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Abstract

Seismic hazard mitigation has become one of the emerging problems in structural engineering therefore; many researchers have been studied on
seismic performance of reinforced concrete structures having vertically regular and irregular. It is noted that vertically irregular structures are
more prone to hazards due to earthquake. The recent emerging trend is to use active, passive, semi-active controls that aid in keeping the
responses of structures in permissible. The most dynamically varied semi-active damper is a Magneto-Rheological (MR) damper which is used
in this study to control the seismic responses. In the present study, four different models with and without MR dampers of which three models
are vertically irregular in height are subjected to four realistic ground motions. The governing equation of motion for various building models is
solved numerically by New mark’s step-by-step integration method. The dynamic behaviour of semiactive MR damper has been predicted by
modified Bouc-Wen model. This study employed the Lyapunov direct approach as a control algorithm for stability analysis and design of MR
controller. The responses of various building models are simulated through MATLAB®computing software. The study observed that
considerable reduction in seismic responses of models with MR dampers is obtained as compared to respective building models without control.
It is also observed that responses of building models are influenced by the vertical irregularities in mass and stiffness of building models.
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1. Introduction

From the recent past decades, significant damages of civil
structures have been caused by seismic hazards which have
been underscored to rethink about traditional seismic design
philosophy, Therefore, structural community pursued
towards earthquake resistant of structures through concept
of aseismic design approach which becomes an obvious
option. The aseismic design approach involves installation
of additional devices to reduce the effect of natural hazards.
This approach is supplemented by control devices through
various control systems such as passive, active and
semiactive or combination of them. The same has been
pursued effectively by researchers and being implemented to
large scale in practices to ensure the structures to be safe.
Large amount of energy is released at the instance of
occurrence then reaches in structures and produces seismic
force on structure [1]. The responses of different types are
depends on factors like plan symmetry and non-symmetry.
The non-symmetrical plans produce torsion in the structure
[2]. The detailed study of structures symmetric in plan but
having irregularity in mass and stiffness along the height has
studied by the various researchers and reported exhaustively
[3]. The effect of vertical irregularities on seismic response
has studied and stated that it produces enough counteracting
force to resist the earthquake force [4]. Traditionally the
responses of vertically symmetric and non-symmetric
structures are also controlled by increasing the strength and

stiffness of horizontal force resisting members like columns
and shear walls [5]. The response control in full scale
irregular building using MR damper has been studied and
observed that an effective reduction in structural response
has obtained [6]. The modern trend is to use different
controls that is, active control, passive control, semi-active
control or its combination i.e. hybrid control. A semiactive
control involves the controllable fluid and hasattracted a
great deal of attention in recent years as it operates with few
watts of power and continues to work as a passive device
when the control algorithm fails [7]. The detail study of MR
dampers and its working mechanism in different capacity
along with its performance in wide range under variety of
ground motion[8]. The semiactive MR damper is preffered
over ER damper for its robust working in variety of
operational conditionsand dynamic variation [9]. A model
has proposed to predict the dynamic behaviour of MR
damper, referred as phenomenological model that can
effectively predicts the response over wide range of
operating conditions [10]. The specific objectives are (1)
Seismic response analysis of considered building models
without MR control/damper (2) Seismic response analysis of
same models with MR control (3) Observe the functioning
of MR damper under different stiffness and mass variations.
(4) Comparative study of peak responses of various building
models without and with semiactive MR damper or control.
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2. Structural Model of Building Model

For the present study, four building model are considered.

