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Introduction

Earthquakes have prompted engineers to handle the 
vulnerability of existing structures. Improvement of their seismic 
performance has become crucial to protect lives, minimize losses 
and improve safety under seismic loads [1]. The traditional 
approach for a seismic design is based on the ductile behavior of 
a structure that dissipates energy through plastic deformations. 
However, the negative side is that during a high-intensity 
earthquake, the structure gets damaged and requires high cost of 
repair. Some damages are severe enough to require the demolishing 
of a structure [2]. Many investigators have worked on the reduction 
of lateral drift. Khouri evaluated drift based on elastic structures [3] 
and suggested a method to reduce lateral drift using springs placed 
at critical locations in a structure [4]. Dissipating earthquake energy 
is an efficient way to control the seismic response of buildings. 
Systems that use this technique are called Seismic Control Systems; 

they can be active, semi active, passive or hybrid (Figure 1). 

Figure 1 presents a passive control device; its performance is 
based on energy transformation. Such devices are passive in the 
sense that they do not require any additional source of energy in 
order to operate. The only source of energy needed is the seismic 
energy; this type of energy dissipaters is observed in Base Isolators, 
Oscillators and Dampers.

Dynamic oscillators are dynamic vibration absorbers that are 
used to dissipate energy of a structure during seismic activities. 
Tuned Liquid Damper (TLD) and Tuned Mass Damper (TMD) 
are examples of such oscillators; they are attached to a structural 
system and become an integral part of it. During vibration, they 
work in and out of phase with respect to the main structure, thus 
imparting opposite inertial forces to the induced vibrating forces 
[5] (Figure 2). 
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Figure 1: Passive control system diagram.

Figure 2: Tuned Liquid Dampers Family [5].

TSD: Tuned Sloshing Damper; TLCD: Tuned Liquid Column Damper; LCVA: Liquid Column Vibration Absorbers; DTLCD: Double Tuned Liquid 
Column Damper; HTLCD: Hybrid Tuned Liquid Column Damper; PTLCD: Pressurized Tuned Liquid Column Damper

Tuned sloshing Dampers or TSDs are commonly passive control 
devices that are used in vast range of applications of high-rise 
structures and bridges [6]. TLDs family presented in Figure 2 are 
liquid containing tanks that can be placed on existing structures as 
well as on newly constructed ones. The liquid can be water or other 
fluids, and the tanks are dimensioned in a way to tune the liquid 
sloshing to a specific frequency. A typical TLD is presented in Figure 

3; it is commonly referred to as TSD; This model was suggested by 
Housner [11]. These types of dampers are mainly of two types, 
shallow and deep. Their classification depends on the water height 
to length ratio H/L, where:

H = Height of water in the tank

L = Width of the water tank in the direction of the water sloshing 
(Figure 3).

Figure 3: Lumped mass model of TLD (HOUSNER, 1963).

When H/L < 0.15, TSDs are considered shallow otherwise they 
are classified as deep [5].

The advantage of TLDs is that they do not require a threshold 
excitation to be effective. This attribute, associated with their cost 
effectiveness, make them optimal devices that control structural 
vibrations [7]. In addition, TLDs have low installation, maintenance, 
and operation cost; they are easy to install in buildings with no 

restrictions to unidirectional vibration [8]. The global mechanism 
of controlling lateral excitation in any structure with TLDs system 
is about fluid sloshing and wave breaking [9]. What is important is 
that the energy caused by earthquakes will be dissipated. Moreover, 
for efficient energy dissipation, the fundamental sloshing frequency 
of the fluid in the TLD should be close to the fundamental natural 
frequency of the structure. The sloshing movement of the liquid, 
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caused by structural vibrations, dissipates a significant amount of 
the energy released by the dynamic forces and thus increases the 
damping effectiveness of the building [10]. Housner presented 
a simplified dynamic analysis for the response of elevated water 
tanks in response to ground motion [11]. Also, [16,19] presented a 
simplified step-by-step procedure to evaluate hydrodynamic forces 
in circular and rectangular storage tanks. As presented in Figure 3, 
water was represented by a convective mass M1 at an elevation H1 
from the ground and attached to springs with stiffness K, and by 
an impulsive mass M0 at an elevation H0 from the ground that is 
rigidly attached to the tank.

