); that is, it moves upwards the surfaces plotted 

in Figure 4.3. In both cases, for any N, increasing B always reduces the normalized 

residual deformation, since R=N(1-B). Figure 4.3(c) shows the relation between 𝜂𝐻  - 

𝜆𝑅 superimposing in the first case (Q=1: circle symbols) and the second case (N=1: 

square symbols). Realistic values of B (between 0.1 and 0.5) are plotted with different 

colors: blue for B=0.1, magenta for B=0.5 and intermediate colors for 0.1<B<0.5. The 

symbols with the same B in each case are joined with straight lines. 

 

(a)    (b)    (c)

 
Fig. 4.3 Energy dissipation of the TTD-SMA in static conditions for 𝜇𝑑=1: (a) ηH, λR, λN for 

λQ=1, (b) ηH, λR, λQ for λN=1; (c) ηH, λR 
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4.2 RECENTERING CAPABILITY OF FRAMES WITH TTD-SMA DAMPERS 

UNDER DYNAMIC SEISMIC CONDITIONS 

In contrast to the single TTD-SMA damper under static loading addressed in the previous 

section, the structural systems subjected to dynamic seismic conditions possess both 

kinetic and potential energy and are subjected to parasite non-conservative forces at the 

end of the external action. The value of these energies is not known a priori for a given 

displacement, so that the recentering condition can only be established on a probabilistic 

or statistical basis [EN 15129 (2018)]. In this section, the advanced TTD-SMA dampers 

described above are installed in all stories of frame structures, and the dynamic response 

of the complete system under two sets of ground motions is investigated. Numerical 

models having different levels of complexity are used to represent the frames with the 

advanced TTD-SMA dampers. First, the simplest shear-type single degree of freedom 

(SDOF) system representing a one-story frame is studied to grasp the general trends of 

the response. Next, shear type multi-degree of freedom (MDOF) systems are addressed. 

Finally, multistory frames idealized with finite element (FE) models are considered. The 

nonlinear time-history analyses were conducted with OpenSees software (2010). 

In shear-type (SDOF or MDOF) systems, the restoring force exerted by the frame at each 

story i, Vpi, follows an elastic-perfectly plastic model. The restoring force of the advanced 

damper is made up of the two parts (elastoplastic part for the TTD and super-elastic part 

for the SMA) shown in Figures 4.1 and 4.2. The relevant properties of the numerical 

models at each story i are the force Vpyi and inter-story drift pyi of the frame at yielding; 

the force VdQyi and inter-story drift dQyi of the TTD at yielding; the force VdNyi and inter-

story drift dNyi of the SMA at yielding; and the total initial (elastic) lateral stiffness 

ki=(Vpyi /pyi)+(VdQyi /dQyi)+(VdNyi /dNyi). In the shear-type models, the distribution of ki 

among stories is forced to follow a linear law characterized by the ratio=kN/k1, where 

N denotes the top story. The value of parameter B is taken as the same in all stories. The 

same mass mi=m is also assumed in all levels. Moreover, the strength ratios 𝑟𝑞𝑖 =
𝑉𝑑𝑁𝑦𝑖(1−𝐵)

𝑉𝑑𝑄𝑦𝑖+𝑉𝑝𝑦𝑖
 and fi= 

(𝑉𝑑𝑁𝑦𝑖+𝑉𝑑𝑄𝑦𝑖)

𝑉𝑝𝑦𝑖
 defined in Chapter 3 are taken into account.   

Parameter rqi measures the importance, in terms of strength, of the recentering component 

of the SMA. In all the models analyzed, rqi and fi had the same value, rqi=rq and fi=f, in 

all stories. In the FE models, Vpyi and pyi are obtained from a pushover analysis of the 

frame using a distribution of lateral loads proportional to the first vibration mode, and 

approximating the story shear vs. inter-story drift obtained from this analysis with two 

segments: the first segment is tangent to the curve at the origin and the second one is 

horizontal. At the global level, the numerical models are characterized by the fundamental 

period T1 and the base shear force coefficient defined by  𝛼1 = (𝑉𝑝𝑦1 + 𝑉𝑑𝑄𝑦1 +

𝑉𝑑𝑁𝑦1)/(𝑀𝑇𝑔), where MT is the total mass of the building and g the gravity acceleration. 

As for the ground motions, the two sets of records used in Chapter 3, representative of 

non-impulsive and impulsive earthquakes, are selected from the PEER database [PEER 

NGS-West2 (2016)]. Tables 3.2 and 3.3 give the records together with their magnitude 

and peak ground acceleration (PGA). The response parameters of interest at each story i 

are: ∆𝜂𝑝𝑖 = 𝛿𝑝𝑟𝑖/𝛿𝑝𝑦𝑖 ; 𝛿𝑝𝑟𝑖/𝛿𝑝𝑚𝑎𝑥𝑖 ; 𝜇𝑝𝑖 = (𝛿𝑝𝑚𝑎𝑥𝑖 − 𝛿𝑝𝑦𝑖  )/𝛿𝑝𝑦𝑖  and ESi/EHi. Here, 𝛿𝑝𝑟𝑖  is 

the residual inter-story plastic deformation of the frame when its motion ends after the 
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ground motion fades away; 𝛿𝑝𝑚𝑎𝑥𝑖 is the maximum inter-story drift; ESi  is the energy 

stored in form of elastic deformations when the story reaches the maximum deformation 

𝛿𝑝𝑚𝑎𝑥𝑖 as given by Equation (4.8), and EHi is the hysteretic energy dissipated when the 

story experiences one excursion of plastic deformation up to the maximum inter-story 

drift 𝛿𝑝𝑚𝑎𝑥𝑖, as given by Equation (4.9). 

𝐸𝑠𝑖 = 0.5𝑉𝑑𝑄𝑦𝑖𝛿𝑑𝑄𝑦𝑖 + 0.5𝑉𝑑𝑁𝑦𝑖𝛿𝑑𝑁𝑦𝑖 + 𝑉𝑑𝑁𝑦𝑖(1 − 𝐵)(𝛿𝑝𝑚𝑎𝑥𝑖 − 𝛿𝑑𝑁𝑦𝑖) + 0.5𝑉𝑝𝑦𝑖𝛿𝑝𝑦𝑖 (4.8) 

𝐸𝐻𝑖 = 𝑉𝑑𝑄𝑦𝑖(𝛿𝑝𝑚𝑎𝑥𝑖 − 𝛿𝑑𝑄𝑦𝑖) + 𝐵𝑉𝑑𝑁𝑦𝑖(𝛿𝑝𝑚𝑎𝑥𝑖 − 𝛿𝑑𝑁𝑦𝑖) + 𝑉𝑝𝑦𝑖(𝛿𝑝𝑚𝑎𝑥𝑖 − 𝛿𝑝𝑦𝑖) (4.9) 

4.2.1 Response of one-story structures modelled as shear-type SDOF systems 

Shear-type SDOF systems representing a single-story frame equipped with a TTD-SMA 

damper are subjected to seven non-impulsive ground motions as shown in Table 3.2. The 

period was fixed to T1=1 s, and the following additional criteria were imposed: 𝑉𝑝𝑦1 =

𝑉𝑑𝑁𝑦1 + 𝑉𝑑𝑄𝑦1 and 𝛿𝑑𝑁𝑦1 = 𝛿𝑑𝑄𝑦1 = 0.4𝛿𝑝𝑦1. Different values of the parameters B (=0 and 

0.3) and rqi (=0.2, 0.33, 0.5, 1.0, 1.5 and 2.0) were investigated. The inherent damping 

fraction of the systems was assumed zero. The accelerograms were scaled so that the total 

amount of energy E input by the ground motion expressed in terms of equivalent velocity 

by √2𝐸/𝑀 was 100 cm/s. The results of the time history analyses are shown in Figure 4.4 

in terms of the relationship between p1 and rq1 for B=0 (Figure 4(a)) and for B=0.3 

(Figure 4.4(b)). As observed in the Figure, p1 sharply diminishes as rq1 increases, 

because the re-centering force provided by the super-elastic element SMA takes on 

greater importance in the system. For rq1>0.5, residual displacements remain almost 

constant, irrespective of rq1. The trend and values are very similar for B=0 and B=0.3. The 

mean values of rq1 are joined with a red dashed line in Figure 4.4. 

(a)      (b) 

  

Fig. 4.4 Relation between p1 and rq1 for shear-type SDOF systems: (a) B=0, (b) B=0.3 

Figures 4.5 and 4.6 show the ratio ES1/EH1 ratio against ∆𝜂𝑝1 and δpr1/δpmax1, respectively. 

It can be seen that both ∆𝜂𝑝1 and δpr1/δpmax1 increase very sharply for (ES/EH)<(1/3). As 

ES1/EH1 increases above 1/3, ∆𝜂𝑝1 and δpr1/δpmax1 decrease, remaining approximately 

below 1 and 1/3, respectively. It is worth noting that i<1 means that the residual inter-

story drift remains below the yield drift of the frame. The strong dependence of ∆𝜂𝑝1or 

δpr1/δpmax1 on ES1/EH1 makes the latter a good candidate to characterize the recentering 

capacity of the structure.  
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(a)      (b) 

  
Fig. 4.5 Relation between ES1/EH1 and p1 for shear-type SDOF systems: (a) B=0, (b) B=0.3 

(a)      (b) 

  
Fig. 4.6 Relation between ES1/EH1 and δpr1/δpmax1 for shear-type SDOF systems: (a) B=0, (b) 

B=0.3 

4.2.2 Response of multistory structures modelled as shear-type MDOF systems 

In this section, multistory frame structures having 3, 6 and 9 stories, equipped with 

advanced TTD-SMA dampers defined in section 3.2.1 of Chapter 3 are investigated. The 

frame was idealized with a shear-model where the mass of each floor is lumped at a point, 

and each mass point has a single degree of freedom (horizontal displacement). The mass 

points are connected by three springs working in parallel that represent the restoring force 

exerted by the main structure (STR), the TTD and the SMA (see Figure 3.1). Shear-type 

models have the advantage of limiting the number of variables involved in the problem. 

Yet they are not able to capture the redistribution of internal forces among stories. For the 

sake of simplicity (i.e. to reduce the number of variables involved), zero post-elastic 

stiffness is assumed in all springs. The normalized hysteretic energy of a given story i is 

defined here as the total amount of energy dissipated by the story through (cumulative) 

plastic deformations divided by the product of the yield strength and yield inter-story drift 

of the story. The values of the parameters involved are the same that the ones defined in 

section 3.2.1 of Chapter 3. The sum of cases studies used for this research are listed in 

Table 3.1. These MDOF systems were subjected to seven impulsive and seven non-

impulsive ground motions as listed in Tables 3.2 and 3.3. All ground motions were scaled 

so that the total energy E input by the earthquake expressed in terms of equivalent velocity 

by √2𝐸/𝑀 was 150cm/s. The few numerical simulations in which the frame remained 

elastic were excluded from the study.  
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For each MDOF system subjected to each ground motion, the ratio 𝛥𝜂𝑝𝑖 /𝜇𝑝𝑚𝑎𝑥𝑖  was 

calculated at each story i. The resulting values were grouped in four sets having the same 

B and subjected to the same type of ground motion. The mean value 𝛥𝜂𝑝/𝜇𝑝𝑚𝑎𝑥 

(=mean{ 𝛥𝜂𝑝/𝜇𝑝𝑚𝑎𝑥}) for a given rq was obtained and approximated with a regression 

curve obtained by applying the least-square method. Recalling the definition of 𝛥𝜂𝑝𝑖and 

𝜇𝑝𝑚𝑎𝑥𝑖  in previous sections, 𝛥𝜂𝑝𝑖 /𝜇𝑝𝑚𝑎𝑥𝑖  represents the residual inter-story plastic 

deformation at the i-th story of the frame when the ground motion fades away, pri, 

divided by its corresponding maximum apparent plastic deformation during the 

earthquake (pmaxi-pyi). The results are shown in Figure 4.7. The solid black curve 

corresponds to non-impulsive earthquakes, while B=0 and is given by 𝛥𝜂𝑝/𝜇𝑝,𝑚𝑎𝑥 =

1/(1 + 9𝑟𝑞); introducing awhere  denotes the standard deviation, the dot black lines 

are obtained, given by 𝛥𝜂𝑝/𝜇𝑝,𝑚𝑎𝑥 = 1/(1 + 6𝑟𝑞) and 𝛥𝜂𝑝/𝜇𝑝,𝑚𝑎𝑥 = 1/18𝑟𝑞. The solid red 

curve corresponds to impulsive earthquakes, and B=0 and is given by 𝛥𝜂𝑝/𝜇𝑝,𝑚𝑎𝑥 =

1/(1 + 10𝑟𝑞); introducing awhere  denotes the standard deviation, the dot red lines 

are obtained, which are given by 𝛥𝜂𝑝/𝜇𝑝,𝑚𝑎𝑥 = 1/(1 + 7𝑟𝑞) and 𝛥𝜂𝑝/𝜇𝑝,𝑚𝑎𝑥 = 1/17𝑟𝑞 . 

Comparing the black and red curves, no significant differences are observed between 

impulsive and non-impulsive ground motions. The corresponding mean, mean+ and 

mean- curves for non-impulsive earthquakes and  B=0.3 are plotted in green color in 

Figure 8, and the equations are 𝛥𝜂𝑝/𝜇𝑝,𝑚𝑎𝑥 = 1/(1 + 11𝑟𝑞), 𝛥𝜂𝑝/𝜇𝑝𝑚𝑎𝑥 = 1/(1 + 8𝑟𝑞) and 

𝛥𝜂𝑝/𝜇𝑝,𝑚𝑎𝑥 = 1/20𝑟𝑞 . The corresponding mean, mean+and mean- curves for 

impulsive earthquakes and B=0.3 are plotted in blue color in Figure 8, and the equations 

are 𝛥𝜂𝑝/𝜇𝑝,𝑚𝑎𝑥 = 1/(1 + 13𝑟𝑞) , 𝛥𝜂𝑝/𝜇𝑝,𝑚𝑎𝑥 = 1/(1 + 8𝑟𝑞) and 𝛥𝜂𝑝/𝜇𝑝,𝑚𝑎𝑥 = 1/23𝑟𝑞 . 

Comparing the curves corresponding to B=0 with those for B=0.3, no significant 

differences are observed.  

 
Fig. 4.7 Ratio 𝛥𝜂𝑝/𝜇𝑝𝑚𝑎𝑥 vs rq parameter 

The ratio of elastic to hysteretic energies ESi /EHi was calculated at the instant of maximum 

displacement in the i-th story, for each MDOF system and ground motion. This ratio is 

plotted against  𝛿𝑝𝑟𝑖/𝛿𝑝𝑚𝑎𝑥𝑖 in Figures 4.8-4.11 for the two types of ground motions and 

the two values of B. Each plot within each Figure corresponds to a different combination 

of variables N, and1. Comparing Figures 4.8 and 4.9 (B=0) with Figures 4.10 and 

4.11 (B=0.3) it can be seen that, for both impulsive and non-impulsive earthquakes, the 

ratio ESi /EHi  for a given 𝛿𝑝𝑟𝑖/𝛿𝑝,𝑚𝑎𝑥𝑖 in the range 𝛿𝑝𝑟𝑖/𝛿𝑝,𝑚𝑎𝑥𝑖<0.2, is clearly smaller for 

B=0.3 than for B=0. This is due to the fact that the hysteretic energy EHi increases with B. 

