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Effectiveness of friction dampers (FDs) is investigated for connected dynamically similar and dissimilar steel buildings under
uncorrelated seismic ground motion and wind excitations. The steel buildings involving moment-resisting frame (MRF) and
braced frame (BF) are varied from five storeys to twenty storeys, which are connected by different configurations of the FDs. The
steel buildings without and with bracing systems are modeled as plane frame structures with inertial masses lumped at each joint
node. The FDs are modeled an element having yield force equal to slip load, with force-deformation behavior as elastic-perfectly
plastic material. The dynamic responses of the unconnected and connected steel buildings are obtained in terms of top floor
displacement and acceleration under the considered ground motion and wind excitations. It is concluded that the FDs help
minimizing the gap between two adjacent buildings having utilized the space to connect the buildings. Moreover, the effectiveness
of the FDs in terms of response reduction in dynamically dissimilar buildings is more than that in the similar buildings under the
considered excitation scenarios. However, the effectiveness of the installed devices varies significantly under the multiple loading
scenarios. Finally, the separation gap may be reduced by ~30%, which would eventually minimize structural pounding as well as
utilize the space for effective construction. Hence, important essential guidelines are outlined for structures installed with such

passive control devices against such multiple scenario loadings.

1. Introduction

Structures constructed in moderate-to-high seismicity and
windy regions have experienced damages due to extreme
vibrational effects under severe ground shaking and gusty
wind loading imparted [1-6]. To minimize these damaging
effects and improve the behavior of the structures under
such dynamic excitations, friction damper (FD) has been
one of the potential passive response control devices de-
veloped in minimizing the large response of a structure
under the extreme earthquake and wind excitations [7, 8]. In
a typical FD, the generated frictional force helps to dissipate
the external energy and stabilize the structure under the
dynamic excitation scenarios [9]. The FDs are also not prone
to thermal effects and possess a stable hysteretic behavior for
a considerable number of cycles under such dynamic

excitations [10]. Moreover, the FDs have a reliable perfor-
mance under the dynamic excitations as compared to the
other conventional methods and their installation and
maintenance are relatively simple. Therefore, these advan-
tages make the FDs a suitable choice for design of new
structures as well as rehabilitation and strengthening of
existing structures to achieve safety of the structures under
the multiple catastrophic seismic and wind hazards [11, 12].

With the recent increase in urbanization and global-
ization, the structural engineers and designers are enforced
to construct buildings at a close vicinity resulting in in-
sufficient separation gap between the buildings. Such in-
sufficient gap leads to structural pounding under the effects
of seismic ground motions and gusty winds, which may lead
to catastrophic collapse of the buildings, as observed during
1985 Mexico City earthquake. The primary reason of impact
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between the adjacent buildings under the effects of earth-
quake (or wind excitations) is the difference in their dynamic
properties. These differences in structural properties lead to
out-of-phase vibrations causing structural pounding, which
warrants technical knowhow for constructions in high-ur-
banized regions across the world [13]. Hence, in order to
have effective utilization of the space between two structures,
coupling of the adjacent structures with suitable control
mechanisms becomes an effective solution to reduce the
overall responses of the building systems under the effects of
earthquake and wind excitations [14].

The friction damper (FD) was initially used in steel
buildings for improving the seismic performance [15, 16].
The proposed device was helpful to upgrade the seismic
resistance of the existing building frames. Thereafter, the
FDs were adopted for braced frames, buildings with shear
walls, and low-rise buildings to mitigate the large defor-
mations caused by earthquake ground motions and winds
[17-19]. The application of this novel structural system was
further focused on construction of an 18-storey steel
apartment building in India [20]. It was observed that
significant seismic response reduction was achieved on
application of the Pall FDs in the steel building. Research
further progressed in assessing and designing the parameters
of the FDs for different structural systems under ground
motion excitations [10, 21]. Lately, the FDs were used in
mid-rise to high-rise buildings along with diagonal bracing,
which reduced the seismic responses considerably [22, 23].
Moreover, Montuori et al. [24] presented an innovative
approach to design a seismic resistant system for the
combination of moment-resisting frame (MRF) and a
bracing system installed with the FDs. Thereafter, multi-
objective optimization procedure was applied to find the
optimal placements of the FDs in building frame [25-27].
Research is also conducted to optimize the slip load and
investigate the hysteretic behavior of structures using ro-
tational FD [28, 29]. The FD has also found its application in
the infrastructure system, such as transmission tower to
control the large seismic deformations [30].