According to Aakash et al [15], the results for a Time History 
analysis with an excitation force having a period equal to the 
fundamental period of the building, showed that a TLD can 
contribute to about 43% reduction in displacement. However, 
for a Response Spectrum Analysis, TLDs contributed to about 
19% reduction in displacement, and the damping effectiveness of 
TLDs increased with the number of floors. The optimal mass ratio 
between the TLDs and the building was 2% and the recommended 
water depth ratio was about 0.2 - 0.3 [15]. The use of TSDs altered 
the fundamental period of the building from 5s before to 5.29s 
after installation. The maximum acceleration response at the roof 
was reduced by 75%. In addition, TSDs provided damping more 
than 3% [17]. The number of water tanks required for a 20-story 
building was 200 tanks of size (1.979m x 1.979m x 0.612m) 
requiring a water height of 0.336 m [15]. Also, [1] found that for 
a mass ratio of 2.5%, the required number of tanks was 24,000 

squared tanks having the dimension of (0.3m x 0.3m x 0.04m). The 
height of TLD was irrelevant as literature did not propose height 
limitation due to the fact that water height over the tank’s width did 
not exceed 0.2 [1]. In the aim to suppress wind-induced vibration 
of tall building, [17] found that the number of water tanks required 
for a 40-story building was 290 circular tanks of 3ft in diameter 
and 5ft high requiring a water height of 3ft. It was also shown by 
[9] that sloshing dampers can effectively decrease the displacement 
of buildings when the fundamental period of the structure and the 
sloshing period are synchronized. In this study, TLDs are modeled 
using the finite element method to evaluate their efficiency, and to 
study the characteristics of the sloshing behavior. A 3D-model of the 
building is evaluated in terms of seismic safety with and without 
TLDs, in order to determine their contribution to the structure. 
A parametric study is performed, and displacement reduction 
equations are generated. Also, a step-by-step design procedure that 
can be used by engineers and designers is suggested.

Modeling TLDs

Simulation and modeling of liquid sloshing is well-known, and 
several methods and strategies have been used; these methods 
depend on the shape of the liquid tank, the depth ratio H/L and 
the sloshing frequency. Figure 4 shows the sloshing frequency as a 
function of H/L for various Tank lengths [12]. The geometry of the 
tuned liquid dampers used in this study, were chosen to be squared 
in shape and the parameters that decided the modeling strategy 
were the depth ratio as well as the mass ratio (Figure 4).

Figure 4: Sloshing frequency f as function of the filling ratio h/L for discrete tank lengths (Krabbenhoft, 2011).

Problem and modeling 

The problem is analyzed by studying 5 different buildings, 
with reinforced concrete shear walls as the lateral load resisting 

elements, subjected to a critical time history function. Several 
techniques exist to model TLDs. In addition to the finite element 
method, a modified method can be used which models a TLD as 

http://dx.doi.org/10.33552/CTCSE.2022.09.000702


Current Trends in Civil & Structural Engineering                                                                                                              Volume 9-Issue 1

Citation: Charles Maroun Khadige, Michel Farid Khouri. Controlling the Lateral Drift Using Hydraulic Systems. Cur Trends Civil & 
Struct Eng. 9(1): 2022. CTCSE.MS.ID.000702. DOI: 10.33552/CTCSE.2022.09.000702.

Page 4 of  18Page 4 of  5

a spring mass system. [1] In total, 60 models were studied and 
analyzed; the interest was in the effect of the TLDs on the building 
and not in the behavior of water itself. Therefore, it was decided to 
use the spring-mass system to model the TLDs.

Scope of work

The present work aims to show the effectiveness of tuned liquid 
dampers, as passive control devices, in the reduction of buildings’ 
lateral displacements. This is done by placing TLDs at the top of 
a structure taking into consideration the effect of the depth ratio 
(varies between 0.05 and 0.3), and the mass ratio which is the TLDs’ 
mass over the total building’s mass (varies between 1 and 4%). 
TLDs were modeled as a spring mass system using Housner’s [11] 
and Khouri et al. [16]. The results are used to derive equations that 
give the reduction of the lateral displacement for a given mass and 
depth ratios. Finally, a summary of results is presented and a step-
by-step procedure to design TLDs is detailed along with suggesting 
a method to model TLDs in ETABS. Displacements and story drifts 
are compared with and without TLDs.