Comparing Figure 4.8 with Figure 4.9, and Figure 4.10 with Figure 4.1, no significant 



Chapter 4.Recentering capability: prediction and control of residual plastic deformations 

135 

differences are observed between impulsive and non-impulsive earthquakes for the same 

B. The ratio ESi/EHi is plotted against  ∆𝜂𝑝𝑖  in Figures 4.12-4.15. The same trends 

mentioned for ESi/EHi vs 𝛿𝑝𝑟𝑖/𝛿𝑝,𝑚𝑎𝑥𝑖 are also observed for ESi/EHi vs ∆𝜂𝑝𝑖. In all cases, 

Figures 4.8-4.15 confirm the following observation derived from the study of the SDOF 

systems: if ES1/EH1 increases above 1/3, ∆𝜂𝑝1 and δpr1/δpmax1 decrease drastically, 

respectively remaining below 1 and 1/3. This again confirms the appropriateness of the 

ratio ESi/EHi to control the residual plastic deformations. 

 
 

 
 

 
 

 
 

 
 

Fig. 4.8 Relation between ESi/EHi and δpri/δpmaxi for MDOF systems with B=0 subjected to 

impulsive earthquakes  
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Fig. 4.9 Relation between ESi/EHi and δpri/δpmaxi for MDOF systems with B=0 subjected to non-

impulsive earthquakes 
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Fig. 4.10 Relation between ESi/EHi and δpri/δpmaxi for MDOF systems with B=0.3 subjected to 

impulsive earthquakes 
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Fig. 4.11 Relation between ESi/EHi and δpri/δpmaxi for MDOF systems with B=0.3 subjected to 

non-impulsive earthquakes 

  



Chapter 4.Recentering capability: prediction and control of residual plastic deformations 

139 

 

 

 
 

 
 

 
 

 
 

 
 

Fig. 4.12 Relation between ESi/EHi and ∆𝜂𝑝𝑖 for MDOF systems with B=0 subjected to 

impulsive earthquakes 
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Fig. 4.13 Relation between ESi/EHi and ∆𝜂𝑝𝑖 for MDOF systems with B=0 subjected to non-

impulsive earthquakes 
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Fig. 4.14 Relation between ESi/EHi and ∆𝜂𝑝𝑖 for MDOF systems with B=0.3 subjected to 

impulsive earthquakes 
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Fig. 4.15 Relation between ESi/EHi and ∆𝜂𝑝𝑖 for MDOF systems with B=0.3 subjected to non-

impulsive earthquakes 
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4.2.3 Response of multistory structures modelled as frame-type MDOF systems 

In this section, multistory frame structures are idealized with realistic FE models that are 

able to capture the distribution of internal forces among the stories and include non-zero 

post-elastic stiffness, following the same explanation of the section 3.3 of Chapter 3. The 

properties and characteristics of the numerical modelling are defined in section 3.3.1. and 

illustrated in Figure 3.30. Same five case studies are used to perform the nonlinear time 

history analyses. The two sets of ground motions considered for these systems are 

summarized in Tables 3.5 and 3.6 of Chapter 3. The ground motion records selected are 

intentionally different from those used with the shear-type models. The ground motions 

are scaled so that the total energy input by the earthquake E minus the energy dissipated 

by inherent damping E, expressed in terms of equivalent velocity by  √2(𝐸 − 𝐸𝜉)/𝑀 , is 

300 cm/s. This input energy is made intentionally large in order to clearly obtain a 

nonlinear response on the frame. 

Figures 4.16 and 4.17 show the ratio of elastic to hysteretic energies ESi /EHi calculated at 

the instant of maximum displacement in the i-th story for each case study and for each 

ground motion. This ratio is plotted against  𝛿𝑝𝑟𝑖/𝛿𝑝,𝑚𝑎𝑥𝑖 in Figure 4.16 and against ∆𝜂𝑝𝑖 

in Figure 4.17. The points plotted in red in these figures correspond to δpri/δp,maxi>(1/3) in 

Figure 4.16, and to δpr/δp,max>(1/3) in Figure 4.17. The results confirm the observations 

and trends unveiled from the much larger number of non-linear time history analyses 

conducted on shear-type SDOF and MDOF systems in previous sections: for 

ESi/EHi>(1/3), ∆𝜂𝑝𝑖 and δpri/δpmaxi decrease drastically below 1 and 1/3, respectively. It is 

also worth noting that the increase of ∆𝜂𝑝𝑖and δpri/δpmaxi when ESi/EHi is slightly below 1/3 

is very sharp. This increase is slightly more pronounced in the impulsive earthquakes than 

in the non-impulsive ones. 
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(a)  

 

(b)  

 

(c)  

 

(d)  

 

(e)  

 

Fig. 4.16 Relation between ESi/EHi and δpri/δpmaxi for (a) CASE 1; (b) CASE 2; (c) CASE 3; (d) 

CASE 4; (e) CASE 5 
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(a)  

 

(b)  

 

(c)  

 

(d)  

 

(e)  

 

Fig. 4.17 Relation between ESi/EHi and ∆𝜂𝑝𝑖 for (a) CASE 1; (b) CASE 2; (c) CASE 3; (d) 

CASE 4; (e) CASE 5 
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4.3 RECENTERING CAPABILITY OF FRAMES WITH TTD-SMA DAMPERS 

UNDER DYNAMIC SEISMIC CONDITIONS 

To satisfy the performance level of Life Safety (LS), the document VISION2000 

[SEAOC (1995)] establishes the following two limits: δpri0.005hi and δp,maxi0.015hi, 

where hi is the story height. The first one, δpri0.005hi, is consistent with the results of the 

recent studies discussed in section 1.1.4 of Chapter 1, showing that residual drifts above 

0.005hi represent the total loss of a building from an economic standpoint. Based on these 

considerations, as a minimum requirement, it is proposed here that the re-centering 

capability of the structure should be large enough to guarantee that 

(δpri/δpmaxi)(0.005hi/0.015hi), that is, δpri/δpmaxi1/3. In turn, according to the results 

presented in Figures 4.6, 4.8-4.11 and 4.16, the upper bound of the points representing 

the response of each story can be approximated by Equation (4.10), plotted with green 

dot lines in the Figures.  

𝐸𝑠𝑖

𝐸𝐻𝑖
= (

1

3
) + {

1

20
𝛿𝑝𝑟𝑖

𝛿𝑝𝑚𝑎𝑥𝑖
 −3
}  (4.10) 

Taking into account the minimum re-centering capability requirement proposed above 

(i.e. δpri/δpmaxi1/3), and according to the results of previous sections summarized in 

Equation (4.11), the following condition is proposed for design purposes:  

𝐸𝑠𝑖

𝐸𝐻𝑖
≥ 𝑚𝑎𝑥 {3 − 8

𝛿𝑝𝑟𝑖

𝛿𝑝𝑚𝑎𝑥𝑖
,
1

3
}  (4.11) 

The curve defined by Equation (4.11), with  replaced by =, is plotted with dash blue 

lines in Figures 4.6, 4.8-4.11 and 4.16. It can be seen that most (over 84%) of the response 

points are located in the domain defined by Eq. (4.11). And what is more important, for 

all response points with Esi/EHi1/3, the normalized residual deformation is below the 

maximum value proposed above, i.e. δpri/δpmaxi 1/3. Of course, the designer can establish 

more stringent limits for the maximum normalized residual deformation δpri/δpmaxi, and 

Equation (4.12) gives the Esi/EH required to provide the necessary re-centering capacity.   

According to the results presented in Figures 4.5, 4.12-4.15 and 4.17, the upper bound of 

the points representing the response of each story in terms of Esi/EHi vs i can be 

approximated by Equation (4.12), which is plotted with green dot lines in the Figures.  

𝐸𝑠

𝐸𝐻
= (

1

3
) + {

1

5𝛥𝜂𝑝𝑖−1
}   (4.12) 

The ratio pi (=pri/pyi) has also been used in the literature [Akiyama (2002)] to measure 

the residual deformations of structural systems. It is desirable that the residual inter-story 

drift pri be smaller than the yield inter-story deformation of the frame pyi , since this 

means that the main structure remains within the elastic range when the earthquake fades 

away. Following this criterion, the limiting condition for the structure to possess adequate 

re-centering capacity is pi=1, that is, pri=pyi. The exact calculation of pyi for an RC 

or for a steel frame requires complicated calculations. Nevertheless, it has been shown 

[Akiyama (1985)] that the values obtained for different types of frames are highly stable 
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around pyi(1/150)hi. This value is very close to the one identified in previous studies as 

critical for preventing a building from demolition after an earthquake, (1/200)hi. 

Considering the minimum re-centering capability required above, i.e. pi1, and 

according to the results of previous sections summarized in Equation (4.12), the following 

condition, alternative to Equation (4.11), is proposed for design purposes:  

𝐸𝑠𝑖

𝐸𝐻𝑖
≥ 𝑚𝑎𝑥 {3 −

8

3
𝛥𝜂𝑝𝑖 ,

1

3
}  (4.13) 

The minimum Esi/EHi (1/3) proposed in this section (i.e. Equations 4.11, 4.13) for a frame 

with advanced EDDs to possess acceptable recentering capability is slightly more 

stringent than the value (Esi/EHi1/4) proposed by Medeot (2004, 2008, 2012) for base 

isolated structures.  

4.4 CONCLUSIONS  

This Chapter investigated the recentering capability of frames equipped with advanced 

TTD-SMA dampers that combine in parallel an elastoplastic element with a super-elastic 

element. Extensive nonlinear time history analyses are conducted on different structures 

subjected to impulsive and non-impulsive earthquakes. The following conclusions are 

reached: 

1) In a single advanced TTD-SMA damper under static conditions, the amount of 

dissipated energy increases as the residual deformation decreases if the yielding 

of the super-elastic elements precedes that of the elastoplastic element; however, 

the tendency is the opposite if the elastoplastic element yields first.   

2) The residual i-th inter-story drift on frames equipped with advanced TTD-SMA 

dampers under dynamic seismic conditions is strongly influenced (controlled) by 

the quotient between the amount of energy stored in the form of elastic 

deformations, ESi, and the amount of energy dissipated through plastic 

deformations, EHi, in a single excursion up to the maximum displacement.  

3) The (normalized) residual inter-story drift of frames equipped with advanced 

TTD-SMA dampers subjected to dynamic seismic loading increases very sharply 

when ESi/EHi is less than 1/3, while it decreases smoothly as ESi/EHi increases 

above 1/3.  

4) To guarantee an appropriate recentering capacity of the whole frame with 

advanced TTD-SMA dampers, the ratio ESi/EHi should be larger than 1/3.  

5) Two new equations are proposed to relate the normalized residual inter-story 

drifts with the ratio ESi/EHi. 
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Chapter 5. BIDIRECTIONAL SHAKE TABLE TESTS ON A 

REINFORCED CONCRETE STRUCTURE EQUIPPED WITH 

TTD-SMA DAMPERS 

 

In this chapter, the realistic behaviour of a 3D reinforced concrete structure equipped with 

the advanced dampers described in Chapter 2 is investigated experimentally. Chapter 2 

studied the advanced dampers isolated from the structure, as an independent structural 

element, in order to fully characterize their behaviour. In this chapter, the experimental 

campaign involves shake table tests reproducing the action of two horizontal components 

of the ground motion simultaneously. Moreover, the specimen is built intentionally with 

a relevant eccentricity between the mass and torsion centres in one direction, so the effects 

of torsion in the structure are considered. 
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The ideation and design of these shake table tests are part of a previous research 

developed between 2014 and 2016 within the research project funded by Junta de 

Andalucía DIMFO (Proyecto de Excelencia PE2012 TEP12 2429) leaded by Amadeo 

Benavent-Climent. The contribution of this Thesis consisted on the active participation 

in the tests carried out in June 2018 and the extraction and analysis of the data. This results 

directly concerns to the main topic of this Thesis, that is the seismic design of structures 

with advanced energy dissipation devices using energy-based methods. 

To this extent, the objectives of this research regarding the dissertation are: 

1) To evaluate the seismic response of reinforced concrete structures equipped with 

advanced energy dissipation devices that combines an elastoplastic element with 

a superelastic element, especially in terms of protection from damage and residual 

deformations on the main structure. 

2) To determine experimentally, and for the case of bidirectional actions, the value 

of key parameters that are involved into the energy balance equations of Housner-

Akiyama, as described in Chapter 3.  

5.1 PROTOTYPE STRUCTURE AND TEST SPECIMEN 

The prototype structure consists on a conventional three-story reinforced concrete 

building of waffle flat plates supported on isolated columns (referred to as main prototype 

structure herein), equipped with displacement-dependent dampers. The height of the first 

story is 3.5m and 3.1m for the rest of stories. The span between columns is 5.0m in X 

direction and 6.0m in Y direction, with a quincunx grid distribution. The main prototype 

structure is shown in Figure 5.1. 

(a)      (b)      

 
Fig. 5.1 Prototype structure (a) plan, (b) elevation 

The design of the main prototype structure (i.e. without the dampers) was carried out 

following the limited-state method prescribed by the Spanish Concrete Code EHE-08 

(2008) to support only the gravity loads. The dead loads considered for the roof were 

3.46kN/m2 and 3.13kN/m2 for the rests of the floors. As for the live loads the considered 
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values were 1.0kN/m2 and 2.0kN/m2, respectively. The mechanical properties assumed 

for materials were 25MPa for the concrete compressive strength and 500MPa for steel 

yielding. The concrete plates have 0.35m depth with solid slabs around columns and an 

orthogonal grid of ribs placed each 0.83m that creates voids in the plates for lightening 

the weight. Spandrel beams were placed in the perimeter of each slab with the same depth.  

A portion of the main prototype structure was extracted by cutting through points and 

lines of nominal zero bending moments under lateral loads, as shown in Figure 5.1 with 

hatched area. This partial structure has one-story and a half height and one-bay and a half 

width. This portion of the main prototype structure was scaled by applying a factor 2/5 

for length (λL) to define the test specimen that represented the main structure. The 

following additional scaling factors were also used: 1.0 for acceleration (λa) and 1.0 for 

stresses (λσ). The rest of physical quantities were scaled to satisfy similitude demands. 

The geometry and reinforcing details of the test specimen representing the main structure 

is shown in Figures 5.2 and 5.3. Concrete and steel used in the specimen were tested 

separately. The compression strength obtained from standard size cylindrical test on 

concrete were 43MPa on the 28th day and 44MPa on the day of the dynamic tests. As for 

the steel, the yield stress was 525MPa. The resultant overstress is taken into account in 

the post process of the data.  