Coupling of adjacent buildings has been an emerging
technique to mitigate the large structural responses due to
wind and seismic excitations [31, 32]. The concept allows
two dynamically similar and/or dissimilar structures to
exert the forces upon one another for overall response
reduction of the system. The available studies showed
improved performance of the structural systems by
connecting different passive control devices to limit the
pounding actions under earthquake ground motions
[14, 33-39]. Overall, the FDs have offered its potential in
minimizing the extreme vibrations installed in a structure;
however, research strategies have not been implemented
to assess the response and quantify the effectiveness of the
FDs for coupled adjacent buildings under both seismic
and wind excitations. Therefore, it becomes important to
investigate the connected structures installed with the FDs
to mitigate the responses of adjoining building and
avoiding poundings against the multihazard scenario of
earthquake and wind loadings during design life of
structures.
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Herein, effectiveness of the FDs is investigated for
connected dynamically similar and dissimilar adjacent steel
moment-resisting frame (MRF) and braced frame (BF)
buildings with varying storeys under the multihazard un-
correlated scenarios of seismic and wind hazards. Site-
specific earthquake ground motions and wind excitations
are assumed to describe the multihazard scenario for as-
sessment of the unconnected and connected steel structures.
In view of the abovementioned gaps, the main objectives of
the current study are as follows: (i) to study the effectiveness
of the FDs for the connected dynamically similar and dis-
similar multistorey buildings under multihazard earthquake
and wind excitations and (ii) to investigate the effects of
varying number of storeys of the connected dynamically
similar and dissimilar multistorey buildings under earth-
quake and wind excitations evaluating the response of the
FDs in multihazard conditions.

2. Mathematical Modeling

Mathematical models for N-storey dynamically similar and
dissimilar moment-resisting frames (MRFs) and braced
frames (BFs) connected by the FDs are developed for dif-
ferent configurations, as shown in Figures 1 and 2, under the
dynamic earthquake and wind loadings. Three configuration
systems for the connected buildings, viz., configuration A, B,
and C are considered to assess the effectiveness of the FDs.
Configuration A has two friction dampers at each storey in X
crossing pattern, with cross-bracing at all floor levels, as
shown in Figures 1(c) and 2(c). Configuration B has one
friction damper at each storey in a zigzag pattern as shown in
Figures 1(d) and 2(d). Configuration C has two friction
dampers at each storey in X crossing pattern up to 0.4 N of
upper storey of the building from the top, as shown in
Figures 1(e) and 2(e), where N is the number of storey. The
assumptions made for developing the mathematical models
are as follows: (i) the building members except the FDs are
assumed to remain in the elastic limit, a design decision in
structural control, (ii) one degree of freedom (DOF) at each
floor level in the direction of earthquake ground motion and
wind is considered, (iii) the inertial mass is lumped at each
floor level, (d) the floors are assumed to be rigid in their own
plane, and (e) strength degradation of friction dampers is
presently ignored in the analysis.

2.1. Moment-Resisting Frame (MRF). The governing differ-
ential equation of motion for the MRF, in general, is written
as

(M ()} + [CHu ()} + [KI{u ()} = F(t), (1)

where [M], [C], and [K] are the mass, damping, and stiffness
matrices of the primary structure, respectively. Moreover,
{ii(0)}, {u(t)}, and {u(t)} are the acceleration, velocity, and
displacement response of the primary structure, respectively.
Furthermore, F(t) is the external force exerted on the
structure, either during the earthquake or wind event. Here,
F(t)= —[M] {r}{lig (t)f is the inertial force vector induced
because of the earthquake ground motion applied to the
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F1GURE 1: Mathematical models of N-storey: (a) unconnected (U) moment-resisting frame (MRF), (b) unconnected (U) braced frame (BF),
(c) connected frames (configuration A), (d) connected frames (configuration B), and (e) connected frames (configuration C) for equal storey

height.
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FIGURE 2: Mathematical models of N-storey: (a) unconnected (U) moment-resisting frame (MRF), (b) unconnected (U) braced frame (BF),
(c) connected frames (configuration A), (d) connected frames (configuration B), and (e) connected frames (configuration C) for unequal

storey heights.

structure (base-excited structure), or F(t) = {F;, F,, Fs,. .., F,}*
is the applied wind force vector at the floor mass on each
storey (mass-excited structure). Here, the earthquake
ground acceleration is denoted by ii,(f) and {r} is the in-
fluence coefficient vector. The wind force, F,(t)=
0.5pC4A(V+Av)?, depends on the environment and building
conditions, such as, density of air, p; coefficient of drag, Cg;
depending on shape of the building; area of wind load ex-
posure for n™ floor, A,,; mean wind speed, V; and fluctuating
wind component, Av. For the MRF, the structure is defined
by its mass matrix, damping matrix, and stiffness matrix as
[M], [C], and [K], respectively. Here, [M] is a diagonal
matrix with the diagonal element m;;=m;, the mass lumped
at the j™ floor. Flexural rigidity of the columns provides
lateral force resistance in the MRF; therefore, only column
stiffness contributes towards the formation of [K] matrix.
The mass and stiffness matrix of the N-storey MRF can be
given as

[m; 0

0 0 0
0 0 0
my 0 0
0 my_; O
0 0 myd
k, 0
ky+ky -k,
ks kyt+ky -
0

S o O

(2)

(3)