Case Study 

Case study definition

Figure 5: A typical 3D model for a 20-Story Building.

The 5 buildings that were compared differ in the number 
of stories (10, 20, 30, 40 and 50 stories). In order to maintain 
consistency in the structural properties of the building and reduce 
the number of variables to consider in the study and be consistent 

in terms of the building height and shear wall stiffness, the 
magnitude of the building plan area to building height ratio (A/H) 
was kept constant; also, the story stiffness related to (A/H) was 
kept constant. In this way, the lateral stiffness and the geometry 
of the buildings will remain consistent and will not be a factor in 
the variation of results. A typical model for a 20-story building is 
presented in Figure 5 (Figure 5).

Geometric properties

The chosen properties are typical to building structures. The 
side of each building is taken to be the recommended overturning 
minimum limit, H/5. The properties can be summarized as follows:

1. Floor’s geometry considered is square in shape and the floor 
area is proportional to the building height as follow:

2

5
HS  =  

 

where:

S (m2 ) is the area of building

H (m) is the height of a floor 

2. Height of each story is 3 m in all models.

3. All interior spans are 5m.

Number of grids in the X and Y direction are presented in Table 
1 (Table 1).

Table 1: Number of grids in X and Y direction.

Model Grids in X and Y Direction

10 Story Building 3

20 Story Building 4

30 Story Building 5

40 Story Building 6

50 Story Building 7

Structural properties

1. Shear walls have the same configuration in all models. 
They are placed at the corners of the building and symmetric in the 
X and Y direction.

2. Stiffness of shear walls in all models are accounted for by 
an empirical formula as follow:

3 5 1.53 10bh N H S= ∗ ∗ ∗ ∗∑   (1) 
Where,

h = the length of the wall parallel to the direction of the force,

b = width of the wall,

S = Area of the floor taken as 
2

5
H 

 
 

,
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N = Number of stories in a building.

3. Area of columns were calculated using the following 
relation:

( )'0.4
cumulative

g
y

PA
f c fρ

=
∗ +   (2)

4. Slab thickness was pre-dimensioned using 

500 23
21.5 21.5

nlth = = = cm, take th=25 cm,

where ln is the span length.

5. For each 5 stories going up, the dimension of the columns 
is reduced according to equation (2); also, the dimensions of the 
shear walls were reduced according to equation (1) with a thickness 
lower limit of 0.35m.

Static and dynamic loads

Static Loads were calculated according to the following:

Dead Load (KN/m2) =2.4*thickness = 6 KN/m2

Super-imposed Dead load = 3 KN/ m2

Live load=2 KN/ m2 

For the dynamic load, all the buildings were all subjected to 
sinusoidal ground acceleration with a magnitude of 0.25 m/s2.

The periods of excitation depend on the structural system 
where the sloshing period of the TLD was tuned to be equal to the 
fundamental period of the structure. 

Case study analysis

The model of the 20-story building will be taken as reference 
in order to illustrate the research setup and procedures. All other 
models were studied in the same conceptual way and the results 
are summarized in the following sections.

The buildings were modeled and analyzed using Etabs 2018. 
The objective was to calculate the base Shear, story drift and 
displacement under the most critical acceleration. A moderate 
seismic risk was used with a ground acceleration of 0.25g. 

Modal analysis

The fundamental period was determined from the modal 
analysis, and the dynamic ground acceleration was assigned a 
period equal to the fundamental period of the structure. The 
response of the structure is then obtained at resonance. Table 2 
summarizes the fundamental period of each model (Table 2).

Analysis of results

For the fundamental period obtained for the twenty-story 

model (1.808s), a time history sine function was defined having 
the same period and was assigned an acceleration of magnitude 
0.25g. Table 3 shows the maximum values of the displacement, base 
shear and the story drift for each model without the installation of 
TLDs. Note that according to ASCE 7-10, Table 3, the inelastic drift 
limitation is 0.02ℎ𝛿𝑥 (Table 3).

Table 2: Fundamental period for each Model.

