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1. Introduction 
 

Many researches and advances in recent years have 

identified Tuned Mass Damper (TMD) as one of the most 

widely utilized and approved response control systems for 

high-rise buildings (Lu and Chen 2011, Lu and Chen 2011, 

Chung et al. 2013). TMD is one of the simplest and most 

effective passive control systems with low repair and 

maintenance costs, proposed to enhance the performance of 

the structures against environmental loads (Pourzeynali et 

al. 2013, Mohebbi et al. 2015). TMD is composed of a 

mass block connected to the structure via a spring and a 

viscous damper. Previous studies on the structures equipped 

with TMD can be categorized into three general groups: (1) 

researches that focused on finding the optimal parameters 

of TMD (Warburton and Ayorinde 1980, Warburton 1982, 

Tsai and Lin 1993, Hadi and Arfiadi 1998, Jangid 1999, 

Bakre and Jangid 2004, Lee et al. 2006, Bakre and Jangid 

2007, Sgobba and Marano 2010, Bekdaş and Nigdeli 2013, 

Chung et al. 2013, Greco and Marano 2013, Nigdeli and 

Bekdas 2013, Aguirre and Almzán 2014, Nigdeli and 

Bekdas 2014, Nigdeli and Bekdaş 2017); (2) efforts to 

evaluate the efficiency of TMD, multiple TMDs and  
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active/semi-active TMDs in reducing the dynamic response 

generated by lateral loadings in the elastic domain of 

structures (McNamara 1977, Kaynia et al. 1981, Sladek and 

Klingner 1983, Xu and Igusa 1992, Yamaguchi and 

Harnpornchai 1993, Abé and Fujino 1994, Kareem and 

Kline 1995, Jangid and Datta 1997, Jangid 1999, Li 2000, 

Wang et al. 2001, Li 2002, Li and Liu 2003, Pinkaew et al. 

2003, Bakre and Jangid 2004, Bakre and Jangid 2007, 

Lewandowski and Grzymisławska 2009, Shooshtari and 

Mortezaie 2012, Li and Cao 2015, Mevada 2015) which has 

been proven since the 1970s; and (3) discussions on aspects 

such as the non-linearity of seismic behavior of the 

structures and their effect on efficiency and optimal 

parameters of TMD (Wong and Johnson 2009, Wong and 

Harris 2010, Zhang and Balendra 2013, Aguirre and 

Almzán 2014, Shooshtari and Mortezaie 2017).  

Nevertheless, most of these studies did not considered 

concerns related to their modeling, simulation, effect of soil 

on structural response and structural design. Consequently, 

limited researches related to structures with a TMD are 

available which consider the effect of soil-structure interaction 

(SSI). SSI is important for both static and dynamic loads and 

related literatures investigate at least 30 years of analytical 

approaches for solving SSI problems. SSI is important, 

especially for stiff and massive structures on relatively soft 

grounds, which may significantly change the dynamic 

characteristics of the structural response (Mihailo et al. 

2001). The common inelastic design procedures excluding 

SSI are no longer efficient to ensure the structural safety for  
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Abstract.  In the last decades, valuable results have been reported regarding conventional passive, active, semi-active, and 

hybrid structural control systems on two-dimensional and a few three-dimensional shear buildings. In this research, using a 

three-dimensional finite element model of high-rise concrete structures, designed by performance based plastic design method, it 

was attempted to construct a relatively close to reality model of concrete structures equipped with Tuned Mass Damper (TMD) 

by considering the effect of soil-structure interaction (SSI), torsion effect, hysteresis behavior and cracking effect of concrete. In 

contrast to previous studies which have focused mainly on linearly designed structures, in this study, using performance-based 

plastic design (PBPD) design approach, nonlinear behavior of the structures was considered from the beginning of the design 

stage. Inelastic time history analysis on a detailed model of twenty-story concrete structure was performed under a far-field 

ground motion record set. The seismic responses of the structure by considering SSI effect are studied by eight main objective 

functions that are related to the performance of the structure, containing: lateral displacement, acceleration, inter-story drift, 

plastic energy dissipation, shear force, number of plastic hinges, local plastic energy and rotation of plastic hinges. The tuning 

problem of TMD based on tuned mass spectra is set by considering five of the eight previously described functions. Results 
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Fig. 1(a) Desired yield mechanism of special moment frame 

(SMF) (b) Equivalent single degree of freedom (SDOF) 

structure (c) Energy-work balance concept 

 

 

the building frames placed on soft soil deposits. SSI can 

significantly amplify the lateral displacements and inter-

story drifts that, may change the performance (Fatahi et al. 

2011, Tabatabaiefar et al. 2015).   

Takewaki (2000) has presented a systematic method for 

optimal viscous damper placement in structures with SSI 

effect by a combination of viscous damper and TMD. 

Ghosh and Basu by studying the effects of SSI on the 

performance of TMDs for seismic vibration, showed that, as 

the soil stiffness decreases, the structural properties show 

considerable changes in comparison to the fixed base 

structure (Ghosh and Basu 2004). Dynamic vibration 

control of irregular buildings, modeled as torsional coupled 

structures equipped with multiple tuned mass damper 

(MTMD), has been investigated by Wang and Lin (2005). 

They suggested that, to avoid overestimating the 

effectiveness of MTMD for irregular buildings located on 

soft soils, the SSI effects should be considered in order to 

determine the optimal MTMD parameters. Another research 

has indicated the performance of 10-, 15-, and 20-story 

linear steel shear structures with TMD, under near-field 

ground motion earthquakes with linear and nonlinear SSI 

effect (Khoshnoudian et al. 2016). In recent years, some 

studies have been carried out in order to determine 

optimized parameters of TMD by considering the effect of 

SSI on two-dimensional 40-story shear building frame with 

linear behavior (Farshidianfar and Soheili 2013, Khatibinia 

et al. 2016, Bekdaş and Nigdeli 2017, Mortezaie and Rezaie 

2018). 

