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ABSTRACT

Excessive displacement is the major concern for moderate height, mid to high-rise
buildings under earthquake excitation. This displacement can be reduced by using
different control strategies such as passive, active, semi-active or combinations thereof.
In this paper, the full scale analytical second generation 20-storey benchmark building
designed by Brandow and Johnston Associates for Los Angeles, California region is
investigated. The benchmark building is installed with Viscoelasticdampersto reduce
the structural responses. The viscoelastic damper is modeled as classical Kelvin-model.
The benchmark building is modeled as two dimensional plane structures with linear
elastic behavior. The input excitation considered is El Centro, 1940; Hachinohe, 1968;
Northridge, 1994 and Kobe, 1995 earthquakes. The investigation is carried out for
effectiveness of the dampers in terms of the structural response reduction, namely
displacement, acceleration, base shear, including other performance criteria of bench-
mark building. To minimize the cost of the dampers, the optimal location of the damper,
rather than providing the dampers at all floors, is also investigated. Numerical study is
also carried out by varying the damper parameters of dampers along the height of the
benchmark building. The viscoelastic dampers installed in benchmark building
effectively reduces the earthquake-induced responses. Lesser number of dampers at
appropriate locations also provides comparable response of benchmark building,
thereby reducing cost of dampers significantly.

1. INTRODUCTION

Civil structures, such as existing and proposed buildings, towers and bridges, must be
adequately protected from a variety of dynamic loads such as earthquakes, winds,
waves and traffic. Earlier these structures were protected as per relevant codes based
on philosophy of designing structures to resist moderate earthquakes without
significant damage and to avoid structural collapse during a major earthquake. The
reliance for survival was placed on the ductility alone of the structure to dissipate
energy while undergoing large inelastic deformations which results in permanent
damage. As such earlier designs were based on life safety. In modern days avoidance
of structural collapse is not enough, however, the cost of finishes, contents, sensitive

YGraduate Student
Iprofessor

1176



instrumentation and electronically stored records can be much higher than the cost of
structure itself which are equally important and must be protected. In view of massive
financial losses and social sufferings, highlighted by recent earthquakes, structural
control community have started giving due consideration to protect these structures.
The energy on account of dynamic loads can be dissipated with the application of
passive, active and semi-active structural control devices to mitigate undesired
responses with different control algorithms. These control systems are classified
according to their energy consumption. Passive control refers to system that utilizes the
response of structure to develop the control forces without requiring external power
source for their operations. Active control system requires large power source for
operation of actuators which supply control forces to the structure. Semi-active control
system requires small external power source for operation (battery) and utilizes the
motion of the structure to develop the control forces.

A common basis for comparison of the algorithms and devices did not exist and hence,
it was difficult to compare the control strategy. Actually, each control strategy should be
evaluated experimentally for as built structure under closed environment; however, it
was impractical, both financially and logically. Hence, use of consensus-approved,
accurate, analytical benchmark models to test devices and to directly compare the
results came into picture. Therefore, based on realistic full scale buildings, two
structural control benchmark problems have been proposed for earthquake and wind
excitations (Spencer et al. 1998). The seismically excited building is a 20-storey
structure used for this benchmark study was designed by Brandow & Johnston
Associatesand represents typical mid to high rise building proposed for Los Angeles,
California region.

Many researchers developed and applied passive, active and semi active control
strategies on the benchmark problem of seismically excited building with desirable
structural response control on floor displacement, accelerations, inter-story drift and
base shear. The sample control strategy wherein active control in the form of hydraulic
actuators have been used and found that active control system effectively reduces the
responses (Spencer et al. 1998).Matheu et al. (1998) proposed and studied use of a
hybrid control scheme, consisting of the passive energy dissipation in the form of
viscous dampers, the active control system with tendon control tuned mass dampers
and semi-active control system of magnetorheological (MR) devices, for seismic
response control of the 20-storey benchmark structure. Battaini et al. (1998) studied
andcomparedlinear quadratic Gaussian (LQG) and fuzzy controllers and showed that
they are effective in reducing responses of 20-storey benchmark building. Seto et al.
(1998) studied two controller design methodology in connection with the control of a 20-
storey benchmark building. These are filtered Linear Quadratic (LQ) optimal
andHinsiniybased optimal control theory. The evaluation criteria and the vibration control
effects are compared using simulation results. Gavin (1998) has studied this
benchmark building with passive viscous dampers illustrating the competing
requirements of absolute acceleration attenuation with deformation attenuation. Dyke
(1998) studied and addressed the next generation benchmark building with MR
dampers to reduce the structural responses by using their previous analytical and
experimental investigations.Fukukita et al.(2004) studied the control effect for a 20-
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storey benchmark building with passive system in the form of viscous damping walls
and semi-active control device with variable oil damper. It is demonstrated from the
results of simulations that both passive device and semi-active device can effectively
reduce the response of the structure. Kim et al. (2010) employed MR dampers
operated by a model-based fuzzy logic controller (MBFLC) formulated in terms of linear
matrix inequalities (LMIs). The results showed that the proposed LMI-based MBFLC is
effective in vibration reduction of a benchmark building under various earthquake
loading conditions.

