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A B S T R A C T  
 

 

To endure strong ground motions in large earthquakes, structures need to be equipped with tools to damp 

the huge amounts of energy induced by these excitations. In conventional buildings, seismic energy is 
often handled by a combination of rigidity-ductility measures and energy dissipation solutions. Since 

these buildings often have very low damping capability, the amount of energy dissipated within their 

elastic behavior phase tends to be negligible. Passive dampers are vibration control systems that can 
serve as valuable tools for controlling strong forces and reducing the probability of structural failure 

under seismic loads. In Tuned Liquid Dampers (TLDs), energy is dissipated by exploiting the behavior 

and characteristics of the liquid contained in the damper’s tank. When the structure is subjected to 
external stimuli, the force transferred to the damper starts moving the liquid that lies stationary in the 

damper’s tank, getting dissipated in the process. There are various classes of TLDs with different tank 

shapes, aspect ratios, and mechanisms of action, each with its properties and features. Another cause of 
energy dissipation in TLDs, in addition to the viscosity of the liquid, is the base shear force that is applied 

to the damper’s intersection with the main structure with a phase difference relative to the external 

excitation, because of the difference between hydrostatic forces exerted on the walls at the two ends of 
the tank. Therefore, the level of liquid interaction with the damper’s walls is also a determinant of the 

damping of external forces and thus the seismic response of the structure. The study investigated a new 
type of TLD with a double-walled cylindrical tank. To examine the effect of this TLD on the seismic 

response, a series of models were built with different liquid heights in the tank’s inner and outer walls 

and subjected to several seismic excitations on a shaking table. The results showed that using this type 
of damper reduced the seismic response of the structures. Also, the reduction in seismic response was 

found to change significantly with the amount of liquid in the damper. 
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1. INTRODUCTION1 
 
To endure strong ground motions in large earthquakes, 

structures need to be equipped with tools to damp the 

huge amount of energy induced by these motions. This 

can be done through methods such as increasing the 

damping capability of the structure, which will allow it to 

absorb, damp, and reflect some portion of the input 

energy, thus reducing the amount of energy transferred to 

the structure and therefore the level of energy dissipation 

 

required for structural members, which allows the 

structure to be constructed with less ductility. One of the 

common methods of vibration control in large structures 

is to use tuned liquid dampers (TLDs). The most common 

form of TLD is the one consisting of a half-filled water 

tank that is rigidly mounted on the top floors of the main 

structure (usually the last floor) of the building. The tanks 

of TLDs can be built with a variety of geometries, 

including rectangular and circular shapes (rectangular 

tanks tend to be somewhat heavier than circular tanks).  

NOMENCLATURE 

Ms Surface wave magnitude PGV Peak ground velocity 

D Focal depth PGA Peak ground acceleration 

PGD Peak ground displacement   
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One of the main causes of energy dissipation in TLDs 

is the viscosity of the water moving inside the tank in 

steady and turbulent states, which can be strengthened 

mechanically by placing mesh screens inside the tank 

compartment. Another important cause of energy 

dissipation in these dampers is the base shear force that 

is applied to the place where the damper is attached to the 

main structure with a phase difference relative to the 

external excitation because of the difference in 

hydrostatic force on the walls at the two ends of the tank. 

Instead of water tanks, TLDs can be built with 

interconnected tube-shaped containers with columns of 

liquid moving inside. This modified version of TLD is 

called the Tuned Liquid Column Damper (TLCD). Since 

TLDs fall in the category of passive dampers, another 

group of TLDs called the Active Tuned Liquid Column 

Damper (ATLCD) have also been designed by 

combining TLCD with an active mechanism, which 

offers higher effectiveness in controlling the oscillation 

amplitude and acceleration response of the structure.  

In [1], it was stated that in Japan, where earthquakes 

are common and strong seismic activities can cause 

catastrophic damages every 2 or 3 years, structures of a 

refinery, petrochemical, chemical, and other such plants 

have to be designed and constructed to endure such 

seismic loads. In these plants, the equipment called 

pressure vessels, which must work under high pressures 

and temperatures, are often designed to endure these 

operating loads rather than seismic loads. However, in 

cylindrical tanks where the integrity is determined by the 

seismic loads, the structure may be designed with thin 

walls and the contained liquid can more easily interact 

with the structure. Thus, during an earthquake, the 

motion of the contained liquid can damage the wall or 

roof of the cylindrical tank or cause the liquid to spill out 

of the tank, causing fire [1].  

TLD is a passive vibration control device consisting 

of a rigid tank filled with water that relies on the 

movement of water inside it to dissipate energy. Research 

has shown that TLD is more effective when it has a larger 

base acceleration amplitude because this allows it to 

dissipate more energy through increased fluid movement. 

This feature has been emphasized in some TLD 

configurations. In one of such configurations, the damper 

is rigidly connected to a secondary mass, which itself is 

connected to the main structure through a spring system. 

This alternative configuration is known as the Hybrid 

Mass Liquid Damper (HMLD). It should be noted that 

when the secondary spring is stiff, the alternative and 

standard TLD configurations will be similar. It has been 

observed that for a given structure with HMLD, there is 

an optimal secondary spring stiffness at which the 

effectiveness of HMLD will be maximal [2].  