2.2. Braced Frame (BF). The governing differential equation
of motion for the BF is written as

[M14Gi (£)} + [Cl{e (6)} +([K] +[K, Jeos 0) fu (1)} = F (2),
(4)

where [M] and [C] matrices are constructed similar as that in
case of the MRF. In the BF, stiffness of the structure is the
combined effect of the stiffness imparted by the columns, i.e.,
[K], and the braces, i.e., [Ky,]. Here, Oy is the angle of the
brace with horizontal at the N storey level and ky; = kp1, kb,
kys ... kyn denote the axial stiffness of the braces:
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Coulomb’s dry friction is used to model the nonlinear be-
havior of the FDs. The nonlinearity is concentrated only in
the friction dampers, assuming rest of the building members
(the primary structural system) is in elastic range. This is
done to ensure that the energy dissipation occurs in friction
dampers only and not by yielding of any other structural
members. Hence, the structures with the FDs can be treated
as a dual system consisting of nonlinear energy-dissipating
devices exhibiting elastoplastic behavior and a primary
structural system exhibiting linear behavior. Based on this
assumption, the governing equation of motion can be
written as

[M, )G @)} +([Copp ] )1 (00} + [Kop s ]} + Fy = F (),
(6)

“kyy Ktk ks 0 0
0 ks kst hkpy e 0 0
[Ky] = : )
0 0 0 s kb(Nfl) + kbN _khN
L 0 0 0 —kyn kyy
(5

In the BF, the braces are assumed to carry only the axial
force and the brace sections are so chosen to ensure that they
do not buckle under compression and do not yield under
tension.

2.3. Connected Frame Using Friction Damper (ED).

where C.g=C+Cyq and K.g=K+ Ky C is the equivalent
damping of the building systems, and C is the equivalent
damping of the FD. Similarly, K is the equivalent stiftness of
the building systems and Kj is the equivalent stiffness of the
FD, which is assumed to be zero here. F4(t) = umygsgn(i) is
the frictional force exerted by the FD under the earthquake
or wind load, and myg or W is the slip load for the FD at
each storey level, with g denoting the acceleration due to
gravity. The matrices for equation (6) are discussed as
follows:

M, =M O 7
[Mefs] =], M, | @)
rmy, 0 0 0 1
0 my, O 0
0 0 myy, 0
[M,] = ’ , (8)
“mpy4a O
L 0 Mp 4 |
[mp O 0 7
0 my O 0
0 0 myp 0
[M] = : , 9)
0 - mgyp 0
L 0 Mg, |
K, 0
[Keff]=[ ) KB], (10)
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“kp_yy 4 thkpia —kpia
L —kpia kpia |
[ ki1p —ks1 5 0 0
—ky1p ko ptksp —k31 5 0
0 -k ki ptk e 0
K, = ?1,3 31,8 . 41,8 ’ (12)
0 o kooip ks —kqus
! —kqup koip |
C = , 13
[Cers] [ 0 CB] (13)
[Ci,a T €4 —Cona 0 ]
—C1,4 €14 T €314 —C31,4
0 —C31.4 €314 T Capa -
[CA] = . . > (14)
© Cp11,4 T Cp1a —Cp1a
L —Cp1,A Cp1,A A
[+ Cup  —Caup 0 0 7
—C1.B €18t Cap —C31.B 0
0 —C31,8 €13t Cap 0
[Cs] = . . , (15)
* Co-11,B Q1,8 ~CqQu1B
L —€Q1,B CQLB
M [Ca] 0 [-C4]
C,|l = 0 0 0 N (16)
d
L[-C4] 0 [C4]
¢y 0 0 0 7
0 ¢ 0 0
0 0 Cdl
(Cal = o (17)
0 0 - ¢y O
L0 0 0 - 0 ¢yl

Moreover, Fy(t)=pmygsgn(it) is the frictional force
exerted by the FD under the earthquake or wind load, and
myg or W is the slip load for the FD at each storey level, with
g denoting the acceleration due to gravity. Figure 3 shows
the force-deformation behavior of the FD assumed for this
study. Furthermore, the stiffness of the brace of the FD is
neglected; however, considering realistically the force-

deformation behavior of the friction damper does include
initial stiffness provided by the brace.

The numerical solution of the governing differential
equations given above for the MRF and BF connected by the
FD are obtained by using Newmark’s method of nonlinear
modal time history adopting linear variation of acceleration
over an interval of At. The time interval for solving the
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TaBLE 1: Modeling properties of the elastic-plastic friction damper (FD).

Properties of friction damper

Values

Effective stiffness
Stiffness

Yield strength
Postyield stiffness ratio
Yielding coeflicient

0
5000k, k is the stiffness of each storey
0.3 W, W is the storey weight
1x107°
20

equations of motion is taken as At, which also depends on
the time step for the external load applied (earthquake
ground motion or gusty wind loading).