An analytical model considering an example of two adjacent single degree of
freedom (SDOF) structures connected with viscoelastic dampers is investigated for
response reduction under harmonic and stationary white-noise random excitations
(Bhaskararao and Jangid 2006). The dynamic response reduction of two adjacent multi
storey building structures connected with a viscoelastic damper in addition to base
isolation under various earthquake ground excitations is studied (Matsagar and Jangid
2005). They investigated that viscoelastic dampers connected between two adjacent
structures with one base-isolated and another fixed-base is found to be most effective
for response reduction. The multi-degree-of-freedom (MDOF) structures installed with
added Viscoelastic dampers have been analyzed and results compared by using
complex mode superposition method, direct integration with condensation, modal strain
energy method and frequency domain method and concluded that the results of direct
integration method combined with matrix condensation technique turn out to be quite
close to the exact solution with a lot of saving in computation time (Kim and Lee 2000,
Lee et al. 1998 and Lee et al. 2002). Although, the above studies show the
effectiveness of different damper devices in reducing the earthquake response of 20-
storey benchmark building, the performance of benchmark building with viscoelastic
dampers (VED) is not yet studied.

In this paper, the seismic response of 20-storey benchmark building installed with
viscoelastic dampers (classical Kelvin model), is investigated under different
earthquakes. The specific objectives of the study are (i) to formulate the equations of
motion for MDOF model of the benchmark building, (ii) to study the effectiveness of
viscoelastic dampers in terms of the reduction of structural responses namely
displacement, acceleration and base-shear including other performance criteria of
benchmark building, (iii) to study the optimal placement of dampers, and (iv) to study
the effect of variation of damper parameters of dampers along the height of the
benchmark building on response reduction. The merit of VED as a control device is
assessed based on performance criteria given in terms of maximum response
guantities and normed measure responses, as specified in benchmark control problem.

2. BENCHMARK BUILDING

The seismically excited benchmark building is a steel building consisting of double
basement plus 20 upper floors, designed by Brandow & Johnston Associates,
proposed for the SAC phase Il steel project for the Los Angeles (LA), California region
(Spencer et al. 1998). The plan and elevation of the building is shown in the Fig. 1. The
building is 30.48m x 36.58 m in plan and 80.77 m in height. The bay width is 6.10
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mwith five bays in north-south (N-S) direction and six bays in east-west (E-W)
directions.

| a
1- . _AAAA#%Al

The building’s lateral load-resisting system is comprised of steel perimeter moment-
resisting frames (MRFs). The interior bays of the structure contain simple framing with
composite floors. The columns are 345 MPa steel with interior columns of wide-flange
steel sections and corner columns are box columns. Typical floor-to-floor height for 19
upper floors is 3.96 m, for the two basement levels 3.65 m each and for the first floor is
5.49 m. The columns areconnected every three floors with column splices which are
located on the 2nd, 5th,8th, 11th, 14th, 17th and 19th stories, at 1.83 m above the floor.
The column bases aremodeled as pinned. Concrete foundation walls and surrounding
soil are assumed torestrain the structure at the first floor from horizontal displacement.
The floor system is comprised of 248 MPa steel wide-flange steel sections constructed
compositely withconcrete floor slab, which provides diaphragm action and assumed to
be rigid in the horizontal plane. The inertial effects of each floor are assumed to be
carried evenly by the floor diaphragm to each perimeter MRF; hence each frame resists
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one half of the seismic mass associated with the entire structure. The frame considered
is one of the N-S MRFs (the short and weak direction of the building). The height to
width ratio for the N-S frame is 2.65:1.

An in-plane finite element model of the N-S MRF is considered using 180 nodes
interconnected by 284 elements. The nodes are located at beam-to-column joints and
at column splice locations. Each node has three degrees-of-freedoms (DOFS):
horizontal, vertical and rotational thereby for the entire structure has 540 DOFs. The
elemental consistent mass and stiffness matrices are determined and assembled to
form global mass and stiffness matrices. After applying the boundary conditions, the
model will be having 526 DOFs. As the floor slab is assumed to be rigid in its horizontal
plane, the nodes associated with each floor have the same horizontal displacements.
Using Ritz transformation 526 DOFs are reduced to 418 by condensing out those extra
horizontal DOFs. The natural frequencies of the higher modes corresponding to
rotational and some of the vertical DOFs in this model, are excessively large. These
are unlikely to contribute to the response; they are not required and hence, can be
condensed out by using Guyan reduction (Craig 1981). This reduction results final
model with 106 DOFs which maintains the important dynamics of the original model.
The natural frequencies of the resulting model are less than 110 Hz. The damping
matrix is defined by assuming damping in each mode is to be proportional to the
mode’s associated frequency, with a maximum of 10% critical damping in any one
mode. The damping in the first mode is assumed to be 2%. The first 10 natural
frequencies of this nominal model are: 0.26, 0.75, 1.30, 1.83, 2.40, 2.80, 3.00, 3.21,
3.63 and 4.31 Hz.

Due to change in dynamic properties of a structure from before and after strong
motion earthquake, two evaluation models are proposed (Spencer et al. 1998). These
are pre-earthquake and post-earthquake evaluation models. The pre-earthquake
evaluation model represents, the LA 20-storey structure as-built, which includes
additional stiffness provided by non-structural elements such as partitions and cladding.
The non-structural elements are accounted for, in the pre-earthquake evaluation model
by proportionally increasing the structural stiffness matrix such that the first natural
frequency of the evaluation model is 10% greater than that of the nominal model. The
pre-earthquake damping is determined, accordingly, using this increased stiffness. The
post-earthquake evaluation model represents the LA 20-storey structure after a strong
motion earthquake. After a strong motion earthquake, the non-structural elements may
no longer provide any additional stiffness to the structure. Moreover, the structural
elements may be damaged, causing a decrease in stiffness. Post-earthquake
evaluation model is developed by proportionately decreasing the stiffness matrix in
which the natural frequency of the structure is decreased by 10% from the nominal
structural model. The post-earthquake damping is determined using this decreased
stiffness. The first 10 natural frequencies of the pre-earthquake model are: 0.29, 0.83,
1.43, 2.01, 2.64, 3.08, 3.30, 3.53, 3.99 and 4.74 Hz. The first 10 natural frequencies of
the post-earthquake model are: 0.24, 0.68, 1.17, 1.65, 2.16, 2.52, 2.70, 2.89, 3.26 and
3.88 Hz.

