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Abstract. Damage susceptibility of a building having non uniform distribution of
mass togetherwith stiffness is likely to bemore, should either be avoided ormay be
dealt with using control device. The device could be active, passive or their hybrid.
In this paper, the two vertical irregularities have been considered and requirement
for number and placement of active tendons are investigated. For this purpose, a
ten story seismically designed regular frame is taken as a reference frame. Dual
irregularities due to mass and stiffness in critical storys are introduced with the
modification factors 2 and 3 in mass irregularity, and 0.50 and 0.20 in stiffness
irregularity respectively. The control forces required to reduce the responses of
the irregular frames obtained through linear quadratic regulator are applied to the
tendons placed at their optimal locations. The optimization is used tominimize the
base shear and number of tendons constraining the peak story drift and maximum
floor displacement within permissible limits prescribed by earthquake code. Two
far fields and two near field seismic events are considered for nonlinear analyses
of the frames. Results obtained are compared and discussed. Strategy developed to
reduce the responses of the frames subjected to the earthquakes is found effective
for the frames with critical dual irregularities under considered earthquakes.

Keywords: Active tendon system ·Mass irregularity · Stiffness irregularity ·
Linear quadratic regulator · Genetic algorithm

1 Introduction

In a seismic event buildingswith non-uniformdistribution ofmass, stiffness, and strength
are susceptible to more damage as compared to a regular one (Sayyed et al. 2017).
Clause 7.1 of IS 1893 (Part 1):2016 specifies about stiffness and mass irregularities.
These aspects have been studied by many researchers. Al-Ali and Krawinkler (1998)
introduced mass irregularity in a shear building frame using mass modification factors
varying from 0.25 to 4 to assess its effect on inelastic response parameters like story
drift, ductility demand, or energy dissipation. They observed that small variation in mass
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has less effect on these parameters. Valmundson and Nau (1997) changed mass of one
of the floors of five, ten, and twenty story shear buildings keeping the other floor masses
constant and found up to 20% increase in ductility demand formass ratio 1.5. Irregularity
in lower floors was found to be critical. Michalis et al. (2006) studied effect of mass
irregularity on reference regular frame through incremental dynamic analysis keeping
mass of some floors of a building twice the mass of the corresponding floors. They found
that the mass irregularity had pronounced effect on story drift. Vinod et al. (2009) after
studying irregularity of structures observed that both the floor displacements and story
drifts of a structure depend upon the extent and location of the irregularity. The effect is
more when the mass of the lower and upper storys increases as compared to increase in
mass of middle story. Tremblay and Poncet (2005) studied effect of mass irregularity on
the performance of buildings with setbacks. They considered two mass ratios and three
locations of mass irregularity. These irregular structures showed lower performance than
the regular reference frame. Daniel and Lavan (2013) studied seismic control of irregular
structures using multi tuned mass damper. They optimized the location and size of these
dampers by minimizing mass of the damper (objective function) and constraining floor
accelerations. The method proved effective in mitigation of response of the structures
with any type of irregularity. Nazarimofrad and Mehdi (2016) used an active tendon
system to control the response of an irregular multi-story building subjected to seismic
load. Soil structure interaction effect was also considered and control forces were gener-
ated through linear quadratic regulator control algorithm. The results indicated that the
method is less efficient in reducing the responses of the buildings located in soft soils.