3. Multihazard Scenario under Earthquake and
Wind Excitations

The multihazard assessment strategy involves proper se-
lection of hazard models to assess a structure under the
effects of earthquake and wind loadings in a region [40].
The hazard models may be generated using empirical
equations, spectra established on physical models, or
adopting the already available data from the past earth-
quake or wind events recorded at the nearest station. For
the present study, actual time history data of the earth-
quake from a recorded station and synthesized time
history data of the wind loading from the same region
are assumed to investigate the effectiveness of the FD
when used to connect adjacent buildings. The time his-
tory data are chosen for two different regions, viz., Cal-
ifornia region of the United States of America (USA),
and Kobe city in the southeast region of Japan. The lo-
cations are carefully chosen in such a way that the
probability of occurrence of the multiple hazards is
considerably higher than other regions of the world.
Moreover, the considered earthquakes have caused ex-
treme devastations to socioeconomic life as observed from
the global statistics. The wind loads, with static and
fluctuating components, are simulated from the NatHaz
online wind simulator (NOWS): simulation of Gaussian
multivariate wind fields [41]. The simulation technique
involves obtaining discrete frequency function with
Cholesky decomposition and fast Fourier transform (FFT)
for wind speed, which is considered as the wind hazard
parameter here. The time histories of the wind speeds are
obtained thence by summing the static and the fluctuating

components obtained from the simulation based on
Bernoulli’s theorem.

4. Numerical Study

Herein, a numerical study is conducted to evaluate the ef-
fectiveness of the FDs for the connected steel MRF and BF
buildings. Modal damping of £{=2% is considered for the
two steel buildings. The normalized slip load for the FD at
each storey level considered for the study is assumed 30% of
the storey weight (W), which can suitably be optimized
otherwise. The other relevant parameters adopted to model
the FDs for the connected steel buildings are shown in
Table 1. For further study, the variation of height is con-
sidered in 5, 10, 15, and 20 storey for dynamically similar
and dissimilar building frames connected by the FDs. Free
vibration analysis is conducted to obtain the modal re-
sponses for the unconnected MRFs and BFs, and the results
are shown in Table 2. Four historical earthquake ground
motions and synthesized wind excitations are selected for
the numerical study, for which the details are given in
Tables 3 and 4. The response spectrum of ground motion
acceleration and displacement is plotted for the selected
earthquakes to demonstrate the nature of the responses
obtained for the steel buildings, as shown in Figure 4. The
wind hazard incorporated in the study is simulated from the
NatHaz online simulator with gust speed as 30 m/s, 37 m/s,
43 m/s, and 50 m/s located in urban and suburban areas with
numerous closely spaced obstructions (category-B) having
cutoft frequencies obtained from the free vibration analysis
of the building frames. The gust wind speeds are noted from
the regions of interest where multiple hazard scenarios exist.
Time history of the wind excitation for different gust speeds
along with the corresponding fast Fourier transform (FFT)
for the steel buildings is plotted in Figure 5. The FFT
spectrum refers to the frequency in the considered wind
loads, essential in evaluating the nature of the structural
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TaBLE 2: Modal periods of the unconnected steel MRF and BF structures.
Modal periods

Building type . P .

First Second Third
5-storey MRF 0.54 0.18 0.12
10-storey MRF 1.02 0.34 0.21
15-storey MRF 1.51 0.51 0.31
20-storey MRF 1.90 0.63 0.38
5-storey BF 0.32 0.11 0.07
10-storey BF 0.62 0.21 0.13
15-storey BF 0.91 0.31 0.18
20-storey BF 1.15 0.38 0.23

TaBLE 3: Details of the earthquake ground motion.

SL. No. Earthquake Year Recording station Component PGA (g)
1 Imperial Valley 1940 El Centro SO00E 0.34
2 Loma Prieta 1989 LGPC NO00 E 0.56
3 Northridge 1994 Rinaldi N360S 0.83
4 Kobe 1995 JMA Record EW 0.67

TaBLE 4: Details of the wind time history.

SI. No. Wind speed (m/s) Cutoff frequency (Hz) Exposure category Duration (s)
1 30
2 37
3 43 0.5 B 3000
4 50
4 : 1.6 :

Spectral acceleration, S, (g)
Spectral displacement, Sq (m)

Time period (s) Time period (s)
—=— Imperial valley, 1940 - »-- Northridge, 1994 —s— Imperial valley, 1940 .- Northridge, 1994
-a- Loma prieta, 1989 -e- Kobe, 1995 -a- Loma prieta, 1989 -e- Kobe, 1995

(a) (®)

FIGURE 4: Acceleration and displacement response spectra of the considered historical earthquake ground motions.
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FIGURE 5: Wind speed at specific height for 10- and 15-storey buildings along with the frequency content (FFT spectra).

TaBLE 5: Combinations of dynamically similar and dissimilar connected buildings considered for the study.