2.1 Performance Criteria
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The merit of a control device is based on performance criteria given in terms of
maximum response quantities, normed measure responses as well as the number of
sensors and control devices and the total power required by the control system.
Smaller values of these evaluation criteria are generally more desirable. The
performance criteria specified for this benchmark building (Spencer et al. 1998) are
detailed in the following paragraphs.

The first evaluation criterion is a non-dimensionalized measure of the floor
displacement relative to the ground, which is given as

max [X;(t)]
t
max ie
n
]1 = El Centro — (1)
Hachinohe xmax
Northridge

Kobe

wherex;(t) is the time history of theith state, n is set of states corresponding to the
horizontal DOFs, x™#* is the maximum uncontrolled displacement and |.| denotes
absolute value.

For each earthquake, the maximum drifts are non-dimensionalized and normalized with
respect to the associated floor height (i.e., the drift ratios). Therefore, the second
evaluation criterion is given by

max |di(t)]
max ti  n
]2 = El Centro T max (2)
Hachinohe dn

Northridge
Kobe

hered;(t) is the interstory drift of the above ground floors over the time history of each
earthquake, h; is the height of each of the associated stories ( h;=5.49m; h=3.96 m,
i=2,...,20 ), and d,™*" is the uncontrolled maximum interstory drift ratio. The interstory
drifts are given byd;(t) = x,,;(t) — x,¢;_1)(t) where it is assumed x,, =0 .

The third evaluation criterion is given in terms of the maximum floor accelerations,
yielding

max |Xgq;(t)]
max t

ien
J3 = Elcentro —mar 3)
Hachinohe X
Northridge a

Kobe

where the absolute accelerations of the ith state, X,;(t), are non-dimensionalized by
the maximum uncontrolled floor acceleration, denoted )'('amax , corresponding
respectively to each earthquake.

The non-dimensionalized base shear is used as the fourth evaluation criterion such that
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max T X2, Mi%an (O]
]4 = ElCentro max (4)
Hachinohe Fb
Northridge

Kobe

wherem; is the seismic mass of each of the above-ground floors of a single N-S MRF.
F,**is the maximum uncontrolled base shear for each respective earthquake.

To obtain insight into the performance of the controlled structural system that may not
be provided by the maximum response evaluation criteria, four evaluation criteria
correspond to L, - normed measures of the structural responses are considered.

The fifth evaluation criterion is a normed/non-dimensionalized measure of the
maximum floor displacement of the building relative to the ground, which is given as

] max r?;x IX; Ol
= EIC T
5 = Hachinohe |l Xmax||

Northridge
Kobe

(5)

where, |IX;(®)] = /fothiz(t)dt, tr is a time required to allow the response of the structure

to attenuate to less than 0.1% of its maximum value, and||X™%*|is the maximum
normed uncontrolled displacement for each of the respective earthquakes.

The sixth evaluation criterion provides a normed measure of the maximum drift ratios
and is given by

max lldi (Ol
] max ti h; (6)
= ElCent ETET VY IOTE
© T Hachinohe |amex||

Northridge
Kobe

Here [ldmex|| =
n ~ ien

to the uncontrolled structure excited by each respective earthquake.

The seventh evaluation criterion is given in terms of the normed floor accelerations,

yielding

|ld; (t)]] is the maximum normed inter-story drift ratio corresponding

J max I?;]X 1%, (O] o
= EIC T T
4 Hacheiggll;c()e “X(rlnax ||
Northridge

Kobe

. max
where ||[X7e* || = ien
uncontrolled structure excited by each respective earthquake.

The normed/non-dimensionalized base shear is used as the eighth evaluation criterion
such that

X4 ()] is the maximum normed absolute acceleration of the
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Hachinohe
Northridge

Kobe

max {” 1221 miiani(t)”}

]8 = ElCentro ”anax”

max
where||F;***|| = ien

for each respective earthquake.
The remaining evaluation criteria deal with the specified control system. Evaluation
criterion nine considers the maximum required control force and is described as

max {nﬁx |fi 3] |I

|122°) mi%ani (0| is the maximum normed uncontrolled base shear

v ©

]9 = ElCentro
Hachinohe
Northridge

Kobe

wherefi(t) is the force generated by the ith control device over the time history of each
earthquake.

The tenth criterion is based on the maximum displacement of the control devices. This
performance measure is given as

]10 = ElCentro (10)
Hachinohe
Northridge

Kobe

Xmax

max {rrﬁx ly? (t)|}

wherey?(t) is the displacement of the ith control device over the time histories of each
earthquake.

The eleventh evaluation criterion is a measure of the maximum power required to
control the structure and is defined as

_ max o i B()] 1
S = meeno W (1)
Northridge

Kobe

whereP;(t) is a measure of the instantaneous power required by the ith control device,
and X™? is the maximum uncontrolled velocity of the floors relative to the ground. For
passive control devices, this criterion is zero.

