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Abstract 

This thesis presents the effectiveness of tuned liquid dampers (TLDs) for seismic response 

mitigation of a reinforced concrete (RC) base-isolated (BI) building. Five and ten stories 

buildings with base isolation (BI) systems are equipped with TLD having mass ratios of 2, 

5, and 10 %. Finite element model of the building, the base isolation system, and the TLD 

are created and used for nonlinear time history analysis to compute seismic response. Ground 

motions with different peak ground accelerations (PGA) are used in time history analysis. 

The parameters of the TLD are varied to find an optimal solution which is the most effective 

in reducing response parameters such as structural displacement and interstory drift. The 

results show that TLDs are effective in reducing structural displacement of the buildings. 

The control schemes are, however, not effective in controlling floor accelerations and base 

shear demand.  
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1 Introduction 

1.1 General 

Earthquakes are one of the most disastrous natural events. They are capable of enormous 

damage to life and infrastructure, and are yet unpredictable. It is therefore important for 

engineers to develop and build infrastructure that can safely withstand ground shaking 

caused by earthquakes. Seismic resistant design and construction has evolved a great deal in 

the last few decades as modern technologies such as seismic isolation systems, supplemental 

damping, and vibration control devices are being researched and refined. As design codes 

evolve and advance, such advanced technological solutions become standardized, and their 

practical use is expected to increase. A pre-requisite for such technologies to be a part of 

common construction practice is sufficient research to understand their advantages and 

disadvantages, as well as their optimal design and use.  

1.2 Research Problem  

With increasing urbanization in big cities around the world, engineers are faced with the 

challenge of designing taller and taller buildings. Availability of light weight and high 

strength material has helped in this regard. However, as buildings get taller, they become 

more flexible, and thereby more susceptible to the effects of earthquakes. Base isolation is a 

modern solution for seismic protection of buildings and other structures. Base isolation 

systems consist of different types of bearings that are installed between the structures and 

their foundation. These bearings are inherently flexible, undergo relatively large 

deformation, and thereby isolate the main structure from the shaking of the ground. By virtue 

of their deformation, which is often nonlinear, they also dissipate seismic energy carried by 

ground shaking, thereby protecting the main structure. Base isolation systems, through their 

flexibility and energy dissipation capacity, reduce the inertial seismic forces on the main 

structure. This reduction in inertial forces comes at the cost of increased displacement 

demand. Additional damping devices can be used to reduce displacement demands on base 

isolation structures. More recently, different control schemes such as tuned mass dampers, 

tuned liquid dampers, etc., are being researched as a solution to reduce structural vibrations 

caused by earthquakes. The main aim of this thesis is to investigate how effective tune liquid 

dampers are in controlling displacement demands of base isolated buildings.  

1.3 Objectives 

The main objective of this thesis is to analyze the effectiveness of TLD in reducing 

earthquake-induced vibrations of a base-isolated building. The following tasks are 

performed to achieve this objective. 



2 

• Numerical modelling of a base isolated structure equipped with tuned liquid 

damper at the top floor..  

• Parametric study of different TLD properties and search for optimal 

parameters.  

• Investigation of effectiveness in reducing seismic response using different 

ground motions. 

1.4 Structure of the Thesis   

This thesis consists of five chapters which contain 

Chapter 1. Introduction: This chapters includes the general background, definition of 

research problem,  and aim and objectives of the thesis 

Chapter 2. Literature Review: This chapters includes a review of existing methods to 

reduce earthquake effects  

Chapter 3. Numerical Modelling: This chapters describes the numerical modelling of the 

multistoried base isolated building and the TLD. 

Chapter 4. Results: This chapters presents results and their interpretation.  

Chapter 5. Conclusions and Future Research: This chapters summarizes the main 

findings of this research and points out the scope for further work.  
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2 Literature Review 

The literature on vibration control of structures is vast, covering diverse fields such as base 

isolation, passive control devices, and more recently, active control devices. A brief review 

of works related to the research presented in this thesis is provided in the following sections.   

2.1 Base isolation 

Base isolation was originally developed to reduce displacements of high rise structures due 

to wind forces. Then it was found to be effective in resisting the earthquake generated forces 

too. The first patent to the base isolation was applied in the year 1800 (Kelly, 2001). In the 

year 1909, Dr. Calantaries, a medical doctor from Scarbrough in England, applied for the 

British patent on an earthquake resistant design approach which proposed separating a 

building from its foundation by a layer of sand or talc. In 1921, Frank Lloyd successfully 

applied the concept of base isolation system in the Imperial Hotel at Tokyo. He used a layer 

of soft mud as a cushion to absorb the shocks of earthquake (Kelly, 1986) 

The first use of rubber bearings for base isolation was in the elementary School in Skopje, 

Macedonia, completed in 1969 (Kelly.,1997). However, the rubber block bulged sideways 

due to  the weight of  the building. A lead rubber bearing was invented in 1970 to overcome 

the bulging of the rubber,  incorporating a sufficient stiffness and damping properties in a 

single unit. To provide additional stiffness against service loads, high damping rubber 

(HDR) was developed in the early 1980’s. Sliding bearings in combination with LRB or 

HDR were first used to support light components such as staircases(Kelly, 2001).There is 

no restoring mechanism in the sliding bearing. To overcome this limitation many modern 

system such as R-FBI, FPS system were developed. The Foothill Communities Law and 

Justice Center, located in the city of Rancho Cucamonga, California  was  the first base 

isolated building in the USA. A large number of buildings have been constructed with base 

isolation all over the world since then.  

Modern base isolation can be classified into elastomeric bearing, sliding bearing and 

combination of elastomeric and sliding bearings as described below. 

2.1.1 Elastomeric bearing  

Elastomeric bearing was introduced nearly around 60 years ago. They are manufactured with 

high damping natural rubber. Elastomeric bearings are made from a layers of rubbers 

sandwiched between layers of steel plates. The bearings are very stiff in the vertical 

direction, but flexible in the horizontal direction. Elastomeric bearings can be combined with 

additional mechanical devices to provide extra damping. These include the hydraulic 

damper, steel bars, steel coils, or leads plug within the bearing itself( Kelly, 1997). The 

elastomeric bearing can be categorized into following two types (i) Laminated Rubber 

Bearing and (ii) the New Zealand System. 