In [3], researchers studied the effect of various 

components of the earthquake on the motion response of 

liquid storage tanks. Firstly, they reviewed the theories 

that are commonly used for the unidirectional analysis of 

liquid behavior in cylindrical tanks. Then they used the 

Finite Element Modeling (FEM) method to simulate the 

dynamic response of the liquid tank system. To validate 

the FEM method, they applied it to a set of experimental 

data available in the literature. They then conducted a 

parametric study on a series of vertical cylindrical tanks 

with different aspect ratios under various earthquake 

acceleration time series, where each tank was subjected 

to unidirectional and bidirectional excitations. They also 

examined the suggestions of some seismic codes for the 

estimation of Maximum Sloshing Wave Height (MSWH) 

and evaluated the accuracy of the proposed prediction 

methods numerically. In the end, the simple equation 

available for estimating MSWH under unidirectional 

excitation was extended for bidirectional excitation [3]. 

As structures become taller and thinner, their 

vibrational response and weight become increasingly 

challenging design considerations. TLDs are cost-

effective vibration dampers that can be used to suppress 

structural vibrations. In TLDs, energy is dissipated 

through the friction of the liquid boundary layer and wave 

breaking. The potential behaviors of TLDs and their 

interaction with structures could be very complex. In [4], 

an advanced experimental method called the Real-Time 

Hybrid Simulation (RTHS) was used to conduct a 

comprehensive parametric study to evaluate the 

effectiveness of TLDs. In RTHS, the effect of TLD is 

determined experimentally while the structure is modeled 

and analyzed, and this allows the TLD structure 

interactions to be determined in real-time. By treating the 

structure as an analytical model, RTHS offers a unique 

level of flexibility in the analysis. In this study, 

researchers considered a wide range of values for 

parameters including TLD/structure mass ratio, 

TLD/structure frequency ratio, and structural damping. 

They also experimentally evaluated the accuracy of 

FVM/FEM, which combines the finite element method 

(FEM) with finite volume method (FVM), in the 

modeling of liquid and solid domains to capture the TLD-

structure interactions. The results of this study provided 

a better understanding of TLDs and their interaction with 

structures and also contributed to the advanced design of 

these devices [4]. 

In another study, researchers investigated the 

application of TLDs in reducing wind-induced vibrations of 

base-isolated structures. They modeled TLD as an 

equivalent linearized mechanical system where natural 

frequency and damping of the fluid motion are amplitude-

dependent. These researchers also modeled the base-

isolated structure as a modified version of the linearized 

Bouc-Wen model, so that the behavior of Stable Unbonded 

Fiber Reinforced Elastomeric Isolators (SU-FREIs) could 

be described. They combined TLD and base-isolated 

structures to form a system of coupled ordinary differential 

equations. They also presented a preliminary TLD design 
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method for determining the proper tank dimensions and 

screen properties. The equivalent linearized mechanical 

model was validated through time simulations of the 

nonlinear behavior of the structure and fluid. This study 

reported that TLD can serve as an effective means to control 

wind-induced vibrations of base-isolated structures [5]. 

Crowley and Porter studied the effect of screens on the 

natural frequency and performance of TLDs. The 

experimental investigations of these researchers showed 

that the screen’s solidity ratio is usually determined for 

using TLD as a means of frequency shift [6, 7]. When a 

TLD is subjected to large amplitude excitations, because 

of the horizontal velocity component in the wave motion, 

the wave threshold decreases as the amplitude increases. 

This is known as wave breaking. At this stage, simple 

linear models can no longer describe the behavior of the 

liquid, and the wave breaking changes the motion 

frequency of the liquid [8]. Furthermore, this complex 

nonlinear phenomenon affects the shear force generated 

due to TLD and the motion of the structure, an effect that 

is difficult to model accurately. Various numerical and 

experimental studies have been carried out on the use of 

other configurations of TLDs, including TLCDs, in 

suppressing the structural vibrations induced by seismic 

and wind loads [9, 10]. In [11], researchers studied the 

seismic interaction of tall buildings and TLDs with 

internal screens by replacing TLDs with equivalent 

amplitude‐dependent tuned mass dampers (TMDs). In 

these models, parameters of equivalent TMDs were 

applied to the equation of motion of structures with the 

assumption that TLD is of the single degree of freedom 

type [11]. The majority of previous experimental studies 

and nonlinear modeling efforts have been focused on 

understanding the behavior of rectangular or circular 

TLDs. However, Love and Tait [12] developed a 

nonlinear multivariate model to describe the behavior of 

liquid inside a flat tank with arbitrary geometry. They also 

used a modal expansion technique for the nonlinear 

simulation of TLDs with damping screens [13]. Recently, 

Malekghasemi et al. [14] presented a new analytical 

method using the finite volume and finite element 

methods (FVM and FEM) for modeling the liquid and 

solid domains of TLDs. In this FVM/FEM model, the 

fluid and solid domains are discretized independently, and 

the interaction between the two domains is represented by 

alternating iterations at the interface.  