The test specimen representing the main structure and designed only for gravity loads 

was equipped with a set of displacement-dependent dampers that provided the seismic 

resistance. The advanced dampers with recentering properties (i.e. those that combine 

TTD and SMA elements studied in Chapter 2) were installed in the first story, while the 

dampers installed in the second story are typical metallic dampers (i.e. TTD dampers 

without SMA). They were installed as diagonal bars. Three TTD dampers are located in 

the upper story (Damper 4, 5 and 6, hereafter), and three advanced dampers (that combine 

TTD and SMA elements) are arranged in the lower story (Damper 1, 2 and 3, hereafter). 

The overall layout is shown in Figure 5.4 and will be referred hereafter as specimen SD2. 

  



Chapter 5. Bidirectional shake table tests on a RC structure with TTD-SMA dampers 

152 

 

 

Fig. 5.2 Geometry and reinforcement of columns, beams and footings for specimen SD2 
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Fig. 5.3 Geometry and reinforcement of waffle flat plate for specimen SD2 
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5.2 DESCRIPTION OF THE TESTS 

The Earthquake Simulator of the University of Granada (UGR) was used for testing the 

specimen SD2. It consists on a bidirectional shaking table facility of 3x3m2 designed by 

the company MTS and it is located in the Laboratory of Structural Dynamics of the UGR. 

This facility has two horizontal and perpendicular actuators that allows to reproduce two 

different signals simultaneously. Figure 5.4 shows the specimen SD2 with the dampers 

mounted on the shaking table. Three identical dampers are installed in each storey as 

diagonal bars, referred here as Damper 1, Damper 2 and Damper 3 for the lower storey, 

and Damper 4, Damper 5 and Damper 6 for the upper storey. The mass of the upper part 

of the structure is represented with reactive steel blocks located at the top columns and 

on the waffle-flat plate.  

 

Fig. 5.4 Specimen SD2 with dampers (a) plan (b) elevation (dimensions in mm) 
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5.2.1 Test setup and instrumentation 

The overall setup can be seen in Figure 5.5. The test specimen was instrumented to obtain 

results not only for the purpose of this research but also for future investigations on the 

field. The instrumentation setup contains eight uniaxial accelerometers, eight 

displacements transducers (LVDTs), twelve load cells at the top of the columns and more 

than 400 strain gauges into the whole structure. All this instrumentation gives information 

of the specimen’s response in both directions and storeys. Moreover, a pair of LVDTs for 

each damper measure the values of the relative axial displacements between the tubes. 

Axial forces are obtained as the average value from six strain gauges fixed to the auxiliary 

square hollow sections (#80.4 mm) connecting the dampers to the main structure. A 

detailed description of a similar RC structure tested in previous studies and with a 

different type of damper can be found in [Benavent-Climent et al. (2019)]. 

 

Fig. 5.5 General view of the specimen SD2 on the shaking table (view from actuator X) 

5.2.2 Ground motion and loading program 

The specimen SD2 was subjected to eight seismic simulations, consecutively. All 

simulations are bidirectional with two horizontal components, north-south (NS) and east-

west (EW), of the ground motion recorded at Bar-Skupstina Opstine during Montenegro 

earthquake (1979), applied simultaneously. The amplitude scale factor of the ground 

motions is increased from 15% of the original record to 190%. The NS component is 

applied in the symmetrical direction axis of the test specimen (referred to as direction X), 

and the EW component in the orthogonal direction (referred to as direction Y). The 

original (unscaled) accelerations history recorded at Montenegro is plotted in Figure 5.6 

for both directions. The earthquake is a near-fault ground motion with a measured Peak 

Ground Acceleration of 0.375g (3680mm/s2) and an overall duration of 48s. 
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Fig. 5.6 Original Bar-Skupstina Opstine earthquake accelerations history 

The complete histories of acceleration applied to the shaking table in the X and Y 

horizontal directions are shown in Figure 5.7. The increasing amplitude selected for the 

successive simulations are SK15, SK25, SK50, SK100, SK130, SK130bis, SK160 and 

SK190, where SK stand for the name Skupstina and the number refers to the percentage 

applied to the original record. These simulations represent different seismic hazard levels 

at the site where the structure is assumed to be located (Granada, Spain) [Martínez Solares 

et. al. (2013)]. In this regard, the tests SK15, SK25 and SK50 are associated with “very 

frequent” earthquakes for the building site; SK100 corresponds to a “frequent” 

earthquake, SK130 is related to the “design earthquake”, and SK160 and SK190 

represents a “very rare” earthquake. Apart from the amplitude increment, the original 

record was scaled in time by a factor 𝜆𝑡 = √𝜆𝐿/𝜆𝑎 = √2/5  to fulfil similitude 

requirements on the specimen. Time scaling means a time contraction of the signal and, 

as a consequence velocities were also affected by their respective dimensional factor 

(𝜆𝑣 = 𝜆𝑎𝜆𝑡 = √2/5). 

 

Fig. 5.7 History of accelerations applied to the shaking table 

Figures 5.8 and 5.9 show the target spectra for acceleration, velocities, displacements and 

input energies (expressed in terms of equivalent velocity) for the increasing amplitude 

established for the tests and for each horizontal directions X and Y, respectively. Thick 

lines stand for the 100% amplitude as the reference curves (SK100). Curves below this 

reference curve represent lower amplitude factor and curves above depict higher 

amplitude factors.  
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Fig. 5.8 Target spectra input motions in X direction 

 

 

Fig. 5.9 Target spectra input motions in Y direction 
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5.3 DYNAMIC CHARACTERIZATION OF THE TEST SPECIMEN 

5.3.1 Idealized lumped mass model 

For convenience, the test specimen SD2 is idealized as a two-mass lumped model 

hereafter. The data from sensors is transferred to the mass centres of each level, 

considering a system with 3 Degrees of Freedom (DOFs) per lumped mass: two 

orthogonal horizontal translations in direction X and Y of the centres of mass, and one 

rotation about a vertical axis passing through the centres of masses. The eccentricity of 

the structure causes that the two centres of masses are not on the same vertical axis. The 

DOFs are numbered as follows: DOF1 is the X translation of the first level, DOF2 is the 

Y translation of the first level, DOF3 is the rotation about Z at first level, DOF4 is the X 

translation of the second level, DOF5 is the Y translation of the second level, DOF6 is 

the rotation about Z at second level. Figure 5.10(a) shows a representation of the specimen 

SD2 and Figure 5.10(b) the idealization. 

 

Fig. 5.10 (a) Specimen general geometry and (b) idealization 

The coherence between real gravity loads considered in design and the actual weights 

over the specimen are achieved by putting additional reactive steel blocks and the top of 

the upper story and in the slab plate. This steel blocks accounts for dead and live loads of 

the missing upper floors of the prototype structure. The total mass of the test specimen is 

13 816kg, which includes the self-weight of the reinforced concrete specimen (3 045kg) 

and the dampers, additional masses, hinges and hardware (10 771kg). The global mass 

per floor is assumed to be concentrated in the lumped points of the idealized model. It is 

worth noting that the half weight of the columns in the first storey and the footings are 

excluded from the total mass account. Within this criteria, the values for the lumped 

masses in the two levels results in 6 439kg for the first level lumped mass, and 6 554kg 

for the second level lumped mass. The coordinate origin is established at the intersection 

point of the exterior column with the slab (see Figure 5.10(a)), so all relative geometry is 

referred to this point. The information of the idealized lumped mass model is summarized 

in Table 5.1. 
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Table 5.1. Masses and coordinates of the centre of masses 

 Mass (kg) X (mm) Y (mm) Z (mm) 

Centre of mass 2 6 554 -1 334 0 780 

Centre of mass 1 6 439 -1 673 0 60 

5.3.2 Dynamic properties 

The dynamic characterization of the specimen is based on obtaining the natural periods 

and the damping ratios for each test. This information is computed from the history of 

displacements response at the end each test, when the shake table is completely stopped 

and the specimen is still moving in free vibration. The free vibration is the best situation 

to estimate natural periods and damping of the structure without ground motion 

interferences. However, the signal amplitude at these instants is very low. In this low-

amplitude free vibration the story force-displacement relationships are approximately 

linear and the corresponding slopes are associated with the periods of the damaged 

structure. 

Natural periods are calculated from the frequencies (f = 1/T) applying the Fast Fourier 

Transform (FFT) to the history of displacements of the specimen moving in free vibration 

at the end of each seismic simulation. As for the damping ratio, it is worth noting that it 

is a complex variable to define. In this Thesis, it is characterized in terms of equivalent 

viscous damping ratio ξeq, which shows similar decay rates under free-vibration 

conditions [Clough & Penzien (1992)]. The common equation used for computed the 

damping ratio is: 

ln (
𝑣𝑛

𝑣𝑛+𝑚
) =

2𝑚𝜋𝜉

√1−𝜉2
  (5.1) 

Here, vn is a positive peak displacement and vn+m is a positive peak displacement m cycles 

later. In this Thesis, Matlab algorithms are used to calculate these ratios. From the free-

vibration history of displacements of the specimen at the end of each seismic simulation 

two exponential functions with the form 𝑓(𝑡) = 𝑎𝑒𝑏𝑥 are fitted to the envelope peaks of 

the signal, one in positive domain and other in negative domain. The damping ratio is 

associated with the exponent of this function by the expression 𝑓(𝑡) = 𝜌𝑒−𝜉𝜔𝑡. The final 

value for the damping ratios is obtained as the average value of the two functions. 

Although the damping ratio is strongly dependent on the range of data considered, this 

rough procedure is a simple way to obtain an approximation of this complex variable. 

Figure 5.11 shows an example of the history of displacements considered at the end of 

seismic simulation SK100 with black line and the fitted exponential curves with red 

dashed lines. The evolution of the damping ratios and the two first natural periods and 

frequencies are listed in Table 5.2. 
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Fig. 5.11 History of displacements in the first floor in X direction at the end of seismic 

simulation SK100 and fitted curves for obtaining the damping ratio 

 

Table 5.2. Evolution of natural periods, frequencies and damping ratios 

Test T1 (s) f1 (Hz) T2 (s) f2 (Hz) ξ1 (%) 

Prior 0.27 3.7 0.18 5.5 3.6 

SK15 0.27 3.7 0.18 5.5 3.6 

SK25 0.28 3.6 0.21 4.8 3.6 

SK50 0.28 3.6 0.21 4.8 3.6 

SK100 0.28 3.6 0.21 4.8 3.6 

SK130 0.28 3.6 0.21 4.8 3.7 

SK130bis 0.28 3.6 0.21 4.8 3.7 

SK160 0.28 3.6 0.20 5.1 3.9 

SK190 0.28 3.6 0.20 5.1 4.0 

 

From Table 5.2, it can be seen that the dynamic properties of the specimen hardly changed 

during the tests; this indicates that the main structure underwent very limited damage, that 

is, the dampers protected effectively the main structure. First natural period keeps almost 

constant along all the tests, with a slightly increment in the period after SK25. Second 

natural period also grows after SK25. It seems that minor cracking on the concrete 

columns could produce little changes after this simulation. In the tests SK160 and SK190 

the second natural period slightly varies in the opposite way that it is expected. Since it is 

a little variation, it can be associated with some tiny differences on the signal. Regarding 

the damping ratios, their value increases after each simulation but this increase is very 

limited; this further confirms that the main structure remained basically undamaged. In 

conclusion, it can be said that the specimen’s dynamic properties kept in the same range 

along the tests. As discussed in Section 5.4.5, this is mainly because great part of the 

energy absorbed is dissipated through the dampers. 
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5.4 ANALYSIS OF THE RESULTS OF BIDIRECTIONAL SHAKING TABLE TESTS 

5.4.1 Response of the dampers 

The response of the dampers is characterized by their hysteretic curves in terms of axial 

force Q and axial displacement δ. Axial forces are obtained as the average value from six 

strain gauges fixed to the auxiliary square hollow sections (#80.4mm) connecting the 

dampers to the main structure. Relative axial displacements between the tubes of the 

dampers are measured from a pair of displacement transducers (LVDTs) for each damper, 

which average value is computed. Figure 5.12 shows the complete Q-δ curves of the six 

dampers installed on the specimen over all the tests carried out. It is worth remembering 

that the dampers in the upper floor (Damper 4, 5, 6) consist on a Stainless-Steel Tube-in-

Tube Damper (TTD) and the dampers in the lower floor involve the TTD and a nickel-

titanium (NiTi) Shape Memory Alloys (SMA) bar with recentering properties working in 

parallel (Damper 1, 2, 3). That is, the advanced dampers with recentering properties are 

installed only in the first story. The dampers installed in the second story are typical 

metallic dampers.  

(a)    (b)    (c)  

 
(d)    (e)    (f)  

 
Fig. 5.12 Q-δ curves obtained from the shaking table tests; (a) Damper4, (b) Damper5, (c) 

Damper6, (d) Damper1, (e) Damper2, (f) Damper3,  

All dampers endured large plastic deformations but without failure, as explained in 

Chapter 2. The maximum absolute displacement reached for each damper in successive 

tests are summarized in Table 5.3, where the capital letter D refers to Damper. Recalling 

Chapter 2, the yield displacements’ estimation for the dampers under dynamic conditions 

are δyDYN=1.73mm for the TTDs and δLs=5.0mm for the SMA. From this table it can be 

seen that the TTDs remain elastic in the first two test (SK15 and SK25) and the SMA did 

not start the phase transformation until SK130. Although Damper 1 experienced the 

highest displacements (around 40% greater values), similar range of absolute maximum 

deformations are found comparing the dampers’ response.  
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Table 5.3. Absolute maximum dampers’ displacements 

Test D1 

(mm) 

D2 

(mm) 

D3 

(mm) 

D4 

(mm) 
D5 

(mm) 

D6 

(mm) 

SK15 0.47 0.40 0.46 0.32 0.35 0.36 

SK25 0.84 0.83 0.68 0.72 0.74 0.70 

SK50 2.15 2.14 1.57 1.51 1.65 1.73 

SK100 4.75 3.77 2.94 3.03 3.61 3.80 

SK130 6.12 4.08 3.72 3.61 4.30 5.05 

SK130bis 6.10 4.09 3.65 3.80 4.34 5.41 

SK160 6.92 4.66 4.24 5.01 5.14 6.65 

SK190 10.50 4.97 5.13 6.84 6.16 7.89 

 

5.4.2 Comparison of forces acting on top level of the structure 

The forces acting on the mass located at the top of the structure (DOF 4, 5 and 6 in Figure 

5.10) are compared in this section. First the inertial forces acting on the centre of mass of 

the top level of the specimen along the DOFs 4 and 5 are obtained from the absolute 

accelerations measured by the accelerometers attached to the steel blocks. The results are 

shown with red lines in Figure 5.13. Second, the restoring forces exerted by the structure 

(i.e. main structure and dampers) along the same DOFs were obtained from the forces 

measured by the load cells located at the top of the columns of the second story, and the 

axial forces endured by the dampers; the total restoring force is plot with red lines in 

Figure 5.13. Obviously, the red and black lines in the Figure do not coincide because the 

damping forces are lacking. The estimation of the damping forces in a cumbersome issue 

that is out of the scope of the Thesis. However, the fact that the red and black curves are 

relatively close in Figure 5.13 indicate that the measurements provided by the instruments 

are consistent, and the value of the damping forces (at least at the top level of the 

specimen) were relatively low.  
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(a)    

 
(b)    

 
Fig. 5.13 Histories of inertial forces (a) X direction, (b) Y direction 

 

5.4.3 Total base shear force vs. displacement 

The total base shear force QB exerted by the inertial forces is obtained from the idealized 

lumped mass model and the data of the accelerometers. This base shear force is plotted 

in Figures 5.14 and 5.15 (X direction and Y direction, respectively) against the 

displacement of the top of the structure δT, obtained from the LVDTs and referred to the 

centre of mass. At the instants of zero velocity the damping forces are null, so the inertial 

force coincides with the base shear force endured by the restoring forces of the structure. 