Laminated Rubber Bearing System (LRB) 

It is the most used elastomeric bearing system. It is made from alternating layers of the steel 

and rubber. The bearing is designed in such a way that the first mode of the isolated building 
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is mainly a rigid body mode with all the deformation in the rubber. This base isolation system 

reduces seismic forces on the structure by moving its vibration frequencies away from the 

frequency band where ground vibration amplitudes are high.  

 

 

Figure 1.Laminated rubber bearing system (a)Section and element (b)Analytical model 

(c)Force deformation behaviour 

New Zealand System (NZ) 

This system incorporates a lead plug into the laminated bearing system. The lead plug 

provides high lateral stiffness at low strain, which is important during service load. It yields 

at relatively low strain, and undergoes hysteresis under cyclic loading. This hysteretic 

deformation dissipates energy which can be viewed as additional damping in the structure. 

The system therefore behaves essentially as hysteretic damper devices(Lin et al., 1989). The 

lateral flexibility of the bearing results in lower inertial forces in the structure at the cost of 

higher displacement. The hysteretic damping provided by the device is useful to reduce 

displacement of the structure.  
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Figure 2. NZ bearing system (a)Section and element (b)Analytical model (c)Force 

deformation behaviour 

Limitations  

 

The Laminated bearing systems have some limitations such as,  

The bearing displacement are significantly large and can cause instability in the 

isolation system. 

Uplift of bearing may result in global overturning. 

Heavy mass of isolation is required to carry the vertical static load of the structure, 

which increases the size of bearing(Lin et al., 1989). 

The damage to the core after a strong earthquake is difficult to detect.  

  

2.1.2 Sliding type 

Sliding isolators works on principle of pure friction. These are the simplest isolation systems 

and there has been a large amount of theoretical analysis of sliding systems(Ahamadi and 

Mostaghel, 1984). Such systems consist of two plates sliding over each other during ground 

shaking. Comparative study of different base isolation systems has shown that the response 

of sliding system does not vary with the frequency content of earthquake ground 

motion(Shrimali and Jangid, 2002). Different types of sliding systems such as PF ( pure 

friction system), FPS (friction pendulum system), CFPI(conical friction pendulum isolator) 

and VFPI (variable frequency pendulum isolator) have been in use.  
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Figure 3.Pure friction system (a)Schematic diagram (b) Analytical model (c) Force-

deformation behaviour 

(Sonali and Amay, 2015)present the performance of base isolation system in reducing 

seismic response of buildings. Both rubber bearing and friction pendulum bearing were 

tested in this study. Base isolation was found to be effective in controlling structural 

response. Ductility demands on the base-isolated structure was significantly lower than those 

on fixed base structure when subjected to same ground shaking.  

(Krishna, 2016)present a study on the performance of base isolation system on a asymmetric 

building. The study models nonlinear behavior of the structure and the base isolator. The 

story drifts, base shear, torsional moment and story displacement of the structure were 

estimated through nonlinear time history analysis. The results indicate significant reduction 

of the story drift, story shear, story displacement and torsional moment due to the use of 

isolation system.(Lu et al., 2004) proposed a new sliding isolator called CFPI. They carried 

out numerical simulation to compare the seismic performance of FPS, VEPI and CFPI. The 

effectiveness of the three base isolation system were found comparable when subjected to 

far-field earthquake ground motions. However, for near field earthquake ground motions, 

FPS were found to less effective in controlling structural accelerations. In such situations, 

CFPI was found to be the best system. There is a vast body of research that has developed 

and investigated the use of effectiveness of base isolation system, and the sum of results 

indicate that base isolation is very effective in controlling seismic response of structures such 

as buildings and bridges.  

Tuned mass damper (TMD) is a passive device attached to a structure to control its vibrations 

caused by dynamic forces such as wind and ground shaking. These dampers are tuned to the 

dominant frequency of the structure and made to move out of phase with the structure, 

thereby generating an opposing inertial force to reduce vibrations of the main structure. Such 

dampers impact the vibratory characteristics only in the range of their own frequency, i.e., 

they can suppress only a specific mode and the aforementioned tuning is very important for 

their efficiency(Adam et al., 2014). These dampers are more effective when the structure 

responds significantly in one mode. These dampers occupy large space for their installation, 

which is usually at the top of the building. An alternative is to use multiple smaller TMD’s 
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along the height of structure instead of single TMD. Multiple  TMDs can be tuned to more 

than one frequency, and therefore potential more effective in controlling structural response 

over a wider range of frequencies than a single TMD. Some example use of TMD devices 

are presented below.  

2.1.3 Taipei 101 skyscraper 

It was the world’s tallest building from its opening until 2010 when the Burj Khalifa in Dubai 

was completed. The height of the building is 509.2 m with 101 floors above the ground, as 

well as 5 basement levels. It contains the world’s most heaviest and largest tuned mass 

damper of steel pendulum with a weight of 660 tonne, suspended from 92nd to the 87th 

floor. The damper swayed by 100 cm during strong wind on 8 August 2015 

   

Figure 4.Taipei 101 building (left ) with steel pendulum used as a tuned mass damper (right),  
https://commons.wikimedia.org/w/index.php?curid=71321292   

2.1.4 One Canada Squares 

It is the second tallest building in Canary Wharf, London at 235m above the ground level 

containing 50 stories. The building was constructed during 1988 to 1991. A steel pendulum 

is used as tuned mass damper in the building.  
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Figure 5. One Canada square, 50 storey, 235m above the ground level 

located in Canary Wharf ,By mattbuck (category) - Own work by mattbuck., 

CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=27453476 

2.1.5 Statue of Unity 

It is astatue of the Indian statesman and independence activist Sardar Vakkabhbhai Patel. It 

is the tallest statue in the world with a height of 182m and is in the state of Gujarat, India. It 

was completed on 30 August 2018. Two tuned mass dampers,each 250 tonne heavy, are used 

to ensure the stability of the structure. 

    

Figure 6.Statue of the Unity, By Prime Minister's Office (GODL-India), 

GODL-India, https://commons.wikimedia.org/w/index.php?curid=74111243 
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Chen and Wu (2021) present the effectiveness of TMDs in reducing seismic response of a 

six story building. They test the performance of a single TMD against multiple TMDs placed 

at different floors of the building. They perform time history analysis using white noise and 

recorded ground motion for ground shaking. Their results show that multiple dampers are 

10 to 20% more effective in controlling floor acceleration than a single TMD.  