Similar buildings

Dissimilar buildings

MRE*-MRF BF*-BF MREF*-BF BF*-MRF MREF*-MRF BF*-BF
5-5 5-5 5-5 5-5 5-10 5-10
10-10 10-10 10-10 10-10 5-15 5-15
15-15 15-15 15-15 15-15 5-20 5-20
20-20 20-20 20-20 20-20 10-15 10-15
— — — — 10-20 10-20
— — — — 15-20 15-20

*Responses shown for that particular building.

responses under the gusty wind loads. The top floor dis-
placement (u,, n=>5, 10, 15, or 20) and acceleration (i1,
n=>5, 10, 15, or 20) of dynamically similar and dissimilar
unconnected buildings are compared with the connected
buildings to evaluate the effectiveness and to obtain the best
suitable configuration of the FDs. Note, hence on the peak
top floor displacement is denoted by x,; whereas, the peak
top floor acceleration is denoted by Xx,. The connected
structures considered in the study are as follows: (a) MRF-
MREF, (b) BE-BF, (c) MRE-BF, (d) BE-MRF, (e) different
storeys for MRF-MREF, and (f) different storeys for BF-BF,
also summarized in Table 5, which constitutes of the most
prominent configurations of the buildings. The direction of
loading, earthquake or wind, is applied in the direction of left
to right of the shear frames, i.e., along the degree of freedom
(DOF) considered at the lumped masses. The wind load is
applied from 10 m above ground level at the center of mass
of the structure, as shown in Figure 2(d). The direction of

wind load has no contribution to the objective of the study,
rather it is just a choice of analysis procedure. Finally, the
buildings are connected by the FDs keeping 5 m separation
gap distance, as recommended by most of the building
bylaws across the world.

4.1. Effectiveness of FD for Dynamically Similar Connected
Buildings. Herein, the effectiveness of the FDs is investi-
gated by comparing the responses of the unconnected (U)
and connected (C) steel MRFs and BFs for different con-
figurations of the passive FD under earthquake ground
motions and wind forces. The responses are illustrated in
terms of time history plots under the considered loading
scenarios to demonstrate the effectiveness of the FDs.
Moreover, peak responses are plotted to understand the
variation in the responses for the considered connected
buildings obtained under the dynamic loading scenarios.
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FIGURE 6: (a) Time history response of top floor displacement and acceleration of connected steel 5-5 MRF-MRF buildings under different
earthquake ground motions. (b) Time history response of top floor displacement and acceleration of connected steel 5-5 BE-BF buildings
under different earthquake ground motions.
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FiGure 7: Time history response of top floor displacement and acceleration of connected steel 15-15 MRF-MRF buildings under different

wind gust speeds.

Figures 6(a) and 6(b) show the displacement and acceler-
ation responses in time history scale for the dynamically
similar connected 5-storey MRF and BF under the con-
sidered earthquake ground excitations, whereas Figure 7
shows the dynamic responses of the connected 15-storey
MREF under the considered wind forces.

Considering top floor displacement, the reduction in peak
response for 5-5 MRF-MRF when connected using config-
uration A is obtained from ~7% to 41%, whereas the re-
duction is, respectively, obtained from 6% to 29% and ~3% to
11% for configurations B and C under the historical earth-
quakes. Furthermore, for the top floor acceleration, the re-
sponse reductions for configurations A, B, and C are,
respectively, obtained from ~7% to 28%, ~4% to 22%, and
~1% to 7%. Similar observations are also noted for the 5-5 BF-
BF. Hence, the FDs used in configuration A are able to
dissipate the highest amount of induced input energy as
compared to the other configuration of FDs. For the con-
sidered wind loads, 15-storey connected MRF is studied, and
it is observed that the reduction in the peak top floor dis-
placement is also the highest for configuration A (~23% to
25%) as compared to configurations B (~17% to 20%) and C
(~21% to 23%). However, the range of difference under the
wind loads is quite small as compared to the range under the
earthquakes. For the peak top floor acceleration, the highest
response reduction is also obtained for configuration A (~16%

to 29%), whereas the least response reduction is observed
under configuration B under both earthquake and wind loads.

Similarly, the displacement and acceleration responses
for all the considered dynamically similar buildings with
increased storey heights under earthquakes and winds are
compared from Tables 6 and 7 as well as from Figures 8(a)
and 8(b). Overall, under the earthquake excitations, the
response reduction for top floor displacement and accel-
eration of the low-rise buildings is significantly higher as
compared to high-rise buildings, which is observed to be
contrary for the wind scenario that has increased response
reduction for high-rise buildings. The characteristics of the
obtained dynamic responses depend mainly on the modal
properties of the structure and nature of the dynamic
excitations. The displacement responses for the dynami-
cally similar connected buildings under the earthquakes
and winds increase with increase in building height.
Moreover, the displacement responses obtained under the
earthquakes increased significantly as compared to the
responses obtained under the wind loadings. This implies
that the energy content of the earthquake is comparably
higher and has significant effect in determining the re-
sponses of the structure. On the other hand, the accel-
eration responses for the dynamically similar connected
buildings under the earthquakes decrease with increase in
building height. Conversely, the acceleration responses
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TaBLE 6: Peak top floor displacement and acceleration responses of similar connected buildings for equal storey height under historical
earthquake ground motions.