Model Fundamental Period (s)

10-Story building 1.1

20-Story building 1.808

30-Story building 3.26

40-Story building 3.47

50-Story building 3.49

Table 3: Maximum Displacement, Base Shear and story drift at 
Resonance (without TLDs).

Model Max. Disp. [m] Max Base 
Shear [kN]

Max Story Drift 
[Unitless]

10-Stories 0.1 3332 0.0045

20-Stories 0.29 15092 0.006

30-Stories 0.97 38249 0.0134

40-Stories 1.14 78719 0.0129

50-Stories 1.15 96749 0.01

Solution 

Solution definition

In designing a Passive Tuned Liquid Damper or TLD to control 
the lateral movement, the objective is to design a water tank 
with a specific water height to length ratio tuned to a specific 
sloshing frequency in order to effectively work out of phase with 
the structure. Several researchers considered various methods to 
evaluate tuned liquid dampers’ behavior. For example, the lumped 
mass method along with the linear wave theory suggested by [1]. 
In this research, the lumped mass method originally suggested 
by Housner [11], used by ACI 350.3 and organized by Khouri et 
al. [16], will be adopted. The water tank walls are assumed rigid. 
Hydrodynamic pressure induced by the liquid slosh is considered 
distinctively as impulsive pressure; this pressure is linearly related 
to the tank’s acceleration but in opposite direction. The sloshing 
pressure is a function of the acceleration of the tank and the 
sloshing frequency.

Procedure

For the assumed dynamic model of Figure 6, the interest is 
to calculate the height and weight of the convective (Wc) and 
impulsive (Wi) masses, and then the stiffness of the spring to which 
the convective mass is attached. The stiffness of the walls is infinite 
given that the walls are assumed rigid (Figure 6). 
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Figure 6: Dynamic Model assumed as spring mass system.

Equivalent weights of accelerating liquid 

The ratios of the impulsive and the convective weights to the 
liquid weight are defined in equations (3) and (4) respectively, as 
follows:

tanh 0.866

0.866

LI

L

L

L
HW

W L
H

  
  

  =
 
 
 

         (3)

0.264 tanh 3.16C L

L L

W HL
W H L

    =                  (4)

Where,

Wi = Equivalent weight of the impulsive component of the 
stored liquid, (kN),

WC = Equivalent weight of the convective component of the 
stored liquid, lb (kN),

WL = Total weight of the liquid, lb (kN), and

HL = Design depth of stored liquid, (m).

Height to centers of gravity excluding base pressure (EBP)

For tanks with L/HL < 1.33

0.5 0.09375i

L L

h L
H H

 
= − ∗ 

    (5)

For tanks with L/ HL > 1.33

0.375i

L

h
H

=
  (6)

cosh 3.16 1
1

3.16 sinh 3.16

L

c

L L L

H
Lh

H H H
L L

   −    = −
  ∗ ∗ ∗    

  (7)

Where,

hc = height in meters above the base of the wall to the center of 
gravity of the convective lateral force for the case excluding base 
pressure (EBP), and

hi = height in meters above the base of the wall to the center 
of gravity of the impulsive lateral force for the case including base 
pressure (IBP).

Dynamic properties

The structural stiffness is computed based on the boundary 
conditions.

For the Impulsive Component,

i
k
m

ω = (8)

w im m m= + (9)

2
i

i

T π
ω

= (10)

Where,

ωi= frequency of the impulsive mode of vibration, radian/s,

Ti = fundamental period of oscillation of the tank (plus the 
impulsive component of the contents),

mi = impulsive mass of contained liquid per unit width of a 
rectangular tank wall, (kg per meter of wall width), and

mi = mass per unit width of a rectangular tank wall, (kg per 
meter of wall width).

For the Convective Component,

3.16 tanh 3.16 L

c

Hg
L

L
ω

  
    =

(11)

2
C

C

T π
ω

= (12)

2
c c cK mω= ∗ (13)

ωc= frequency of oscillation of the first (convective) mode of 
sloshing, radian/s,

Tc = natural period of the first (convective) mode of sloshing, 
s, and

Kc = spring constant attached to convective mass (kN/m).

For the 20-story building model, the fundamental period of the 
structure is 1.808s. Solving for “HL” when Tc=1.808s, and H/L=0.1, 
the required length L for the water tank and height of water HL is 
0.77m and 0.077m, respectively. The stiffness of the spring to which 
the convective mass is attached is 0.47 kN/m.