Tuan and shang ( 2014) present the effects of a TMD on the dynamic response of Taipei 

101Tower. A detailed dynamic analysis is conducted to evaluate the behavior of the 

Structure-TMD system, and the TMD was found to be effective in reducing wind induced 

vibration of the tower. 

Stanikzai et al. (2018) tested performance of single tuned mass damper and multiple tuned 

mass damper in reducing seismic vibrations of a base isolated building. Three buildings, 

with 5, 10, and 15 storeys were used in the study. The buildings were isolated using LRB, 

NZ, FPS and R-FBI systems. Their results show that multiple TMDs are more effective than 

single TMD in reducing structural accelerations, and the difference between the two systems 

is higher for taller buildings.  

2.2 Liquid Damper 

It is a special type of mass dampers where the damper mass is that of a liquid (typically 

water) inside  (a) a tank (Kareem, 1987) (Fujino and Pacheco 1988) or   (b) a U-shaped 

tube(Sakai, 1989). The former type is known as a Tuned Liquid Damper or Tuned Sloshing 

Damper (TLD/TSD) and the latter as liquid column Damper.  

 

2.2.1 Tuned Liquid Damper (TLD) 

Tune liquid dampers have been demonstrated to effectively control vibrations induced by 

winds (Fuji, 1990) and also have potential to mitigate earthquake induced vibrations (Banerji 

et al., 2000; Banerji et al., 2010). They consist of tanks filled with liquid, the sloshing of 

which counteracts the motion of the structure providing energy dissipation. The oscillation 

characteristic (fundamental frequency) of the liquid are related to the dimension of the tank 

and depth of the liquid( Chen et al., 1996). Some examples of structures equipped with such 

dampers are given below. 

Comcast Technology Center 

It is the tallest building in Philadelphia having 60 floors and a total height of 342m. The 

construction was completed in 2018. A set of 5 tuned sloshing dampers containing 125000 

gallons of water are located on  the 57th floor of the building.  
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Figure 7.Comcast Technology Center, By TKD7089pro - Own work, 

CC BY-SA 4.0, 

https://commons.wikimedia.org/w/index.php?curid=72067779 

One wall center 

It is a 48 story, 157.8m skyscraper hotel in downtown Vancouver, Canada. The construction 

of the building was completed in 2001. Two specially designed 227300 litre water tanks are 

installed at the top of the building to reduce wind-induced vibrations. Liquid Column 

Damper 

These devices consist of a U-shaped tube, or two liquid containers interconnected at their 

lower part with a horizontal tube so that liquid can be move from one container to the other. 

The motion of the liquid within the horizontal tube counteracts the vibration of the structure 

and provides energy dissipation. The frequency of oscillation of the liquid is directly related 

to the length of the liquid column, which is the only parameter that can be adjusted to 

establish the desired tuning characteristics. The vibration of the liquid within the tube 

prevents any wave-breaking phenomena which is a disadvantage of the TLD system. A 

major disadvantage of this system is that, unlike the TLD which is effective in controlling 

structural vibrations in both horizontal direction, liquid column dampers only work in the 

direction that the liquid tube is oriented in. Some examples of structures equipped with liquid 

column damper are given below.  

Comcast Center 

The Comcast Center is the second tallest building in Philadelphia with a height 297m and 

58 floors. The construction of the building was completed in 2005. The tower contains 1100 

m3 double-chambered concrete tuned liquid column damper. It is the largest damper in the 

North America 
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Figure 8. Comcast Center, By Smallbones - Own work, PublicDomain,  

https://commons.wikimedia.org/w/index.php?curid=12606915 

 

Liquid dampers had first been used in the 1950sin anti-rolling tanks for stabilizing marine 

vessels. Their use in civil engineering structures started in the late 1970s. (Baucer, 1984)is 

considered to be the first to propose a damping device consisting of a liquid. 

(Fuji, 1990)report that the vibrations of the Nagaski Airport Tower and Yokohama Marine 

Tower (height 101m) were reduced to half upon installation of Tuned sloshing dampers. 

(Sun et al., 1992)present an analytical model for TLD, based on shallow water wave theory. 

(Wakahara et al., 1992)carried out the theoretical and experimental studies to design an 

optimum TLD and verified their models with an actual application at the Shin Yokohama 

Prince Hotel in Yokohama. The interaction model considered by them was based on the 

boundary element method. 

(Koh et al., 1995)present numerical studies to investigate the effect of use multiple liquid 

dampers tuned to the different vibration frequencies of multi degree of freedom structures. 

The results show that it is more effective to use dampers tuned to several vibration modes of 

the structure. They concluded that effectiveness of the dampers is dependent on the 

frequency content of the earthquake ground motion and the placement of the dampers within 

the structure. 

(Yu et al., 1999)  proposed a solid mass damper model which they referred as Non-linear-

stiffness-Damping (NSD) model to model the Tuned Liquid Damper with non-linear 

stiffness and damping. They calibrated the non-linear characteristics of the NSD model from 

shaking table experiments.  
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 (Tait, 2008) developed an equivalent linear mechanical model that account for the energy 

dissipated by the damping screens of tuned liquid dampers. An equivalent linear damping 

ratio was derived for both sinusoidal and random excitation. The equivalent linearized 

damping ratio was found to depend on the response amplitude of the TLD, water depth, tank 

length, damping screen location and damping screen loss coefficient. Experimental tests 

were conducted on a scaled model structure-TLD system subjected to both sinusoidal and 

random excitation to validate the proposed model. This resulted in the TLD design theory 

with the damping screen. 

(Tait et al., 2008)  conducted a series of experimental test on a scaled structure-tuned liquid 

damper systems to evaluate the performance of the TLDs.  Unidirectional and bidirectional 

tuned liquid dampers were used on the structure and excited by base motion. They derived 

performance charts of the TLDs which help in investigating the influence of various 

parameter on the efficiency and robustness of a TLD. These chart are useful for initial design 

of Tuned liquid damper when the precise frequency of the structure is not known. 