A tuned liquid damper (TLD) is a passive vibration 

control device consisting of a rigid tank filled with water 

that relies on the motion of water inside it for energy 

dissipation. In a TLD with a standard configuration, the 

damper is rigidly connected to the top of the building 

structure. Research has shown that TLD is more effective 

when the base acceleration amplitude is larger, as 

increased liquid motion results in more energy 

dissipation. This feature has been used in alternative TLD 

configurations. In one alternative configuration, the 

damper is rigidly connected to a secondary mass, which 

itself is connected to the main structure through a spring 

system. This alternative configuration is known as the 

Hybrid Mass Liquid Damper (HMLD). For a secondary 

spring with a given stiffness, the TLD base is subjected 

to a large amplitude acceleration that increases its effect. 

It should be noted that when the secondary spring is stiff, 

the alternative and standard TLD configurations  will be 

similar. It has been reported that for a given structure with 

HMLD, there is an optimal secondary spring stiffness at 

which the effectiveness of HMLD will be maximal. The 

optimized HMLD configuration has shown to be a more 

effective control device than the standard TLD 

configuration for both harmonic and large earthquake 

motions [2]. As structures become taller and thinner, their 

vibrational response and weight become increasingly 

challenging design considerations. TLDs are cost-

effective vibration dampers that can be used to suppress 

structural vibrations. In TLDs, energy is dissipated 

through the friction of the liquid boundary layer, free 

surface interactions, and wave breaking. The dynamic 

features of TLD and its interaction with the structure are 

quite complex. In a study, an advanced experimental 

method called the Real-Time Hybrid Simulation (RTHS) 

has been used to conduct a comprehensive parametric 

study to evaluate the effectiveness of TLDs. In RTHS, 

the effect of TLD is determined experimentally while the 

structure is modeled by a computer, and this allows the 

TLD structure interactions to be determined in real-time. 

By treating the structure as an analytical model, RTHS 

offers unique flexibility that allows a wide range of 

parameters to be tested without changing the 

experimental setting. In this study, a wide range of values 

for parameters including TLD/structure mass ratio, 

TLD/structure frequency ratio, and structural damping 

have been considered. Also, the accuracy of FVM/FEM, 

which combines finite element method (FEM) with finite 

volume method (FVM), in the modeling of liquid and 

solid domains to capture the TLD-structure interactions 

have been experimentally investigated. The results of this 

study offer a better understanding of TLDs and their 

interaction with structures and also contributes to the 

advanced design of TLDs, which in turn may result in 

wider use of these devices [4]. 

An important cause of energy dissipation in TLDs, in 

addition to the viscosity of the liquid, is the difference 

between hydrostatic forces on the walls at the two ends 

of the tank and the phase difference relative to the 

external excitation. Therefore, it can be stated that the 

level of liquid interaction with the damper's walls is a 

determinant of the damping of forces applied to the 

structure.  Thus, the more the liquid collides with the tank 

wall, or in other words the higher the contact level 

between the liquid and the walls, the greater will be the 

capacity for energy dissipation.  
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In an experiment, the TLD-adjusted fluid on a 

reduced shear frame under harmonic loads was also 

investigated. In this research, a seismic table test is 

applied to 3-layer shear frame models with TLD under 

harmonic loading. In the first stage, free vibration tests 

are performed on the structure, and first, the free 

vibration frequency of the structure is determined. 

Displacement and acceleration are measured in different 

classes of structures. A container in the form of a 

rectangular prism is then created as a TLD model. The 

liquid is poured into a container and the same 

experiments are repeated at different heights of the 

liquid. The effect of the TLD program on structural 

models concerning displacement and acceleration of 

structures has been investigated. As a result of the 

experiments performed, most TLD models are 

determined by changing behavior and acceleration. The 

results show that all damping models significantly reduce 

the level of seismic behavior of the structure under 

harmonic loading [4]. 

In another experiment, instead of using TLD, TLCD 

was used under the same conditions as before. As a result 

of the experiments performed, the most convenient 

TLCD models are determined according to the 

displacement behavior. The results show that all damping 

models significantly reduce damping in the seismic 

behavior of structures under harmonic loading. 

Experimental results show that all TLCD models 

effectively reduce the response of the structure in terms 

of displacement [4]. 

Also, series of experimental studies were performed 

on tuned liquid column damper as an effective device for 

seismic control in structures [17]. 

In this study, through series of shaking table tests and 

statistical analysis, the efficiency of Uniform Tuned 

Liquid Column Damper (UTLCD) in structures resting 

on loose soils, considering soil-structure interaction was 

investigated. Through statistical analysis of the 

experimental tests was demonstrated that the mentioned 

factors are effective in response to the structure. Using 

Response Surface Methodology (RSM), the optimum 

values of the factors to minimize the top story 

displacement have been found. [4]. 

The tuned liquid column damper (TLCD) having a 

uniform cross-sectional tube of U-shaped, occupied with 

liquid is used as a vibrational response mitigation device . 