Sophocleous (2006) employed visco-elastic dampers to control response of regular
and irregular buildings. He observed significant reduction in floor accelerations and
story drift in these buildings. Moehle (1984) worked on reinforced concrete structures
with stiffness iregularity in 1st story and found experimentally that the performance
of a structure depends upon both the location and extent of irregularity. Al-Ali and
Krawinkler (1998) investigated the individual and combined effect of irregularities with
mass, stiffness, and strength on response of a structure due to earthquake and concluded
that the strength irregularity both individually and and in combination with stiffness
irregularity affected the roof displacement.Chintanpakdee andChopra (2004) researched
the combined strength and stiffness irregularities and their effect on the performance of
frames modelled on the basis of weak-beam strong column theory. They found that the
strength and stiffness irregularities in combination had significant effect on the response
than their individual effects. Chi-Chang et al. (1999) studied seismic control ofmultistory
torsionally coupled shear building using passive tuned mass dampers (PTMD). It was
found that a single PTMD led to significant reduction of both the translations and the
rotations of the building. Lavan and Daniel (2013) used multi-tuned mass damper for
response control of 3D irregular structures using performance based control strategy. It
was effective in all type of irregularities.

Many researchers have employed different optimization methods to optimize the
location and number of active control devices to both regular and irregular structures.
Nazarimofrad et al. (2018) obtained optimum number and location of actuators in 3D
irregular buildings with plan irregularity using multiobjective genetic algorithm. The
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number of tendons were reduced by 50%. Rao and Sivasubramanian (Rao and Siva-
subramanian 2008) used multiple start guided neighbourhood search algorithm for the
same purpose. Rao et al. (1991) used genetic algorithm to study optimal actuator location
in tall buildings. Liu et al. (2003) used a discrete nonlinear optimization method and
genetic algorithm for the optimization of the actuators. Askari et al. (2017) simultane-
ously used multi objective genetic algorithm and magneto rheological damper in active
and semi active control respectively. Rather and Alam (2020, 2021) used multi-objective
genetic algorithm to control seismic response of a frame with stiffness irregularity, and
mass irregularity. The study revealed that the optimized control system was sucessful in
keeping the responses of the building frame to an earthquake within permissible limits.

In this study, the relative performance of a regular and an irregular shear building
frame with dual irregularities, mass and stiffness in different storys is compared and
then an active tendon control system through linear quadratic algorithm is used to reduce
their seismic response. Active tendon system is a combination of tendons and actuators
(Fig. 1). Dual irregularities due to mass and stiffness in critical storys are introduced
with the modification factors 2 and 3 in mass irregularity, and 0.50 and 0.20 in stiffness
irregularity respectively. The control forces required to reduce the responses of the
irregular frames obtained through linear quadratic regulator are applied to the tendons
placed at their optimal locations. The optimization is used tominimize the base shear and
number of tendons constraining the peak story drift and maximum floor displacement
within permissible limits prescribed by earthquake code.

Floor Mass

Tendons

Actuator

Fig. 1. Active tendon system.

2 Problem Formulation and Control Methodology

Figure 2 shows a model and free body diagram of a ten story seismically designed shear
building frame under consideration installed with an active tendon system which is an
assembly of tendons and actuator. The mass, stiffness, damping, and height of ith story
are denoted by mi, ki, ci and h respectively. The stiffness and inclination of tendon are
given by kc and α respectively. Assuming the presence of tendon in each story, the
equation of motion of the frame subjected to earthquake loading is expressed as:

MẌ + CẊ + KX = δẌg + γU (1)
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In Eq. (1),M, C, andK denote the mass, damping, and stiffness matrices of the frame
model. Floor displacements and control forces in the tendons are denoted by X(t) and
U(t) respectively. coefficient vector for ground acceleration is δ while γ shows tendon
location. In state space, Eq. (1) is written as:

Ż = AZ + BrẌg + BuU (2)

where, A =
[

0 1[−K
M

] [−C
M

]]
,Br =

{ {0}{
δ
M

}}
,Bu =

{ {0}{ γ
M

}}
.

In this study, Linear Quadratic Regulator is used as an active control algorithm to
generate control forces using the response of the frame as an input. In LQR, the control
force given by Eq. (4) is found byminimizing the total energy associated with the system
as given in Eq. (3) and constraining Eq. (2). In Eq. (3), Q is a 2n × 2n positive semi-
definite matrix, and R is an n× r positive definite matrix, where n and r denotes degrees
of freedom and number of actuators used respectively.