Each of the models is ten storey shear building with
symmetry in plan but specific modifications to each model in
vertical. Total mass at each floor level is 325.51 MT while
total stiffness of each floor is 8203125.00 KN and modal
damping ratio for each mode is 0.05. Each of models is
subjected to four realistic time histories such as Imperial
Valley, 1940, Loma Prieta, 1989, Kobe, 1995 and
Northridge, 1994. First of four models is regular with mass
and stiffness distribution on each floor is similar. Second
model has reduced mass, to 60% of corresponding mass on
fifth floor of first model. Model 3 has reduced to 80% of
corresponding stiffness of fifth floor (weak storey) of first
model and Model 4 has reduced to 80% of corresponding
stiffness of first floor (bottom soft storey) of first model. Two
types of analysis performed i.e. one uncontrolled response
analysis where these models vibrate freely under influence of
four seismic excitations. Second, controlled response analysis
where MR dampers are placed on all floors of three models
and top nine floors (no damper on bottom soft storey) of
model 4. These four models are also excited by the same four
ground motions. The models of building are idealized as
linear shear type building with lateral degrees-of-freedom at
their floor levels. This model is assumed to remain in linear
elastic state therefore does not yield under unidirectional
earthquake. Further, it is assumed that there is no spatial
variation of ground motion and any effect due to soil-
structure interaction is neglected.
The governing equation of motion for multi degrees-of-
freedom building with damper is expressed in matrix form as,
[M1{i} + [C1{u} + [K]{u} = —[M]{r}ii, + [D,]{fs} (D)
where, [M], [C] and [K] are the matrices of mass, damping
and stiffness of damper connected building respectively,
{u} = {uy, uy, ug, ..., uyt,{utand{ii}are the vectors of floor
displacement, velocity and acceleration respectively with
respect to the ground, {r}is the vector of influence coefficient
consisting all elements equal to one, ii, is the ground
acceleration due to earthquake, [D,] is the matrix of damper
position, {f;} is the vectors of damper force.

2.1. Computation of MR Damper Force

The MR dampers are similar to regular hydraulic damper
except MR fluid. The MR fluids in which suspensions of
micron-sized, magnetisable particles in an appropriate carrier
liquid. Normally, MR fluid is free flowing liquid having a
consistency similar to that of motor oil. However, in the
presence of an applied magnetic field, these particles acquire
a dipole moment, aligned with the external field that causes
particle forming linear chains parallel to the field as shown in
figure 1. This phenomenon can solidify the suspension and
restrict the fluid movement as a result yield strength is
developed. The degree of change is related to the magnitude
of applied magnetic field and control law which control the
external power supply to MR damper. The phenomenological
model that describes the actual working of MR damper,
herein modified Bouc-Wen model has been used. The damper
force predicted by Modified Bouc-Wen Model [10] is
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Fig. 1 (a) Schematic view of MR damper (b) Modified Bouc-Wen Model
The equation of damper force predicted by this model is
f,=cx+k(u, —x,) 2)

" B, D)+ 4,60, -5 )
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where, uq is the damper displacement with respect to ground;
x is an internal pseudo-displacement of damper; z is the
hysteretic displacement of damper that accounts for history
dependence of response; k& is the accumulator stiffness; ¢ is
introduced to control the viscous damping of damper at large
velocities, ¢ is the viscous damping used to produce non-
linear roll-off in the force-velocity loop at low velocities; kois
introduced to control the stiffness of damper at large
velocities; xo is the initial displacement of linear spring ki;
ais the evolutionary coefficient and y, S, n and Aq are the
damper parameters that controls the shape of hysteresis loop
and dot () represents the differentiation with respect to time.
The model parameters are depends on command voltage,

¢,,c, ,a, are expressed respectively as
Cy = Cp, U (5)
(6)

¢ =c,tc,U
0’0 = a’oa + a‘nbU (7)

Where, U is the output of first order filter and is given by the
following equation

U=-nU-V) ®)

An Eq. (8) is necessary to model the dynamics in reaching
rheological equilibrium and in driving the electromagnet in
the MR damper. A small time lag exists between the
command signals and damper force due to inductance in coil
of electromagnet. This time lag is modeled by first-order
filter equation between the maximum commands voltage
applied (Vmax) and output of first-order filter (U) using time
constant (1/1) of first order filter.

For the solution of differential equation of motion,
we transform the time variant equation to state space by using
the derivative of state space variable parameterz.

{Z2(©)} = [Alz(D)} + [Bal{fa(O)} + [E]ii, (£)(9)

Where, z is the state variable, 4 is the system matrix

composed of mass, stiffness and damping, Bq is the damper

distribution matrix and E is the matrix of excitation force and

are explicitly given as
u u

O 1
. z= . = =1 =1
i| u| |-MK -M'C|
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Where, [/] and [O] are the identity and null matrices,
respectively; vector z (¢) is the state variable of structural
system which contains relative velocity and acceleration
response with respect to ground.