The twelfth evaluation criterion is a measure of the total power required (normed power
required) for the control of the structure, which is defined as

max {Zi”Pi(t)”} (12)

]12 = ElCentro
Hachinohe xmax
Northridge
Kobe
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The thirteenth evaluation criterion is a measure of the total number of control devices
required in the control system to control one of the N-S MRFs of the structure. For
passive control devices, this criterion is zero.

J13 = number of contro devices required (13)

The fourteenth evaluation criterion is a measure of the total number of sensors required
in the control system to control one of the N-S MRFs of the structure.

J14 = number of sensors required (14)

A final evaluation criterion provides a measure of the computational resources required
to implement the control algorithm and is given by

Jis = dim (x}) (15)

To facilitate the direct comparison and to evaluate the capabilities of various protective
devices and algorithms, above set of 15 performance criteria are proposed. The
performance criteria J; to J; are defined to measure the reduction in maximum
response quantities of the seismically excited benchmark building, evaluated by
normalizing the response quantities by the corresponding response quantities of the
uncontrolled building; Js to Jg are based on the normed responses calculated by
normalizing the normed response quantities by the corresponding normed response
guantities of the uncontrolled building. Among the 15 criteria, 10 criteria J; to Jio are
used in this work, because the other 5 criteria J;; to Ji5 represent the performance of
the actuator.

2.2Seismic Ground Motions

In order to examine seismic behavior, four different ground motions are considered for
this benchmark building. These four ground motions are suggested by the International
Association on Structural Control (IASC) for benchmark control problems. These four
ground motions are: El Centro, 1940; Hachinohe, 1968; Northridge, 1994 and Kobe,
1995 as they represent the strong ground motions with corrected data available;
comprise of peak ground acceleration (PGA) varying from a low value to high value.
The details of these earthquakes, like recording station, distance from the epicenter,
component considered and PGA etc. are presented in Table 1. The first one represents
a strong earthquake; the second one is modest earthquake, and third and fourth ones
are severe earthquakes. The viscoelastic control device is evaluated for all four
earthquake records for both, the pre-earthquake and post-earthquake evaluation
models.
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Table 1. Set of earthquakes used for this study

Distance
Sr. | Earthquake Recording station from Comp- | PGA | Duration Type of
No. records 9 epicenter | onent (9) (sec) Earthquake
(km)
Bl Centro, || Distict
1 | 18" May 9 : 11.58 | NOOS | 0.348 | 50 Strong
substation,
1940 P
California
Hachinohe, Hachinohe City
2 16" May | during the Takochi- 26.00 N9OE | 0.250 36 Modest
1968 oki earthquake
Northridge,
3 | 17" Jan. Sylmar County 19.00 | NOOE | 0.843 | 60 Severe
Hospital parking lot
1994
Kobe, JMA (Japan
4 17" Jan. Meteorological 17.00 N9OE | 0.834 150 Severe
1995 Agency) station

2.3Model of Viscoelastic Damper

A typical viscoelastic damper consists of viscoelastic material in the form of layers of
copolymers or glassy substances, bonded with steel plates as shown in Fig. 2. When
VED s installed in the structure,it dissipates energy by shear deformation due to
structural vibration which induces relative motion between outer steel plates. The stress
and strain of the damper, made up of such popular energy dissipating property material,
are out of phase due to cyclic displacement. This phenomenon is represented by a
hysteresis loop with an enclosed area proportional to the energy dissipated in a
complete damper displacement cycle as shown in Fig. 3. Hysteresis loop depicts
generic nonlinear feature of VE material under dynamic loading. The viscoelastic
devices provide both damping and stiffness, which stiffen the system and dissipate
energy through deformation, reducing the response of the structure (Zhang et al. 1989,
Zhang and Soong 1992). Experimental study has proved that VE material reduces
seismic responses by energy dissipation and its mechanical properties depend on the
loading frequency, strain and the ambient temperature (Mahmoodi 1969; Bergman and
Hanson 1993; Chang et al. 1992; Chang et al. 1993 and Chang et al. 1995). Because
the ambient temperature is found to have less significant effect on the performance of
VE dampers, response calculations in engineering practice are usually performed using
parameters at a representativetemperature and are modified through experiments only
if there is drastic temperaturevariation in the environment. Occasionally, the internal
temperature and even the level of strain are found to affect the dynamic behavior of
Viscoelastic materials. However, such effects are normally microscopic, insignificant
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and thus these two factors are often ignored in structural analysis.

In the present study, solid viscoelastic device is modeled using classical Kelvin
model in which a linear spring is placed in parallel with viscous dashpot as shown in Fig.
4. In this parallel arrangement of linear spring and linear dashpot, the force is
proportional to the relative displacement and the relative velocity respectively between
its both ends. The force in this model is calculated by

fa = ka(w)x + cg(w)x (16)

wherek;(w) and c;(w) denote, respectively, the frequency dependent stiffness and
damping coefficient values for the device. For viscoelastic damper with total shear area
A and total thickness h, the following relations apply

G' A G" A
kotw) = S22, calw) = T4 (17)

whereG'(w) and G"(w) are defined, respectively, as the shear storage modulus and
shear loss modulus of the viscoelastic material, and w corresponds to the frequency at
which these properties are determined. Although the coefficients k; and c; are
dependent on the deformation frequency w, in practice these quantities are considered
as nearly constants within a narrow frequency band and operating temperature. The
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flexibility of the supporting bracings is ignored in the analysis by considering the brace
as rigid; thereby the deformation experienced by the damper is the same as the one in
the structure.