Different studies on the unconstrained optimization 

performance of TLCBD subjected to the stochastic 

earthquake have been performed where limitations on the 

maximum amplitude of liquid present in the vertical 

portion of the tube were not imposed. The present 

investigation considers the optimum performance of the 

structure with TLCBD for mitigating the vibrational 

response with limited liquid movement in the vertical 

portion of the tube. A numerical study has been carried 

out to demonstrate the difference between constrained 

and unconstrained optimization of the structure-TLCBD 

system. Numerical results show the influence of 

constraining cases on optimum parameters and 

performance behavior of the structure-TLCBD 

system[4]. 

The innovation of the proposed TLD model in the 

current study versus TLDs with a similar mechanism is 

that, by doubling the water reservoir, the behavior of 

water movement in the outer and the inner tank becomes 

different. There are two relaxation conditions at the 

bottom of the reservoirs. The internal wall network 

controls the water movement, and in this way an 

appropriate damping behavior is created. 

The present study investigated the behavior of a TLD 

with a double-walled cylindrical tank, where using the 

double-walled design is intended to increase the 

interaction of the liquid with walls and thus the capability 

of better damping. For this investigation, the following 

objectives were pursued: 

1. Investigating the optimal liquid height, which 

depends on the optimal weight of the liquid relative to the 

total weight of the structure 

2. Investigating the effect of liquid type on the effect 

of dampers on the seismic response of the structure 

In the damper considered in this research, the 

interaction between the liquid and tank walls has been 

increased by using two walls with placing fins between 

them. 

 

 

2. EXPERIMENTAL INVESTIGATION 
 
The TLD considered in this research is a cylindrical 

damper with two walls, an inner wall and an outer wall, 

with a diameter of 30 and 50 cm, respectively. The walls 

are interconnected with fins at two different levels, which 

control the interaction of the liquid with the tank. The 

diagram of this TLD is shown in Figure 1. 

For this investigation, several laboratory specimens 

with and without this TLD were constructed and 

subjected to several seismic records on the shaking table. 

The liquid used in this study was water. The height of the 

water column in the inner and outer wall was considered 

as a variable. To investigate the effects of the damper on 

the seismic response of the structure on the shaking table, 

the displacement and acceleration history of the 

specimens with the damper was studied and compared 

with that of the specimens without the damper. 

The shaking table of the laboratory is 3×2 meters in size, 

has a weight capacity of 6 tons, and can produce a 

maximum acceleration of 1g and displacement of ±10 

cm at frequencies of up to 50 Hz. This table provides 

one-dimensional movements. The constructed structure 

was restrained against lateral movements by four roller 

supports and was free to move only in the longitudinal 

direction of the shaking table. The measurements were 
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made with four acceleration sensors and two 

displacement sensors. One acceleration sensor was 

mounted on the table floor, another was installed on the 

foundation, and the other two were placed on the floors 

in the middle of the floor beam. The test setup and details 

are shown in Figures 2 to 7. The dimensions of the 

damper and the specifications of the studied models are 

mentioned in Table 1 and Table 2, respectively. 

A good level of consistency was observed between 

the accelerations recorded on the table and the 

foundation, indicating the suitable rigidity of the table. 

Since the goal was to measure the relative displacement 

of the foundation and the structure itself, a vertical 4×8 

cm rectangular steel hollow section was installed on the 

foundation and the  

 

 

 
Figure 1. Three-dimensional diagram of the double-walled 

TLD 

 

 

 
Figure 2. Plan of the structure with weights 

 
Figure 3. Transverse cross-section 

 

 

Figure 4. Longitudinal cross-section 

 

 

displacement sensors were mounted on this member in the 

middle of each floor. Thus, being connected to the 

foundation on one side and the structure on the other side, 

the displacement sensors were measuring the relative 

displacement during vibration. 
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Figure 5. Installation of the structure and the damper on     the 

shaking table 

 

 

 

Figure 6. Position of the strain gauge (LVDT) on the   shaking 

table 

 

 

 

Figure 7. The shaking table used in the experiments 

 

 

TABLE 1. Dimensions of the used damper 

Dimension Outer tank Inner tank 

Diameter 50 cm 30 cm 

Height 60 cm 50 cm 

Thickness 0.5 mm 0.5 mm 

TABLE 2. Specifications of the studied models 

Specimen 
Liquid height in the inner 

tank (cm) 

Liquid height in 

the outer tank (cm) 

I0-O0 0 0 

I0-O20 0 20 

I0-O40 0 40 

I15-O0 15 0 

I15-O20 15 20 

I15-O40 15 40 

I30-O0 30 0 

I30-O20 30 20 

I30-O40 30 40 

 

 

3. CHARACTERISTICS OF ACCELERATION RECORDS 

 

Three earthquake records were used to investigate the 

effects of the double-walled TLD on the seismic response 

on the shaking table. The characteristics of these records 

are given in Table 3. 