These points of zero velocity are calculated for each direction in the whole time history 

and the envelope is drawn with bold red lines in Figures 5.14 and 5.15. The envelope is 

constructed connecting the points whose displacements and force are larger than those 

obtained in previous cycles and it represents the “capacity curve” of the structure. 

Furthermore, a trilinear approximation of the capacity curves is depicted with blue dash 

lines, so the yield base shear force QBy, the yield top displacement δTy, the apparent 

maximum base shear force QBB, the apparent maximum top displacement δTB, are defined 

for each direction. Same values are adopted for each domain. The post-elastic stiffness 

beyond the apparent maximum point (QBB - δTB) is estimated as 0.12 times the initial 

stiffness. The resultant values are summarized in Table 5.4. These values allow to 

calculate the base shear coefficient of the specimen 𝛼𝐵 =
𝑄𝐵𝑦

𝑔𝑀𝑇
, that gets the values of 

0.614 and 0.399 in X and Y direction, respectively. Here, MT is the total mass of the 

system and g is the gravity acceleration. 
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Fig. 5.14 Base shear force versus top displacement in X direction 

 

 

 

Fig. 5.15 Base shear force versus top displacement in Y direction 
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Table 5.4. Base shear force and displacement approximated values 

 QBy (kN) QBB (kN) δTy (mm) δTB (mm) 

X direction 83.2 102.3 5.64 9.65 

Y direction 54.1 72.4 3.56 8.20 

 

From these Figures it can be seen that the specimen remains within the elastic range until 

the seismic simulation SK25, with energy dissipated mainly by inherent damping. Some 

energy is dissipated in the test SK50 through plastic deformations on the TTD, as 

explained in section 5.4.1. From here on, it is seen a clearly non-linear behaviour of the 

specimen. The investigation about the damage on the main structure (i.e. reinforced 

concrete elements) and the energy dissipation is studied in following sections. 

5.4.4 Response of columns 

5.4.4.1 Response in terms of strains in steel bars 

416 strain gauges inside the reinforced concrete members of the specimen measured the 

deformations in the structure during the tests. The potential plastic hinges are located at 

the ends of the columns. To this extent, the maximum strains εmax registered in the 

longitudinal bars of these sections are listed in Table 5.5 in units of micro-deformations 

μm/m for each test. A pair of strain gauges were installed in each longitudinal bar per 

section and the average value of the two strain gauges in the longitudinal bar with 

maximum elongation is computed. The values above the yield strain of steel 

εmax=2600μm/m are coloured in red in the table. Exterior column is named C1 and interior 

columns C2 and C3 (see Figure 5.4). The sections object of study are: columns base (S0), 

section bellow the slab (S1) and section above the slab (S2), as shown in Figure 5.2. In 

Table 5.5 sections are referred with the name of the columns followed by the name of the 

section, as named in Figure 5.2. It is worth noting that all strain gauges put into the slab 

kept within the elastic range in all tests. 

 

Table 5.5. Maximum deformation of longitudinal reinforcement by sections 

Test C1S0 C2S0 C3S0 C1S1 C2S1 C3S1 C1S2 C2S2 C3S2 

SK15 94 113 90 157 218 170 460 326 288 

SK25 211 286 209 268 311 458 897 812 497 

SK50 681 782 887 665 723 854 1919 1663 1347 

SK100 1765 1614 1481 1494 1564 1735 5938 6956 4766 

SK130 2380 2227 1664 1983 1854 2032 8342 7965 6580 

SK130bis 2262 2149 1679 1720 1801 1825 9027 7753 7736 

SK160 2710 2702 2240 1996 2292 2175 9720 8655 7137 

SK190 3610 2842 2485 2594 2599 2540 9621 9358 8627 
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From this Table it can be seen that columns’ sections above the slab (section S2) 

experienced plastic deformations that reached about 3 times the yield strain. It must be 

emphasized however that the strains in Table 5.5 are maximum values, not accumulated 

plastic deformations, and therefore do not provide a real idea of the damage endured by 

the RC hinges. In fact, at the end of the tests columns C1 and C2 above the slab reached 

failure while column C3 was severely damaged. In contrast, at the base (i.e. section S0) 

the columns remained basically elastic, and reached or slightly exceeded the yield strain 

only in the two last seismic simulations. As a conclusion, it can be said that the RC 

columns of the main structure underwent severe plastic deformations in the upper story, 

while remained almost within the elastic range in the lower story.  

5.4.4.2. Response in terms of dissipated energy 

In this section, the procedure followed to estimate the stresses and forces in the critical 

columns’ section required to estimate the dissipated energy at the ends of the columns is 

explained and discussed. Plastic hinges are defined here as the portion of column enclosed 

by two parallel planes perpendicular to its longitudinal axis and spaced a distance called 

plastic length lp, hereafter. The Navier-Bernoulli plane section hypothesis (the assumption 

that plane cross-sections remain planar and normal to the rod axis) is assumed for the 

following discussions.  

In order to estimate the stresses in the plastic hinges, the cross-section of depth h and 

width b is divided in NxN a fibres grid of h/N by b/N. The stress in each point of this grid 

is obtained from the longitudinal bars strain gauges’ data as follows. A plane is defined 

at each time step using the least square method (plane interpolation approach), and 

resultant values are extrapolated to each fibre point. It is worth noting that when the plane 

approximation is applied, the strain used for the steel rebars are not the actual strain 

measured by the gauges, but the strains estimated with the plane approximation. An 

alternative approach is to fit a surface instead than a plane (surface interpolation 

approach). A deeper discussion about these two procedures can be found in Galé-Lamuela 

et al. (2019). The study conducted by Galé-Lamuela et al. (2019) shows that for large 

levels of damage, the differences of plastic strain energy estimated by the two approaches 

(plane approximation and surface approximation) can be large. In this study, the energy 

dissipated in the columns is estimated only with the first approach (plane interpolation) 

and the results must be taken as tentative; a more in-depth studies should be conducted to 

confirm these values. These studies are beyond the objective of this Thesis.  

Once the strains of the fibres are determined, the corresponding stresses are calculated 

using mathematical constitutive models for each material. The Menegotto-Pinto model 

[Filippou et. al. (1983)] is used to estimate the stresses on steel fibres σSi(t) with an energy 

conservative approach. This model incorporates strain-hardening and Bauschinger effects 

and it is implemented in the software OpenSees as Steel02. The parameters defining this 

model are: Young’s modulus ES=200GPa, yield stress fy =525MPa and strain-hardening 

ratio b=0.003. As for the stresses on concrete fibres σCi(t), the model developed by Mohd 

(1995) is used. This material is implemented in the software OpenSees as Concrete01. In 

this model, the unloading and reloading branches follow the same path, so no energy is 

dissipated when reloading and this results in safe-side prediction of the energy. The 

parameters used for this model are: Young’s modulus EC=30GPa, compressive strength 
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fc=43MPa, strain at maximum compressive stress 0.28%. These models are selected based 

on previous studies [Galé-Lamuela et al. (2019)]. 

Once the stress in each fibre and material at each instant t at a given plastic hinge k is 

obtained, the energy dissipated by the steel reinforcement WS,k(t) and by the concrete 

fibres WC,k(t) are calculated as follows: 

W𝑆,𝑘(𝑡) = ∑ ∫ 𝑙𝑝𝐴𝑆𝑟𝜎𝑆𝑟휀̇𝑆𝑟
𝑡

0
𝑑𝑡𝑆𝑅

𝑆𝑟=1  (5.2) 

W𝐶,𝑘(𝑡) = ∑ ∫ 𝑙𝑝
𝑏

𝑁

ℎ

𝑁
𝜎𝐶𝑟휀̇𝐶𝑟

𝑡

0
𝑑𝑡𝐶𝑅

𝐶𝑟=1  (5.3) 

In Equation (5.2) ASr is the area of the steel fibre r, SR is the number of steel fibres, i.e. 

the number of longitudinal rebars, in the plastic hinge, 휀�̇�𝑟 is the strain rate velocity of 

steel, i.e. 휀�̇�𝑟 = 𝑑휀𝑆𝑟/𝑑𝑡 and lp is the plastic hinge length. Similarly, in Equation (5.3) 
𝑏

𝑁

ℎ

𝑁
 

represents the area of the concrete fibre (ACr), CR is the number of concrete fibres in the 

plastic hinge, 휀�̇�𝑟 is the strain rate velocity of concrete, i.e. 휀�̇�𝑟 = 𝑑휀𝐶𝑟/𝑑𝑡. The plastic 

hinge length adopted in this Thesis is lp=h, based on previous research that recommend 

values on the range of h/2 and h for experimental studies [Fardis (2009)]. 

On the basis of Park & Eom (2006), the elastic strain energy stored Wes,k and the plastic 

strain energy dissipated Wp,k in a given plastic hinge k is the sum of energy 

stored/dissipated by the concrete WC,k and by the steel rebars WS,k. Thus, the history of the 

total amount of energy stored and dissipated by a plastic hinge can be expressed as: 

W𝑒𝑠,𝑘(𝑡)+W𝑝,𝑘(𝑡) = W𝑆,𝑘(𝑡) +W𝐶,𝑘(𝑡) (5.4) 

It is worth noting that the use of fibre section discretization ignores the contribution of 

shear response in the account of energy, however this influence in the energy dissipated 

is believed very small since the response is governed by flexural deformations. The 

energy histories obtained with this procedure at plastic hinges are plotted in Figures 5.16 

and 5.17. Figure 5.16 shows the energy stored and dissipated in each plastic hinge divided 

by materials, i.e. steel and concrete, and grouped by columns and section levels in the 

specimen: columns base (S0), section bellow the slab (S1) and section above the slab 

(S2). The sum of elastic strain energy and plastic strain energy for each plastic hinge are 

depicted in Figure 5.17, following the same aggrupation that Figure 5.16. Energy of 

column 1 is plotted in red lines, column 2 in green lines, column 3 in blue lines and the 

sum in black lines.  
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(a)       (b)        (c)  

 

Fig. 5.16 Energy stored/dissipated by steel and concrete in columns at plastic hinges (a) 

section 0, (b) section 1, (c) section 2 

(a)       (b)        (c)  

 

Fig. 5.17 Energy stored/dissipated by columns at plastic hinges (a) section 0, (b) section 1, (c) 

section 2 

It is worth noting that the ordinate axis scale is 20 times higher in Figures 5.16(c) and 

5.17(c) regarding the other plots. This means that plastic hinges in specimen’s section 2 

concentrate the greatest part of the energy in columns (over 95%). This is an expected 

conclusion looking at the strain gauges’ information, as explained in subsection 5.4.4.1. 

It can be noticed that in strain levels under the yield limit (sections 0 and 1 in these 

experiments, i.e. Figure 5.16(a) and (b)) the contribution of the concrete to the total 

energy is predominant in the total amount. However, when higher deformations take place 

(section 2 in these experiments, i.e. Figure 5.16(c)) the contribution of the steel notably 

grows. As discussed above, the amount of dissipated energy shown in Figure 5.16(c) and 

5.17(c) for the columns of the second story (i.e. plastic hinges in section S2) is not reliable 

because it has been obtained with the plane interpolation approach and, as pointed out by 

Galé-Lamuela et al. (2019), this approach can lead to significant errors when the level of 

plastic deformations is large. This fact can be easily noticed if the estimated amount of 

energy dissipated by column C1 in section S2 (about 0.51 kNm according to Figure 
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5.17(c)) is compared with the energy dissipated in only one cycle of displacement at the 

maximum lateral displacement measured during the tests (about 4 ∙ 7.8 ∙ 0.018 =

0.56 𝑘𝑁𝑚, where 7.8 is the yield shear of the column in kN and 0.018 the maximum 

interstory drift in m). The plastic hinge underwent more than one cycle of plastic 

deformations at several amplitudes thus the value estimated with the plane interpolation 

approach is clearly low. In any case, it can be said that the columns of the second story 

(i.e. the plastic hinges in section 2) concentrated the damage, while the columns of the 

first story (i.e. sections 0 and 1) remained basically elastic (i.e. undamaged).   

5.4.5 Condition of the specimen at the end of the test 

Figure 5.18 shows some pictures after all seismic simulations carried out in the SD2 

specimen. As it can be seen, minor cracking is observed in the concrete elements and the 

dampers does not exhibit any failure appearance. 

(a)          (b) 

   

Fig. 5.18 SD2 photographs after the seismic simulations (a) inferior view of C1, (b) exterior 

connection of C1 

5.4.6 Energies 

Recalling the energy balance equations described in Chapter 1, Equation (1.4) can be 

rewritten as: 

(𝑊𝑒𝑠 +𝑊𝑘) +𝑊𝜉 +𝑊𝑝 = 𝐸𝐼 (5.5) 

Where the elastic vibrational energy We is decomposed into the elastic strain energy Wes 

and the kinetic energy Wk. The total input energy EI and the kinetic strain energy can be 

easily obtained by Equation (5.6) and (5.7) idealizing the structure with the lumped mass 

model explained in section 5.3.1. 

𝐸𝐼 = 𝐸𝐼,𝑋 + 𝐸𝐼,𝑌 = ∫ −�̇�T𝐌𝐉𝐗�̈�𝑔,𝑋𝑑𝑡
𝒕

𝟎
+ ∫ −�̇�T𝐌𝐉𝐘�̈�𝑔,𝑌𝑑𝑡

𝒕

𝟎
  (5.6) 

𝑊𝑘 =
1

2
∑ ∫ 𝑚𝑖�̇�𝑖

2𝑑𝑡
𝑡

0
6
𝑖=1   (5.7) 

Here, �̈�𝑔,𝑋 and �̈�𝑔,𝑌 are the ground motion accelerations measured in the shaking table 

tests in X and Y direction, respectively. The parameters involved in these Equations are 

defined in Chapter 1. The kinetic energy can be simply removed from the total input 

energy so the result can be compared with the sum of damping energy and the 

stored/dissipated energy, 𝐸𝐼 −𝑊𝑘 = 𝑊𝜉 +𝑊𝑒𝑠 +𝑊𝑝. 
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It is difficult to estimate the energy absorbed by inherent viscous damping 𝑊𝜉  with 

accuracy, especially when the structure goes deeply into non-linear domain. In this Thesis 

a rough estimation is carried out using the lumped mass idealized model presented in 

section 4.3.1. It is assumed that the inherent viscous damping can be represented by the 

damping matrix C proportional to the mass matrix M, i.e. C=a0M. The parameter a0 is 

calculated so that the damping ratio ξ for the chosen natural frequency ω is equal to the 

target damping ratio, and therefore a0=2ξω. The values used for ξ and ω for each seismic 

simulation are those obtained from the dynamic characterization of the specimen 

explained in section 5.3.2 (see Table 5.3). The damping energy is calculated for each 

direction based on the lumped mass model and taking into account the Degrees of 

Freedom 1 and 4 for the X component 𝑊𝜉,𝑋 and the Degrees of Freedom 2, 3, 5 and 6 for 

the Y component 𝑊𝜉,𝑌 . Therefore, the energy dissipated through inherent damping is 

estimated as follows: 

𝑊𝜉 = 𝑊𝜉,𝑋 +𝑊𝜉,𝑌 = ∑ 2𝜉𝜔 ∫ 𝑚𝑖�̇�𝑖
2𝑑𝑡

𝑡

0𝑖=1,4 + ∑ 2𝜉𝜔 ∫ 𝑚𝑖�̇�𝑖
2𝑑𝑡

𝑡

0𝑖=2,3,5,6  (5.8) 

Figure 5.19 shows the history of input energy and damping energy in each direction and 

the sum of both directions with solid and dash lines, respectively. Colour red is used for 

the X direction and blue for Y direction. The sum is plotted with black lines. It can be 

seen from this figure that the kinetic energy Wk becomes negligible in comparison with 

the input energy EI when the structure stars to undergo plastic deformations.  