In this analysis, the Lyapunov direct theory is employed as
control algorithm for stability analysis and design of
semiactive controller. The fundamental philosophy of
Lyapunov direct approach is “if total energy of the system is
continuously dissipated, then system must eventually settle
down to equilibrium®. This approach requires the use of
Lyapunov function L ({Z}) which must be a positive definite
function of the state of system {Z}. According to this theory,
if the rate of change of function L({Z}) is negative, semi-
definite function, then system is stable in the sense of
Lyapunov. Thus, the goal, in determining the appropriate
control law, is that to choose input that will make L as much
negative as possible. An infinite no of Lyapunov functions
could be selected, resulting in variety of control laws. In this
approach, a Lyapunov function is chosen in the form as
below for present problem as

(zh) =3 1zI1% (10)

The term % [ Z]|?is the p-norm of state as defined by

1Z]| = [{ZT}[PL]{Z}]"?where [PL] is real, symmetric,
positive definite matrix and in case of linear system, to ensure
Las negative definite term found [P] is found out from the
Lyapunov equation as below

[AT][PL] + [PLI[A]=-[Qp] (11)

For a positive definite matrix, [Qp] is considered as a unit
matrix for the present problem. The derivative of Lyapunov
function for the solution of state space is

L=- %{ZT}[QP]{Z}+{ZT}[PL][Bd]{ﬁ}+{ZT}[PL][E]u(lz)

For stability, the equation (9) need to be minimised
(made as negative), the only term which can directly be
affected by change in control voltage is the middle term
containing {f¢}. The control voltage from control law
supplied to MR driver is restricted either to 0 “ or “ 1 * max
corresponding to a fixed set of states. Thus for min of (9), the
control law is given by
V=V H({-Z"}[PL][Ba] {/a}) (13)

Where H (.) is the heavy side step function and when has non
zero value, full command voltage (V=Vmax) is supplied, else
voltage is ‘zero‘(V = 0).

3. Numerical Study

For numerical study, four RCC building models are
considered as described earlier. These models are excited
under same four realistic ground motions. The mass of each
story of building models is considered as 325.51 MT while 1
stiffness of each floor is 8203125.00 KN/m and modal
damping ratio for each mode is 0.05. This model is subjected
to four unidirectional excitation due to a real Imperial Valley,
1940, Loma Prieta, 1989, Kobe, 1995 and Northridge, 1994.
The maximum command voltage supplied to the current
driver of MR damper is 6V and base shear (Bsy) is normalized
by weight of respective building. The building models are
assumed to be in linear elastic state therefore does not yield
during excitation. The peak response parameters of interest
are, top floor displacement (ur), top floor acceleration (ar),
normalized storey shear (Ss,/), and storey drift (u).
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Fig.2 Time varying uncontrolled base shear response for building models
under North Ridge-1994Earthquake

Table 1 Comparative study of peak uncontrolled peak
buildings models under various EQs

responses for

s 1ol 3| ¥u| ..~ Pal.s.) P
£33 55| 35| FF5 BE|5:37 8:
g7 2] 5o | TR z2 (7487 5%
E‘ 1| 1.0658 0 1.916 0 0.761 0
E 2| 1.1298 -6.005 1.917 -0.020 0.7402 2.734
'g 3| 1.04%4 1.539 1.91 0.339 0.7447 2.142
§ 4 1.075 -0.864 1.925 -0.459 0.7592 0.237
% 1| 1.5912 0 3.041 0 1.2867 0
E 2| 1.6453 -3.399 2.907 4416 1.2134 5.697
é 3] 1.5915 -0.019 3.088 -1.542 1.2727 1.088
S 4 | 1.5899 0.082 3.056 -0.483 1.283 0.288
1| 2.2454 0 4.037 0 1.6242 0
2 2 2.167 3.492 3.692 8.557 1.4551 10.42
Q 3| 2.2418 0.161 4.134 -2.402 1.6082 0.985
4 | 2.2567 -0.504 4.061 -0.587 1.6239 0.019
o 1| 2.3408 0 4.259 0 1.8317 0
%n 2| 2.2029 5.892 3.809 10.57 1.6472 10.08
g 3| 2.4257 -3.63 4.501 -5.694 1.8726 -2.233
g 4 | 23738 -1.409 4.288 -0.695 1.8305 0.066
The time varying response analysis is performed for

responses of storey displacement, storey acceleration and
normalised base shear that is base shear divided by weight of
regular model. Figure 2 shows a typical plot of time varying
uncontrolled response of normalised base shear using Origin
software for all the models excited by North Ridge
earthquake (EQ) only.