kq
A —

Ca
1]
1 |

The mechanical properties of the viscoelastic damper are taken from the experimental
data provided by the manufacturers for 3M ISD 110 viscoelastic material (Abbas and
Kelly 1993) as follows: storage modulus G' = 428652 N/m?, loss modulus G" = 495601
N/m?, with the shear area of the viscoelastic material A= 0.0786m?, and thickness h =
0.010 m. These moduli are corresponding to ambient temperature of 24 °C with shear
strain of 100 % and test frequency of 0.1 Hz. Therefore, the equivalent stiffness and
damping coefficient values for the unit device are calculated from Eqg. (17) to be k;=
3.37x 10° N/m and c;= 6.2x 10° N-s/m, respectively. These equivalent values are
arrived at by optimizing area of viscoelastic pad over all four earthquake time histories
SO as to obtain maximum reduction in responses of the control structure.

2.4Governing Equation of Motion
The VEDs are installed in the benchmark building with arrangements as shown in Fig.
5, wherein viscoelastic dampers are positioned as diagonal braces between adjacent
floors. The model structure is shown according to the number and location of the
dampers.

The equations of motion of the benchmark building installed with viscoelastic
dampers in the matrix form can be written as

MX + (C+Cp)X+ (K+Kp)X =—-MI%,(18)

whereMis the mass matrix, Kis the stiffness matrix, and Cis damping matrix of the finite
element model of the benchmark building. Each matrix is of the order of 106x106.X is
the relative floor displacement vector with respect to the ground, X and X are
therelative floor velocity and acceleration vectors, respectively. Cp and Ky arethe
additional damping and stiffness matrices due to the installation of the viscoelastic
dampers. Iis the earthquake influence vector consisting of 1 to the respectivehorizontal
DOF and 0 to remaining DOFs, and X4is the ground acceleration at the foundation of
the structure. Here, the stiffness elements of the dampers placed alongthe height of the
benchmark building arranged in Kpare
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wherek,q, kqy . kg, are the damper stiffness coefficients at the different floor levels
are to be calculated by Eq. (17). In addition, the damper damping matrix Cp for the
array of dampers placed along the height of the benchmark building is expressed as
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[Ca1 T Caz —Caz 0
—Caz Caz t Ca3 —Cq3 0
0 E Caz T Caq
Cp = ‘ (20)
Can-2 t Can-1 —Cdn-1 0
0 —Cdn-1 Can-1t Can  —Can
0 —Cdn Cdan A

wherecy,, cqz,.. cqn are the damper damping coefficient at different floor levels are to
be calculated by Eqg. (17).

In these governing equations of motion, the revised damping matrix (C+ Cp)and
revised stiffness matrix (K + Kp)are referred as damping and stiffness matrices of the
overall structural system and the resultant modified structure becomes a non-
proportional or non-classical damping system on account of installation of discrete
damping devices along the height of the building. Therefore, in this case the classical,
conventional modal superposition technique cannot be employed in the solution and
the complex mode superposition method, although very efficient, requires larger
computation time as the analysis is to be carried out in complex numbers. Therefore,
most accurate way of obtaining precise results is direct integration method. The above
equations of motion are solved in the incremental form using Newmark’s step by step
integration method,in time domain, assuming average acceleration over small time
interval of At. The time interval for solving the equations of motion is taken as 0.02/20
sec (i.e.. t = 0.001 sec). At each time instant, the responses, namely the displacements,
velocities and accelerations are obtained at each floor level of the model structure.

3. NUMERICAL STUDY

The efficiency of VEDs with the proposed arrangement as shown in Fig. 5 is
investigated. Initially, the benchmark building is installed with dampers on all floors and
thereafter, the dampers are placed at the selected floor locations based on inter-story
drift with similar reduction in responses. The performance of the benchmark building
installed with VEDs is assessed by applying a set of numerical simulations on the pre-
and post-earthquake evaluation models. For the El Centro, Hachinohe, and Northridge
earthquakes, the simulation performed for the duration of 100 seconds, and for the
Kobe earthquake the duration of simulation considered 180 seconds. The study is
carried out in two parts: (i) benchmark building installed with VEDs having same
damper parameters in all the dampers and (ii) benchmark building installed with VEDs
having different damper parameters in the dampers, for both above arrangements. The
aimed responses are peak relative displacements, peak absolute accelerations, peak
base shear and performance criteria stipulated in benchmark problem.

3.1 Benchmark building installed with VEDs having same damper parameters

In Eqg. 17, the damper parameters, stiffness k; and damping c,, depend on the area
A of viscoelastic pad. In this section, the area of viscoelastic pad of VEDs along the
height of the building is kept constant as 786 sq. cm for all the dampers. The maximum
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uncontrolled response values arrived is reported in Table 2. These values are used to
calculate the performance criteria explained in section 2.1 and the resulting
performance criteria for this control strategy are presented in Table 3 for pre-
earthquake and Table 4 for post-earthquake evaluation model respectively. In these
tables, the performance criteria are shown for each earthquake, and the maximum
value over all four earthquakes is provided in the last column.