Similar accumulated energy is seen in the components X and Y when the structure 

experienced non-linear behaviour, although grater values are found in Y direction. This 

means that plastic deformation enhance energy transfer from one direction to another so 

the input energies in both directions tend to approach. This behaviour is also reported in 

previous numerical studies [Marusic & Fajfar (2005)]. The input energy values for each 

direction and test are summarized in Table 5.6, where Δ stands for the input energy 

increment in each test. Two last columns of this table shows that the input energy tends 

to equilibrate in both directions in last tests, where the plastic deformations are important. 

 

 

Fig. 5.19 History of accumulated input energy and damping energy 
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Table 5.6. Input energies in successive seismic simulations 

Test ΔEI,X 

(kNm) 

EI,X 

(kNm) 

ΔEI,Y 

(kNm) 

EI,Y 

(kNm) 

ΔEI 

(kNm) 

EI  

(kNm) 

ΔEI,X 

/ΔEI 
ΔEI,Y 

/ΔEI 

SK15 0.012 0.012 0.032 0.032 0.044 0.044 0.27 0.73 

SK25 0.116 0.128 0.259 0.291 0.375 0.419 0.31 0.69 

SK50 1.207 1.335 4.795 5.086 6.002 6.421 0.20 0.80 

SK100 4.469 5.804 8.804 13.89 13.273 19.694 0.24 0.76 

SK130 6.926 12.73 12.040 25.93 18.966 38.660 0.37 0.63 

SK130bis 7.120 19.85 10.550 36.48 17.670 56.330 0.40 0.60 

SK160 11.570 31.42 14.360 50.84 25.930 82.260 0.45 0.55 

SK190 15.920 47.34 19.620 70.460 35.540 117.800 0.45 0.55 

 

The energy that contributes to damage as defined by Housner (1956), i.e. 𝐸𝐷 = 𝐸𝐼 −𝑊𝜉, 

is also computed and listed in Table 5.7. Since the elastic vibrational energy is very small 

in comparison with the input energy once the structure enters the nonlinear range, Wp can 

be taken approximately equal to ED, and 𝑊𝜉 +𝑊𝑝  as EI. These energies can be 

normalized with respect to the total mass of the structure MT and expressed by equivalent 

velocities VE and VD, as explained in Chapter 1. The values of these equivalent velocities 

obtained for each test are listed in Table 5.7. The quotient VD/VE, i.e. √𝐸𝐷 𝐸𝐼⁄ , is depicted 

in the last column of this table. Akiyama (1985) proposed an approximate prediction of 

this ratio that depends exclusively on the inherent damping ratio ξ in elastic range, as 

described in Chapter 1. Taking the minimum and maximum values of ξ for these 

experiments, i.e. 0.036 and 0.04 from last columns of Table 5.2, the ratio VD/VE gives 

0.749 and 0.735, respectively. Comparing this value with the computed response from 

the tests (last column Table 5.7), it results that the expression proposed by Akiyama for 

design purposes is conservative, yet very close to the experimental results. 

Table 5.7. Energies in terms of equivalent velocities 

Test ΔVE 

(cm/s) 

VE 

(cm/s) 

ΔED 

(kNm) 

ED 

(kNm) 

ΔVD 

(cm/s) 

VD 

(cm/s) 

Wξ 

/EI 
ED  

/EI 
VD 

/VE 

SK15 8.56 8.56 0.00 0.00 0.00 0.00 1.00 0.00 0.00 

SK25 25.00 26.43 0.09 0.09 11.77 11.77 0.79 0.21 0.45 

SK50 96.09 99.39 2.52 2.61 62.26 63.37 0.57 0.43 0.64 

SK100 142.90 174.06 5.41 8.02 91.23 111.08 0.59 0.41 0.64 

SK130 170.82 243.88 8.46 16.48 114.08 159.23 0.57 0.43 0.65 

SK130bis 164.88 294.38 7.53 24.01 107.63 192.19 0.57 0.43 0.65 

SK160 199.73 355.74 12.90 36.91 140.88 238.30 0.55 0.45 0.67 

SK190 233.83 425.71 42.99 55.89 257.17 293.23 0.53 0.47 0.69 

 

The energy that contributes to damage are studied next. The main specimens’ components 

that are intended to dissipate energy through plastic deformations are the dampers. To 

this extent, the sum of energy stored/dissipated are calculated by integrating the Q-δ 
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curves obtained from the tests, as shown in Figure 5.12 of section 5.4.1. Figure 5.20 

depicts the overall energy absorbed by the complete set of dampers in colour lines and 

the total sum in a black line. All dampers exhibit similar trend in the energy absorption 

with the greatest values in damper D1 (12.71kNm at the end of the tests) and the lowest 

in damper D6 (6.41kNm at the end of the tests). Comparing the total amount of the energy 

absorbed by the dampers at the end of the tests (52.91kNm) with the counterpart for the 

columns (about 1.11kNm) it can be noticed a remarkable difference, the dampers 

absorbed almost 50 times more energy than the sum of columns. This allows to say that 

great part of the energy that contribute to damage is concentrated on the dampers. 

 

Fig. 5.20 History of energy absorbed by dampers 

Finally, the energy balance along the complete history of the tests is plotted in Figure 

5.21. The total input energy without the kinetic energy EI-Wk is represented with black 

solid bold line, the damping energy 𝑊𝜉 with dash and dot black line, the energy absorbed 

by dampers Wdampers in dot black line, the energy absorbed by columns Wcolumns in dash 

black line and the sum of the damping and absorbed energy in red dot line.  

 

Fig. 5.21 History of energy balance of the system 
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As it can be seen in this figure, the sum of each energy component 𝑊𝜉+Wdampers+Wcolumns 

is very close to the total input energy in the system EI-Wk, so the estimations carried out 

seems to be a good approximation. The errors in the estimation of the energy dissipated 

by the columns discussed above become of very little importance in the overall balance 

of energy because most of the energy is dissipated by the dampers. From Table 5.7 and 

Figure 5.21 it is confirmed that the specimen remained in the elastic range along tests 

SK15 and SK25, due to the negligible input energy that contributes to damage. In 

successive tests, the input energy increases exponentially but the ratio of energy that 

contributes to damage to input energy keeps almost constant, around 0.44.  

At the end of the tests the main structure was very far to collapse, even with a total input 

energy EI in terms of equivalent velocity VE=425.71cm/s (see Table 5.7). In addition, the 

ultimate energy dissipation capacity of the dampers was not reached and they all still have 

considerable capacity up to failure, as studied in Chapter 2. It is also worth noting that 

most part of the energy that contribute to damage are absorbed by the dampers (98% ED) 

while the reinforced concrete columns experimented some non-linear behaviour in the 

upper story but with little energy absorption (2% ED). This is a good indicator of the 

efficiency of the hysteretic dampers in protecting the main structure. 

5.4.7 Maximum displacements and residual displacements 

The histories of displacements relative to the shaking table of the points located at the 

centres of mass defined in the lumped mass model of section 5.3.1 are shown in Figure 

5.22. This data is obtained from the acquired LVDTs’ information. Degrees of Freedom 

(DOFs) 1 and 2 correspond to X and Y displacements at the first level, DOF 3 is the 

rotation about Z at first level, DOFs 4 and 5 are associated with the X and Y displacements 

of the second level, and DOF 6 is the rotation about Z at second level. 

 

 

Fig. 5.22 Histories of displacements and rotations at the centres of mass during shake table 

tests: (a) DOF4, (b) DOF5, (c) DOF6, (d) DOF1, (e) DOF2, (f)DOF3 
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As it can be seen from this figure, displacements increase with the intensity of each 

seismic simulation. The displacements are larger in the DOFs of the upper floor, and the 

residual accumulated deformations are relatively small, as discussed next. The maximum 

response in terms of Inter-story Drift Index (IDI) and residual Inter-story Drift Index 

(IDIr) in both X and Y direction together with the maximum absolute accelerations �̈�𝑚𝑎𝑥
𝑡  

are listed in Tables 5.8 and 5.9. These values are calculated normalizing the inter-story 

drifts (IDI) by the story height: 1400mm for the lower story, 578mm for the upper story, 

and 1978mm as the total height for the case of the top displacements (see Figure 5.10). 

Last two columns of Tables 5.8 and 5.9 indicate the Seismic Performance Level (SPL) 

obtained applying two different criteria. The first criterion is based on the drift limits 

proposed by the Structural Engineers Association of California [SEAOC (1995)] which 

corresponds with: IDI<0.5% and IDIr negligible for “Operational” (O), IDI<1.5% and 

IDIr<0.5% for “Life Safety” (LS), IDI<2.5% and IDIr<2.5% for “Near Collapse” (NC) 

and IDI>2.5% and IDIr>2.5% for “Collapse” (C). The SEAOC admits a tolerance of these 

limits that depends on the lateral stiffness of the structure and it can be taken as ±0.1% 

for Waffle Flat Plate (WFP) systems. The second criterion proposed by Benavent-Climent 

et al. (2019) is based on the results of previous studies on similar shake table tests on 

WFP systems. Table 5.10 summarized the maximum rotational response about the centre 

of mass in each story and at the top of the specimen. 

 

Table 5.8. Maximum translational response at the centre of mass in X direction 

 Story 1 Story 2 Top SPL 

Test �̈�𝑚𝑎𝑥
𝑡  
(g) 

IDI 

(%) 

IDIr 

(%) 
�̈�𝑚𝑎𝑥
𝑡  
(g) 

IDI 

(%) 

IDIr 

(%) 

IDI 

(%) 

IDIr 

(%) 

SEAOC Proposed 

SK15 0.10 0.04 0.00 0.12 0.06 0.00 0.04 0.00 O O 

SK25 0.22 0.08 0.00 0.27 0.14 0.00 0.10 0.00 O O 

SK50 0.38 0.16 0.00 0.45 0.38 0.00 0.21 0.00 O O 

SK100 0.42 0.31 0.02 0.77 0.56 0.03 0.34 0.02 O-LS O 

SK130 0.46 0.39 0.02 0.76 0.73 0.10 0.43 0.05 LS O 

SK130bis 0.55 0.40 0.03 0.85 0.91 0.16 0.52 0.06 LS O 

SK160 0.60 0.44 0.03 0.85 0.91 0.16 0.52 0.06 LS O 

SK190 0.80 0.71 0.03 0.95 1.11 0.22 0.78 0.08 LS O-LS 
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Table 5.9. Maximum translational response at the centre of mass in Y direction 

 Story 1 Story 2 Top SPL 

Test �̈�𝑚𝑎𝑥
𝑡  
(g) 

IDI 

(%) 

IDIr 

(%) 
�̈�𝑚𝑎𝑥
𝑡  
(g) 

IDI 

(%) 

IDIr 

(%) 

IDI 

(%) 

IDIr 

(%) 

SEAOC Proposed 

SK15 0.10 0.07 0.00 0.12 0.09 0.00 0.05 0.00 O O 

SK25 0.14 0.11 0.00 0.20 0.28 0.06 0.09 0.02 O O 

SK50 0.37 0.21 0.00 0.40 0.61 0.07 0.23 0.02 O-LS O 

SK100 0.55 0.43 0.01 0.82 1.11 0.16 0.55 0.05 LS O-LS 

SK130 0.54 0.52 0.01 0.94 1.35 0.21 0.69 0.07 LS O-LS 

SK130bis 0.54 0.47 0.01 0.91 1.65 0.26 0.79 0.08 LS-NC O-LS 

SK160 0.64 0.55 0.01 1.08 1.60 0.33 0.82 0.10 LS-NC O-LS 

SK190 0.84 0.65 0.02 1.10 1.88 0.33 0.83 0.11 LS-NC LS 

 

Table 5.10. Maximum rotational response about the centres of mass 

 Story 1 Story 2 Top 

Test �̈�𝑚𝑎𝑥
𝑡  

(rad/s2) 

u (10-3 

rad) 

ur (10-3 

rad) 
�̈�𝑚𝑎𝑥
𝑡  

(rad/s2) 

u (10-3 

rad) 

ur (10-3 

rad) 

u (10-3 

rad) 

ur (10-3 

rad) 

SK15 0.43 0.49 0.03 0.51 0.42 0.00 0.86 0.04 

SK25 0.98 0.77 0.06 0.99 0.74 0.01 1.31 0.10 

SK50 1.47 1.84 0.15 1.91 1.54 0.15 3.37 0.32 

SK100 3.08 3.50 0.27 3.08 3.23 0.55 6.73 0.83 

SK130 2.89 4.20 0.19 3.63 4.11 0.56 8.09 0.84 

SK130bis 2.90 4.14 0.15 4.03 4.06 0.56 7.92 0.71 

SK160 3.74 5.43 0.16 4.43 5.12 0.48 9.95 0.66 

SK190 4.58 6.94 0.21 4.82 5.43 0.52 11.38 0.68 
 

Table 5.11 summarizes the Inter-story Drift Indexes combined for both X and Y 

directions. The combination (XY) is calculated with the Square Root of the Sum of the 

Squares (SRSS) rule. The resultant values are also compared with the corresponding SPL. 

Moreover, Table 5.12 shows the relation between residual δpr,i and maximum 

displacements δpmax,i calculated for each translational X, δpr,i,X/δpmax,i,X (column X in Table 

5.12) and Y direction δpr,i,Y/δpmax,i,Y (column Y in Table 5.12) at each story i, and the 

combined value with the SRSS rule (column XY in Table 5.12). All values are listed in 

Table 5.12 in order to compare them with the criterion of structures with recentering 

capability δpr,i/δpmax,i<1/3 proposed in Chapter 4. More precisely, as explained in Chapter 

4, a structure is judged to have adequate recentering capacity if δpr,i/δpmax,i<1/3. It is shown 

in Table 5.12 that in the first story that is equipped with advanced dampers that combine 

hysteretic and superelastic elements δpr,i/δpmax,i, is clearly smaller (about one fifth) that in 

the second story that is equipped with metallic dampers without self-centering properties. 