On the other hand, regardless of the type of structure, 

linear or nonlinear behavior of the materials, type of 

structural analysis and considering issues such as torsion, an 

issue that has not been covered is the fact that, the actual 

response of the structure associated with the design 

philosophy and construction of the structure and unlike the 

gravity loads, earthquake seismic input energy is a function 

of structural properties and its design. Therefore, to model 

what happens in reality, a true three-dimensional model 

which is closest to the actual behavior of the structure is 

needed. In this study, nonlinear behavior of the structures 

has been considered from the beginning of the design stage. 

In 2008, Goel and Chao presented a method called 

performance based plastic design (PBPD) for structural 

steel and then, in 2010 this method was developed for 

special moment concrete structures (Goel and Chao 2008, 

Liao 2010). In contrast to the current code design method,  

 

Fig. 2(a) Elevation view and (b) Plan of designed PBPD 

structure 

 

 

the design base shear force in PBPD for a selected risk level 

is obtained by considering the work required to move the 

structure toward the target relative displacement, equal to 

single degree of freedom structure (SDOF). In this method, 

more predictable structural performance can be obtained for 

the designed structure based on the performance limit states 

of drift target and desired yielding mechanism selected from 

the beginning of the design process. Although the current 

PBPD procedure works very well for low-rise buildings, but 

for mid to high-rise buildings, it works for over-size 

columns (Bayat 2010, Rezaie and Mortezaie 2017).  

In this study, the efficiency of using TMD to enhance 

the performance of PBPD structure and reducing loads on 

structural columns designed by PBPD, with and without 

TMD, by considering the effect of SSI under 22 pairs of far-

field earthquake records was reviewed and analyzed. By 

making a sophisticated three-dimensional finite element 

model of a concrete structure, and considering the cone 

model for the soil, the issues raised were investigated. The 

aim of this research is to study the aspects that are given 

less attention in literature as already mentioned. 
 

 

2. Overview of PBPD procedure and properties of 
designed structure 
 

A design of the step-by-step PBPD method has been 

provided in the following steps. Details of this design and 

its procedure can be found in studies carried out by Goel 

and Chao (2008) and Liao (2010) (Goel and Chao 2008, 

Liao 2010). 

218



 

Effect of soil in controlling the seismic response of three-dimensional PBPD high-rise concrete structures 
 

 

Table 1 Summary of design parameters for RC SMF 

Parameter Range considered 

Seismic design level Design Category D 

Compressive strength concrete for column and beam 

respectively, 
41.4-34.5 Mpa 

Design floor dead load 854.4 kg/m2 

Design floor live load 244.1 kg/m2 

Yield drift Ratio 0.5% 

Target drift Ratio 2% 

Concrete cracking effect in beams 0.5EIg (Venture 2000) 

Concrete cracking effect in columns 0.7EIg (Venture 2000) 

 

 

Step 1: 

Selection of the desired structural yield mechanism and 

drift target (Fig. 1(a)) for the design of earthquake event 

and its damages. 

Step 2: 

Estimation of structural yielding drift (θy) and the 

fundamental period (T) and selecting an appropriate 

distribution of lateral force on the height of the structure. 

Step 3: 

Determination of the elastic spectral acceleration value 

of the design. 

Step 4: 

The design base shear calculated on the basis of the 

principles of design (Fig. 1(b)). If the behavior of structural 

materials does not follow elasto-plastic behavior, design 

base shear should be corrected at this step (Fig. 1(c)). 

Step 5: 

Designing members which are entering the nonlinear 

behavior in the selected mechanism (such as beams in 

reinforced concrete moment frame) will be done using a 

plastic design method; and the members which are remain 

elastic (such as columns), will be designed by capacity 

method. 

By exactly following the design procedure of PBPD and 

design parameters described in Table 1, a 20-story 

reinforced concrete special moment frame was designed. 

The plan of the structure and details of the members section 

the PBPD structure are summarized and shown in Fig. 2(a) 

and 2(b), respectively. 

 

 

3. Modelling of soil-foundation-structure system 
 

3.1 Properties of structural model 
 

Structure nonlinear modeling based on incorrect and 

unrealistic methods can lead to incorrect and illogical 

responses. Even though there are many finite element 

models for reinforced concrete, most of them cannot be 

utilized to simulate structural collapse. Hysteretic model 

developed by Ibarra et al. (2005) and calibrated by Haselton 

(Haselton 2007, FEMA 2009) which is capable of capturing 

severe deterioration that precipitates sideway collapse was 

employed in this study. Fig. 3(a). illustrates the tri-linear 

monotonic backbone curve, which provides versatile 

modeling of cyclic behavior. This model can provide  

 
(a) 

 
(b) 

Fig. 3(a) Tri-linear curve, used to model beam-column 

elements (b) 3D models of beam-column elements 

 

 

Fig. 4 Cone and spring-dashpot-mass model for foundation 

on surface of homogeneous half-space 

 

 

important modes of resistance deterioration which, lead to 

global sideway collapse. Those parameters include: initial 

stiffness (Ke), stiffness after yield (Ks), plastic rotation 

capacity (θcap
p) and post-maximum-resistance rotation 

capacity (θpc). The relevant equations have been proposed 

in FEMA P695 (2009). 