Peak top floor displacement, x,, (cm)

Peak top floor acceleration, X, (g)

Frame Earthquake
U A B C U A B C
Imperial Valley, 1940 11.49 6.81 8.15 10.20 1.52 1.16 1.18 1.35
Loma Prieta, 1989 26.67 19.48 22.07 24.68 3.57 2.57 3.06 3.13
5-5> MRE-MRF Northridge, 1994 16.96 15.79 15.86 16.04 2.68 2.49 2.56 2.66
Kobe, 1995 12.10 10.80 10.92 11.71 1.72 1.35 1.44 1.55
Imperial Valley, 1940 22.18 15.82 19.24 21.81 0.59 0.43 0.45 0.51
Loma Prieta, 1989 81.23 59.32 68.11 73.82 2.10 1.74 1.81 1.86
20-20 MRE-MRF Northridge, 1994 81.67 72.70 76.64 78.10 1.63 1.53 1.54 1.58
Kobe, 1995 37.41 30.32 35.72 36.78 1.31 1.12 1.24 1.29
Imperial Valley, 1940 3.66 2.01 2.30 2.64 1.44 1.06 1.06 1.08
5.5 BEBE Loma Prieta, 1989 7.15 4.96 5.70 6.08 2.65 1.54 1.84 1.95
Northridge, 1994 10.61 9.67 9.90 10.07 4.00 3.16 3.36 3.51
Kobe, 1995 8.97 5.45 5.67 5.98 2.94 1.83 1.83 1.95
Imperial Valley, 1940 15.72 7.21 10.58 12.74 0.77 0.60 0.65 0.71
50.20 BE-BE Loma Prieta, 1989 46.08 35.28 42.91 44.81 1.86 1.60 1.75 1.80
Northridge, 1994 40.27 29.97 34.87 36.71 2.25 1.94 2.15 2.15
Kobe, 1995 33.50 27.11 27.53 28.55 2.08 1.74 1.89 1.94

TaBLE 7: Peak top floor displacement and acceleration responses of similar connected buildings for equal storey height under simulated
wind forces for different gust speeds.

Peak top floor displacement, x, (cm)

Peak top floor acceleration, X, (g)

Frame Wind speed (m/s)
U A B C U A B C
30 1.74 1.74 1.74 1.74 0.10 0.097 0.10 0.10
37 2.16 2.16 2.16 2.16 0.24 0.24 0.24 0.25
>-5 MRE-MRF 43 3.87 3.66 3.76 3.72 0.39 0.38 0.38 0.38
50 3.90 3.69 3.69 3.69 0.30 0.29 0.29 0.29
30 25.74 16.74 18.74 17.74 0.23 0.15 0.17 0.16
37 28.16 19.16 20.16 19.88 0.35 0.234 0.264 0.25
20-20 MRE-MRF 43 32.87 21.66 23.76 22.82 0.42 0.27 0.31 0.29
50 37.90 24.69 28.69 26.69 0.48 0.32 0.35 0.32
30 0.23 0.23 0.23 0.23 0.039 0.039 0.03 0.039
5.5 BE.BF 37 0.29 0.29 0.29 0.29 0.093 0.093 0.09 0.093
43 0.52 0.51 0.51 0.51 0.15 0.15 0.15 0.15
50 0.50 0.50 0.50 0.50 0.094 0.093 0.094 0.093
30 4.09 3.31 3.60 3.42 0.064 0.059 0.061 0.060
37 5.69 4.61 5.01 4.75 0.098 0.081 0.088 0.082
20-20 BE-BE 43 6.75 5.47 5.94 5.64 0.12 0.098 0.11 0.10
50 8.95 7.25 7.88 7.48 0.14 0.12 0.12 0.12

obtained under the wind loadings increases with increase
in building height, thus demonstrating the influence of
acceleration as a design parameter for high-rise structures.
Therefore, installation of such passive device to minimize
structural response under a particular hazard may not
necessarily yield satisfactory performance under the other
hazard, which becomes a possible example of a multi-
hazard situation wherein careful selection of the design
parameters for such structures is a necessity for modern
constructions in the regions where such multihazard
scenario prevails.

4.2. Effectiveness of FD for Dynamically Dissimilar Connected
Buildings. The effectiveness of the FDs used to connect the
adjacent steel buildings with dissimilar dynamic properties

is likewise assessed from the displacement and acceleration
responses obtained under the earthquake ground motion
and gusty wind excitations. The dissimilarity in their dy-
namic properties is judged based on the difference in modal
properties as well as storey heights of the adjacent steel
buildings, such as 5-5 MRF-BF and 5-10 MRF-MRF.
Figures 9(a) and 9(b) and Tables 8 and 9 show the peak
displacement and acceleration responses of the dynamically
dissimilar connected buildings with equal storey height
under earthquakes and winds. The peak displacement re-
duction for the dynamically dissimilar connected buildings
with equal storey height is again observed to be the highest
for configuration A; however, the range of the difference is
significantly large as compared to the dynamically similar
buildings of equal storey height.
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FIGURE 8: (a)Peak top floor displacement and acceleration responses of similar connected MRF-MRF buildings for equal storey height under
historical earthquake ground motions and simulated wind forces. (b) Peak top floor displacement and acceleration responses of similar
connected BF-BF buildings for equal storey height under historical earthquake ground motions and simulated wind forces.