 

 

4. RESULTS 
 
4. 1. Displacement Results          This section presents 

and discusses the displacement history of the models with 

and without the considered TLD under different seismic 

excitations. In this section, the comparisons are made to 

the results of model I0-O0, where the outer and inner 

tanks are empty. The displacement history diagrams of 

the models for the El Centro, Tabas, and Kobe records 

are illustrated in Figures 8 to 15, Figures 16 to 23, and 

Figures 24 to 31, respectively. In the following, these 

results are also tabulated for better and more accurate 

comparisons. To obtain these results, first, the height of 

the water in the inner tank was assumed to be variable 

while keeping the height of the liquid in the outer tank 

constant. Then, the height of the water in the outer tank 

was taken as a variable while keeping the height of the 

liquid in the inner tank constant. Finally, the height of the 

water in both inner and outer tanks was assumed as a 

variable. It should be noted that all the results presented 

in the following tables are relative to the I0-O0 model. 
 

 

TABLE 3. Characteristics of acceleration records used in the 

shaking table experiment 

Record Symbol Ms d (km) 
PGA 

(cm/s2) 

PGV 

(cm/s) 

PGD 

(cm) 

El Centro 1940 El Centro 6.95 6.1 312.7 36.1 21.3 

Kobe 1995 Kakogawa 6.9 22.5 317.8 26.8 8.8 

Tabas 1978 Tabas 7.35 1.79 837.8 98.8 37.5 
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Figure 8. Comparison of the displacement history diagram of 

the I0-O40 model under the El Centro record 

 

 

 
Figure 9. Comparison of the displacement history diagram of 

the I0-O20 model under the El Centro record 

 

 

 
Figure 10. Comparison of the displacement history diagram of 

the I15-O0 model under the El Centro record 

 

 

 
Figure 11. Comparison of the displacement history diagram of 

the I15-O20 model under the El Centro record 

 
Figure 12. Comparison of the displacement history diagram of 

the I30-O0 model under the El Centro record 

 

 

 
Figure 13. Comparison of the displacement history diagram of 

the I15-O40 model under the El Centro record 

 

 

 
Figure 14. Comparison of the displacement history diagram of 

the I30-O40 model under the El Centro record 

 

 

 
Figure 15. Comparison of the displacement history diagram of 

the I30-O20 model under the El Centro record 
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As the above diagrams demonstrate, the displacement 

history diagram under the El Centro record shows greater 

variation in the I0-O0 model than in others. Regarding 

the effect of liquid, the results suggest that the presence 

of liquid in the tank has reduced the displacement. The 

best possible result, i.e., the lowest displacement, under 

this excitation has occurred when the liquid height in the 

inner and outer tanks has been 15 cm and 20 cm, 

respectively. 

The maximum displacement of all models under the 

El Centro record and their displacement reduction ratios 

relative to I0-O0 are provided in Tables 4 and 5, 

respectively. 

 

 
TABLE 4. Effect of the liquid in the inner and outer tanks of the considered TLD on the displacement response under the El Centro 

record 

Effect of the liquid in the outer tank on the displacement response under the El Centro record 

I30-O40 I30-O20 I30-O0 I15-O40 I15-O20 I15-O0 I0-O40 I0-O20 I0-O0 Specimen 

0.339 0.332. 0.332 0.336 0.322 0.340 0.344 0.326 0.35 Max. Disp. (m) 

Effect of the liquid in the inner tank on the displacement response under the El Centro record 

I30-O40 I15-O40 I0-O40 I30-O20 I15-O20 I0-O20 I30-O0 I15-O0 I0-O0 Specimen 

0.339 0.336 0.344 0.332 0.322 0.326 0.332 0.340 0.35 Max. Disp. (m) 

 

 
TABLE 5. Displacement reduction ratio relative to I0-O0 under the El Centro record 

Specimen I0-O0 I0-O20 I0-O40 I1-O0 I15-O20 I15-O40 I30-O0 I30-O20 I30-O40 

%  __ 8% 3% 4.20% 9.20% 5.30% 6.40% 6.30% 4.50% 

 

 

 

 
Figure 16. Comparison of the displacement history diagram 

of the I0-O40 model under the Kobe record 

 

 

 

 
Figure 17. Comparison of the displacement history diagram 

of the I0-O20 model under the Kobe record 

 

 
Figure 18. Comparison of the displacement history diagram 

of the I15-O20 model under the Kobe record 

 

 

 

 
Figure 19. Comparison of the displacement history diagram 

of the I15-O0 model under the Kobe record 
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Figure 20. Comparison of the displacement history diagram 

of the I30-O0 model under the Kobe record 

 

 

 
Figure 21. Comparison of the displacement history diagram 

of the I15-O40 model under the Kobe record 

 

 

 
Figure 22. Comparison of the displacement history diagram 

of the I30-O40 model under the Kobe record 

 
Figure 23. Comparison of the displacement history diagram 

of the I30-O20 model under the Kobe record 

 

 

 
Figure 24. Comparison of the displacement history diagram of 

the I0-O20 model under the Tabas record 

 

 

In the above diagrams, it can be seen that under the 

Kobe record, the displacement history diagram of the I0-

O0 model has greater variation than that of other models. 

These results also show that the presence of liquid in the 

tank has resulted in reduced displacement. The lowest 

displacement under the Kobe record has occurred when 

the liquid height in the inner and outer tanks has been 30 

cm and 20 cm, respectively. 