One of the important details of this model is the capping 

point, where monotonic strength loss begins, and the post-

capping negative stiffness models the strain-softening 

behavior associated with concrete crushing, rebar buckling,  
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Table 2 Specification of soil, foundation and key 

expressions used in 3D model soil-foundation (Wolf and 

Deeks 2004, FEMA 2009, ASCE 2010) 

Parameter Range considered 

Shallow foundation dimensions (length-width-height) 1829×1829×125cm 

Compressive strength concrete for foundation 41.4 Mpa 

Average shear wave velocity 182 to 365 m/s 

Building site (Los Angeles, California) High seismic site 

Soil class Sd 

Sm 1.5 g 

Sm1 0.9 g 

Poisson’s ratio (ν) 0.3 

Shear wave velocity 300 m/s 

Key Expressions to model a 3D foundation on a homogeneous soil half-space 

Motion Horizontal Rocking Torsional 
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and fracture. To simulate the cyclic response of reinforced 

concrete beam-columns, a lumped plasticity approach is 

employed based on observations that are currently available 

for fiber element models which are not able to simulate the 

strain-softening associated with rebar buckling, and thus 

cannot reliably simulate collapse of the flexural dominated 

reinforced concrete frames. To simulate the behavior of 

structural beam-column, the beam-column element formed 

by an elastic element and two moment plastic hinges 

focused at two ends with zero length are used. This element 

was idealized and optimized as illustrated in Fig. 3(b). 
 

3.2 Soil properties 
 

Owing to the indefinite soil environment, its modeling is 

more complex than structural modeling. Rigorous methods 

exist to calculate the effect of SSI, including the 

sophisticated finite element methods like the thin-layer 

method (the consistent boundary method), the scaled 

boundary finite-element method and the Dirichlet-to-

Neuman method. Nevertheless, these methods require 

significant computational time and experience. In fact, the 

use of cone model leads to decreased precision when 

compared to applying the rigorous methods of elasto-

dynamics (Wolf and Deeks 2004).  

Nevertheless, it is more compensated by many 

advantages like; physical insight with conceptual clarity,  

Table 3 The frequencies, and their corresponding periods, 

of the structural modes 

Vibration modes 
periods of vibration 

(second) 

frequency of vibration 

(Hz) 

first 1.94 3.24 

second 0.72 8.77 

third 0.42 14.96 

fourth 0.28 22.44 

fifth 0.21 29.92 

 

Table 4 Far-field ground motion record set used in this 

study (FEMA 2009) 

ID Name 
The dominant frequencies (Hz) 

X-direction Y-direction 

01 Cape Mendocino 1992 0.71 2.30 

02 San Fernando 1971 0.71 8.04 

03 Friuli Italy 1976 2.00 1.49 

04 Imperial Valley Delta 1979 2.53 0.60 

05 Imperial Valley El Centro 1979 4.13 3.78 

06 Superstition Hills El Centro 1987 0.83 0.39 

07 Superstition Hills Poe Road 1987 2.17 2.27 

08 Loma Prieta Capitola 1989 1.37 1.56 

09 Loma Prieta Gilroy 1989 1.73 0.51 

10 Landers Coolwater 1992 1.91 1.38 

11 Landers Yermo Fire Station 1992 0.72 0.71 

12 Northridge Beverly Hills 1994 1.17 1.90 

13 Northridge Canyon Country 1994 1.76 1.42 

14 Kobe Nishi Akashi 1995 2.08 1.37 

15 Kobe Shin-Osaka 1995 1.44 0.81 

16 Kocaeli Arcelik 1999 6.05 0.20 

17 Kocaeli Duzce 1999 0.27 0.54 

18 Chi Chi CHY101 1999 0.34 0.23 

19 Chi Chi TCU045 1999 1.56 1.32 

20 Duzce Bolu 1999 1.84 1.31 

21 Manjil Abbar 1990 2.93 4.58 

22 Hector Mine 1999 0.79 1.82 

 

 

simplicity in usage and solving, sufficient generality 

(layered site, embedment, all frequencies) and acceptable 

engineering precision. Today there is an awareness that 

anyway, the accuracy of any analysis is limited owing to 

many uncertainties in determining the dynamic properties, 

some of which can never be neglected (i.e., soil properties 

and the definition of the dynamic loads). It is assumed that 

the structure is constructed on a rigid concrete shallow 

foundation. The parameters utilized for modeling soil-

foundation are listed in Table 2. Fig. 4 shows a three-

dimensional view of the 20-story structure with a cone 

model. 
 

3.3 Ground motions and nonlinear analyses structure 
with TMD 
 

Dynamic time history analysis has been generally  
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(a) (b) 

Fig. 5(a) Three-dimensional finite element models of the 

structure under earthquake excitations, (b) elevation of soil-

structure interaction model 

 

 

Fig. 6 TMD installed on the roof floor 

 

 

considered as the most accurate method of analysis which 

provides accurate models. To ensure the range of possible 

responses is accurately captured, properly scaled earthquake 

records must be used for dynamic analysis. In this study, 

nonlinear dynamic time history analyses were conducted 

under a set of far-field ground motions records. This set 

which includes 44 ground motion records, contained 22 

horizontal earthquake motions along with x and y direction 

which were selected from the FEMA P695 (2009). Periods 

of vibrations and their corresponding frequencies of the first 

five modes of structure, are presented in Table 3. 