Considering 5-5 MRF-BF and 5-5 BF-MREF, the dis-
placement response reduction in the first building, i.e., MRF
in first case and BF in second case, is observed in the range of
~19% to 80% and ~8% to 40%, respectively. Similarly, for the
connected 20-20 MRF-BF and 20-20 BE-MREF, the range of
displacement response reduction is also observed to be more
for the first MRF building, although the difference in range is
relatively lesser as compared to the 5-storey case. This in-
dicates that the BF itself dissipates the earthquake-induced
energy even before transferring to the FDs. Under the wind

loads, the reduction for the higher number of storey is
similarly more as compared to the lower number of storey;
however, the range of response reduction is rather negligible.
This indicates that the wind force has negligible impact on
low-rise building in case of the MRF, and for high-rise BF,
the bracings resist the dynamic wind loads, thereby trans-
ferring lesser energy to the FDs. Similar observation is made
for the peak top floor acceleration responses under both
earthquake and wind loadings. Therefore, for the dynami-
cally dissimilar connected buildings with equal storey height,
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Figure 9: Continued.
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FIGURE 9: (a) Peak top floor displacement and acceleration responses of dissimilar connected MRF-BF buildings for equal storey height
under historical earthquake ground motions and simulated wind forces. (b) Peak top floor displacement and acceleration responses of
dissimilar connected BF-MRF buildings for equal storey height under historical earthquake ground motions and simulated wind forces.

configuration A serves as an excellent choice for the dynamic
response reduction; on the other hand, configuration C is
relatively inefficient to reduce the response significantly for
dynamically dissimilar connected buildings.

Similarly, the responses for the adjacent steel buildings
with dissimilar dynamic properties for unequal storey
heights are also quantified under the considered ground
motion and gusty wind excitations. Tables 10 and 11 show
the peak responses of the first building for the dissimilar
connected buildings under the earthquakes and winds,

respectively. Figures 10(a) and 10(b) also, respectively,
illustrate the displacement and acceleration responses for
the adjacent connected MRF and BF steel buildings with
unequal storey height under earthquakes and winds. It is
observed that the response reduction for the low-rise
building (say, 5 storeys) by the FDs is significantly high
under the earthquakes as compared to the winds. For the
same configuration, the response reduction obtained for
the high-rise building (say, 20 storeys) under the winds is
substantially higher than the earthquakes as observed
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TaBLE 8: Peak top floor displacement and acceleration responses of dissimilar connected buildings for equal storey height under historical
earthquake ground motions.

Peak top floor displacement, x, (cm) Peak top floor acceleration, X, (g)
Frame Earthquake
U A B C U A B C
Imperial Valley, 1940 11.49 2.37 3.88 3.17 1.51 0.83 0.88 0.99
5.5 MRE-BF Loma Prieta, 1989 26.67 9.78 14.37 14.02 3.70 1.42 1.91 2.10
Northridge, 1994 16.96 13.77 14.22 14.58 2.68 2.61 2.59 2.62
Kobe, 1995 12.10 7.60 8.89 8.74 1.72 1.53 1.51 1.55
Imperial Valley, 1940 22.18 9.19 11.17 11.93 0.79 0.79 0.76 0.79
Loma Prieta, 1989 81.23 52.99 56.80 65.99 2.10 1.71 1.63 2.09
20-20 MRE-BE Northridge, 1994 81.67 57.46 65.42 60.99 1.63 1.53 1.57 1.54
Kobe, 1995 37.41 23.67 24.76 24.21 1.31 1.12 1.29 1.30
Imperial Valley, 1940 3.36 2.13 2.33 2.27 1.44 1.13 1.06 1.16
5.5 BE-MRF Loma Prieta, 1989 7.15 4.28 5.19 4.90 2.65 1.56 2.00 1.91
Northridge, 1994 10.61 9.81 9.92 9.91 4.00 3.21 3.32 3.33
Kobe, 1995 8.97 6.17 5.89 5.97 2.94 2.01 1.86 1.87
Imperial Valley, 1940 15.72 9.36 11.79 11.84 0.77 0.66 0.73 0.69
Loma Prieta, 1989 46.08 43.59 41.61 48.97 1.86 1.69 1.78 1.74
20-20 BE-MRF Northridge, 1994 40.27 37.22 36.84 37.18 2.25 1.85 2.18 217
Kobe, 1995 33.50 24.01 25.00 24.72 2.08 1.33 1.65 1.51

TaBLE 9: Peak top floor displacement and acceleration responses of dissimilar connected buildings for equal storey height under simulated
wind forces for different gust speeds.

) Peak top floor displacement, x,, (cm) Peak top floor acceleration, X, (g)
Frame Wind speed (m/s)
U A B C U A B C

30 1.74 1.74 1.74 1.74 0.11 0.097 0.10 0.10

37 2.16 2.16 2.16 2.16 0.25 0.25 0.25 0.25
>-5 MRF-BF 43 3.87 3.65 3.75 3.72 0.39 0.39 0.39 0.39

50 3.90 3.70 3.69 3.70 0.30 0.29 0.29 0.29

30 4.09 3.37 3.62 3.45 0.064 0.059 0.061 0.060

37 5.69 4.70 5.03 4.80 0.098 0.081 0.086 0.082
20-20 BE-MRF 43 6.75 5.58 5.97 5.70 0.13 0.097 0.11 0.10

50 8.95 7.40 7.92 7.56 0.14 0.12 0.13 0.12

TaBLE 10: Peak top floor displacement and acceleration responses of dissimilar connected buildings for unequal storey height under
historical earthquake ground motions.