For the Pre-earthquake model, the first eight performance criteria (Table 3) are less
than 1.00, indicating that the controlled responses are lower than the uncontrolled
responses. The control system reduces the maximum relative displacement by
13.93%1024.99%, the maximum normalized drift by 18.70% to 37.43%, the maximum
acceleration by 8.05% to 34.99% and the maximum base shear by 8.01% to 26.69% as
compared to the uncontrolled values. Fig.6, 7 and 8 show the time histories of the top
floor displacements, top floor absolute acceleration and base shear of the benchmark
building for each earthquake wherein, responses are plotted for 80 sec for El Centro,
Hachinohe and Northridge earthquakes and 100 sec for Kobe earthquake. The peak
top floor displacement response is reduced by 13.93% to 24.99% and peak top floor
acceleration response is reduced by 41.33% to 56.38%. In these plots, it is observed
that the control system not only reduces the peak response, but is also able to
relatively quickly dampen out the responses of the building. This observation is also
supported by the significant reduction in the normed responses of the structure,
indicated by the values of performance criteria Jsto Jg. Fig. 9 to 12 also show a series
of plots describing certain maximum responses along the height of the structure. For
each earthquake, the maximum value of the displacement, inter-story drift, absolute
acceleration, and shear force along the height of the model, are plotted. From these
plots, it is observed that for all earthquakes, a significant reduction in maximum relative
displacement and non-dimensionalized maximum inter-story drift is obtained in the
controlled system. Further, the maximum absolute acceleration and maximum
normalized shearforce is reduced from the uncontrolled value. The acceleration is less
affected at the lower floors; however, there is a significant decrease at the upperfloors.

Similarly, the control strategy, achieves significant response reduction in the post-
earthquake evaluation model (Table 4). The maximum relative displacements, the
maximum non-dimensionalized inter-story drifts and the maximum absolute
acceleration of the structure are reduced by 9.02% to 34.06%, 7.81% to 33.97% and
11.67% to 19.5% of the uncontrolled values, respectively. Also, the structural
responses are substantially reduced, as can be seen from the normed responses Js to
Js. These responses can be seen visually in Fig. 6, 7 and 8 by the time histories of the
top floor relative displacement, top floor absolute acceleration and base shear.The
peak top floor displacement response is reduced by 9.02%t034.06% and the peak top
floor acceleration response is reduced by 52.48% to 68.64%. The plots in Fig. 9 to 12
describing the maximum responses of the displacements, drift, acceleration and shear
force along the height of the structure also show that there is similar trend in response
reduction. These graphs clearly indicate the effectiveness of dampers in controlling the
earthquake responses of both the models.

In order to minimize the cost of dampers, the responses of the benchmark building are
investigated by considering 15 dampers at selected floor locations. The floors
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whichever has the maximum inter-story drift ratio are selected to place the dampers.
Many trials are carried out to arrive at the optimal placement of the dampers, among
which Fig. 9 to 12 shows the variation of displacement, drift ratio, acceleration and
shear forces, respectively in all the floors for three different cases, namely, case (i)
uncontrolled, case (ii) installed on all floors and case (iii) installed on15 floors. When
dampers are installed with 15 floors, the displacements, drift, accelerations and shear
forces in all the stories are reduced almost as much as when they are installed at all
floors.

The reduction in the peak top floor displacements, peak top floor accelerations and
normalized base shears of two models for these three cases are reported in Table 3. It
is observed from the table that there is similar reduction in the responses for two
damper arrangements. Thus, it is not necessary to install dampers at all floors and
lesser dampers at optimal locations can enhance the seismic performance of models to
the same extent.

3.2Benchmark building installed with VEDs having different damper parameters

In the earlier section, the damper parameters in the form of area of viscoelastic pad are
considered same irrespective of its location along height of the benchmark model.
However, the maximum relative velocity between both ends of damper will be high in
the topmost damper, requiring highest damping and will be reducing when going
towards the bottommost damper, requiring lower damping. Hence, here the
investigation is carried out choosing different damper parameters in dampers along the
height of models. As the resisting force in the VED is proportional to the maximum
relative velocity of the floors, to arrive at the variation of damper parameters in dampers,
the maximum relative velocity between all floors under all four earthquakes considered,
is obtained for uncontrolled case. An average value for variation of maximum relative
velocities for four earthquakes are calculated for all floors as reported in Table 5. From
Table 5, it is noted that the damping force required by the bottommost damper is
almost less than 20% required by the topmost damper.

To arrive at the optimum area of viscoelastic pad as a damper parameter in the
VEDs along the floors, the variation of the top floor relative displacement, top floor
absolute accelerations and the base shears of the two models against area of VE
material are plotted as shown in Fig. 13 for all the four earthquakes considered. It is
observed that the optimum area of viscoelastic pad for topmost damper is 1042 sqg. cm.
The area of viscoelastic pad of other dampers along the height of the building varies as
per the average variation of maximum peak velocities mentioned in Table 5. This
optimum area of damper in the topmost damper is more than that considered in the
previous section, as expected.