The details of this ground motion records set, can be 

seen in FEMA P695 (2009) (FEMA 2009). The summary of 

some sets specifications is shown in Table 4. Fig. 5(a) and 

5(b) shows the 20-story building, equipped with a TMD on 

the roof floor in the deformed and undeformed state with 

applied earthquake records in perpendicular directions, and 

elevation of soil-structure interaction model, respectively. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 7 Mean of spectral responses (a) displacement, (b) 

inter-story drift, (c) plastic energy dissipation, (d) base 

shear force, and (e) number of plastic hinges, of structure 

under earthquake excitations 

45.8
46.0
46.2
46.4
46.6
46.8
47.0
47.2
47.4
47.6
47.8
48.0

0 2 4 6 8 10 12 14

M
ea

n
 r

es
p

o
n

se
 M

D
 (

cm
)

Damping ratio

β=0.8---md=0.33% M

β=0.8---md=1% M

β=0.8---md=1.67% M

β=1.0---md=0.33% M

β=1.0---md=1% M

0.94

0.95

0.96

0.97

0.98

0.99

1.00

1.01

1.02

1.03

1.04

0 2 4 6 8 10 12 14

M
ea

n
 r

es
p

o
n

se
 I

S
D

 (
%

)

Damping ratio

β=1.0---md=1.67% M

β=1.2---md=0.33% M

β=1.2---md=1% M

β=1.2---md=1.67% M

Without TMD

3100

3200

3300

3400

3500

3600

3700

3800

3900

4000

4100

0 2 4 6 8 10 12 14

M
ea

n
 r

es
p

o
n

se
 M

P
E

 (
K

j)

Damping ratio

β=0.8---md=0.33% M

β=0.8---md=1% M

β=0.8---md=1.67% M

β=1.0---md=0.33% M

β=1.0---md=1% M

12500

12600

12700

12800

12900

13000

13100

0 2 4 6 8 10 12 14

M
ea

n
 r

es
p

o
n

se
 B

S
F

 (
K

N
)

Damping ratio

β=1.0---md=1.67% M

β=1.2---md=0.33% M

β=1.2---md=1% M

β=1.2---md=1.67% M

Without TMD

760

770

780

790

800

810

820

830

840

850

0 2 4 6 8 10 12 14

M
e
a

n
 N

P
H

Damping ratio

β=0.8---md=0.33% M β=0.8---md=1% M

β=0.8---md=1.67% M β=1.0---md=0.33% M

β=1.0---md=1% M β=1.0---md=1.67% M

β=1.2---md=0.33% M β=1.2---md=1% M

β=1.2---md=1.67% M Without TMD

221



 

Hamid Mortezaie and Freydoon Rezaie 

 

Table 5 The range variety of TMD parameters 

TMD parameters Considered range variety 

md (0.33%, 1% and 1.67%) 

ξd (0%, 2%, 4%, 6%, 8%, 10%,12% and 14%) 

β factor (0.8, 1 and 1.2) 

 

Table 6 Optimal parameters of TMD for each function 

under three studied earthquakes and the mean of the results 

Objective 

function 

Cape Mendocino 

1992 

Superstition Hills 

Poe Road 1987 

Manjil 

1990 
Mean 

β md (%) ξd (%) β md (%) ξd (%) β md (%) ξd (%) β md (%) ξd (%) 

MD 0.8 1.67 14 1 1.67 0 0.8 0.33 6 0.8 1.67 0 

PED 0.8 1.67 2 1 1.67 0 1 1.67 2 1 1.67 2 

ISD 0.8 1.67 14 1 1.67 0 0.8 1.67 10 1 1.67 0 

BSF 0.8 1 0 1 1.67 0 1.2 1.67 6 1 1.67 2 

NPH 1 1.67 2 0.8 1 4 0.8 1.67 0 0.8 1.67 0 

 
 

4. Tuning of TMD based on response spectrum 
 

Given that no study has been done on the optimum 

parameters of TMD for a three-dimensional high rise 

concrete structure with SSI effect, torsion effect, and 

nonlinear behavior of concrete, in this section, the optimum 

parameters of TMD are obtained. A TMD was installed on 

the roof of the structure as illustrated in Fig. 6. 

The TMD has three parameters. The first parameter is 

the ratio of the TMD mass (md) to the total mass of the 

structure (M), called the mass ratio. The second parameter 

is the damping ratio of TMD (ξd), and the third is the β 

factor, called the frequency ratio (KTMD = md × ω2 × β) (ω is 

the fundamental frequency of vibration). Tuned mass 

spectra provides the best method for showing the influence 

and efficiency of TMDs on the structural dynamic 

responses due to a specific earthquake (Wong and Johnson 

2009, Shooshtari and Mortezaie 2017). For this purpose, 

216 times nonlinear time history analysis of the 20-story 

structure with SSI effect was performed under three 

earthquake records including: Cape Mendocino 1992, 

Superstition Hills Poe Road 1987 and Manjil Abbar 1990. 

The range of TMD parameters includes md, ξd and β as 

shown in Table 5. 

Analyses were done and five different spectra responses 

(as objective functions) including: maximum of 

displacement (MD), inter-story drift (ISD), plastic energy 

dissipation (PED), base shear force (BSF), and a number of 

plastic hinges (NPH) were obtained under mentioned three 

earthquake records. The mean of these results has been 

calculated and corresponding five spectra responses are 

presented in Fig. 6. 

Optimal parameters of TMD for each function of the 

five objective functions, under three studied earthquakes are 

presented in Table 6. In the last column of Table 6, the 

values for optimal parameters of TMD, for the mean of the 

results of three earthquakes are presented.  It is evident 

that due to high dispersion of the obtained values for 

optimal parameters of TMD, capturing the best responses in 

all of the five studied objective functions with a fixed value 

for md, ξd and β factor from a practical point of view, is 

impossible. However, by looking closely at the results, it is 

obvious that importance of md and β factor is higher than 

ξd.  