The uncontrolled peak responses of each model are observed.
Further, peak responses of model 2, 3 and 4 are compared
with the peak responses of model 1 in terms of percentage
change are shown in Table 1.



Dumne and Shrimali / ASPS Conference Proceedings 1: 843-847 (2022)

T T T T T T T T

—— Building Modef 14

12 = Building Model 2 <

E
G s
5 0.0
5 08
gFS) 42
3 . | | |
a } + { }
a
e = BLilding Model 3
$
w
o
o
2
y . . . .
124 — Buiding Model 4

Time (T)(sec)

Fig.3 Time varying controlled top floor displacement response of building
models with MR damper under Loma Prieta-1989 EQs

Table 2 Comparative study of peak responses of building models with and
without MR dampers under various EQs

ol 2| 2] 2, 2| 8, 82| 8,
E 2| % | B5| 3-| 55| 32 iS
8 8 ~ ~ ~ L= ~
§ 1 1.048 1.245 0.554
% 2 1.078 -2.901 1.173 5.721 0.515 7.025
'g 3 1.008 3.760 1.262 -1.374 0.545 1.6780
E 4 1.046 0.191 1.281 -2.885 0.558 -0.723
= 1 1.524 0 1.763 0 0.887 0
'E 2 1.379 9.517 1.633 7.413 0.824 7.117
é 3 1.555 -2.035 1.844 -4.572 0.893 -0.699
S 4 1.624 -6.583 1.821 -3.278 0.890 -0.429
1 1.474 0 2.137 0 1.059 0
3 2 1.392 5.584 1.926 9.861 0.967 8.680
Q 3 1.496 -1.493 2216 -3.716 1.063 -0.369
4 1.526 -3.555 2.19 -2.495 1.062 -0.303
. 1 1.773 0 2.957 0 1.499 0
.'én 2 1.725 2.696 2.663 9.956 1.372 8.496
g 3 1.812 -2.160 3.073 -3.937 1.52 -0.834
“ 4 1.819 -2.639 3.032 -2.533 1.506 -0.447

This study also performed the same building models with
control using MR dampers as described in the problem are
excited under same realistic earthquakes. The peak responses
i.e. peak acceleration, peak displacement and peak storey
shear of each building models are analysed and results are
tabulated in the Table 2. From the results, it is observed that
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the peak values of responses for model 3 and4has better
response reduction whereas model 2 as comparative to other
building models. Further, it is concluded that model 2 works
effectively during excitation due to four earthquakes.

The time varying response analysis is carried out for
controlled top floor displacement response of building
models with MR damper under Loma Prieta-1989. The figure
3 shows a typical accelerogram using Origin software of time
varying top storey displacement response for all the models
excited under Loma Prieta time history.

Typical plot using Origin software for normalised damper
force, that is, damper force/weight of building against the
displacement of damper of top floor for all the four models
under Kobe earthquake is shown in figure 4. The closed loop
is also referred as energy loop and area enclosed under the
energy loop signifies the amount of energy dissipated. From
the shape of energy loop, one can conclude that shape of all
the loops almost is similar; it means that damper is
functioning well and stable under different stiffness and mass
variations. The force and displacement characteristics denote
that area under loop is max for building model 4 while least
for building model 2.

Further, a comparative study of the peak responses at various
floor levels of the uncontrolled vibration of models
respectively with controlled vibration of models under
influence of various seismic excitations. The percentage
change in controlled response with uncontrolled responses of
various building models under Imperial Valley earthquake.
The responses such as peak floor displacement (Pys), peak
floor acceleration (Par), peak storey drift (Py) and storey
shear (Ssy) are compared and results are shown in Table 3.
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Fig.4 Force displacement diagram of top floor MR damper for various
building models under Kobe-1995 Earthquake
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Table 3Percentage change in controlled response with uncontrolled
responses of various building models under Imperial Valley earthquake