(Love and Tait, 2012)developed a preliminary design procedure for a TLD with irregular 

shape due to restriction in the space for one dimensional structure. To do this, the 

transformed TLD properties are related to the tank shape using normalized charts. The tank 

shape satisfy the geometric restriction, structure TLD mass ratio and natural frequency can 

be obtained from the same chart. 

(Love and Tait, 2013)developed a fluid model of TLD and used it in predicting the response 

of a 2D structures-TLD system when the tank has irregular plan geometry.  

(Love and Tait, 2015)developed an equivalent mechanical model for a structure-MTLD 

system. MTLD system consist of one (traditional TLD), two or three tanks. They claim that 

it was the first time non linear energy dissipation associated with damping screen and non 

linear coupling amongst the sloshing mode was considered for MTLD systems. The system 

is reported to be superior to traditional TLD. 

2.3 Hybrid System 

In recent years, several building and bridges in the seismically active regions have been 

equipped with base isolation systems. Such isolation systems can result in large 

displacements at the isolation level. The hybrid base isolation system aims to reduce such 

displacements by providing additional damping. Different types of dampers have been used 

with isolation system to improve structure performance during strong ground motion and 

wind.  

(Tait et al., 2010)report that tuned liquid damper is cost effective to reduce the wind induced 

vibration  of base isolated structures. They found that it was effective and inexpensive 

method to control wind induced vibration of a two-story base isolated building.  

(Shoaei, 2019)investigate a hybrid structural control system using tuned liquid dampers 

(TLDs) and lead rubber bearing(LRB) systems for mitigating earthquake induced vibration. 

The study accounted for uncertainties associated with the steel shear building. Their results 

show that the base displacement can be reduced by 23% on the average, however, the 

maximum reduction can go beyond 30%. 
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3 Numerical Modelling 

3.1 Modelling of the base isolated building  

A building is a three-dimensional structure, and a fully three-dimensional analysis, which 

must consider six degrees of freedom at any point, is time-consuming both to formulate and 

solve. A simplified multi degree of freedom (MDOF) model is used to represent the 

buildings used in this study. In this model, each floor has a translational degree of freedom. 

A typical MDOF system with n degrees of freedom is shown in Figure 9. A Tuned Liquid 

Damper (TLD) is placed on the top floor. It is modelled with a mass, spring, and a viscous 

dashpot. The base isolation system is of the NZ type and its details are provided in   Table 

1. Properties of the building model and the TLD are provided in Tables 2 and 3, respectively. 

 

Figure 9. Schematic model of a base isolated building with TLD. 

 

Table 1. Properties of the NZ base isolation system used in this stydy 

SN Property Value 

1 Isolation period (𝑇𝑏) 2 sec and 3 sec  

2 Damping ratio of isolation system (𝑍𝑖𝑖) 0.05 

3 Weight of the base of the building (𝑚𝑏) 500 kN 

4 Yield displacement of the isolator (𝑞) 5 cm 

5 Yield Force  (𝐹𝑜) 0.075 KN 

6 Post yielding stiffness ratio of the 

isolator 

0.25 
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Table 2. Properties of the building model used in this study 

SN  Value  

1 Fundamental period of the building 

(𝑇𝑁)  

0.516sec 0.983sec 

2 Number of floors (𝑁)  5 10 

3 Superstructure damping ratio (𝜉) 0.02 

4 Weight of each floor (𝑚𝑁) 500 kN 

5 Stiffness of each floor (𝑘𝑁) 91385 kN/m  

 

Table 3. Properties of the Tuned  Liquid Dampers of isolation period 2sec 

Buildings 5-Storey 10-Storey 

Mass ratio (%) 2 5 10 2 5 10 

TLD Dimension 

Length (m) 5.25 5.25 5.25 6.25 6.25 6.25 

Height (m) 2.3 2.3 2.3 3 3 3 

Width(m) 0.96 2.4 4.8 1.2 3 6 

Tuning Frequency(frequency ratio) 0.72 0.72 0.72 0.67 0.67 0.67 

 

Table 4.Properties of the Tuned  Liquid Dampers of isolation period 3sec 

Buildings 5-Storey 10-Storey 

Mass ratio (%) 2 5 10 2 5 10 

TLD 

Dimension 

Length (m) 7 7 7 7 7 8.5 

Height (m) 0.8 0.8 0.8 0.8 0.8 1.3 

Width(m) 1.38 3.45 6.9 2.53 6.31 6.6 

Tuning Frequency(frequency 

ratio) 
0.59 0.59 0.59 0.59 0.59 0.6 

 

The governing equation of motion of a linear structural system when excited by ground 

acceleration is 

[𝑀]{�̈�} + [𝐶]{�̇�} + [𝐾]{𝑥} = −[𝑀]{𝑟}�̈��̈� (1) 

     

 Where [𝑀], [𝐶] and [𝐾] are the mass, damping, stiffness matrices of the building, and 

are of size (n+1) x (n+1), with n representing the number of floors. Similarly, {𝑥},  {�̇�}, {�̈�}, 
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represent the displacement, velocity, and acceleration vectors of the structure and the TLD 

relative to the ground, and �̈�𝑔 is ground acceleration. The vector {𝑟} is influence vector which 

is populated by ones.  

The total mass of the base isolated building is given by  

𝑀 = 𝑚𝑏 + ∑𝑚𝑖

𝑛

𝑖=1

 (2) 

        

where 𝑚𝑖 is the mass of each floor.  

3.2 Mechanical modelling of TLD 

Mechanical properties such as mass, damping and stiffness, corresponding to the 

fundamental sloshing mode, are used to represent the TLD system. The equivalent mass, 

stiffness, and linear natural angular frequency of a rectangular TLD are expressed as (Tait, 

2008) and (Love et al., 2010)  

M eq = 
8 𝜌𝑏 𝐿2

𝜋3 tanh {
𝜋ℎ

𝐿
} (3) 

 

K eq = 
8 𝜌𝑏 𝐿𝑔

𝜋2 tanh2{
𝜋ℎ

𝐿
}   (4) 

 

𝜔 = √
𝜋𝑔

𝐿
tanh {

𝜋ℎ

𝐿
} (5) 

  

Where 𝑔 is the gravitational acceleration, 𝜌 is the fluid density, 𝑏 is the tank width, 𝐿 is the 

tank length and ℎ is the mean fluid depth.The amplitude dependent equivalent damping 

coefficient (𝑐𝑒𝑞) and damping ratio (𝜁𝑒𝑞) can be computed by using the following 

equations(Tait, 2008). 