The variation of displacement and shear force along the height of the models are
compared for case (i) uncontrolled, case (ii) installed with dampers having same
damper parameters in all the dampers and case (iii) installed with dampers having
different damper parameters is compared in Fig. 14 and 15, respectively. It is observed
that the reduction in responses obtained when installed with dampers having
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Table 2. Peak response quantities of the benchmark buildinginstalled with VEDs having same damper parameters

Response quantities

Top floor displacement (cm)

Top floor acceleration (g)

Normalized base shear

Earthquake | Evaluation Model

Un- VED on | VED on Un- VED on | VED on Un- VED on | VED on

controlled | all floors | 15 floors | controlled | all floors | 15 floors | controlled | all floors | 15 floors
o, | Preetare | s7oe2 | %8 980 | ose | oo | ode oo | S0 | 007
19401 postearthquake | 27.779 (2143;9366‘“; Z(Sggf 0.226 (g-z?gg) (g-g?sl’g) 0.038 (?b‘_’gg) ?2-_06377)
Hachinohe, | Pre-eathauake | 51705 | Giloe) | (euny | 0290 | i | @arny | %% | sy | 1062
1995 | posteartquake | 20828 | 20i3T | 27988 | gg9q | 0087 | 0091 | g4 | 0048 | 0043
Northridge, Pre-earthquake 105.826 ?159'.42735; ?186.7178 0.934 (2652(1)) (22522) 0.204 83..10817) ?7'.11839)
1994 Post-earthquake 90.684 (7147-?813% (712.19702) 0.792 (gzszg) (2;%3) 0.146 (05133) (0515?(;1)
cobe, | Preeanhauake | 56862 | ooy | ooy | 0999 | i | oug) | 17 | (oee) | (2169
1995 | postearthquake | 65.610 3106 | 2as) | 978 | gaem | @a1e | 04 | e | cio

# quantity within the parentheses denotes percentage reduction
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Table 3. Performance Criteria of the benchmark building installed with VEDs
(Pre-earthquake evaluation model)

El Centro Hachinohe Northridge Kobe Max Value
VED VED VED VED VED VED VED VED VED VED
onall | on15 | onall | on15 | onall | on15 | onall | on15 | onall | on15
floors | floors | floors | floors | floors | floors | floors | floors | floors | floors
J; 1 0.8607 | 0.8992 | 0.7501 | 0.8160 | 0.8077 | 0.8389 | 0.8097 | 0.8307 | 0.8607 | 0.8992
J, |0.7704 | 0.8280 | 0.7936 | 0.8831 | 0.8130 | 0.8850 | 0.6257 | 0.7283 | 0.8130 | 0.8850
Js 1 0.9195 | 0.9341 | 0.6501 | 0.6724 | 0.7250 | 0.6732 | 0.7803 | 0.8012 | 0.9195 | 0.9341
Js | 0.8605 | 0.8865 | 0.8309 | 0.8932 | 0.9199 | 0.9284 | 0.7331 | 0.7830 | 0.9199 | 0.9284
Js | 0.7319 | 0.7804 | 0.6279 | 0.7053 | 0.6189 | 0.6941 | 0.6843 | 0.7436 | 0.7319 | 0.7804
Je | 0.7045 | 0.7750 | 0.6171 | 0.7120 | 0.6047 | 0.6980 | 0.6608 | 0.7500 | 0.7045 | 0.7750
J; | 0.5588 | 0.6040 | 0.6287 | 0.6958 | 0.6123 | 0.6724 | 0.6161 | 0.6288 | 0.6287 | 0.6958
Js | 0.7314 | 0.7777 | 0.6359 | 0.7141 | 0.6244 | 0.7003 | 0.7021 | 0.7560 | 0.7314 | 0.7777
Jo | 0.0156 | 0.0192 | 0.0114 | 0.0133 | 0.0312 | 0.0387 | 0.0390 | 0.0466 | 0.0390 | 0.0466
Jip | 0.0664 | 0.0732 | 0.0642 | 0.0715 | 0.0651 | 0.0718 | 0.0807 | 0.0939 | 0.0807 | 0.0939
Table 4. Performance Criteria of the benchmark building installed with VEDs
(Post-earthquake evaluation model)
El Centro Hachinohe Northridge Kobe Max Value
VED VED VED VED VED VED VED VED VED VED
onall | on15 | onall | on15 | onall | on15 | onall | on15 | onall | on15
floors | floors | floors | floors | floors | floors | floors | floors | floors | floors
J; | 0.8663 | 0.9035 | 0.9098 | 0.9376 | 0.8217 | 0.8510 | 0.6594 | 0.7578 | 0.9098 | 0.9376
J, | 0.7525 | 0.8554 | 0.9219 | 0.8572 | 0.7702 | 0.8947 | 0.6603 | 0.8528 | 0.9219 | 0.8947
Js; | 0.8288 | 0.8356 | 0.8311 | 0.7870 | 0.8050 | 0.7342 | 0.8833 | 0.9018 | 0.8833 | 0.9018
Js | 1.0044 | 0.9718 | 0.9817 | 0.9933 | 1.0509 | 1.0558 | 0.9278 | 1.0108 | 1.0509 | 1.0558
Js | 0.5889 | 0.6687 | 0.5883 | 0.6544 | 0.6809 | 0.7421 | 0.4805 | 0.5781 | 0.6809 | 0.7421
Je | 0.5863 | 0.6979 | 0.5771 | 0.6557 | 0.5989 | 0.6791 | 0.4985 | 0.6189 | 0.5989 | 0.6979
J; 1 0.6124 | 0.5976 | 0.5283 | 0.5746 | 0.5111 | 0.5205 | 0.6116 | 0.6024 | 0.6124 | 0.6024
Js | 0.5369 | 0.5997 | 0.5321 | 0.5941 | 0.6322 | 0.6876 | 0.5405 | 0.6275 | 0.6322 | 0.6876
Jg | 0.0172 | 0.0225 | 0.0102 | 0.0125 | 0.0345 | 0.0430 | 0.0408 | 0.0530 | 0.0408 | 0.0530
Ji1g | 0.0723 | 0.0822 | 0.0927 | 0.1063 | 0.0861 | 0.1001 | 0.0785 | 0.1014 | 0.0927 | 0.1063
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Table 5. Percentage variation of maximum relative velocity

with respect to top floor (Pre-earthquake model)