Fig. 2. Ten story shear frame and its free body diagram.

J =
∫ tf

0

(
ZT(t)QZ(t) + UT(t)RU(t)

)
dt (3)

U (t) =
(−1

2

)
R−1BTPZ(t) = −GZ(t) (4)

where, P is obtained from Eq. (5):[
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PBR−1BTP + ATP + 2Q

]
= 0 (5)
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3 Dual Irregularities

Dual irregularities are inroduced in the model shown in Fig. 2 using mass modification
factors 3 and 5 in 1st three storys and stiffness modification factors 0.2 and 0.5 in 1st

story, and 10th story. These criticals storys are obtained by maximizing each response of
the frame with irregularity in mass and stiffness individually. Using these modifcation
factors a total of 24 cases of dual irregularities shown in Table 1 have been analysed. In
K(0.2,1)M(2,1), K represents stiffness irregularity, 0.2 is MF, 1 means 1st story and M
is mass irregularity, 2 isMF of mass irregularity, and 1 indicates 1st floor.

4 Multi-objective Optimization

Multi-objective Optimization is a method to minimize or maximize multiple conflicting
objective functions simultaneously. Here, a set of optimal solutions are obtained. In this
reasearch the optimization has been done through Genetic Algorithm. The objectives
minimized are the ratio of controlled to uncontrolled base shear and quantitiy of ten-
dons used in an earthquake keeping peak story drift and maximum floor displacement
constrained.

5 Results and Discussion

Active control of a seismically designed ten story shear building frame with structural
parameters shown in Table 2 and having dual irregularities, mass and stiffness is studied
in this reseach. These irregularities are introduced as discussed in Sect. 3. Firstly the
effect of the dual irregularities on the response of the frame is investigated with reference
to regular frame and then an optimal control system comprising of active tendon system
is used to control its response to different types of earthquakes. The time histories of the
twonearfield (Kobe andNorthridge) and two farfield (El centro andLanders) earthquakes
used are shown in Fig. 3.

Table 1. Different cases of dual irregularities

Case Stiffness irregularity Mass irregularity

Modification factor Story location Modification factor Floor location

K(0.2,1)M(2,1) 0.2 1 2 1

K(0.2,1)M(2,2) 0.2 1 2 2

K(0.2,1)M(2,3) 0.2 1 2 3

K(0.2,1)M(3,1) 0.2 1 3 1

K(0.2,1)M(3,2) 0.2 1 3 2

(continued)
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Table 1. (continued)