𝑐𝑒𝑞 = 𝜁𝑒𝑞

16𝜌𝑏𝐿²

𝜋3
𝜔  (6) 
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𝜁𝑒𝑞 = 𝐶𝑙√
32

𝜋3
𝑡𝑎𝑛ℎ (

𝜋ℎ

𝐿
)∆𝛯

𝜎𝑟

𝐿
 (7) 

 

∆ = 
𝑏𝐿

𝜋
[
1

3
+

1

𝑠𝑖𝑛ℎ2(
𝜋ℎ

𝐿
)
] (8) 

 

𝛯 = ∑𝑠𝑖𝑛(
𝜋𝑥𝑗  

𝐿
)3

𝑛𝑠

𝑗=1

 (9) 

Where 𝜎𝑟 is the root mean square free surface motion at the tank end wall, 𝑥𝑗 is the distance 

of the screen from the tank wall and  ns is the number of screen placed inside the tank  𝐶𝑙 is 

the coefficient of loss, can be computed using following equation by(Tait et al., 2005). 

𝐶𝑙 = (
1

(0.405𝑒−𝜋𝑆 + 0.595)(1 − 𝑆)
− 1)

2

 (10) 

 

The solidity (S) is the ratio of the solid portion of the screen submerged in water to the gross 

area of the screen submerged in water.  

3.3 Construction of system matrices 

The dimension of the mass, stiffness, and damping matrices depend on the number of floors 

and the number of TLDs installed on the structure. The base isolation system can be 

represented as a one degree of freedom nonlinear spring and a dashpot connected in parallel. 

When a single TLD is installed on the building, the order of these matrices is n+2, n being 

the number of floors. The mass matrix of the complete structure is therefore a diagonal 

matrix populated by floor mass and the TLD mass. The stiffness matrix of the system is 

constructed as a series of springs connected in series. The springs represent the stiffness of 

the base isolation system, each floor, and the TLD system. Damping in the building is 

constructed using the Rayleigh model. The damping matrix is proportional to the mass and 

the stiffness matrices of the building.  

C=a0[𝑀]+a1[𝐾]                 (11) 

Where a0 and a1 are the mass and stiffness proportional coefficients. These coefficients can 

be constrained by using damping ratios in two modes of vibration. Considering two modes 

with frequencies 𝜔𝑖 𝜔𝑗, and corresponding damping ratios 𝜁𝑖, and 𝜁𝑗 , the coefficients are 

given by solving the following equation.   
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1

2

[
 
 
 
 
1

𝜔𝑖
𝜔𝑖

1

𝜔𝑗
𝜔𝑗

]
 
 
 
 

{
𝑎0

𝑎1
} = {

𝜁𝑖

𝜁𝑗
} 

  

               (12) 

When the damping ratio in the two modes are equal and represented by 𝜁 , the coefficients 

are given by the following equation.  

𝑎0 =  𝜁
2𝜔𝑖𝜔𝑗

𝜔𝑖+𝜔𝑗
  and 𝑎1 =  𝜁

2

𝜔𝑖+𝜔𝑗
 

  
               (13) 

Where i and j represent first and second mode of the damping. The first mode of structure is 

considered for the analysis of the structure and 5 % damping ratio is used to compute the 

damping coefficient. 

The damping matrix of the structure with base isolation and TLD is constructed by adding 

viscous dashpots to the damping matrix of the main structure.  
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4 Results and discussion 

Main results and findings of the study are reported in this chapter following a description of 

the analysis methods and data.  

4.1 Time History analysis   

The system of equations is solved in the time domain by using numerical integration of the 

equation of motion. Due to the potential yielding of the base isolation system, the system 

equation is nonlinear in restoring force. Newmark’s time stepping algorithm is used in 

solving the system equations. Hysteretic behavior of the base isolation system is represented 

by the Bouc-Wen model reduced to a bilinear system. Time history analysis is programmed 

and conducted using the software Matlab.  Response of the building without control scheme, 

with base isolation only, and with base isolation and TLD are computed for several ground 

motions as listed in the following table.  

Table 5.List of Ground motion used in numerical study 

SN Earthquake Date Mw 

Epic. 

Distance 

(km) 

Recording Station PGA (g) 

1 Imperial Valley 
Oct 

15,1979 
6.4 27.7 

El Centro-Imperial Co Srvcs 

Bld 0.54 

2 Loma Prieta 
Oct 

17,1989 
6.9 7.1 

Corralitos-Eureka Canyon 

Road 0.63 

3 Northridge 
Jan 

17,1994 
6.7 18 Los Angles_UCLAGrounds 

0.47 

4 Kobe 
Jan 17, 

1995 
  JMA 

0.51 

5 
Kern County, 

CA 

July 

21,1952 
7.3 46.4 Taft Lincolon School Tunnel 

0.16 

6 Chi Chi 
Sept 

21,1999 
7.7 11.5 

Seismology Center, Taipei, 

Taiwan 0.39 

7 Landers 
June 28, 

1992 
7.3 14.4 Joshua Tree-Fire Station 

0.28 

8 El Centro 
May 

18,1940 
6.9 16.9 El Centro 

0.35 
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4.2 Optimization of TLD dimension and 

reduction in seismic response 

The tuning frequency of the TLD is controlled by the ratio of the length and height of the 

water tank. Tuning frequency has a direct effect on the effectivesss of TLD in controlling 

structural response. This ratio is varied in a wide range and time history analysis is carried 

out using different ground motions. For each ground motion, reduction of bearing 

displacement due to the TLD is used as a measure of effectiveness of the TLD. Variation of 

this reduction in a 5-storey building with isolation period of 2s and for different ground 

motions is shown as a function of h/L ratio in Figure 10. where h and L represent the depth 

of water and length of the water tank. The results show that for most of the ground motions, 

effectiveness of the TLD is strongly influened by the h/L  ratio. In most cases, the optimal 

value of this ratio is around 0.4. except for ground motions from the Kern Country and the 

Imperial Valley earthquakes, where the effectiveness of the TLD in reducing structural 

response is small and fairly independent of this ratio. The maximum reduction of bearing 

displacement is just below 40% for the Northridge earthquake in our study. Based on these 

results, the h/L ratio is taken as 0.4 for the rest of the analysis.  