In most previous studies, setting the TMD according to 

the natural frequency of structure has been raised as a 

principle, but the current study results reveal that this 

principle by entering the structure into the non-linear field 

is no longer true. Considering the results and the 

importance of each of the functions, the optimal values of 

TMD, can be reported as md=0.0167×M, ξd=3%, and 

β=0.8. 
 

 

5. Analysis results 
 

Three-dimensional numerical analyses were conducted 

on a 20-story model of a building, under 22 earthquake 

acceleration records. The structure is equipped with a TMD 

tuned with optimized parameters as described in the 

previous section. Analyses were performed in different 

states of PBPD structure: with and without TMD, by 

considering the effect of SSI and without it. Due to the 

large volume of information obtained from the analyses of 

22 earthquake records and in order to indicate the 

dispersion and variation of the results, the mean and 

standard deviation (SD) for obtained results were 

calculated. SD predicts the variation and dispersion of the 

data obtain in comparison to the mean. On the other hand, 

to create a better understanding, results were classified into 

two categories: response of each story (Fig. 7) and the 

maximum response of the entire structure (Fig. 8).  

From Fig. 7(a) and 7(c), it is evident that by considering 

the effect of SSI and without TMD, lateral displacement 

and inter-story drift are increased. On the other hand, plastic 

energy, and base shear are reduced (Fig. 7(d) and 7(f)), 

while Fig. 7(b) and 7(e) shows that the acceleration and 

NPH do not change significantly due to the effect of SSI. 

However, when the structure was equipped with an 

optimized TMD, it leads to an improvement in structural 

response for all studied parameters. This improved 

performance is such that, even when compared with a case 

in which the effect of SSI has been neglected, it leads to a 

better response except lateral displacement. 

Reviewing the local structural response, particularly in 

Fig. 8(c), Fig. 8(m) and Fig. 8(n) that are important in 

review of local damage, it becomes evident that by 

considering the effect of SSI, the mean maximum plastic 

energy that accumulated under 22 earthquake acceleration 

in a plastic hinge in the structure was reduced and by 

equipping the structure with TMD, it can be further 

reduced. 

Fig. 8(n) shows that the mean maximum rotation in a 

hinge does not change due to the effect of SSI but by using 

the TMD, there is still 8.6% reduction. In Fig. 8(c), the 

appropriate influence of TMD is obvious. Therefore, when 

compared to the case where the effects of soil and TMD are 

neglected, there is 12.7% decline in inter-story drift. 

Reduction in acceleration in the fifteen upper floors (Fig. 

7(b)) led to reduced non-structural damage that is very 

useful and vital for reducing losses due to earthquake.   

Using TMD leads to the reduction of story shear force 
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and destructive forces in lower stories, but this decline is 

not adequate to overcome the over-size problem of the 

columns in high-rise buildings. It is evident from the results 

that by using the TMD, bad performance of the structure 

can be improved in most assessed parameters due to the 

effect of SSI. Details of decrease or increase in mean  
 

 

 

 

maximum responses for the studied parameters are 

presented in Table 7. 
One of the objectives of inelastic seismic analysis is to 

directly compute the magnitude of inelastic deformations in 
order to assess the level of structural performance. 
Performance levels represent the state of structures after 
being subjected to a certain hazard level and they are  
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Fig. 8 Mean and one standard deviation of the mean (μ ± SD, where μ is the mean) of (a) displacement, (b) acceleration, 

(c) inter-story drift, (d) plastic energy dissipation, (e) number of plastic hinges, and (f) shear force of structure under 

earthquake excitations 
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classified into five categories: fully operational, operational, 

life safe, near collapse, or collapsed (FEMA 1997). The 

most widely utilized damage parameters are, total lateral 

deflection, ductility demand, and inter-story drifts. The 

above mentioned five qualitative performance levels are 

associated with the corresponding quantitative maximum 

inter-story drifts of <0.2, <0.5, <1.5, <2.5, and >2.5%,  

 

 

respectively. 

Majority of the force-based design codes use an 

additional test in terms of limiting the inter-story drifts to 

ensure that, particular deformation-based criteria are met. 

For instance, ASCE7-10 (2010) allowed story drift for 

structures regarding their type and risk category of the 

structure and the Australian Earthquake Code indicates the  
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Fig. 9 Mean maximum responses and one SD of the mean of (a) displacement, (b) acceleration, (c) inter-story drift, (d) 

total plastic energy dissipation, (e) number of plastic hinges, (f) base shear force of structure, (m) local plastic energy 

and (n) local rotation in a plastic hinge in structure 
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Table 7 Compare the maximum response of the structure 

Parameter 

without SSI 

and 

without TMD 

(1) 

with SSI 

and 

without TMD 

(2) 

TMD effect SSI effect 

with SSI & 

with TMD 

(3) 

Decrease 

percentage 

(3) to (2) 

Increase 

percentage 

(2) to (1) 

Decrease 

percentage 

(2) to (1) 

displacement (cm) 49.1 53.2 51.0 4.3 8.4 - 

Acceleration (m/s2) 13.6 13.7 12.9 5.8 0.7 - 

Inter-story drift (%) 1.20 1.26 1.17 7.1 5.0 - 

TPED (KJ) 3,826 3,563 2,957 17.0 - 6.9 

NPH 834 828 762 7.97 - 0.7 

Shear force (KN) 13017 12,631 12,404 1.8 - 3.0 

Plastic energy (KJ) 

(in a hinge) 
240 225 208 7.6 - 6.3 

Rotation (Radians) 

(in a hinge) 
0.0107 0.0107 0.0098 8.6 - - 

 

 