Tables 6 and 7 show the maximum displacement of all 

models under the Kobe record and their displacement 

reduction ratios relative to I0-O0. 

 

 
TABLE 6. Effect of the liquid in the inner and outer tanks of the considered TLD on the displacement response under the Kobe record 

Effect of the liquid in the outer tank on the displacement response under the El Centro record 

I30-O40 I30-O20 I30-O0 I15-O40 I15-O20 I15-O0 I0-O40 I0-O20 I0-O0 Specimen 

0.361 0.347 0.36 0.355 0.363 0.390 0.363 0.377 0.411 Max. Disp. (m) 

Effect of the liquid in the inner tank on the displacement response under the El Centro record 

I30-O40 I15-O40 I0-O40 I30-O20 I15-O20 I0-O20 I30-O0 I15-O0 I0-O0 Specimen 

0.361 0.355 0.363 0.347 0.363 0.377 0.36 0.390 0.411 Max. Disp. (m) 

 

 
TABLE 7. Displacement reduction ratio relative to I0-O0 under the Kobe record 

Specimen I0-O0 I0-O20 I0-O40 I1-O0 I15-O20 I15-O40 I30-O0 I30-O20 I30-O40 

%  __ 8.20% 11.70% 5.10% 11.67% 13.70% 12.40% 15.50% 12.16% 
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Figure 25. Comparison of the displacement history diagram of 

the I0-O40 model under the Tabas record 

 

 

 
Figure 26. Comparison of the displacement history diagram of 

the I15-O20 model under the Tabas record 

 

 

 

 
Figure 27. Comparison of the displacement history diagram of 

the I15-O0 model under the Tabas record 

 

 

 
Figure 28. Comparison of the displacement history diagram of 

the I30-O0 model under the Tabas record 

 
Figure 29. Comparison of the displacement history diagram of 

the I15-O40 model under the Tabas record 

 

 

 
Figure 30. Comparison of the displacement history diagram of 

the I30-O40 model under the Tabas record 

 

 

 
Figure 31. Comparison of the displacement history diagram of 

the I30-O20 model under the Tabas record 

 

 

In the above diagrams, it can be seen that unlike under 

Kobe and El Centro records, the displacement history 

diagram with the greatest variation under the Tabas 

record is the one belonging to the I30-O40 model. This 

means that under the Tabas record, the considered TLD 

not only does not have a positive effect but increases the 

displacement. Regarding the effect of liquid, the results 

suggest under the Tabas record, the presence of liquid in 

the tank has reduced the displacement in some cases and 

increased it in others. Under this record, the lowest 

displacement has occurred when the liquid height in the 

inner and outer tanks has been 15 cm and 20 cm, 

respectively. 
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The maximum displacement values of all models under 

the Tabas record are given in Table 8 and the 

displacement reduction ratios of these models relative to 

I0-O0 are provided in Table 9.  
 
4. 2. Acceleration Results                     This section 

presents the acceleration history of the models with and 

without the considered TLD under the seismic 

excitations of El Centro, Tabas, and Kobe records. As 

before, all comparisons made in this section are relative 

to the results obtained with I0-O0. The acceleration 

history diagrams of the models for the El Centro, Tabas, 

and Kobe records are presented in Figures 32 to 39, 

Figures 40 to 47, and Figures 48 to 55, respectively. For 

a more accurate comparison, these results are also 

presented in more detail in the following tables. Again, 

to obtain these results, first, the height of the water in the 

inner tank was assumed to be variable and the height of 

the liquid in the outer tank was kept constant. Then, the 

height of the water in the outer tank was considered to be 

variable and the height of the liquid in the inner tank was 

kept constant. And finally, the height of the water in both 

inner and outer tanks was assumed to be variable. As 

mentioned, all the results presented in the tables are 

relative to the results of the I0-O0 model. 
As can be seen, the greatest variation in the 

acceleration history diagram under the El Centro record 

belongs to the I0-O40 model. Regarding the effect of 

liquid, the results show that the presence of liquid in the 

tank has reduced the acceleration in some cases and 

increased it in others. The best possible result or in other 

words the lowest acceleration under this excitation has 

occurred when the liquid height in the inner and outer 

tanks has been 30 cm and 40 cm, respectively. 

The maximum acceleration of all models under the El 

Centro record and their acceleration reduction ratios 

relative to I0-O0 are given in Tables 10 and 11, 

respectively. 