In the first story δpr,i/δpmax,i is far below the limit 1/3, while in the second story it 

approaches 1/3. In addition, Table 5.13 shows the quotient between the elastic strain 

energy ESi and the hysteretic energy dissipated EHi when a given story i experiences a 
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deformation up to the maximum interstory drift, as defined in Chapter 4. More precisely, 

ESi and EHi are calculated as follows: 

𝐸𝑠𝑖 = 0.5𝑉𝑑𝑄𝑦𝑖𝛿𝑑𝑄𝑦𝑖 + 0.5𝑉𝑑𝑁𝑦𝑖𝛿𝑑𝑁𝑦𝑖 + 𝑉𝑑𝑁𝑦𝑖(1 − 𝐵)(𝛿𝑝𝑚𝑎𝑥𝑖 − 𝛿𝑑𝑁𝑦𝑖) + 0.5𝑉𝑝𝑦𝑖𝛿𝑝𝑦𝑖     (5.9) 

𝐸𝐻𝑖 = 𝑉𝑑𝑄𝑦𝑖(𝛿𝑝𝑚𝑎𝑥𝑖 − 𝛿𝑑𝑄𝑦𝑖) + 𝐵𝑉𝑑𝑁𝑦𝑖(𝛿𝑝𝑚𝑎𝑥𝑖 − 𝛿𝑑𝑁𝑦𝑖) + 𝑉𝑝𝑦𝑖(𝛿𝑝𝑚𝑎𝑥𝑖 − 𝛿𝑝𝑦𝑖)            (5.10) 

Where Vpy and dpy are the horizontal yield shear force and displacement of the main 

structure; VdQy and ddQy are the horizontal yield shear force and displacement of the TTDs; 

VdNy and ddNy are the horizontal yield shear force and displacement of the SMAs. It is 

worth clarifying that maximum displacements δpmax are obtained at the centres of mass in 

each story. The values obtained in this way are widely studied in next section (see Figure 

5.24 and Table 5.14). The XY combination is also calculated with the SRSS rule. It is 

worth noting that the hysteretic energy dissipated EH becomes null in the seismic 

simulations where the absolute maximum interstory drift keeps under the yield 

displacement of all components. In these cases, the quotient between the elastic strain 

energy ESi and the hysteretic energy dissipated EHi is assumed to be zero. 

 

Table 5.11. Maximum combined translational response at the centre of mass applying the SRSS 

 Story 1 Story 2 Top SPL 

Test IDI 

(%) 

IDIr 

(%) 

IDI 

(%) 

IDIr 

(%) 

IDI 

(%) 

IDIr 

(%) 

SEAOC Proposed 

SK15 0.08 0.00 0.10 0.00 0.06 0.00 O O 

SK25 0.13 0.00 0.31 0.06 0.13 0.02 O O 

SK50 0.27 0.00 0.72 0.07 0.31 0.02 O-LS O 

SK100 0.53 0.02 1.24 0.16 0.64 0.06 LS O-LS 

SK130 0.65 0.02 1.54 0.23 0.81 0.08 LS O-LS 

SK130bis 0.62 0.03 1.87 0.29 0.92 0.10 LS-NC O-LS 

SK160 0.70 0.03 1.84 0.36 0.97 0.12 LS-NC O-LS 

SK190 0.97 0.03 2.18 0.40 1.14 0.14 LS-NC LS 

 

Table 5.12. Ratios of residual to maximum displacements δpr,i/δpmax,i 

 Story 1 Story 2 

Test X Y XY X Y  XY 

SK15 0.00 0.00 0.00 0.00 0.00 0.00 

SK25 0.00 0.00 0.00 0.00 0.22 0.22 

SK50 0.00 0.00 0.00 0.00 0.12 0.12 

SK100 0.05 0.02 0.05 0.06 0.14 0.16 

SK130 0.06 0.01 0.06 0.14 0.15 0.21 

SK130bis 0.07 0.03 0.07 0.16 0.16 0.22 

SK160 0.06 0.02 0.06 0.17 0.20 0.27 

SK190 0.04 0.03 0.04 0.20 0.18 0.27 



Chapter 5. Bidirectional shake table tests on a RC structure with TTD-SMA dampers 

177 

Table 5.13. Ratios of elastic strain energy to hysteretic strain energy ESi/EHi 

 Story 1 Story 2 

Test X Y XY X Y XY 

SK15 - - - - - - 

SK25 - - - - - - 

SK50 - - - - - - 

SK100 2.15 4.06 4.59 8.17 0.74 8.21 

SK130 1.67 2.64 3.13 1.38 0.51 1.47 

SK130bis 1.60 3.25 3.63 0.79 0.36 0.87 

SK160 1.47 2.41 2.82 0.73 0.38 0.82 

SK190 0.93 1.75 1.98 0.47 0.21 0.51 

 

From these tables, it can be seen that the maximum IDI in each X and Y direction during 

all tests are below 2%, and with the combined values it is only founded one value over 

this limit in the upper story. The specimen experienced greater interstory drifts in the 

upper story than in the lower story, what is in consonance with the columns’ strain 

gauges’ information and the conclusions reached in section 5.4.4. It is also worth noting 

that relative displacements in Y direction are about two times larger than in X direction. 

The maximum values in terms of IDI are about 1% in X direction and 2% in Y direction. 

These values are below the limit of 2.5% associated with the SPL of “Life Safety”, and 

far below the 4% associated with “Collapse”, as described in precious studies on RC 

waffle-flat plate systems [Benavent-Climent et. al. (2019)]. It must be noticed, however, 

that when the rotational response in large, judging the performance of the structure in 

terms of inter story drifts at the centre of mass can be misleading and can lead to a wrong 

interpretation of the response. In the case of the tested specimen, during the last seismic 

simulation SK190 two columns of the second story reached failure (columns C1 and C2) 

and the third one (column C3) was severely damaged. Therefore, at the end of the test the 

second story reached the near collapse (NC) limit state.  

As for residual deformations in terms of IDIr, negligible values are obtained in the first 

story, even with the XY combination (maximum value of 0.03%). However, the second 

story underwent larger maximum displacements and also finished with larger residual 

displacements at the end of each test. The maximum values computed keeps always below 

0.5%, which is the limit of the SPL “Life Safety” within the SEAOC criterion, even with 

the combined XY response. As noted above, all ratios of residual to maximum 

displacements summarized in Table 5.12 remains under the proposed limit to evaluate the 

structures’ recentering capability δpri/δpmaxi<1/3, including the XY combination. These 

values are in agreement with the computed ratios of elastic to hysteretic strain energy 

listed in Table 5.13, where all values are above 1/3, except the response in the last seismic 

simulation in Y direction. It is worth noting that for the seismic simulations up to SK100, 

the ratio ESi/EHi is not reported since the hysteretic energy dissipated is null in all cases. 

However, from SK100 up to the end, the specimen experienced clearly nonlinear 

behaviour (specially due to the dampers’ response) and this ratio diminishes as maximum 

displacements increases. 
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The obtained δpri/δpmaxi are plotted against ESi/EHi in Figure 5.23. Values in X direction 

are depicted with cross markers, and triangles are used for Y direction. The combination 

XY is represented with circles. Points with ES/EH>3 are excluded in the figure for the 

sake of clarity. The equations for the recentering capability proposed in Chapter 4 (Eqs. 

4.10 and 4.11) are also plotted in this figure with green and blue lines, respectively. 

 
Fig. 5.23 Relation between ESi/EHi and δpri/δpmaxi 

Great part of the points is enclosed by Eq. (4.11), i.e. blue line. In general terms, the first 

story that is equipped with advanced dampers with recentering capability exhibits lower 

values of residual deformations and greater elastic to hysteretic energy ratio, in 

comparison to the second story that is equipped with ordinary metallic dampers without 

recentering capability. This demonstrates the superior performance of the advanced 

damper with respect to the ordinary metallic dampers, and the benefits of adding the 

superelastic component (i.e. the bars made of SMA). Albeit, the residual deformations in 

the second story are below the admissible value proposed in Chapter 4 (i.e. δpri/δpmaxi), yet 

very close the limit. 

5.4.8 Ratios of cumulated plastic strain energy and maximum plastic deformation 

This section has the aim of computing the 
𝜂𝑖

𝜇𝑚𝑎𝑥𝑖
 ratios defined in Chapter 3 from the 

results of the bidirectional shake table tests conducted on the SD2 specimen (a 3D 

reinforced concrete structure equipped with advanced dampers) and comparing them with 

the values obtained from unidirectional numerical simulations on 2D models. To this 

extent, it is necessary to redefine the ratios for the bidirectional case. Park et al. (1985) 

defined the “two-dimensional ductility factor” to evaluate the maximum deformation of 

a structure subjected to bidirectional loadings. In this Thesis, the same idea is applied to 

the apparent maximum deformation ratios for the bidirectional case. They are defined for 

the main structure 𝜇𝑝,𝑚𝑎𝑥, TTD 𝜇𝑑𝑄,𝑚𝑎𝑥 and SMA 𝜇𝑑𝑁,𝑚𝑎𝑥 as follows: 

𝜇𝑝𝑖
+ = √(

𝛿𝑚𝑎𝑥𝑋𝑖
+ −𝑑𝑝𝑦𝑋𝑖

𝑑𝑝𝑦𝑋𝑖
)

2

+ (
𝛿𝑚𝑎𝑥𝑌𝑖
+ −𝑑𝑝𝑦𝑌𝑖

𝑑𝑝𝑦𝑌𝑖
)

2

; 𝜇𝑝𝑖
− = √(

𝛿𝑚𝑎𝑥𝑋𝑖
− −𝑑𝑝𝑦𝑋𝑖

𝑑𝑝𝑦𝑋𝑖
)

2

+ (
𝛿𝑚𝑎𝑥𝑌𝑖
− −𝑑𝑝𝑦𝑌𝑖

𝑑𝑝𝑦𝑌𝑖
)

2

           (5.11a) 

�̅�𝑝𝑖 = (𝜇𝑝𝑖
+ + 𝜇𝑝𝑖

− )/2  (5.11b) 

𝜇𝑝,𝑚𝑎𝑥𝑖 = 𝑚𝑎𝑥{|𝜇𝑝𝑖
+ |, |𝜇𝑝𝑖

− |}  (5.11c) 
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𝜇𝑑𝑄𝑖
+ = √(

𝛿𝑚𝑎𝑥𝑋𝑖
+ −𝑑𝑑𝑄𝑋𝑖

𝑑𝑑𝑄𝑦𝑋𝑖
)

2

+ (
𝛿𝑚𝑎𝑥𝑌𝑖
+ −𝑑𝑑𝑄𝑦𝑌𝑖

𝑑𝑑𝑄𝑦𝑌𝑖
)

2

; 𝜇𝑑𝑄𝑖
− = √(

𝛿𝑚𝑎𝑥𝑋𝑖
− −𝑑𝑑𝑄𝑦𝑋𝑖

𝑑𝑑𝑄𝑦𝑋𝑖
)

2

+ (
𝛿𝑚𝑎𝑥𝑌𝑖
− −𝑑𝑑𝑄𝑦𝑌𝑖

𝑑𝑑𝑄𝑦𝑌𝑖
)

2

  (5.12a) 

�̅�𝑑𝑄𝑖 = (𝜇𝑑𝑄𝑖
+ + 𝜇𝑑𝑄𝑖

− )/2 (5.12b) 

𝜇𝑑𝑄,𝑚𝑎𝑥𝑖 = 𝑚𝑎𝑥{|𝜇𝑑𝑄𝑖
+ |, |𝜇𝑑𝑄𝑖

− |} (5.12c) 

𝜇𝑑𝑁𝑖
+ = √(

𝛿𝑚𝑎𝑥𝑋𝑖
+ −𝑑𝑑𝑁𝑋𝑖

𝑑𝑑𝑁𝑦𝑋𝑖
)

2

+ (
𝛿𝑚𝑎𝑥𝑌𝑖
+ −𝑑𝑑𝑁𝑦𝑌𝑖

𝑑𝑑𝑁𝑦𝑌𝑖
)

2

; 𝜇𝑑𝑁𝑖
− = √(

𝛿𝑚𝑎𝑥𝑋𝑖
− −𝑑𝑑𝑁𝑦𝑋𝑖

𝑑𝑑𝑁𝑦𝑋𝑖
)

2

+ (
𝛿𝑚𝑎𝑥𝑌𝑖
− −𝑑𝑑𝑁𝑦𝑌𝑖

𝑑𝑑𝑁𝑦𝑌𝑖
)

2

 (5.13a) 

�̅�𝑑𝑁𝑖 = (𝜇𝑑𝑁𝑖
+ + 𝜇𝑑𝑁𝑖

− )/2 (5.13b) 

𝜇𝑑𝑁,𝑚𝑎𝑥𝑖 = 𝑚𝑎𝑥{|𝜇𝑑𝑁𝑖
+ |, |𝜇𝑑𝑁𝑖

− |} (5.13c) 

The definition of the cumulative plastic deformation ratios in the bidirectional case are 

not defined in the same way since the plastic energy is difficult to decompose in X and Y 

direction when torsion effects occurs. Thus, an equivalent isotropic system is assumed 

(i.e. same hysteretic behaviour in all directions) such as the overall dissipated energy in 

one direction gives the same value for the uniaxial cumulative plastic deformation ratio. 

Then, the ratios for the main structure 𝜂𝑝 , TTD 𝜂𝑑𝑄 and SMA 𝜂𝑑𝑁 are defined as follows: 

𝜂𝑝 =
𝑊𝑝

0.5[(𝑉𝑝𝑦𝑋 𝑑𝑝𝑦𝑋) +(𝑉𝑑𝑄𝑦𝑌𝑑𝑝𝑦𝑌) ]

   (5.14) 

𝜂𝑑𝑄 =
𝑊𝑑𝑄

0.5[(𝑉𝑑𝑄𝑦𝑋 𝑑𝑑𝑄𝑦𝑋) +(𝑉𝑑𝑄𝑦𝑌𝑑𝑑𝑄𝑦𝑌) ]

  (5.15) 

𝜂𝑑𝑁 =
𝑊𝑑𝑁

0.5[(𝑉𝑑𝑁𝑦𝑋 𝑑𝑑𝑁𝑦𝑋) +(𝑉𝑑𝑄𝑁𝑦𝑌𝑑𝑑𝑁𝑦𝑌) ]

  (5.16) 

Where Wpi, WdQi and WdNi are the plastic strain energy dissipated at the i-th story by the 

main structure, the TTD and the SMA, respectively, in both directions; VpyXi and dpyXi and 

VpyYi and dpyYi are the horizontal yield shear force and displacement of the main structure; 

VdQyXi and ddQyXi and VdQyYi and ddQyYi are the horizontal yield shear force and displacement 

of the TTDs; VdNyXi and ddNyXi and VdNyYi and ddNyYi are the horizontal yield shear force and 

displacement of the SMAs. The sub-indexes X and Y stands for the direction considered. 