 

Figure 10. Variation of reduction in bearing displacement of a 5-storey building as a 

function of h/L  ratio of the TLD.  

Reduction in top floor acceleration of the building by installation of base isolation system 

and TLD is presented in Figures 11 and 12. The results show that the control systems are 

very effective in reducing top floor acceleration of the 5-storey building with isolation period 
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of 2 sec. For example, under the Kern County ground motion, the top floor acceleration of 

the controlled structure is less than 10% of that of the uncontrolled structure.  

 

 

Figure 11. Top floor acceleration of controlled and uncontrolled 5-storey building with 

isolation period of 2 sec under ground motions 1 to 4 (see Table 4).  
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Figure 12 Same as in Figure 11 but for ground motions 5 to 8 in Table 4. 

It is well known that the base isolation system is effective in reducing acceleration demands 

on the building. They, however, result in increased displacement demand on the top floor. 

On a base isolated structure, most of the deformation occurs in the isolator itself. Due to this 

reason, bearing displacement and top floor acceleration are a good indicators of the overall 

performance of the structure.The cost of the structure depends on the floor acceleration 

(higher acceleration means more internal forces on structural elements, and stronger 
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structural elements might be required). Bearing displacement of the 5-storey base isolated 

structure with and without TLD is presented in figures 13 and 14. The results show that 

except for two ground motions (1 and 5 in table 4), the TLD is effective in reducing structural 

displacements. 

 

 

Figure 13 Bearing displacement of the 5-storey base-isolated building with and without 

TLD. for ground motions 1-4 (see Table 4). 
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Figure 14. Same as in Figure 13 but for ground motions 5-8 (see Table 4). 

 

 

4.3 Effect of mass ratio of TLD 

The isolator period and mass ratio of the TLD are the governing factors in reducing response 

of the structure. To investigate the effects of these factors, a 5-and 10-storey building with 
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isolation periods of 2 and 3 seconds are investigated with TLD having mass ratios of 2, 5, 

and 10%.  

Bearing displacement of the 5-storey building with isolation period of 2 and 3 sec are shown 

for different ground motions and TLD mass ratios in Figure 15. The results show that the 

bearing displacement is reduced by the TLD and heavier TLD produce more reduction. The 

reduction is higher for more flexible isolation system, i.e., with isolation period of 3 sec. It 

is to be noted that structures with more flexible isolation (𝑇𝑏 = 3𝑠 𝑖𝑠 𝑓𝑙𝑒𝑥𝑖𝑏𝑙𝑒 𝑡ℎ𝑎𝑛 2𝑠) 

system experience higher displacement demands and therefore displacement reduction in 

such systems is important.   

 

Figure 15 Peak bearing displacement of 5 and 10 storey buildings with and without TLD 

having different mass ratios. The period of the fixed-base structure is 0.5s, and isolation 

periods of 2 and 3 secconds are considered with isolation damping ratio of 10%.  

Top floor accelerations of the base-isolated building with and without TLD are presented 

in Figure 16. The results show that TLD is not effective in reducing top floor acceleration. 

Lighter TLDs produce some small reduction in top floor acceleration under some ground 

motions but amplify it under other ground motions. As the TLD gets heavier, top floor 

acceleration gets more amplified. It is to be noted that this amplification is in reference to 

the base-isolated structure and not the fixed base structure.  
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Figure 16. Same as in Figure 15 but for top floor acceleration. Illustrate  Top floor 

acceleration  of 5 & 10 storey  base isolated building with NZ (Ts=0.5 sec Tb= 2 & 3 sec 

& zb= 0.1) equipped with TLD at topmost floor under  Earthquake 1-8 from table 4. 

 

Similar observations can be made about base shear demand as presented in Figure 17.  
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Figure 17. Same as in Figure 16 but for base shear demand. 

The following figures 18 and 19 show the top floor acceleration and bearing displacement 

of the fixed base, base isolated and base isolated structure with TLD having mass ratio 10%. 

The top floor acceleration is very high, and bearing displacement is low in the fixed base 

structure as shown in Figures 18 and 19. The top floor acceleration is drastically decreased 

after the installation of the base isolator. However, the bearing displacement has increased 

with the installation of the base isolator. The Tuned liquid damper remedies by reducing the 

bearing displacement. Reduction in bearing displacement is significant only when the mass 

ratio is of the order of 10% in the structures studied here.  
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Figure 18. Top floor acceleration of 5 and 10 storey fixed base,BI and BI with TLD 

buildings, h  having mass ratios 10%. The period of the fixed-base structure is 0.5s, and 

isolation periods of 2 and 3 secconds are considered with isolation damping ratio of 10%. 

 

 

There is no bearing displacement at the fixed base structure as shown in the figure below. 

 

 

 

 

 
Figure 19.Bearing displacement of 5 and 10 storey fixed base,BI and BI with TLD 

buildings,with  having mass ratios 10%. The period of the fixed-base structure is 0.5s, and 

isolation periods of 2 and 3 secconds are considered with isolation damping ratio of 10%. 
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5 Conclusion 

The seismic response of the NZ base-isolated building with single tuned liquid damper 

TLD under different earthquake loading were computed. The effect of variation of time 

period of the isolator, number of floors of the building and mass ratio were investigated. 

The following conclusions can be drawn from this study. 

 

Base isolator of the building decreases the top floor acceleration of the building 

drastically.Base isolator is more effective in 5 storey building than the 10 storey 

building being studied here. 

Increasing time period of the isolator increases the top floor acceleration of the 

building. 

The effectiveness of the damper in reducing base displacement increases with increase 

in mass ratio of TLD. 

The performance of the TLD with mass ratio 0.1 and isolation time period 2 sec is the 

most effective in the case study buildings. 