Proposed model

The dynamic model, originally proposed by Housner and 
illustrated in Figure 3, is implemented in Etabs18 by simulating the 

http://dx.doi.org/10.33552/CTCSE.2022.09.000702


Citation: Charles Maroun Khadige, Michel Farid Khouri. Controlling the Lateral Drift Using Hydraulic Systems. Cur Trends Civil & 
Struct Eng. 9(1): 2022. CTCSE.MS.ID.000702. DOI: 10.33552/CTCSE.2022.09.000702.

Current Trends in Civil & Structural Engineering                                                                                                              Volume 9-Issue 1

Page 7 of 18

springs as linear links. Point Masses were linked to the tank walls to 
simulate the convective and impulsive masses. In addition, another 
variable is considered; it is the mass of the water tank “MTLD” which 
is accounted for as a percentage of the building’s mass “% m”. 

Thus, the number of TLDs is calculated in terms of the percentage 
of “MTLD”. In order to account for the number of TLDs on ETABS, a 
model was implemented where the set, of all TLDs, is modeled as a 
single equivalent spring mass system (Figures 7 & 8).

Figure 7: Convective component simulation in Etabs (plan view).

Figure 8: Impulsive component simulation in Etabs (plan view).

Figure 7 and Figure 8 show the simulation of the spring mass 
system for the convective and the impulsive components on Etabs. 
Springs are fixed in the Y-Z direction for the convective component 
and fixed in all directions for the impulsive component.

If “Nt” is the number of TLDs required for a given model, the 
equivalent spring stiffness “Kequ”, equivalent convective mass “Mcequ” 
and equivalent impulsive mass “Miequ” are obtained as follow:

( )cequ equ c

cequ equ c

cequ c

equ

K x M a Nt K x Ma

K x M a Nt K x Nt Ma

K x Nt K x

M Nt M

+ = ∗ +

+ = ∗ + ∗

⇒
= ∗

= ∗        (14-17)

When the number of TLDs is large enough that it cannot fit in 

the floor area, several layers of TLDs are stacked on top of each 
other. Thus, the equivalent center of gravity heights of the impulsive 
and convective masses, hi equ and hc equ, are calculated in equations 
(18) and (19) respectively as follow: 

( ) ( )tan
1

2i equ i

Height of k
h h nbr of layers= + − ∗

   (18)

( ) ( )tan
1

2c equ c

Height of k
h h nbr of layers= + − ∗   (19)

(Figure 9) Figure 9 illustrates the equivalent TLD introduced in 
Etabs to account for n=3 layers of TLDs. The equivalent height of the 
convective and impulsive mass is calculated in terms of the height 
of the resultant force caused by the back-and-forth movement of 
the convective and impulsive mass. 
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Figure 9: Equivalent Tank when the Number of tanks Nt is 3.

Results & Analysis

The presented results show reductions in the displacement and 
story drift; they are functions of “HL/L “, %m and the number of 
stories.

The work procedure that yielded the results and the 
configurations of the tuned liquid dampers are presented in the 
following paragraphs.

Work procedure

The work proceeds as follows:

a. Modal analysis in free vibration is performed to obtain the 
fundamental period T of the building.

b. Design the dimensions of TLDs for Tc = T and impose a 
ratio HL/L. TLDs were designed for HL/L = 0.1, 0.2 and 0.3. 

c. Load the structure with a sinusoidal acceleration having 
a period equal to the fundamental period of the structure and 
amplitude of 0.25g.

d. The imposed mass of the TLDs (MTLD), is used to compute 
the number of TLDs required for each of the imposed ratio HL/L. 
Also, the number of TLDs were computed for %m = 1%, 2%, 3% 
and 4% of the buildings mass.

e. After setting up the TLDs within the building model, 
displacement at the top story, base shear and maximum story drift 
are recorded; process is repeated for the rest of the models.

Figure 10 shows the displacement versus the frequency ratio 
for the 20-story building. TLDs are most effective when tuned to 
a frequency equal to the fundamental frequency of the building 
(Figure 10). 