It is worth clarifying that maximum displacements δmax are obtained at the centres of mass 

in each story. The yield force and displacement for the main structure (VpyXi and dpyXi and 

VpyYi and dpyYi) are calculated numerically performing a pushover analysis to a numerical 

3D model calibrated with the experimental results. A force distribution equal to the first 

translational vibrational mode is imposed in each direction and a bilinear approximation 

is carried out for the resultant V-d curve for each story. The overall nonlinear behaviour 

of the main structure is governed by the response of the isolated columns which have the 

same geometry and properties in the X and Y directions, so the yield shear forces are 

identical for both directions. On the contrary, the yield deformation of the main structure 

is not exactly the same in both horizontal directions because it includes the elastic 

deformation of the waffle-flat plate that is not the same in the X and Y directions.  
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Dampers’ yield values are estimated from the research carried out in Chapter 2, but taking 

the horizontal component of the sum of dampers installed on the specimen. In order to 

have a consistent comparison, a bilinear approximation is used to compute yield values 

of the TTD, instead of the polygonal model proposed in Chapter 2. Resultant values of 

this approximation for the TTD gives QyDYNbi=38kN and δyDYNbi=2.6mm for the axial 

direction. Regarding the Y direction, where two different dampers’ geometries are 

identified, the horizontal yield values are taken with the bilinear approximation shown in 

Figure 5.24 with dash lines. The behaviour of the main structure is plotted with green 

lines, red lines represent the TTD and blue lines are used for the SMA. The values for the 

horizontal yield shear forces and displacements for the main structure, TTD and SMA are 

listed in Table 5.14. 

 

(a)         (b) 

 
(c)         (d) 

 

Fig. 5.24 Horizontal behaviour of SD2 components under monotonic loading (a) Story 2: X, 

(b) Story 2: Y, (c) Story 1: X, (d) Story 1: Y  

 

The ratios rq and fi are also calculated for each direction and story of the specimen. These 

parameters are defined in Chapter 3. It is worth remembering that rq stands for the 

resistance relationship among the SMA and the sum of resistances of the main structure 

and the TTD in each floor, 𝑟𝑞𝑖 =
𝑉𝑑𝑁𝑦𝑖(1−𝐵)

𝑉𝑑𝑄𝑦𝑖+𝑉𝑝𝑦𝑖
, and fi is the ratio of dampers and main 

structure resistance fi=(𝑉𝑑𝑁𝑦𝑖 + 𝑉𝑑𝑄𝑦𝑖)/𝑉𝑝𝑦𝑖. The general value adopted for the parameter 

B=0.36 based on the experimental results shown in Chapter 2. The computed values for 

these ratios are shown in the last two columns of table 5.14. 
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Table 5.14. Horizontal yield shear forces and displacements of the specimen 

  Vpy 

(kN) 

dpy 

(mm) 

VdQy 

(kN) 

ddQy 

(mm) 

VdNy 

(kN) 

ddNy 

(mm) 
rq fi 

Story 2 
X 11.23 2.96 63.08 3.12 - - 0.00 5.62 

Y 11.23 2.96 58.14 4.16 - - 0.00 5.18 

Story 1 
X 14.68 8.67 60.80 3.26 72.72 6.27 0.62 9.10 

Y 14.68 8.67 55.48 4.42 66.36 8.50 0.61 8.30 
 

Plastic strain energy dissipated by the main structure Wp is readily assessed from the 

procedure explained in section 5.4.4.2 for each column’s plastic hinge and taking the 

lower bound of the resultant curves in order to remove the elastic strain energy. As 

explained in section 5.4.4.2, the Wp has been estimate with a procedure (the plane 

interpolation approach) that gives important errors when the level of plastification of the 

section is large. Therefore, value of Wp adopted next is of little reliability. In contrast, the 

total energy absorbed by dampers can be reliably and directly computed by integrating 

the force-displacement curves in the direction of axis of each damper (see Figure 5.12), 

as explained in section 5.4.5 and shown in Figure 5.20. The dampers in the upper story 

only consist on the TTD component, so all absorbed energy is identified with this 

component. However, the dampers in the lower story involve the TTD and the SMA 

components. The energy estimation for each part is carried out using the numerical 

models developed in Chapter 2 for the TTD and the SMA as follows. First, the complete 

displacement history of the dampers during all seismic simulations is imposed to the TTD 

and SMA numerical models and the resulting forces are achieved. Second, the energy of 

each component is calculated along the complete history. Third, the proportion between 

the energy absorbed by the TTD and SMA to the sum at each instant is computed. Finally, 

this proportion is applied to the actual history of total (i.e. TTD and SMA components) 

absorbed/dissipated energy calculate from the results of the tests, and the absorbed energy 

for each component is deduced. As an example, hysteretic behaviour and energy history 

is obtained and compared in Figure 5.25 for the Damper 3 between experimental tests and 

numerical simulations. 

(a)         (b) 

   

Fig. 5.25 Deduction of absorbed energy by the TTD and SMA in the Damper3 (a) Q-δ curve, 

(b) energy history 



Chapter 5. Bidirectional shake table tests on a RC structure with TTD-SMA dampers 

182 

The 
𝜂𝑖

𝜇𝑚𝑎𝑥𝑖
 ratios are calculated at two different instants for each seismic simulations: the 

instant of maximum displacement tm and the instant at the end of each test t0. The data 

used comprises the history from the beginning of the experimental campaign until the 

instant of interest for each test, with the aim of counting with the cumulated information. 

This is especially important regarding the cumulative plastic deformation ratios. Table 

5.15 summarized the values obtained for these ratios at the two instants described. The 

values of these ratios are also computed for each individual test, i.e. without the cumulated 

information, and listed in Table 5.16. 

 

Table 5.15. Ratios of cumulated plastic strain energy and maximum plastic deformation 

(cumulated values) 

Test  Story 1 Story 2 

  𝜂𝑝

𝜇𝑝,𝑚𝑎𝑥
 

𝜂𝑑𝑄

𝜇𝑑𝑄,𝑚𝑎𝑥
 

𝜂𝑑𝑁

𝜇𝑑𝑁,𝑚𝑎𝑥
 

𝜂𝑝

𝜇𝑝,𝑚𝑎𝑥
 

𝜂𝑑𝑄

𝜇𝑑𝑄,𝑚𝑎𝑥
 

SK15 tm - - - - - 

 t0 - - - - - 

SK25 tm - - - - - 

 t0 - - - - - 

SK50 tm - - - - - 

 t0 - - - - - 

SK100 tm - 7.09 - 2.55 6.69 

 t0 - 25.05 - 4.80 17.70 

SK130 tm - 15.09 - 4.91 13.94 

 t0 - 32.46 - 7.36 28.04 

SK130bis tm - 35.75 - 6.04 20.66 

 t0 - 43.60 - 7.67 27.96 

SK160 tm - 40.00 - 9.65 33.67 

 t0 - 51.36 - 11.13 43.63 

SK190 tm 1.30 30.16 27.50 8.06 29.29 

 t0 1.51 38.95 32.49 8.92 43.39 

The results marked with ‘–’ stand for the response points where the maximum displacement 

attained is under the yield displacement of the component. 
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Table 5.16. Ratios of cumulated plastic strain energy and maximum plastic deformation 

(individual test values) 

Test  Story 1 Story 2 

  𝜂𝑝

𝜇𝑝,𝑚𝑎𝑥
 

𝜂𝑑𝑄

𝜇𝑑𝑄,𝑚𝑎𝑥
 

𝜂𝑑𝑁

𝜇𝑑𝑁,𝑚𝑎𝑥
 

𝜂𝑝

𝜇𝑝,𝑚𝑎𝑥
 

𝜂𝑑𝑄

𝜇𝑑𝑄,𝑚𝑎𝑥
 

SK15 tm - - - - - 

 t0 - - - - - 

SK25 tm - - - - - 

 t0 - - - - - 

SK50 tm - - - - - 

 t0 - - - - - 

SK100 tm - 1.49 - 2.38 3.50 

 t0 - 19.46 - 4.63 14.51 

SK130 tm - 1.40 - 1.57 3.70 

 t0 - 18.77 - 4.02 17.80 

SK130bis tm - 0.98 - 0.67 2.04 

 t0 - 12.23 - 2.30 9.34 

SK160 tm - 3.85 - 2.03 6.18 

 t0 - 15.21 - 3.52 16.14 

SK190 tm 0.85 4.34 3.96 0.94 3.14 

 t0 1.05 12.34 10.29 1.80 17.24 

The results marked with ‘–’ stand for the response points where the maximum displacement 

attained is under the yield displacement of the component. 

The 
𝜂𝑖

𝜇𝑚𝑎𝑥𝑖
 ratios showed in Table 5.15 are plotted against the corresponding parameter rq 

in Figure 5.26 with black solid circles for the story 1 and with black circumferences for 

the story 2, and the ratios of Table 5.16 are plotted in Figure 5.27. In these figures, they 

are also plotted the regressions carried out in Chapter 3 for the parametric study on 2D 

MDOF systems, selecting the cases of impulsive earthquakes and B=0.3, which are the 

closest scenario to the experimental campaign. It is worth recalling that the value of the 

parameter fi in the parametric study was fixed fi=1 for all cases, while it ranges from fi=5 

to fi=8 for the tested specimen. That is, in the tested SD2 specimen, the strength of the 

dampers is considerable higher (more than 5 times) than the counterpart of the main 

structure (see last column of Table 5.14)  and this would explain, at least partially, the 

fact that the values of the 
𝜂𝑖

𝜇𝑚𝑎𝑥𝑖
 ratios obtained from the test are notably higher than those 

obtained from the numerical analysis for fi=1, as discussed latter. A second reason for this 

discrepancy in Table 5.15 and Fig. 5.26  is that the values of ratios 
𝜂𝑖

𝜇𝑚𝑎𝑥𝑖
 derived from the 

numerical simulations were obtained for a single ground motion while the experimental 

ones are obtained by applying several times (seven seismic simulations) the same ground 

motion with increasing amplitude. Therefore, in the tests the amount of energy dissipated 

by each component increases in each successive simulation in a larger extent than the 
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increase on maximum displacements (because the structure does not degrade); that is, 𝜂𝑖  

increases in a larger extent than 𝜇𝑚𝑎𝑥𝑖  . In fact, the ratios 
𝜂𝑖

𝜇𝑚𝑎𝑥𝑖
 calculated at the end of 

each seismic simulation by accounting for 𝜂𝑖 only the energy dissipated during this 

simulation (i.e. without cumulating the energy of previous simulations (Table 5.16 and 

Fig 5.27) are closer to the results of Chapter 3.  

(a)               (b) 

 
 

Fig. 5.26 Comparison of 
𝜂𝑖

𝜇𝑚𝑎𝑥𝑖
 ratios between parametric study and experimental tests with 

cumulated information (a) t=tm, (b) t=t0. 

(a)               (b) 

 

Fig. 5.27 Comparison of 
𝜂𝑖

𝜇𝑚𝑎𝑥𝑖
 ratios between parametric study and experimental tests with 

individual information (a) t=tm, (b) t=t0. 

As pointed out above, from Figure 5.26, it can be seen that the values of the 
𝜂𝑖

𝜇𝑚𝑎𝑥𝑖
 ratios 

obtained with the cumulated information are significantly larger that the regressions 

performed in Chapter 3 for the parametric study on 2D MDOF systems, especially for the 

dampers results. However, using the individual information from each test, the values 

computed are closer to the regressions, as shown in Figure 5.27. The values for the main 

structure are mostly situated under the inferior limit regression, what is consistent with 

the underestimation of the energy dissipated by the reinforced concrete columns, as 

explained in section 5.4.4.2. As for the TTD component, the computed values worth less 
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than the expected values at the instant tm, but opposite trend in founded at the instant t0. 

Regarding the SMA component, all values keep over the regressions carried out in 

Chapter 3. These differences may be due to the simplified models used in the parametric 

study on 2D MDOF systems, instead of realistic hysteretic behaviour of each component. 

Despite these differences, the comparison gives a rough approximation of the 
𝜂𝑖

𝜇𝑚𝑎𝑥𝑖
 ratios 

that can be used for design purposes. 

5.5 CONCLUSIONS 

This chapter described the ideation and design of a set of bidirectional shake table tests 

on a reinforced concrete structure equipped with advanced dampers. This experimental 

campaign is part of a previous research developed between 2014 and 2016 within the 

DIMFO project (Proyecto de Excelencia PE2012 TEP12 2429) leaded by Amadeo 

Benavent-Climent. This thesis contributed to the active participation in the tests and the 

extraction and analysis of the data. 

A conventional building of reinforced concrete waffle flat plate system supported on 

isolated columns was designed following the Spanish codes EHE-08 (2008) and NSCE-

02 (2002). The specimen, called SD2, was extracted as a portion of the complete 

prototype and it was scaled with a factor of 2/5 in order to make it compatible with the 

dimensions of the shaking table of the University of Granada. A set of six dampers was 

installed in the specimen (three per story) as diagonal bars in the main reinforced concrete 

frame. The dampers installed in the first story are advanced dampers that combine TTD 

and SMA components, while those installed in the second story are conventional metallic 

dampers (only TTD). This specimen was built and instrumented in laboratory. The overall 

instrumentation setup comprises eight uniaxial accelerometers, eight displacements 

transducers (LVDTs), twelve load cells at the top of the columns and more than 400 strain 

gauges into the whole structure. As for the dampers, a pair of LVDTs and six strain gauges 

were used for extracting the response of each damper. 

The SD2 specimen was subjected to eight seismic simulations, consecutively. All 

simulations are bidirectional with two horizontal components, north-south (NS) and east-

west (EW), of the near fault ground motion recorded at Bar-Skupstina Opstine during 

Montenegro earthquake (1979), applied simultaneously. The amplitude scale factor of the 

ground motions is increased from 15% of the original record to 190%. The NS component 

is applied in the symmetrical direction axis of the test specimen (referred to as X 

direction), and the EW component in the orthogonal direction (referred to as Y direction). 

The dynamic characterization of the test specimen was carried out by idealizing the 

structure as a two-mass lumped model. The response was concentrated on the mass 

centres considering 3 Degrees of Freedom (DOF) per lumped mass. Natural periods and 

damping ratios were obtained for each test from the displacements measured on the 

structure when the movement of the shake table stopped and the structure was in free 

vibration. Dynamic properties (periods and damping fractions) remained basically the 

same in all tests. This means that the main RC structure did not experienced relevant 

damage and remained basically elastic. 
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The results of the bidirectional shaking table tests were analysed in terms of: (i) response 

of the advanced dampers, (ii) balance of forces acting on the upper part of the structure, 

(iii) total base shear force vs. displacement, (iv) response of columns, (v) energies, (vi) 

maximum displacements and residual displacements and (vii) ratios of cumulated plastic 

strain energy and maximum plastic deformation. 

The dampers experienced large plastic deformations but without failure, absorbing great 

part of the energy that contributes to damage (98%). The energy dissipation mechanisms 

were activated from SK50 tests until the end, protecting the main structure from damage 

(dampers dissipated almost 50 times the energy dissipated in columns). The reinforced 

concrete elements in the lower story slightly exceeded the elastic range in last tests, where 

the amplitude displacements were about 1% and 2% ID in X and Y direction, respectively. 