Case Stiffness irregularity Mass irregularity

Modification factor Story location Modification factor Floor location

K(0.2,1)M(3,3) 0.2 1 3 3

K(0.2,10)M(2,1) 0.2 10 2 1

K(0.2,10)M(2,2) 0.2 10 2 2

K(0.2,10)M(2,3) 0.2 10 2 3

K(0.2,10)M(3,1) 0.2 10 3 1

K(0.2,10)M(3,2) 0.2 10 3 2

K(0.2,10)M(3,3) 0.2 1 3 3

K(0.5,1)M(2,1) 0.5 1 2 1

K(0.5,1)M(2,2) 0.5 1 2 2

K(0.5,1)M(2,3) 0.5 1 2 3

K(0.5,1)M(3,1) 0.5 1 3 1

K(0.5,1)M(3,2) 0.5 1 3 2

K(0.5,1)M(3,3) 0.5 1 3 3

K(0.5,10)M(2,1) 0.5 10 2 1

K(0.5,10)M(2,2) 0.5 10 2 2

K(0.5,10)M(2,3) 0.5 10 2 3

K(0.5,10)M(3,1) 0.5 10 3 1

K(0.5,10)M(3,2) 0.5 10 3 2

K(0.5,10)M(3,3) 0.5 10 3 3

Table 2. Structural parameters

Quantity Numerical value Quantity Numerical value

No of storys 10 Story stiffness 14 × 107 N/m

No of bays 1 Floor mass 1.99 × 104 kg

Story height 3 m Stiffness of 12.7 mm 7-ply tendons
from IS: 6006-1983

2.3 × 106

Bay width 4 m Tendon length 8 m

Size of columns 0.450 m × 0.450 m Tendon inclination 36.87

Size of beams 0.450 m × 0.450 m Damping ratio 5%
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Story drifts, floor displacements, and base shear of the frame under all cases of
irregularities are the response quantities of interest. The comparsion of the floor dis-
placements, story drifts of the regular reference frame subjected to the four earthquakes
are presented in Fig. 4. In the figure EL, KO, NO, and LA are the response for El centro,
Kobe, Northridge, and Landers respectively. P stands for permissible response recom-
mended in IS 1893 (Part 1):2016. Barring Kobe earthquake the floor displacements and
story drifts of the regular frame subjected to other three earthquakes are found almost
within permissible limits as suggested by the figure. Presence of dual irregularities, mass
and stiffness in the frame causes increase in peak values of both the responses beyond the
permissible values even for the earthquakes other than Kobe earthquake. The results are
presented in Table 3. Entries in the table are the ratios of the peak values of story drift,
floor displacement, and base shear of different cases of irregularities to the corresponding
value of the response of the reference regular frame. In most of the cases of irregularities,
the response ratio is more than one. This means that irregularities in mass and stiffness
make the frame defecient in terms of response to earthquakes. Out of all these cases,
two cases with high response ratio ranging from 1.22 to 5.23 have been identified. These
cases are K(0.2,1), M(3,1), K(0.5,1) andM(3,3). The comparison of the responses of the
frames for these two critical cases is shown separately in Figs. 5 and 6. As indicated by
Fig. 5, the maximum values of both story drift and floor displacements have exceeded
permissible values in subjected to El Centro, Northridge, and Kobe earthquakes. The
frames with these combinations of stiffness and mass irregularity have their response
within permissible limits in case of Landers earthquake. The figure indicates amaximum
increment of 38% in maximum floor displacement of the frame (K (0.5, 1) M (3, 3))
subjected to El Centro earthquake as compared to corresponding response in reference
frame. The increase in the response under Northridge earthquake is 65%. The peak floor
displacement of the frame with dual irregularity K (0.2, 1) M (3, 1) subjected to Kobe
earthquake undergoes maximum increments of 41.29% and 276.6% with respect to the
reference regular frame and permissible value respectively. The maximum increase in
story drift in the frame with dual irregularity K(0.2, 1) M(3, 1) is 260%, and 200% as
compared to regular reference frame subjected to El Centro earthquake and permissible
limit of the drift respectively.

Fig. 3. Ground motions used in the study.
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Fig. 4. Comparison of responses of the regular frame subjected to different ground motions.

The corresponding increments forKobe andNorthridge earthquakes are 424%, 991%
and265.14%,285.8%respectively. Figure 6 shows the comparisonof base shear response
between regular and irregular frames for the earthquakes considered. Base shear has
maximum increment of 22% (El Centro), 5% (Kobe), and 39% in case of Northridge
earthquakes. However, it has negligibly decreased in case of Landers earthquake.

Tendons along with actuators have been used to control the response of the frame
with dual irregularities and subjected to earthquake loading. The optimization has been
performed for only one critical frameK(0.5,1)M(3,3) with dual irregularities. The Pareto
curves obtained after optimization are presented in Fig. 7 for the four earthquakes. The
figure indicates that it is not possible to reduce the base shear of the frame having dual
irregularities, mass and stiffness and subjected to seismic loading by more than 60%
while keeping its peak floor displacement and story drift within respective permissible
values even by placing tendon in each of its story. In case of Kobe earthquake (Near
field), placing a tendon in 1st story reduces base shear by 30% and use of additional
tendon has no significant effect on the response. Also the constraint could not attain
their permissible values. In case of El Centro earthquake 40% reduction takes place
using a single tendon and adding additional 3 tendons could contribute to only 10%
more reduction in base shear. Use of two tendons in the irregular frame subjected to
Landers and Northridge earthquakes causes 40%, and 59% reductions in base shear
respectively. Further addition of tendon in any story is ineffective to further reduce the
base shear. The locations of these desired optimal numbers of tendons are shown in Table
4. Results reveal that placement of the tendons in lower storys of the irregular frame
having combined stiffness and mass irregularity is indispensable.