Figure 10: Displacement vs frequency ratio for the 20-Story building.
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Tuned liquid dampers configuration 

Table 4 presents the dimensions along with the number of 
water tanks for the 20-story building having different depth ratios 

HL/L and mass ratios %m. As mentioned earlier, TLDs are placed 
symmetrically such that the resultant force of the convective mass 
aligns with the center of rigidity of the floor (Table 4).

Table 4: TLDs numbers and dimensions for 20 story building.

HL/L TLD Dimension L X H (m) Number of Tanks M [%]

HL/L=0.05 0.4 X 0.002

12784 1%

25568 2%

38352 3%

51136 4%

HL/L=0.1 0.7 X 0.07

859 1%

1719 2%

2578 3%

3437 4%

HL/L=0.2 1.42 X 0.28

70 1%

141 2%

211 3%

280 4%

HL/L=0.3 1.87 X 0.56

20 1%

41 2%

61 3%

81 4%

Displacement after installation of TLD

After installing the TLDs, Figure 11 shows the displacement 
results extracted from ETABS at the top story of the 20-story 
building for HL/L=0.2 and %m =1%. The displacement reductions 

versus %m for different HL/L ratios are shown in Figure 12 to 
Figure 16 (Figures 11-16) (Table 5).

Table 5 shows the max displacement of each model for different 
height to length ratios of TLDs.

Table 5: Max. Displacement [m] after installing TLDs for various Building heights and various H/L; Table also shows the corresponding %mass.

H/L
Displacement with TLDs [m]

m[%]
10-Story 20-Story 30-Story 40-Story 50-Story

H/L=0.05

0.06 0.17 0.54 0.62 0.6 1%

0.05 0.14 0.44 0.5 0.48 2%

0.04 0.12 0.38 0.43 0.43 3%

0.04 0.11 0.35 0.4 0.39 4%

H/L=0.1

0.06 0.17 0.55 0.62 0.58 1%

0.05 0.14 0.45 0.51 0.45 2%

0.04 0.12 0.38 0.43 0.4 3%

0.04 0.11 0.36 0.4 0.36 4%

H/L=0.2

0.06 0.18 0.58 0.64 0.59 1%

0.05 0.14 0.46 0.52 0.47 2%

0.04 0.13 0.4 0.45 0.4 3%

0.04 0.11 0.37 0.41 0.37 4%

H/L=0.3

0.07 0.18 0.59 0.69 0.57 1%

0.06 0.15 0.48 0.56 0.44 2%

0.05 0.13 0.4 0.46 0.4 3%

0.04 0.12 0.38 0.42 0.38 4%
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Figure 11: Displacement of the top story as a function of time for 20 story building (HL/L =0.2 and m=1%).

Figure 12: Displacement reduction of the 10-story building vs %m for various HL/L.
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Figure 13: Displacement reduction of the 20-story building vs %m for various HL/L.

Figure 14: Displacement reduction of the 30-story building vs %m for various HL/L.
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Figure 15: Displacement reduction of the 40-story building vs %m for various HL/L.

Figure 16: Displacement reduction of the 20-story building vs %m for various HL/L.

Story drift after installing TLDs

Figure 17 shows the story drift obtained from ETABS after the 
installation of TLDs with HL/L=0.2 and %m =1. The story drift is 
the differential displacement of two consecutive stories divided by 

the height of the story. The maximum story drift for the remaining 
models is presented in Figure 18 to Figure 22 (Figures 17-22).

Also, Table 6 shows the max elastic story drift of each model for 
various HL/L of TLDs (Table 6).
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Table 6: Maximum elastic story drift with TLDs for all models with various HL/L ratios and various Building heights; Table also shows the corresponding 
%mass.