The columns in the upper story endured large plastic deformations due to the dampers in 

this story only consists on the TTD component. The specimen demonstrated a stable 

dynamic behaviour under consecutive experiments. The maximum and residual 

displacements are studied within the Performance Based Design framework in order to 

evaluate the Seismic Performance Level (SPL) in each test. Maximum displacements 

were below the limit of 2.5% associated with the SPL of “Life Safety”, and far below the 

4% associated with “Collapse”, as described in previous studies on RC waffle-flat plate 

systems [Benavent-Climent et. al. (2019)]. The recentering capability of the specimen 

were evaluated with the criteria proposed in Chapter 4 in terms of residual displacements 

and elastic strain energy to hysteretic strain energy ratio. The residual deformations in the 

story that was equipped with the advanced dampers with recentering capability (first 

story), was markedly lower than that of the story equipped with ordinary dampers without 

recentering capability (second story). The results of the tests in terms of recentering 

properties are consistent with the criteria proposed in Chapter 4. 

The 
𝜂𝑖

𝜇𝑚𝑎𝑥𝑖
 ratios defined in Chapter 3 were specified for the bidirectional case and 

computed for these experimental campaign. The values obtained were compared with the 

results of the parametric study on 2D MDOF systems and considerably higher values 

were founded, mainly due to the cumulated energy along consecutive tests and the 

differences of the values of parameter fi. When the energy dissipated in each seismic 

simulation was used instead of the accumulated values, the values of the 
𝜂𝑖

𝜇𝑚𝑎𝑥𝑖
 ratios 

approached those predicted in Chapter 3. 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SUMMARY, CONCLUSIONS AND FUTURE RESEARCH 

 

This Thesis investigated the seismic design of frame structures equipped with advanced 

hysteretic dampers with recentering capability. These advanced dampers combine the 

high energy dissipation capacity of metal yielding with the superelastic properties of 

Shape Memory Alloys. The damper object of study is developed within a previous 

research project (Proyecto de Excelencia PE2012 TEP12 2429), led by Amadeo 

Benavent-Climent, and it consist on two components working in parallel: (i) a stainless-

steel Tube-in-Tube Damper (TTD), and (ii) a Shape Memory Alloy (SMA) bar made of 

nickel-titanium (NiTi) alloy with super elastic properties. Shaking table tests on a 

reinforced concrete waffle-flat plate structure equipped with this kind of dampers are also 

involved in the experimental campaign, which is designed and constructed inside the 

same research project.  
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To this extent, the contribution of this dissertation to this project is to participate actively 

in the experimental tests and to properly characterize the behaviour of the damper, as well 

as the data processing of the experimental results in order to have a better comprehensive 

understanding of the structure response. 

Metallic and Shape Memory Alloys dampers proposed in recent years are reviewed. Each 

part of the advanced TTD-SMA damper is experimentally and numerically characterized 

separately. Static and dynamic tests have been carried out in order to compare the 

behaviour of the damper under different strain rate conditions. The overall hysteretic 

behaviour under cyclic and seismic loadings is studied and the ultimate energy dissipation 

capacity until failure of each component is analysed and discussed. Refined numerical 

models are proposed to predict with accuracy the hysteretic behaviour and its failure. The 

main conclusions achieved for the TTD are: 

1) the TTD exhibited high energy dissipation capacity under cyclic and seismic 

loadings, with a very stable behaviour until failure. The source of energy 

dissipation is the plastic deformation of stainless steel strips formed in the outer 

tube of the damper; 

2) the ultimate energy dissipation capacity was evaluated and compared with other 

previous metallic slit dampers, achieving values notably higher (more than four 

times) than the reported values on the literature; 

3) the geometric nonlinearity effect appeared in ductility levels far beyond realistic 

scenarios of seismic performance of structures; 

4) two numerical models are proposed to characterize the TTD’s hysteretic 

behaviour: (i) a polygonal model constructed on the decomposition on skeleton 

and Bauschinger parts and (ii) a model based on the Bouc-Wen formulation. Both 

models closely represent the TTD’s behaviour. 

As for the SMA bar, the conclusions are: 

1) the hysteretic behaviour of NiTi superelastic SMA bars has some intrinsic 

properties that perfectly fits with the requirements of a seismic control device: (i) 

recentering properties, (ii) energy dissipation capacity, (iii) an elastic stress 

plateau up to strains of 6-8%, (iv) final strain hardening that controls nonlinear 

geometric effects (i.e. P-Δ effects), (v) excellent corrosion and high-cycle fatigue 

resistance; 

2) the strain rate effect has a notably influence on the SMA behaviour, consisting in: 

(i) increase of the loading and unloading stresses, (ii) reduction in the energy 

dissipation per cycle, (iii) residual deformations keeps unaltered; 

3) ultimate energy dissipation capacity has been evaluated and compared with 

previous studies, being consistent with the reported values. It has been also 

proposed an expression to predict the ultimate energy dissipation capacity of NiTi 

SMA bars under low-cycle fatigue; 
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4) it has been proposed a numerical model that combines a conventional flag-shape 

model with an elastic-perfectly plastic behaviour to accurately characterize the 

superelastic hysteretic loops of the SMA. 

The sum of these two components turns into an advanced damper that combines the high 

energy dissipation capacity of metal yielding with the recentering properties of 

superelastic SMA. The calibrated hysteretic models are used to build complete structures 

with advanced energy dissipation devices with the purpose of studying the global 

response of 3D structures subjected to earthquakes. All this work is subsequently used to 

the central part of the dissertation: seismic design of structures with advanced energy 

dissipation devices by using energy-based methods. 

The energy approach to seismic design is described as an appropriate method to 

characterize the response of structures subjected to earthquake loadings within the 

conceptual framework of Performance-Based Seismic Design. The main advantages can 

be summarized as: (i) the energy balance is a nature law, solid, well known and easy to 

apply, i.e. equilibrium (ii) the energy input of an earthquake in a given structure almost 

only depends on the fundamental period of the structure and the total mass of the system, 

(iii) energy can be synthesized in a single scalar measure value, even for complex 3D 

interactions, (iv) the damage related information is efficiently embodied in the energy 

concept, thanks, between others, to the number of equivalent cycles definition and (v) 

energy identifies numerical problems. Numerical instability and lack or convergence are 

clearly shown in the energy evolution during nonlinear Time History Analyses. 

The energy-based design framework is presented and particularized to frame structures 

equipped with advanced dampers with superelastic properties. The energy balance 

formulation is developed for this kind of structures. New equations are proposed to 

predict: (i) the elastic strain energy; (ii) the plastic strain energy at the instant of maximum 

deformations and at the end of the ground motion, and (iii) the maximum interstory drifts 

in each story. Afterwards, an extensive parametric study is carried out and the results are 

compared with the estimations obtained by the equations developed. The main results of 

this study are: 

1) the predicted plastic strain energy distribution envelope curves are very close to 

those obtained from the THAs, especially in the central storeys; 

2) the optimum shear force distribution proposed by the Japan Building Code (JBC) 

seems to be a good approach for design purposes; 

3) a value for damage concentration index n=3 is proposed for frame structures 

equipped with dampers with recentering capability; this new value used in 

conjunction with Akiyama’s damage distribution law and the optimum 

distribution adopted by JBC, provides a reasonably good estimation of the plastic 

strain energy distribution among stories; 

4) the structures equipped with the advanced dampers with recentering capability 

investigated in this Thesis are less likely to damage concentration than other 

systems such as the strong column-weak beam structures that exhibit greater 

values of the damage index concentration n; 
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5) the damage index concentration n=3 and the expressions for 
𝜂𝑖

𝜇𝑚𝑎𝑥𝑖
 proposed in this 

Thesis provide a satisfactory, safe-side, prediction of the maximum response of 

the structure in terms of interstory drifts; 

6) in systems that combine in parallel a frame (main structure) and a damping system 

consisting of the advanced dampers discussed in this Thesis, most of the plastic 

strain energy is dissipated by the dampers, while the main structure dissipates a 

very little amount of plastic strain energy (little damage); 

7) there are no remarkable differences comparing the response of frame equipped 

with the advances dampers under impulsive with non-impulsive ground motions; 

8) the agreement between response of THA and prediction is good and not over 

conservative, so it can be used for design purposes. 

The control of residual deformations and the recentering capability is also studied since 

it is a key part of current seismic design with the aim of achieving resilience in all kind 

of constructions. Within the paradigm of Performance Based Design, an approach based 

on energy considerations is taking into account for studying the performance of Moment 

Resisting Frames equipped with advanced TTD-SMA dampers with superelastic 

properties. The parametric study on multistory frames subjected to earthquakes loadings 

previously developed is extended with the aim of obtaining the relation between 

normalized residual drift and the elastic to hysteretic energy ratio. As a result, the 

following conclusions are reached: 

1) in a single advanced TTD-SMA damper under static conditions, the amount of 

dissipated energy increases as the residual deformation decreases if the yielding 

of the super-elastic elements precedes that of the elastoplastic element; however, 

the tendency is the opposite if the elastoplastic element yields first;  

2) the residual i-th inter-story drift on frames equipped with advanced TTD-SMA 

dampers under dynamic seismic conditions is strongly influenced (controlled) by 

the quotient between the amount of energy stored in the form of elastic 

deformations, ESi, and the amount of energy dissipated through plastic 

deformations, EHi, in a single excursion up to the maximum displacement; 

3) the (normalized) residual inter-story drift of frames equipped with advanced TTD-

SMA dampers subjected to dynamic seismic loading increases very sharply when 

ESi/EHi is less than 1/3, while it decreases smoothly as ESi/EHi increases above 1/3;  

4) to guarantee an appropriate recentering capacity of the whole frame with advanced 

TTD-SMA dampers, the ratio ESi/EHi should be larger than 1/3; 

5) two new equations are proposed to relate the normalized residual inter-story drifts 

with the ratio ESi/EHi. 

The experimental validation is carried out for the general case of a 3D reinforced concrete 

structure equipped with the studied advanced dampers and subjected to bidirectional 

seismic loading in a shake table. The ideation and design of the experimental campaign 

is part of a previous research developed between 2014 and 2016 within the DIMFO 
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project (Proyecto de Excelencia PE2012 TEP12 2429) leaded by Amadeo Benavent-

Climent. First, a conventional RC structure consisting of waffle flat plates supported on 

isolated columns was design only for gravity loads following Spanish codes. Second, the 

RC structure was equipped with advanced TTD-SMA dampers in the first (ground) story 

and with conventional TTD dampers in the second story. A portion of this RC structure 

with dampers was extracted and scaled with a factor of 2/5 to make it compatible with the 

shaking table of the University of Granada. This specimen, built and instrumented in 

laboratory, was subjected to eight seismic simulations of the two horizontal components 

of the near fault ground motion recorded at Bar-Skupstina Opstine during Montenegro 

earthquake (1979), applied simultaneously. The amplitude scale factor of the simulations 

was increasing during consecutive tests, up to 190% of the original record. 

The specimen was idealized as a two-mass lumped model. With this model, the dynamic 

characterization of the structure was conducted, i.e. the natural periods and damping ratios 

were obtained for each test. The results of the bidirectional shaking table tests were 

analysed in terms of: (i) response of the advanced dampers, (ii) balance of forces acting 

on the structure, (iii) total base shear force vs. displacement, (iv) response of columns, 

(v) energies, (vi) maximum displacements and residual displacements and (vii) ratios of 

cumulated plastic strain energy and maximum plastic deformation. From these tests, the 

following conclusions can be made: 

1) the advanced dampers experienced large plastic deformations but without failure, 

absorbing great part of the energy that contributes to damage (98%) and protecting 

the main reinforced concrete from the cumulated damage; 

2) the reinforced concrete elements in the first story (equipped with advanced TTD-

SMA dampers with recentering properties) slightly exceeded the elastic range at 

the end of the tests. In contrast, the columns in the upper story (equipped with 

conventional TTD metallic dampers without SMA) endured notably plastic 

deformations; 

3) the maximum and residual displacements were studied within the Performance 

Based Design framework in order to evaluate the Seismic Performance Level 

(SPL) in each test. Maximum displacements were below the limit of 2.5% 

associated with the SPL of “Life Safety”, and far below the 4% associated with 

“Collapse”, as described in precious studies on RC waffle-flat plate systems 

[Benavent-Climent et. al. (2019)]; 

4) the recentering capability of the specimen were evaluated and compared with the 

criteria proposed in this Thesis in terms of residual displacements and elastic 

strain energy to hysteretic strain energy ratio and a good agreement was founded. 

The lower story exhibit greater recentering capability in comparison with the 

upper story thanks to the use of TTD-SMA dampers; 

5) comparing the experimental results with the expressions proposed based on 

numerical research, it is seen a good approximation that can be used for design 

purposes of frame structures equipped with advanced dampers with recentering 

capability. 
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This Thesis achieved the main objectives presented above for the seismic design of 

structures with advanced dissipation devices using energy-based methods. Nevertheless, 

future research directions have been detected through the investigation process: 

1) Metal yielding and phase transformation of NiTi alloys is investigated in this 

Thesis with suitable results for building earthquake engineering. However, the 

study on the combination of different mechanisms for passive control of structures 

is needed with the aim of identifying the best hybrid behaviour that guarantees 

energy dissipation together with recentering capability. 

2) Energy-based methods seem promising for the seismic design within the current 

paradigm of Performance Based Design and this Thesis made a big effort to 

extend this approach to frame structures equipped with advanced dampers with 

recentering properties. Despite the great consistence of this theory, there is still a 

long need of progress to implement this method within professionals. The big 

issue is to correctly characterize the energy capacity of structural elements and 

systems, which presents a large gap of knowledge. More experimental and 

numerical research is needed to shed some light on this concern. 

3) Controlling residual deformations and prevent cumulative displacements on a 

structure is a cornerstone of current seismic design. Some criteria have been 

proposed to address this problem within the Performance Based Design 

philosophy in last years. This Thesis investigated this issue on frame structures 

equipped with advanced hysteretic dampers and several equations are proposed to 

guarantee an adequate recentering capability for design purposes. This 

formulation has been validated thought shaking table test on a 3D reinforced 

concrete structure with advanced dampers. However, this criterion needs to be 

validated with more experimental and numerical studies on different kind of 

structures. 

4) The best way to assess the seismic response of a structure subjected to 

bidirectional ground motions is by performing shaking table test. In this Thesis, a 

portion of a scaled reinforced concrete structure was used due to the limitations 

of the earthquake simulator. The test specimen was subjected to bidirectional 

near-fault ground motions. The results obtained are reliable and fair. Additional 

tests are necessary to study the response under far-field ground motions.  

5) A more extensive numerical study should be conducted by using a 3D model 

calibrated with shake table tests. Beyond the comparison of the overall response 

and its calibration, a set of historic ground motions can be selected to perform 

nonlinear Time History Analysis in order to evaluate the behaviour of the structure 

under different seismic scenarios and to validate the criteria proposed. 
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