Fig. 10 Cases exceed the Life Safe limit 
 

Table 8 Evaluation structural risk in four state analyses of 

structure 

SSI TMD 
Number of cases 

exceed the life safe limit 
Percentage 

(%) 

✓ ✓ 1 of 22 4.5 

 ✓ 1 of 22 4.5 

✓  4 of 22 18.2 

  2 of 22 9.1 

 

 

maximum allowable story drift of 1.5% (AS1170.4 2007, 

ASCE 2010). The analyses of the structure in four state and 

underground motion records were performed, and the 

records that lead to crossing inter-story drift from the life 

safe limit has been determined, and the name and the 

number of earthquakes (among 22 earthquakes) is presented 

in Fig. 9. In one case analysis where the effect of SSI and 

TMD are considered, only 1 of 22 (4.5%) records exceeds 

the life safe limit, while this number reaches to 4 of 22 

(18.2%) with SSI effect and without TMD. This rate in 

other cases that has not considered the effect of SSI is 

specified in Table 8. 

Reduced range of inter-story drift variation is clearly 

defined in Fig. 9. An optimized TMD is suggested so as to 

prevent the adverse effects of soil type D for which the 

building is designed. Design engineers need to precisely 

consider the effects of dynamic SSI in their design. 

Although in the current design approach, the effect of 

PBPD and soil-structure interaction was not considered in 

the design process, however, when compared with previous 

studies conducted on force-based design of structures and 

the results reported, PBPD is recommended for structural 

design. 

All previous studies indicated that by entering the 

structure into the field of nonlinear behavior and increasing 

structure height, TMD does not affect the linear behavior of 

structure but the current study optimized parameters for 

TMD show a good performance for the structure. This 

performance can be attributed to three reasons: first, the 

nonlinear behavior of the structure has been considered 

from the beginning of the design process. Second, the large 

number of tuning analyses conducted on high-rise concrete 

structures and lastly, the same level of soil class that was 

considered at the design stage has been affected in the 

analyses. To summarize in one sentence, it should be noted 

that the actual behavior of the structure is considered. 

 

 

6. Conclusions 
 

In this study, the effects of SSI on a 20-story concrete 

structure designed by PBPD method were investigated. 

Nonlinear time history analyses were carried out on a three-

dimensional 20-story model of concrete structure for 

obtaining optimal parameters of TMD. Then by arming the 

structural system with an optimized TMD, an attempt has 

been made to study the adverse effects of SSI effects like 

increase in inter-story drift and displacement reduction. In 

contrast to previous studies, by conducting a comprehensive 

and detailed study with the main parameters affecting the 

structure performance, it is clear from the obtained results 

that TMD could well lead to acceptable results for the main 

studied parameters.  

It was shown that optimized parameters of TMD are 

very sensitive to both seismic vibration characteristics and 

soil conditions, therefore it is suggested that the use of 

active mass dampers (AMD) can be more appropriate for 

considering the uncertainties in earthquake and soil 

vibration characteristics. It is also suggested that the 

structural designer should address the effects of SSI 

precisely in PBPD design procedure. 
 

 

References 
 

(FEMA), F.E.M.A. (2009), Quantification of Building Seismic 

Performance Factors, FEMA P695, Washington, U.S.A. 

Abé, M. and Fujino, Y. (1994), “Dynamic characterization of 

multiple tuned mass dampers and some design formulas”, 

Earthq. Eng. Struct. Dyn., 23(8), 813-835. 

Aguirre, J. and Almzán, J. (2014), Optimum Seismic Design of 

Nonlinear Asymmetric Structures Controlled by Large Tuned 

Mass Dampers. 

AS1170.4 (2007), Structural Design Actions-Earthquake Actions 

in Australia, Standards Australia, Australia. 

ASCE (2010), Minimum Design Loads for Buildings and Other 

Structures: ASCE Standard 7-10, American Society of Civil 

Engineers. 

Bakre, S. and Jangid, R. (2004), “Optimum multiple tuned mass 

dampers for base-excited damped main system”, Int. J. Struct. 

Stab. Dyn., 4(4), 527-542. 

Bakre, S.V. and Jangid, R.S. (2007), “Optimum parameters of 

tuned mass damper for damped main system”, Struct. Contr. 

San Fernando

Imperial Valley Delta

Imperial Valley Delta

Imperial Valley Delta Imperial Valley Delta

Northridge Beverly Hills Northridge Beverly Hills

Duzce Bolu

Fully Operational 

(<0.2)

Operational (<0.5)

Life Safe (<1.5)

Near Collapse 

(<2.5)

0.10

0.30

0.50

0.70

0.90

1.10

1.30

1.50

1.70

1.90

2.10

2.30

2.50

2.70

(with-SSI with-

TMD)

(without-SSI

with-TMD)

(with-SSI

without-TMD)

(without-SSI

without-TMD)

In
te

r-
st

o
ry

 d
ri

ft
 (

%
)
225



 

Hamid Mortezaie and Freydoon Rezaie 

 

Health Monitor., 14(3), 448-470. 

Bayat, M.R. (2010), Performance-Based Plastic Design of 

Earthquake Resistant Steel Structures: Concentrically Braced 

Frames, Tall Moment Frames, Plate Shear Wall Frames, The 

University of Texas at Arlington, U.S.A.  

Bekdaş, G. and Nigdeli, S.M. (2013), “Mass ratio factor for 

optimum tuned mass damper strategies”, Int. J. Mech. Sci., 71, 

68-84. 

Bekdaş, G. and Nigdeli, S.M. (2017), “Metaheuristic based 

optimization of tuned mass dampers under earthquake 

excitation by considering soil-structure interaction”, Soil Dyn. 