H/L
Drift with TLDs [Unitless]

m[%]
10-Story 20-Story 30-Story 40-Story 50-Story

H/L=0.05

0.0027 0.0034 0.0076 0.0068 0.0051 1%

0.0022 0.0028 0.0062 0.0058 0.0043 2%

0.0018 0.0025 0.0053 0.0047 0.0035 3%

0.0017 0.0023 0.0048 0.0043 0.003 4%

H/L=0.1

0.0027 0.0034 0.0076 0.0068 0.0058 1%

0.0022 0.0028 0.0062 0.0055 0.0045 2%

0.0018 0.0025 0.0053 0.0047 0.004 3%

0.0017 0.0023 0.0048 0.0043 0.0036 4%

H/L=0.2

0.0028 0.0036 0.008 0.007 0.0053 1%

0.0023 0.0029 0.0063 0.0057 0.00422 2%

0.0019 0.0026 0.0055 0.005 0.0036 3%

0.0017 0.0024 0.005 0.0044 0.0033 4%

H/L=0.3

0.003 0.0037 0.0074 0.0075 0.00518 1%

0.0024 0.003 0.00658 0.006 0.004 2%

0.002 0.0027 0.0055 0.00505 0.0035 3%

0.0018 0.0025 0.00516 0.0046 0.003 4%

Figure 17: Maximum story drift for the 20-story building when HL/L and %m=1%.
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Figure 18: Percent Reduction in drift for the 10-story building for various HL/L and %m.

Figure 19: Percent Reduction in drift for the 20-story building for various HL/L and %m.
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Figure 20: Percent Reduction in drift for the 30-story building for various HL/L and %m.

Figure 21: Percent Reduction in drift for the 40 story building for various HL/L and %m.
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Figure 22: Percent Reduction in drift for the 50-story building for various HL/L and %m.

Discussion of results

Starting with the frequency of the tuned liquid damper, a 
maximum response is obtained with a frequency ratio of about 
1.06 when TLDs are installed. The small difference in response 
when the frequency ratio is 1 and 1.06 is due to damping effect; it 
shows that the optimum tuning frequency is not exactly equal to 
the fundamental frequency of the structure but slightly different 

by a factor ∅opt where,  ( )
1

1 0.5 %
1 %

opt
m

m

φ =
 − ∗
 
 + 

 [1] which varies from 
1.007 to 1.06.

Concerning the displacement of the models, Figure 12 to Figure 
16 show that the percentage of displacement reduction increases 
with the %m until the reduction becomes asymptotic; this means 
that a % m greater than 4% will not be feasible.

Moreover, results show that the depth ratio HL/L is inversely 
related to the convective and impulsive mass ratios; when HL/L 
increases the convective mass decreases, thus the effect of TLD is 
reduced. Also, as the depth ratio HL/L increases, the reduction in 
response decreases. In addition, for HL/L=0.005, the percentage of 
the displacement’s reduction is almost the same as for HL/L=0.1; 
this shows that the depth ratio has a lower limit under which TLDs 
will no longer be effective. Comparing the maximum displacement 
with the displacement limitations suggested by [3], results show 
that after installing TLDs, displacement are within limits.

Similarly for the story drift, the variation of reduction increases 
with %m, however it is decreasing when HL/L increases. Referring 
to Table 3, the elastic story drift for the 30, 40 and 50 story 

building before installation of TLDs was 0.0134, 0.0129 and 0.01, 
respectively. These values for story drift are not acceptable as per 
the ASCE limitations. The inelastic story drift limitation is 0.02; in 
other words, while performing an elastic analysis using the finite 
element method, elastic story drift computed should not exceed 

0.005e
d

xxe I
c
δδ = ∗ =

According to the results summarized in Table 6, the best choice 
of TLD to reduce the story drift for the 30-story building is for HL/
L=0,1 and %m = 4. Whereas for the 40 and 50 story buildings, 
there are options to select from: HL/L=0.1, HL/L=0.2 or HL/L=0.3, 
as long as the story drift is smaller than 0.005 for some %m. Finally, 
for both, the displacement and story drift, the % reduction of the 
response increased with the number of stories. 

Table 7: Assigned Frequency for the models.

Model ω (rad/s)

10 Story Building 2.38

20 Story Building 1.86

30 Story Building 1.38

40 Story Building 1.34

50 Story Building 1.33

In order to make use of the computed results, equations are 
generated to allow the calculation of the reduction of displacement 
and story drift for models with similar structural properties that 

are subjected to certain acceleration. Thus, a value for 
k
m

ω =  
is assigned to each model and summarized in Table 7, where K 
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(kN/m) and M (kg) represent the stiffness and mass of the building, 
respectively (Table 7). 