Model-1 Model-2

Floor Puf Paf Pur Ssy FIOOI' Pu(' | Paf | Pur Ssy

1 B5.0 |1.7 160 0.9 1 38.8 | 4.6 109 | 6.8
B5.6 (3.7 |[114 1.7 39.3 102 | 150 | 82
b.6 99 [176 5.6 40.3 17.8 |1 204 | 114
B8.8 [20.5 [23.6 [10.0 41.8 | 26.0 | 265 | 155
39.8 [29.0 [29.4 [14.1 43.6 | 335 | 315 | 182
417 [36.8 339 |17.5 45.6 | 39.7 | 369 | 225
#3.6 [40.8 [38.2 P0.9 47.6 | 372 | 415 | 259
#5.3 [29.0 [42.1 P4.1 49.4 | 139 | 454 | 284
#7.0 [13.0 [45.7 P6.2 51.0 | 13.3 | 48.7 | 30.0
0 W85 [-43 |48.6 P72 0| 523 1.2 513 | 304

=[O~
=|O[o |||~ |wW|N

Model-3 Model-4

Floor Puf Paf Pur Ssy FIOOI' Puf Paf Pur Ss
339139 |96 | 06 335 | 2.7 1.8 -0.7
34535 | 146 3.2 343 | 3.8 109 | 3.5
355169 [ 19.7] 6.2 354 | 115 | 173 [ 74
369 16.5]| 23.0] 9.5 369 | 21.8 | 229 | 11.0
38.6| 25.5] 274 13.1 38.7 | 289 | 28.0 | 143
41.0| 35.7| 324 17.2 40.6 | 356 | 32.7 | 17.2
43.0| 36.3| 37.2] 209 424 | 38.8 | 37.1 | 20.6
44.9| 26.5| 41.5] 23.8 442 | 275 | 41.1 | 235
46.7| 12.5| 45.2| 25.8 458 | 11.4 | 44.6 | 255
0 | 484 -64 | 484 269 0]474 | -54 | 47.7 | 265

—
—

= O[N]~ |w(o
=|O(o(I|N|n|[~| W

The comparative results for peak uncontrolled and controlled
responses respectively for all the four models have been
shown in table 3 and outline of study results are observed as
For Imperial Valley earthquake, it can be concluded that
average percentage control in displacement response for
model 1, 3, 4 is about 35% while that for model 2 is about
40%. Thus reduction in mass brings displacement response
under control. Further, percentage control in displacement
response for North Ridge Eq. is steady about 30%.

For of Loma Prieta earthquake, an average percentage control
in displacement response for model 1, 2, is about 43% while
that for model 3, 4 is about 40%.

For Kobe earthquake, it is observed that average percentage
control in displacement response for model 1, 2, 3, 4 is about
47%, it means mass and stiffness irregularity doesn’t affect
response control

The percentage response for peak storey drift, peak storey
acceleration and peak storey shear vary from storey to storey.
It thus concludes that percentage control is directly
proportional to the distance of storey from base or ground.
The displacement response control for both building model 3
and model 4 of building is similar, thus for displacement
response control, location of the stiffness irregularity has
limited effect.

For building model 4, no controls were provided in the
bottom weak storey; this also seems to have little effect on
displacement response. Further, similar type of conclusions
for storey shear could be drawn.

From the results, it can be concluded that percentage
response control for building model with mass irregularity
(reduction in mass) is more than that of others.

The effect of mass on displacement response is directly
related that is, as floor mass reduces then responses also
reduces and vice-versa.

The reduction in stiffness at mid height of building frame
affects adversely and inversely
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¢ From this hysteresis loop one can conclude that more amount
of work is required to be done by the damper in dissipating
the energy.

4. Conclusion

An over view of this study in which entire study is undertaken
in three parts, first part of uncontrolled response analysis,
second of controlled response analysis and third of comparative
study analysis of uncontrolled and controlled response is
presented then the following conclusions are drawn

1. Reduction in stiffness increases the response storey drift of
all the floors situated above the regular floor.

2. Presence of soft story at the ground floor is not
recommended from the result of seismic response reduction
consideration.

3. The use of MR dampers resulting to most effective control
over the response reduction of all building models as
compared to the respective uncontrolled building models.

4. For all types of building models, most effective control
over the displacement response is 52.3% under the Imperial
Valley earthquake.

5. Tt also concludes that MR damper required lesser amount of
damping force to dissipate more energy in controlling
theseismic responses of building; it means that it works
functionally well.
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