You may also present some results about top-floor acceleration. 
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6 Appendices 

 

 

Table 6. Top floor acceleration of 5 storey building 𝜇 = 0.02 

SN 
Ground motion  

Isolation 
Period (s) 

Top floor acceleration (m/s2) 

Fix Base BI BI+TLD Reduction  % 

1 
Imperial 

Valley 

2 
37.52 

1.17  1.03  11.73 

3 0.6  0.7   -17.91 

2 Loma Prieta 
2 

21.34 
0.87  0.92 -4.75 

3 0.45  0.81  -82.1  

3 Northridge 
2 

10.62 
0.81  0.78 3.17  

3 0.32  0.54  -69.73  

4 Kobe 
2 

31.97 
0.97  0.88  8.83  

3 0.35  0.59 -70.54  

5 Kern  
2 

5.73 
0.45 0.46  -2.97  

3 0.25 0.27  -4.74  

6 Chichi 
2 

12.65 
 0.66 0.61  6.59  

3 0.33   0.55 -68.1  

7 Landers 
2 

6.92 
0.86   0.8  7.14 

3 0.46   0.42 6.93  

8 Elcentro 
2 

13.89 
0.81  0.88  -8.4  

3 0.36 0.56  -53.74 
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Table 7. Top floor acceleration of 5 storey building 𝜇 = 0.05 

SN 
Ground 
motion  

Isolation period 
(s) 

Top Floor acceleration (m/s2) 

Fix Base BI BI+TLD Reduction  % 

1 
Imperial 

Valley 

2 
37.52 

 1.17 1.37 -17.1  

3 0.6  1.08  -80.42 

2 Loma Prieta 

2 
21.34 

0.88 -1.55 -76.3 

3 0.45 2.07 -361.75 

3 Northridge 
2 

10.62 
0.8 1.58 -94 

3 0.32 1.20 -280.27 

4 Kobe 
2 

31.97 
0.97 1.2 -24 

3 0.35 1.13 -225.8 

5 Kern  
2 

5.73 
0.45 0.66 -46.82 

3 0.25 0.46 -80.16 

6 Chichi 
2 

12.65 
0.66 1.33 -102.1 

3 0.33 -1.47 -352.57 

7 Landers 
2 

6.92 
0.86 0.99 -15.22 

3 0.46  0.68  -47.58  

8 Elcentro 
2 

13.89 
0.8 1.07 -32.24 

3 0.36 1.05 -189.05 
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Table 8. Top floor acceleration of 5 storey building with 𝜇 = 0.1 

  

SN 
Ground motion  

Isolation 
period (s) 

Top floor acceleration (m/s2) 

Fix Base BI BI+TLD Reduction  % 

1 Imperial Valley 
2 

37.52 
1.17 2  -70.52  

3 0.60  2.34  -293.36  

2 Loma Prieta 

2 
21.34 

0.88 3.52  -302.16  

3 0.45  4.14  -826.12  

3 Northridge 
2 

10.62 
0.81   2.86 -253.5  

3  0.32  2.5 -693.51  

4 Kobe 
2 

31.97 
0.97  2.29  -136.48  

3  0.35 2.38  -585.33  

5 Kern  
2 

5.73 
0.45  0.98  -118.1  

3 0.25 0.84  -231.3 

6 Chichi 
2 

12.65 
0.66  2.93  -343.65  

3 0.33   3.2 -885.42  

7 Landers 
2 

6.92 
0.86  1.78  -107.84  

3 0.46  1.53  -235.56  

8 Elcentro 
2 

13.89 
0.81 1.77  -118.78  

3 0.36  1.86  -411.5  
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Table 9.Bearing displacement of 5 storey building 𝜇 = 0.02 

SN 
Ground motion  

Isolation 
period (s) 

Bearing Displacement (cm) 

BI BI+TLD Reduction  % 

1 Imperial Valley 
2 26.46  25.84  2.34  

3 28.46  26.61 6.47  

2 Loma Prieta 

2 14.56 13.62 6.42  

3 10.98  10.57  3.7 

3 Northridge 
2 15.73  14.39   8.55  

3 12.10   11.58 4.33  

4 Kobe 
2 17.42  16.47  5.45  

3 12.27  11.81  3.75  

5 Kern  
2 5.1  4.9  2.85  

3 9.05  8.63  4.63  

6 Chichi 
2 7.35  6.97   5.22 

3 8.72  8.39 3.77  

7 Landers 
2 17.12  16.12 6.25 

3 21.46 20.59  4.03  

8 Elcentro 
2 15.33  14.35  6.36  

3 14.14  13.81 2.32  
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Table 10Reduction in bearing displacement of 5 storey building 𝜇 = 0.05 

SN 
Ground motion  

Isolation 
period (s) 

Bearing Displacement (cm) 

BI BI+TLD Reduction  % 

1 Imperial Valley 
2 26.46  24.91  5.86 

3 28.46  24.15  15.15  

2 Loma Prieta 

2 14.56  12.22 16.05 

3 10.98 9.96  9.24  

3 Northridge 
2 15.73 12.45 20.86 

3 12.1 10.8 10.71 

4 Kobe 
2 17.42 15.14 13.07 

3 12.27 11.16 9.04 

5 Kern  
2 5.1 4.73 7.06 

3 9.06 8.04 11.3 

6 Chichi 
2 7.35 6.35 13.62 

3 8.72 7.92 9.23 

7 Landers 
2 17.2 14.8 13.91 

3 21.46 19.25 10.32 

8 Elcentro 
2 15.33 13.22 13.78 

3 14.14  13.34  5.69  
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Table 11.Bearing displacement of 5 storey building 𝜇 = 0.1 

SN 
Ground motion  

Isolation 
period (s) 

Bearing Displacement (cm) 

BI BI+TLD Reduction  % 

1 Imperial Valley 
2 26.46  23.42  11.48  

3 28.462  20.68  27.33  

2 Loma Prieta 

2 14.56 10.1  30.58  

3 10.98   9.2 16.22  

3 Northridge 
2 15.73  9.57  39.14  

3 12.1  9.7  19.92  

4 Kobe 
2 17.42 13.22  24.11  

3 12.27  10.2  17  

5 Kern  
2 5.1  4.38  13.8  

3 9.06  8  11.77  

6 Chichi 
2  7.35 5.33  27.58  

3 8.72  7.19  17.54  

7 Landers 
2 17.2  13.1  23.88  

3 21.46  17.02  20.69  

8 Elcentro 
2 15.33 11.85  22.71  

3 14.14  12.59  10.97  
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Table 12 Top floor acceleration of 10 storey building 𝜇 = 0.02 