 

 

 
Figure 32. Comparison of the acceleration history diagram   of 

the I0-O40 model under the El Centro record 

 

 

 
Figure 33. Comparison of the acceleration history diagram   of 

the I0-O20 model under the El Centro record 

 

 

 
Figure 34. Comparison of the acceleration history diagram   of 

the I15-O20 model under the El Centro record 

 

 
TABLE 8. Effect of the liquid in the inner and outer tanks of the considered TLD on the displacement response under the Tabas record 

Effect of the liquid in the outer tank on the displacement response under the El Centro record 

I30-O40 I30-O20 I30-O0 I15-O40 I15-O20 I15-O0 I0-O40 I0-O20 I0-O0 Specimen 

0.400 0.360 0.340 0.358 0.334 0.342 0.362 0.339 0.343 Max. Disp. (m) 

Effect of the liquid in the inner tank on the displacement response under the El Centro record 

I30-O40 I15-O40 I0-O40 I30-O20 I15-O20 I0-O20 I30-O0 I15-O0 I0-O0 Specimen 

0.400 0.358 0.362 0.360 0.334 0.339 0.340 0.342 0.343 Max. Disp. (m) 

 

 
TABLE 9. Displacement reduction ratio relative to I0-O0 under the Tabas record 

Specimen I0-O0 I0-O20 I0-O40 I1-O0 I15-O20 I15-O40 I30-O0 I30-O20 I30-O40 

%  __ 1% 5% 0.20% 2.60% 4.30% 0.80% 4.90% 16.60% 
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Figure 35. Comparison of the acceleration history diagram   of 

the I15-O0 model under the El Centro record 

 

 

 

Figure 36. Comparison of the acceleration history diagram   of 

the I30-O0 model under the El Centro record 

 

 

 
Figure 37. Comparison of the acceleration history diagram   of 

the I15-O40 model under the El Centro record 

 
Figure 38. Comparison of the acceleration history diagram   of 

the I30-O40 model under the El Centro record 

 

 

 
Figure 39. Comparison of the acceleration history diagram   of 

the I30-O20 model under the El Centro record 

 

 

 
Figure 40. Comparison of the acceleration history diagram   of 

the I0-O40 model under the Kobe record 

 

 
TABLE 10. Effect of the liquid in the inner and outer tanks of the considered TLD on the acceleration response under the El Centro 

record 

Effect of the liquid in the outer tank on the acceleration response under the El Centro record 

I30-O40 I30-O20 I30-O0 I15-O40 I15-O20 I15-O0 I0-O40 I0-O20 I0-O0 Specimen 

0.296 0.369 0.310 0.356 0.365 0.301 0.406 0.406 0.376 Max. Acc.(m/s2) 

Effect of the liquid in the inner tank on the acceleration response under the El Centro record 

I30-O40 I15-O40 I0-O40 I30-O20 I15-O20 I0-O20 I30-O0 I15-O0 I0-O0 Specimen 

0.296 0.356 0.406 0.369 0.365 0.406 0.310 0.301 0.376 Max. Acc.(m/s2) 

 

 
TABLE 11. Acceleration reduction ratio relative to I0-O0 under the El Centro record 

Specimen I0-O0 I0-O20 I0-O40 I1-O0 I15-O20 I15-O40 I30-O0 I30-O20 I30-O40 

%  __ 7.90% 8% 19.40% 2.90% 5.30% 18% 1.80% 21.20% 
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Figure 41. Comparison of the acceleration history diagram   of 

the I0-O20 model under the Kobe record 

 

 

 
Figure 42. Comparison of the acceleration history diagram   of 

the I15-O20 model under the Kobe record 

 

 

 
Figure 43. Comparison of the acceleration history diagram   of 

the I15-O0 model under the Kobe record 

 
Figure 44. Comparison of the acceleration history diagram   of 

the I30-O0 model under the Kobe record 

 

 

 
Figure 45. Comparison of the acceleration history diagram   of 

the I15-O40 model under the Kobe record 

 

 

4. 3. Numerical Investigation        In this part of the 

study, the finite element software ABAQUS was used 

for modeling. The structure, tank, and water inside the 

tank were all modeled with the C3D8R elements as 

shown in Figures 56 to 58.  

The C3D8 element is an eight-node three-

dimensional solid linear element with reduced 

integration. 

 
4. 4. Modelling Verification        All laboratory 

experiments were modeled in ABAQUS software and 

the analytical models were verified in comparison to the 

 

 
TABLE 14. Effect of the liquid in the inner and outer tanks of the considered TLD on the acceleration response under the Tabas record 

Effect of the liquid in the outer tank on the acceleration response under the Tabas record 

I30-O40 I30-O20 I30-O0 I15-O40 I15-O20 I15-O0 I0-O40 I0-O20 I0-O0 Specimen 

0.173 0.190 0.184 0.176 0.178 0.194 0.180 0.182 0.179 Max. Acc.(m/s2) 

Effect of the liquid in the inner tank on the acceleration response under the Tabas record 

I30-O40 I15-O40 I0-O40 I30-O20 I15-O20 I0-O20 I30-O0 I15-O0 I0-O0 Specimen 

0.173 0.176 0.180 0.190 0.178 0.182 0.184 0.194 0.179 Max. Acc.(m/s2) 

 

 
TABLE 15. Acceleration reduction ratio relative to I0-O0 under the Tabas record 

Specimen I0-O0 I0-O20 I0-O40 I1-O0 I15-O20 I15-O40 I30-O0 I30-O20 I30-O40 

%  __ 1.60% 1% 8.30% 0.50% 1.60% 2.70% 6.10% 3.30% 
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Figure 56. Modeling of the structure in ABAQUS 

 

 

 
Figure 57. Modeling of the tank in ABAQUS 

 

 

 
Figure 58. Modeling of the water inside the tank in ABAQUS 

 

 

experiment results. Displacement and acceleration 

responses were used for model verification in various 

conditions. As an example, the verification of 

acceleration response of specimen I30-O40 subjected to 

the El Centro earthquake is shown in Figure 59. 