An exponential trend-line was determined for each 
displacement curve and story drift versus %m in order to obtain 
one equation that is a function of HL/L and %m from which we can 
calculate the reduction of the displacement as well as the drift for a 
given H/L and %m.

Displacement reduction Equation

Regressions equations for the % displacement reduction as a 
function of H/L and %m for various values of ω are presented in 
equations (20) to 27 as follows:

a. For ω=2.38 rad/s

( )% . 21.255 33.92 ln % 2.55 17.511H Hdisp reduction m
L L

      = ∗ + ∗ + − ∗ +            
(20)

b. For ω=1.86 rad/s

( )
2 2

% . 391.55 157.7 53.471 ln % 42.55 17.825 13.6431H H H Hdisp reduction m
L L L L

          = ∗ − + ∗ + − + +                       
 (21)

c. For ω=1.38 rad/s

( )
2 2

% . 113.5 17.56 39.799 ln % 211 84.4 7.45H H H Hdisp reduction m
L L L L

          = ∗ − + ∗ + − + +                       
(22)

d. For ω=1.34 rad/s

( )
2 2

% . 209.4 60.71 41.017 ln % 187.75 65.525 19.555H H H Hdisp reduction m
L L L L

          = − ∗ + + ∗ + − +                       
(23)

Story drift reduction equation

a. For ω=2.38 rad/s

( )% 31.9 113.7 ln % 14.205 15.21H Hdrift reduction m
L L

      = + ∗ + +              (24)

b. For ω=1.86 rad/s

( )
2 2

% 38.5 2.55 104.64 ln % 61.05 30.525 10.837H H H Hdrift reduction m
L L L L

          = − + ∗ + − + +                         (25)

c. For ω=1.38 rad/s

( )
2 2

% 822 268.9 94.82 ln % 241.2 82.6 9.395H H H Hdrift reduction m
L L L L

          = − − + ∗ + − + +                       
 (26)

d. For ω=1.34 rad/s

( )
2 2

% 1754.9 674.61 163 ln % 508.9 192.56 28.586H H H Hdrift reduction m
L L L L

          = − + ∗ + − +                         (27)

Design Procedure

The following steps can apply in the process of designing TLDs 
for building structures under the similar conditions evaluated in 
this study. 

a. Compute the maximum story drift and displacement of the 
building without dampers.

b. Compute the building stiffness and mass, and then calculate 
K/M.

c. Determine the reduction of the displacement or drift for the 
building to comply with Code’s limitations in selecting of HL/L 
and % m. Starting with HL/L=0.1 is recommended.

d. From equations 21 to 27, choose the corresponding equation 
as a function of K/M and the response reduction that is in 
question.

e. If the reduction of HL/L and % m is not enough to comply with 
code limitations, the % m is to be increased. 

f. Once the depth ratio “HL/L” and mass ratio “%m” are sufficient, 
apply the corresponding equations 3 to 13 to calculate the 
corresponding structural properties to be used in the design/
construction process.

Conclusion

In this Study, five shear wall buildings were analyzed in Etabs18 
under a Time History function. The objective was to evaluate the 
use of TLDs to reduce displacements in building structures. A modal 
analysis was performed to find the natural period of each model. 
The period assigned to the time history function was the same as the 
natural period of the building to get the most critical displacement 
and story drift of the structure. Liquid Dampers were tuned for each 
model by considering the spring mass model provided by Housner 
and implemented on Etabs18. In this study, TLDs were studied for 
4 depth ratios HL/L (0.05, 0.1, 0.2 and 0.3). Analysis showed that 
tuned liquid dampers can be used to reduce the response of a 
structure when subjected to dynamic loadings. A reduction in the 
response by as much as 40% - 65% is obtained when the forcing 
frequency matches the building’s natural frequency. In other words, 
the use of TLDs is most effective in reducing the building’s response 
when TLDs are tuned to the natural period of the structure, and 
the damping effect of a tuned liquid damper is more effective for 
high rise buildings. The mass ratio (% m) of the TLDs, increases the 
reduction of displacement and story drift response of the building, 
however it should be carefully chosen.

Finally, reduction of displacement and story drift were provided 
as formulas in function of the depth ratio “ HL/L “ and the mass 
ratio “%m.” Engineers and designers can use this suggested design 
procedure to design TLDs for building structures. 
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