SN 
Ground motion  

Isolation 
period (s) 

Top floor acceleration (m/s2) 

 Fix Base BI BI+TLD Reduction  % 

1 
Imperial 

Valley 

2 
37.52 

2.79 2.2 21.33 

3 1.18 0.86 27.75 

2 Loma Prieta 

2 
21.34 

2.05 1.75 14.56 

3 0.9 0.8 11.27 

3 Northridge 
2 

10.62 
1.1 1.22 -10.63 

3 0.46 0.94 -104.18 

4 Kobe 
2 

31.97 
2.93 2 31.45 

3 1.38 0.76 44.77 

5 Kern  
2 

5.73 
0.56 0.49 11.92 

3 0.33 0.3 10.32 

6 Chichi 
2 

12.65 
1.23 1.05 14.65 

3 0.51 0.83 -65.07 

7 Landers 
2 

6.92 
1.27 1.19 6.8 

3 0.51 0.54 -5.08 

8 Elcentro 
2 

13.89 
1.25 1.08 13.44 

3 0.65 0.8 -23.95 
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Table 13Reduction in top floor acceleration of 10 storey building 𝜇 = 0.05 

SN 
Ground motion  

Isolation 
time 

Top floor acceleration 

Fix Base BI BI+TLD Reduction  % 

1 
Imperial 

Valley 

2 
37.52 

2.79 1.99 28.7 

3 1.18 2.51 -111.87 

2 Loma Prieta 

2 
21.34 

2.05 2.08 -1.65 

3 0.9 2.65 -193.83 

3 Northridge 
2 

10.62 
1.1 1.95 -77.07 

3 0.46 2.34 -409.14 

4 Kobe 
2 

31.97 
2.92 2.26 22.67 

3 1.38 2.55 -84.72 

5 Kern  
2 

5.73 
0.55 0.66 -18.53 

3 0.33 0.6 -78.94 

6 Chichi 
2 

12.65 
1.23 1.97 -60.68 

3 0.51 2.2 -336.89 

7 Landers 
2 

6.92 
1.27 1.08 15.27 

3 0.51 0.88 -71.66 

8 Elcentro 
2 

13.89 
1.25 1.38 -9.8 

3 0.65 1.66 -155.54 
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Table 14Reduction in top floor acceleration of 10 storey building 𝜇 = 0.1 

SN 
Ground motion  

Isolation 
time 

Top floor acceleration 

Fix Base BI BI+TLD Reduction  % 

1 
Imperial 

Valley 

2 
37.52 

2.79 3.48 -24.7 

3 1.18 5.53 -367.29 

2 Loma Prieta 

2 
21.34 

2.05 4.72 -130.64 

3 0.90 5.87 -550.19 

3 Northridge 
2 

10.62 
1.1 4.08 -270.13 

3 0.46 4.67 -915 

4 Kobe 
2 

31.97 
2.93 4.3 -47.23 

3 1.38 5.58 -303.41 

5 Kern  
2 

5.73 
0.56 1 -79.18 

3 0.33 1.37 -310.7 

6 Chichi 
2 

12.65 
1.23 4.05 -229.85 

3 0.51 4.6 -810.93 

7 Landers 
2 

6.92 
1.27 1.68 -31.73 

3 0.51 1.74 -238.24 

8 Elcentro 
2 

13.89 
1.25 2.94 -135 

3 0.65 3.89 -499.19 
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Table 15.Reduction in bearing displacement of 10 storey building 𝜇 = 0.02 

SN 
Ground motion  Isolation time 

Bearing Displacement 

BI BI+TLD Reduction  % 

1 Imperial Valley 
2 24.23 23.75 2 

3 26.87 26.16 2.66 

2 Loma Prieta 

2 13.22 12.63 4.43 

3 10.34 10.1 2.28 

3 Northridge 
2 14.08 13.27 5.78 

3 11.67 11.04 5.37 

4 Kobe 
2 15.73 15.4 2.06 

3 11.67 11.08 5.09 

5 Kern  
2 4.3 4.18 2.7 

3 9.07 8.67 4.34 

6 Chichi 
2 5.95 5.73 3.9 

3 8.54 8.28 3.07 

7 Landers 
2 15.37 14.1 8.26 

3 21.3 20.48 3.87 

8 Elcentro 
2 13.75 12.75 7.24 

3 13.8 13.56 2.26 
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Table 16.Reduction in bearing displacement of 10 storey building 𝜇 = 0.05 

SN 
Ground motion  Isolation time 

Bearing Displacement 

BI BI+TLD Reduction  % 

1 Imperial Valley 
2 24.23 23 4.9 

3 26.87 25.11 6.55 

2 Loma Prieta 

2 13.21 11.63 11.97 

3 10.34 9.65 6.64 

3 Northridge 
2 14.08 11.83 16 

3 11.67 10.11 13.37 

4 Kobe 
2 15.73 14.41 8.38 

3 11.67 10.85 7.1 

5 Kern  
2 4.3 4 7 

3 9.06 8.03 11.4 

6 Chichi 
2 5.96 5.35 10.17 

3 8.54 7.88 7.72 

7 Landers 
2 15.37 12.53 18.45 

3 21.30 19.17 10.06 

8 Elcentro 
2 13.75 11.49 16.42 

3 13.87 13.23 4.67 
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Table 17.Reduction in bearing displacement of 10 storey building 𝜇 = 0.1 

SN 
Ground motion  Isolation time 

Bearing Displacement 

BI BI+TLD Reduction  % 

1 Imperial Valley 
2 24.23 21.82 9.95 

3 26.87 23.34 13.15 

2 Loma Prieta 

2 13.21 10 24.36 

3 10.34 9.5 8.1 

3 Northridge 
2 14.08 9.55 32.18 

3 11.67 8.9 23.72 

4 Kobe 
2 15.73 10.83 31.16 

3 11.67 11.93 -2.19 

5 Kern  
2 4.30 3.69 14.17 

3 9.07 8.18 9.81 

6 Chichi 
2 5.96 4.6 22.72 

3 8.54 7.29 14.61 

7 Landers 
2 15.37 10.93 28.87 

3 21.31 17.13 19.61 

8 Elcentro 
2 13.75 9.98 27.35 

3 13.87 12.79 7.81 

 

 

 

 

 