 
4. 5. Numerical Results        As the numerical investigation 

of the effect of the considered TLD, the height of water in 

the inner and outer tanks was considered as 130 and 320 

mm, respectively. The results were obtained once without 

any water in the damper, another time by water only in the 

 
Figure 59. Comparison of analytical and experimental 

acceleration responses, El Centro I30-O40 

 
 
inner tank, and the third time by water only in the outer 

tank. The seismic record used in this investigation was 

that of the Varzeqan earthquake. The acceleration records 

of this earthquake are shown in Table 16.  

To evaluate the performance of the proposed damper, 

the effect of water level on the outer and inner walls of 

the reservoir in reducing the response of the structure was 

numerically investigated. For this purpose, the results 

were studied in three scenarios; without water inside the 

damper, water inside the inner tank, and water inside the 

outer tank. The response parameters employed for this 

evaluation are lateral displacement, acceleration, and 

energy which some of which are shown in Figures 60 to 

63. 

The results of the study on the displacement history 

show that the amount of lateral displacement of the 

structure in the case of damping has been significantly 

reduced. It can also be observed that the amount of lateral 

displacement in the case where the fluid is located in the 

inner or outer wall of the damper is reduced by 50% 

compared to the waterless state.  

 

 

TABLE 16. Characteristics of acceleration records of 
Varzeqan earthquake 

Record Symbol d (km) 
PGA 

(cm/s2) 

PGV 

(cm/s) 

PGD 

(cm) 

Varzeqan 

2012 
Varzeqan 9 478 41.23 9.45 

 

 

 
Figure 60. Numerical comparison of displacement history 
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From the experimental displacement and acceleration 

diagrams of the considered TLD modeling and analysis 

performed in this study, the following can be concluded: 

- The models showed different displacement history 

results under different seismic excitations. Under El 

Centro and Kobe records, the I0-O0 model (the model 

without liquid) had a higher displacement than all liquid-

containing models. This is indicative of the positive 

effect of the liquid on the displacement. Under the Tabas 

record, however, the highest displacement was observed 

in the model where the liquid height in the inner and outer 

tanks was 30 cm and 40 cm, respectively. This 

discrepancy can be attributed to different frequency 

characteristics of different records. Examining the 

amount of energy exerting the structure, it is observed 

that the damper greatly reduces the input energy, and the 

amount of this reduction in both types of dampers, 

whether the fluid is placed in the outer or inner wall, is 

approximately equal and reduced by 53%.  

Moreover, the results of acceleration analysis show 

that the use of the damper also greatly reduces the amount 

of acceleration response.  
 
 

 
Figure 61. Numerical history of energy input when water was 

placed in the inner tank of the damper 
 

 

 
Figure 62. Numerical history of energy input when water was 

placed in the outer tank of the damper 

 

 

 
Figure 63. Numerical history of energy input in the absence of 

water in the damper 

As an extension of the current study, the optimal state 

of the water amount in the modeling has been evaluated 

and a reduction of 16 to 33% has been achieved. 

 

 

5. CONCLUSION 
 

From the experimental displacement and acceleration 

diagrams of the considered TLD modeling and analysis 

performed in this study, the following can be concluded: 

1. The models showed different displacement history 

results under different seismic excitations. Under El 

Centro and Kobe records, the I0-O0 model (the model 

without liquid) had a higher displacement than all liquid-

containing models. This is indicative of the positive 

effect of the liquid on the displacement. Under the Tabas 

record, however, the highest displacement was observed 

in the model where the liquid height in the inner and outer 

tanks was 30 cm and 40 cm, respectively. This 

discrepancy can be attributed to different frequency 

characteristics of different records. 

2. The lowest displacement was also found to somewhat 

vary depending on the applied seismic excitation. 

For example, under the El Centro record, the lowest 

displacement (relative to I0-O0) was related to the model 

where the liquid height in the inner and outer tanks was 

15 cm and 20 cm, respectively. But under the Kobe 

record, the lowest displacement belonged to the model 

I30-O20. Finally, under the Tabas record, the lowest 

displacement was again related to the model I15-O20. 

3. Regarding the acceleration history, the results suggest 

that in certain cases the presence of liquid in the 

considered TLD significantly increases the acceleration 

instead of decreasing it. The highest acceleration under 

the El Centro and Kobe records occurred in the model I0-

O40. Under the Tabas record, the highest acceleration 

was observed in the model I15-O0. 

4. The lowest acceleration was also found to be 

dependent on the applied seismic excitation. Under the El 

Centro record, the lowest acceleration belonged to the 

model where the inner and outer tanks contained 30 cm 

and 40 cm of liquid respectively, which had a lower 

acceleration than I0-O0. The lowest acceleration under 

the Kobe record occurred in the model I30-O40. Finally, 

under the Tabas record, the lowest acceleration was 

observed in the model I30-O40. 
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