Floor No. | El Centro | Hachinohe | Northridge Kobe Average
20 100.00 100.00 100.00 100.00 100.00
19 92.74 96.37 87.42 88.80 91.33
18 90.36 92.19 83.25 83.66 87.36
17 87.56 87.47 78.46 79.03 83.13
16 86.54 82.06 69.99 73.84 78.11
15 88.82 79.30 62.01 67.06 74.30
14 90.14 76.49 57.25 61.28 71.29
13 89.61 74.93 53.14 73.42 72.78
12 87.84 72.95 51.29 82.26 73.59
11 85.09 70.26 49.85 87.26 73.12
10 82.12 66.89 47.72 88.80 71.38
9 79.18 62.79 44.97 87.49 68.61
8 76.15 57.95 42.65 84.42 65.29
7 72.54 52.47 42.23 80.19 61.86
6 67.67 46.50 40.61 74.75 57.38
5 61.32 40.14 36.98 67.64 51.52
4 53.58 33.34 31.92 58.78 44.41
3 43.81 27.16 26.29 48.13 36.35
2 32.16 20.27 19.89 35.42 26.94

1 19.61 12.36 12.45 21.64 16.52
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Table 6. Peak response quantities of the benchmark buildinginstalled with VEDs having different damper parameters

Response quantities

Top floor displacement (cm)

Top floor acceleration (g)

Normalized base shear

Earthquake | Evaluation Model

Un- VEDon | VED on Un- VEDon | VED on Un- VED on | VED on

controlled | all floors | 15 floors | controlled | all floors | 15 floors | controlled | all floors | 15 floors
l Gonro, | PreAthauake | 37.042 | g1l | Youay | 0318 | iy | aag | 090 | (o) | ot
990 | postearthquake | 27779 | 26754 [ 28283 |50 | 0088 | 0090 5 | 0037 | 0038
Hachinohe, | Preeanhauake | SL705 | Goull | ey | 0290 | aien | @raz) | % | 2as | (020
1968 Post-earthquake | 29.828 2(;1%2 2(2:%1 0.198 (2.50.23) (2'59&132) 0.049 0'39.31)(' Oﬁj%('
Northridge, Pre-earthquake | 105.826 ?177'9745?; ?195?0051) 0.934 (gféi) (2'2?22) 0.204 ?é-10867) ?é_14856)
1994 Post-earthquake 90.684 (7156.922% (7175;9053":; 0.792 (20382) (?18423) 0.146 (Oslfg) (031(‘;’8)
e, | Peeertuate | soa | S5 [ oses | 22| i 0w | gize | o1
995 | posteartiauake | 65610 | ahom0 | 5550 | o7ag | 0238 | 0280 g5y | 0100 | 0113

# quantity within the parentheses denotes percentage reduction
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different damper parameters is as much as that obtained when installed with dampers
having same damper parameters in all dampers. This clearly indicates that damping in
all dampers is not required to be same and can be reduced from the topmost damper
tothe bottommost damper, in the variation of the maximum relative velocities between
consecutive floors, requiring lesser force in other dampers. As such the area of
viscoelastic pad is reduced thereby, reducing the cost of dampers.

To arrive at the optimum placement of VEDs, the same procedure that followed in
the above section is followed and here also it is observed that when dampers are
placed at stipulated floors, the maximum reductions in the responses are achieved. The
reductions in the peak top floor displacements, peak top floor accelerations and
normalized base shears of the two models for, uncontrolled, installed with VEDs at all
floors and installed with 15 dampers at optimal locations are reported in Table 6. Here
also, the results show that there is similar reduction in the responses for the two
damper arrangements.

From Tables 1 and 6, it is seen that the responses of the two models, when they are
installed on all floors with the same damper parameters in all the dampers and when
they are installed with 15 dampers with different damper parameters are almost same.
Hence, it can be concluded that the reduction in responses, when installed with 15
dampers with different damper parameters is as much as when they are installed with
all floors with the same damper parameters in all dampers. Thus, the cost of dampers
can be reduced significantly by installing them at proper location.

4. CONCLUSIONS

Vibration control of the seismically excited benchmark building installed with
viscoelastic dampers at various floors is investigated under various earthquake
excitations. The optimal placement of the dampers for the minimum seismic responses
of the pre- and post-evaluation models is studied. Numerical investigation is also
carried out by varying the damper parameters of dampers along the height of building.
Based on the trends of results of numerical investigations, the following conclusions are
drawn.

1. The viscoelastic dampers are found to be very effective in reducing the earthquake
responses of the benchmark building for both pre and post-earthquake evaluation
models.

2. The control system not only reduces the peak response, but is also able to quickly
dampen out the responses of the benchmark building in view of significant
reduction in normed responses.

3. Itis not necessary to install dampers at all the floors of the benchmark building but
lesser dampers at appropriate locations can significantly reduce the earthquake
response of both the models almost as much as they are installed with all the
floors.
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4. The floors having maximum inter-story drift ratio should be selected for effective
damper locations.

5. The responses of both models with viscoelastic dampers with same damper
parameters installed on all floors are as much as with different damper parameters
installed on optimized locations.
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