Earthq. Eng., 92, 443-461. 

Chung, L.L., Wu, L.Y., Yang, C.S.W., Lien, K.H., Lin, M.C. and 

Huang, H.H. (2013), “Optimal design formulas for viscous 

tuned mass dampers in wind‐excited structures”, Struct. Contr. 

Health Monitor., 20(3), 320-336. 

Farshidianfar, A. and Soheili, S. (2013), “Ant colony optimization 

of tuned mass dampers for earthquake oscillations of high-rise 

structures including soil-structure interaction”, Soil Dyn. 

Earthq. Eng., 51, 14-22. 

Fatahi, B., Tabatabaiefar, H.R. and Samali, B. (2011), 

“Performance based assessment of dynamic soil-structure 

interaction effects on seismic response of building frames”, 

Proceedings of the Georisk 2011-Geotechnical Risk Assessment 

& Management (Geotechnical Special Publication No. 224), 

344-351. 

FEMA (1997), 273: NEHRP Guidelines for the Seismic 

Rehabilitation of Buildings, Federal Emergency Management 

Agency. 

Ghosh, A. and Basu, B. (2004), “Effect of soil interaction on the 

performance of tuned mass dampers for seismic applications”, 

J. Sound Vibr., 274(3), 1079-1090. 

Goel, S.C. and Chao, S.H. (2008), Performance-Based Plastic 

Design: Earthquake-Resistant Steel Structures, International 

Code Council, Country Club Hills, Illinois, U.S.A. 

Greco, R. and Marano, G.C. (2013), “Optimum design of Tuned 

Mass Dampers by displacement and energy perspectives”, Soil 

Dyn. Earthq. Eng., 49, 243-253. 

Hadi, M.N.S. and Arfiadi, Y. (1998), “Optimum design of absorber 

for MDOF structures”, J. Struct. Eng., 124(11), 1272-1280. 

Haselton, C.B. (2007), Assessing Seismic Collapse Safety of 

Modern Reinforced Concrete Moment Frame Buildings, 

Stanford University, U.S.A.  

Jangid, R.S. (1999), “Optimum multiple tuned mass dampers for 

base-excited undamped system”, Earthq. Eng. Struct. Dyn., 

28(9), 1041-1049. 

Jangid, R.S. and Datta, T.K. (1997), “Performance of multiple 

tuned mass dampers for torsionally coupled system”, Earthq. 

Eng. Struct. Dyn., 26(3), 307-317. 

Kareem, A. and Kline, S. (1995), “Performance of multiple mass 

dampers under random loading”, J. Struct. Eng., 121(2), 348-

361. 

Kaynia, A.M., Biggs, J.M. and Veneziano, D. (1981), “Seismic 

effectiveness of tuned mass dampers”, J. Struct. Eng., 107(8), 

1465-1484. 

Khatibinia, M., Gholami, H. and Labbafi, S. (2016), “Multi-

objective optimization of tuned mass dampers considering soil-

structure interaction”, Int. J. Optim. Civil Eng., 6(4), 595-610. 

Khoshnoudian, F., Ziaei, R. and Ayyobi, P. (2016), “Effects of 

nonlinear soil-structure interaction on the seismic response of 

structure-TMD systems subjected to near-field earthquakes”, 

Bullet. Earthq. Eng., 1-28. 

Lee, C.L., Chen, Y.T., Chung, L.L. and Wang, Y.P. (2006), 

“Optimal design theories and applications of tuned mass 

dampers”, Eng. Struct., 28(1), 43-53. 

Lewandowski, R. and Grzymisławska, J. (2009), “Dynamic 

analysis of structures with multiple tuned mass dampers”, J. 

Civil Eng. Manage., 15(1), 77-86. 

Li, C. (2000), “Performance of multiple tuned mass dampers for 

attenuating undesirable oscillations of structures under the 

ground acceleration”, Earthq. Eng. Struct. Dyn., 29(9), 1405-

1421. 

Li, C. (2002), “Optimum multiple tuned mass dampers for 

structures under the ground acceleration based on DDMF and 

ADMF”, Earthq. Eng. Struct. Dyn., 31(4), 897-919. 

Li, C. and Cao, B. (2015), “Hybrid active tuned mass dampers for 

structures under the ground acceleration”, Struct. Contr. Health 

Monitor., 22(4), 757-773. 

Li, C. and Liu, Y. (2003), “Optimum multiple tuned mass dampers 

for structures under the ground acceleration based on the 

uniform distribution of system parameters”, Earthq. Eng. Struct. 

Dyn., 32(5), 671-690. 

Liao, W.C. (2010), Performance-Based Plastic Design of 

Earthquake Resistant Reinforced Concrete Moment Frames, 

ProQuest, UMI Dissertations Publishing. 

Lu, X. and Chen, J. (2011), “Mitigation of wind‐induced response 

of Shanghai center tower by tuned mass damper”, Struct. Des. 

Tall Spec. Build., 20(4), 435-452. 

Lu, X. and Chen, J. (2011), “Parameter optimization and structural 

design of tuned mass damper for Shanghai centre tower”, 

Struct. Des. Tall Spec. Build., 20(4), 453-471. 

McNamara, R.J. (1977), “Tuned mass dampers for buildings”, J. 

Struct. Eng., 103(9), 1785-1798. 

Mevada, S.V. (2015), Seismic Response Control of Multi-Story 

Asymmetric Building Installed with Dampers, Springer. 

Mihailo, D., Maria, I. and Tzong, Y.H. (2001), Full-Scale 

Experimental Studies of Soil-Structure Interaction. 