The comparison of the controlled responses of the irregular frame with dual irreg-
ularities for different earthquakes are presented in Figs. 8. The figures indicate that
the Active tendon control system considered in this study is successfully applicable
to reduce the base shear of the frame with dual irregularities subjected to El centro
(Farfield), Northridge (Nearfield), and Landers (Farfield) by more than 40% keeping the
maximumfloor displacement and peak story drift within the permissible limits. However
the active tendon control system is incapable to control the maximum floor displacement
and peak story drift of the frame with critical dual irregularity considered in the present
work to their respective permissble values under Kobe earthquake.
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Table 3. Ratio of responses of the irregular frames to the reference regular frame

Earthquake El Centro Kobe Northridge Landers

MFD PSD BS MFD PSD BS MFD PSD BS MFD PSD BS

Regular case 1 1 1 1 1 1 1 1 1 1 1

K(0.2,1)M(2,1) 1.28 3.58 0.80 1.45 5.20 1.04 1.30 3.31 0.72 0.86 3.10 0.70

K(0.2,1)M(2,2) 1.26 3.54 0.79 1.43 5.08 1.01 1.27 3.23 0.70 0.90 3.14 0.70

K(0.2,1)M(2,3) 1.23 3.49 0.77 1.39 4.94 0.98 1.24 3.11 0.68 0.95 3.09 0.70

K(0.2,1)M(3,1) 1.28 3.61 0.79 1.41 5.23 1.05 1.30 3.65 0.75 0.97 3.84 0.86

K(0.2,1)M(3,2) 1.24 3.50 0.78 1.38 5.10 1.01 1.24 3.35 0.70 1.04 3.71 0.85

K(0.2,1)M(3,3) 1.24 3.50 0.78 1.38 5.10 1.01 1.24 3.35 0.70 1.04 3.71 0.85

K(0.2,10)M(2,1) 1.13 1.00 1.04 1.07 1.03 1.03 1.13 1.39 1.10 1.11 1.10 1.03

K(0.2,10)M(2,2) 1.17 1.04 1.07 1.07 1.04 1.04 1.18 1.35 1.10 1.10 1.11 1.08

K(0.2,10)M(2,3) 1.20 1.07 1.10 1.06 1.03 1.03 1.23 1.29 1.09 1.07 1.07 1.12

K(0.2,10)M(3,1) 1.16 1.02 1.10 1.09 1.08 1.07 1.19 1.51 1.18 1.13 1.20 1.10

K(0.2,10)M(3,2) 1.24 1.12 1.15 1.09 1.11 1.08 1.28 1.48 1.28 1.14 1.27 1.26

K(0.2,10)M(3,3) 1.10 0.98 0.99 1.06 0.99 0.99 1.10 1.27 1.00 1.08 1.01 0.97

K(0.5,1)M(2,1) 1.29 2.19 1.15 0.98 1.63 0.87 1.35 2.50 1.26 0.84 1.62 0.86

K(0.5,1)M(2,2) 1.31 2.20 1.16 0.99 1.66 0.88 1.38 2.49 1.25 0.85 1.63 0.86

K(0.5,1)M(2,3) 1.33 2.18 1.17 0.98 1.65 0.88 1.40 2.45 1.25 0.87 1.58 0.88

K(0.5,1)M(3,1) 1.34 2.35 1.20 1.02 1.75 0.91 1.42 2.71 1.32 0.86 1.73 0.93

K(0.5,1)M(3,2) 1.39 2.32 1.22 1.00 1.71 0.91 1.46 2.79 1.39 0.90 1.73 0.95

K(0.5,1)M(3,3) 1.39 2.32 1.22 1.00 1.71 0.91 1.46 2.79 1.39 0.90 1.73 0.95

K(0.5,10)M(2,1) 1.05 1.03 1.06 1.03 1.05 1.05 1.06 1.06 1.11 1.03 1.15 1.04

K(0.5,10)M(2,2) 1.08 1.07 1.09 1.03 1.07 1.08 1.10 1.11 1.10 1.03 1.14 1.09

K(0.5,10)M(2,3) 1.11 1.09 1.12 1.01 1.06 1.07 1.13 1.14 1.09 0.99 1.09 1.11

K(0.5,10)M(3,1) 1.07 1.07 1.13 1.04 1.11 1.10 1.09 1.12 1.26 1.05 1.29 1.13

K(0.5,10)M(3,2) 1.24 1.12 1.15 1.09 1.11 1.08 1.28 1.48 1.28 1.14 1.27 1.26

K(0.5,10)M(3,3) 1.03 1.00 1.00 1.02 1.00 1.00 1.03 1.00 1.00 1.01 1.01 0.99
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Fig. 5. Comparison of uncontrolled responses of the frame for different ground motions.