Mohebbi, M., Dabbagh, H.R., Moradpour, S., Shakeri, K. and 

Tarbali, K. (2015), “DGA-based approach for optimal design of 

active mass damper for nonlinear structures considering ground 

motion effect”, Smart Mater. Struct., 24(4), 045017. 

Mortezaie, H. and Rezaie, F. (2018), “18628.Optimization and 

evaluation of three-dimensional high-rise concrete structure 

equipped by TMD with considering the soil-structure 

interaction effect”, J. Vibroeng., In Press. 

Nigdeli, S.M. and Bekdas, G. (2013), “Optimum tuned mass 

damper design for preventing brittle fracture of RC buildings”, 

Smart Struct. Syst., 12(2), 137-155. 

Nigdeli, S.M. and Bekdas, G. (2014), “Optimum tuned mass 

damper approaches for adjacent structures”, Earthq. Struct., 

7(6), 1071-1091. 

Nigdeli, S.M. and Bekdaş, G. (2017), “Optimum tuned mass 

damper design in frequency domain for structures”, KSCE J. 

Civil Eng., 21(3), 912-922. 

Pinkaew, T., Lukkunaprasit, P. and Chatupote, P. (2003), “Seismic 

effectiveness of tuned mass dampers for damage reduction of 

structures”, Eng. Struct., 25(1), 39-46. 

Pourzeynali, S., Salimi, S. and Kalesar, H.E. (2013), “Robust 

multi-objective optimization design of TMD control device to 

reduce tall building responses against earthquake excitations 

using genetic algorithms”, Sci. Iran., 20(2), 207-221. 

Rezaie, F. and Mortezaie, H. (2017), “Considering the soil effects 

on design process of performance-based plastic design for 

reinforced concrete structures”, Civil Eng. Infrastruct. J., 50(2), 

205-219. 

Sgobba, S. and Marano, G.C. (2010), “Optimum design of linear 

tuned mass dampers for structures with nonlinear behaviour”, 

Mech. Syst. Sign. Proc., 24(6), 1739-1755. 

Shooshtari, M. and Mortezaie, H. (2012). “Performance 

improvement of tall reinforced concrete structures with multiple 

tuned mass dampers (MTMD)”, Proceedings of the 15th World 

Conference on Earthquake Engineering. 

Shooshtari, M. and Mortezaie, H. (2017), “2381. Effect of using 

linear multiple tuned mass dampers on concrete structures with 

226



 

Effect of soil in controlling the seismic response of three-dimensional PBPD high-rise concrete structures 
 

 

hysteresis behavior”, J. Vibroeng., 19(2), 1158-1172. 

Sladek, J.R. and Klingner, R.E. (1983), “Effect of tuned-mass 

dampers on seismic response”, J. Struct. Eng., 109(8), 2004-

2009. 

Tabatabaiefar, H.R., Fatahi, B., Ghabraie, K. and Zhou, W. (2015), 

“Evaluation of numerical procedures to determine seismic 

response of structures under influence of soil-structure 

interaction”, Struct. Eng. Mech., 56(1), 27-47. 

Takewaki, I. (2000), “Soil-structure random response reduction via 

TMD-VD simultaneous use”, Comput. Meth. Appl. Mech. Eng., 

190(5), 677-690. 

Tsai, H.C. and Lin, G.C. (1993), “Optimum tuned-mass dampers 

for minimizing steady-state response of support-excited and 

damped systems”, Earthq. Eng. Struct. Dyn., 22(11), 957-973. 

Venture, S.J. (2000), FEMA-356 Prestandard and commentary for 

seismic rehabilitation of buildings, Federal Emergency 

Management Agency, California, U.S.A. 

Wang, A.P., Fung, R.F. and Huang, S.C. (2001), “Dynamic 

analysis of a tall building with a tuned-mass-damper device 

subjected to earthquake excitations”, J. Sound Vibr., 244(1), 

123-136. 

Wang, J.F. and Lin, C.C. (2005), “Seismic performance of 

multiple tuned mass dampers for soil-irregular building 

interaction systems”, Int. J. Sol. Struct., 42(20), 5536-5554. 

Warburton, G.B. (1982), “Optimum absorber parameters for 

various combinations of response and excitation parameters”, 

Earthq. Eng. Struct. Dyn., 10(3), 381-401. 

Warburton, G.B. and Ayorinde, E.O. (1980), “Optimum absorber 

parameters for simple systems”, Earthq. Eng. Struct. Dyn., 8(3), 

197-217. 

Wolf, J.P. and Deeks, A.J. (2004), Foundation Vibration Analysis: 

A Strength of Materials Approach, Butterworth-Heinemann. 

Wong, K.K.F. and Harris, J.L. (2010), “Seismic damage and 

fragility analysis of structures with tuned mass dampers based 

on plastic energy”, Struct. Des. Tall Spec. Build. 

Wong, K.K.F. and Johnson, J. (2009), “Seismic energy dissipation 

of inelastic structures with multiple tuned mass dampers”, J. 

Eng. Mech., 135(4), 265-275. 

Xu, K. and Igusa, T. (1992), “Dynamic characteristics of multiple 

substructures with closely spaced frequencies”, Earthq. Eng. 

Struct. Dyn., 21(12), 1059-1070. 

Yamaguchi, H. and Harnpornchai, N. (1993), “Fundamental 

characteristics of multiple tuned mass dampers for suppressing 

harmonically forced oscillations”, Earthq. Eng. Struct. Dyn., 

22(1), 51-62. 

Zhang, Z. and Balendra, T. (2013), “Passive control of bilinear 

hysteretic structures by tuned mass damper for narrow band 

seismic motions”, Eng. Struct., 54, 103-111. 

 

 
CC 

227