Fig. 6. Comparison of uncontrolled base shear of the frame for different ground motions.

Fig. 7. Pareto curves for different ground motions.
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Table 4. Optimal location and number of tendons

Earthquake % red.in base shear Number of tendons Position (story)

El Centro 40% 1 1st

Kobe 30% 1 1st

Northridge 58% 2 1st and 2nd

Landers 40% 2 1st and 2nd

Fig. 8. Comparison of controlled responses of the irregular frame.

6 Conclusions

In this study, active tendons have been employed to control response of a ten story shear
frame considering all the combinations of mass irregularity in 1st and 10th story and
stiffness irregularity in 1st, 2nd, and 10th storey subjected to two near field and two far
field earthquakes. The dual irregularities have been introduced in the frame using mass
modification factors 2, & 3, and stiffness modification factors 0.2, & 0.5.Multi-objective
optimization has been used to obtain the optimal number and location of the tendons by
minimizing the base shear and constraining the maximum floor displacement and peak
story drift of the frame simultaneously. The results are presented below:

1. The frame with dual irregularities i.e. stiffness irregularity in 1st story with modifica-
tion factor 0.5 in combination with mass irregularity on 3rd floor with modification
factor 3K (0.5, 1) M (3, 3) is found to be giving maximum floor displacement
termed as critical frame leads to 38%, 65%, and 41.29% increase in maximum floor
displacement as compared to that of reference regular frame both subjected to El
Centro, Northridge, and Kobe earthquakes respectively. Maximum floor displace-
ment in the critical frame under Landers earthquake does not exceed its permissible
displacement.

2. Increase in peak story drift of the critical frame is 260%, 424%, and 265.14%
for El Centro, Kobe, and Northridge earthquakes respectively. The corresponding
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increase in base shear is 22%, 5%, and 39% respectively. Like maximum displace-
ment, increase in peak story drift of the frame under Landers earthquake remains
permissible value of the story drift.

3. Active tendon control system successfully reduces the base shear of the critical frame
subjected to El centro (Farfield), Northridge (Nearfield), and Landers (Farfield) by
more than 40% with the maximum floor displacement and peak story drift within
permissible limits. However, the active tendon system fails to control the maxi-
mum floor displacement and peak story drift of the critical frame to their respective
permissble values under Kobe earthquake.

4. Placement of tendons in lower storys for seismic control of the critical frame having
combined stiffness and mass irregularities is indispensable.

5. Failure of the active tendon system to control response under near field Kobe earth-
quake and similar other cases paves the way for application of hybrid control
systems.
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