Peak top floor displacement, x, (cm) Peak top floor acceleration, X, (g)
Frame Earthquake

U A B C U A B C
Imperial Valley, 1940 11.49 6.43 6.52 8.01 1.51 0.89 0.96 0.92
Loma Prieta, 1989 26.67 12.86 9.09 11.32 3.58 1.65 1.36 1.85
>-10 MRE-MRF Northridge, 1994 16.96 10.43 11.73 12.35 2.68 2.06 2.59 2.08
Kobe, 1995 12.10 10.47 10.01 11.20 1.72 1.69 1.65 1.58
Imperial Valley, 1940 16.77 10.79 14.82 15.20 0.86 0.65 0.61 0.50
Loma Prieta, 1989 77.69 59.52 66.83 68.43 1.90 1.53 1.69 1.69
15-20 MRE-MRF Northridge, 1994 86.91 67.88 70.78 73.00 2.36 1.24 1.45 1.35
Kobe, 1995 25.19 22.82 23.13 23.21 1.26 1.14 1.15 1.16
Imperial Valley, 1940 3.36 2.39 1.86 2.06 1.44 0.89 0.93 0.90
5.10 BE-BF Loma Prieta, 1989 7.15 3.87 4.10 4.37 2.65 1.08 1.14 1.34
Northridge, 1994 10.61 7.39 8.46 8.14 4.00 2.44 2.72 2.67
Kobe, 1995 8.97 3.84 4.64 4.43 2.94 1.43 1.67 1.56
Imperial Valley, 1940 19.74 6.19 9.11 10.67 1.25 0.85 0.67 1.02
15-20 BF-BF Loma Prieta, 1989 34.99 27.85 32.11 32.97 2.58 1.58 1.81 1.78
Northridge, 1994 28.01 25.94 26.94 26.80 2.00 1.86 1.88 1.90
Kobe, 1995 50.33 31.96 34.88 36.20 2.70 1.81 2.01 1.98

from the difference in the responses from the plots. From  dynamic responses under the earthquakes and winds,
the response reductions obtained, configuration A again = whereas the configuration C is apparently the least ef-
provides with the most effective option to mitigate the  fective option.
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TaBLE 11: Peak top floor displacement and acceleration responses of dissimilar connected buildings for unequal storey height under
simulated wind forces for different gust speeds.

Peak top floor displacement, x,, (cm)

Peak top floor acceleration, X, (g)

Frame Wind speed (m/s)
U A B C U A B C
30 1.75 0.88 0.88 0.88 0.11 0.08 0.076 0.076
37 2.17 2.16 2.17 2.17 0.25 0.25 0.25 0.25
>-10 MRE-MRF 43 3.87 3.83 3.86 3.86 0.39 0.39 0.39 0.39
50 3.91 3.70 3.72 3.69 0.30 0.29 0.29 0.29
30 2.20 223 2.30 2.26 0.068 0.068 0.071 0.068
37 3.68 3.56 3.73 3.62 0.11 0.11 0.11 0.11
15-20 BE-BE 43 421 4.07 4.25 414 0.12 0.11 0.12 0.11
50 5.41 5.23 5.45 5.31 0.14 0.13 0.14 0.13
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Ficure 10: Continued.
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FIGURE 10: (a) Peak top floor displacement and acceleration responses of the adjacent dissimilar connected MRF-MRF buildings with
unequal storey height under historical earthquake ground motions and simulated wind forces. (b) Peak top floor displacement and
acceleration responses of the adjacent dissimilar connected BE-BF buildings with unequal storey height under historical earthquake ground

motions and simulated wind forces.

Table 12 shows the effectiveness of the FDs in terms of
average response reduction for the different configurations
of the connected dynamically similar and dissimilar steel
buildings. Based on the effectiveness achieved, it can be
stated that configuration A is best suited to minimize the
desired responses under the earthquakes and winds. On the
other hand, the least effectiveness is achieved for configu-
ration B for dynamically similar connected buildings and
configuration C for dynamically dissimilar connected
buildings. Moreover, for limited cases, with increasing the
number of storeys, the effectiveness of the dampers increases
for high-rise buildings under the wind loadings, becoming
almost similar to response reductions under the earthquake
loadings. Although the FDs are able to reduce the responses
under the earthquakes for higher storeys, the effectiveness of
the passive devices is restrained when used in higher stories,
demonstrating a need for the multihazard analysis and
design under earthquake and wind during design life of the

structures. To our belief, there are several structures influ-
enced by the effects of earthquakes and winds, and such
structures are required be assessed considering the multi-
hazard effects during their design (service) life. Hence, it can
be concluded that the passive FDs are more effective for low-
rise buildings under the effect of seismic ground motions,
whereas the same control devices show their effectiveness for
high-rise buildings under the effect of gusty wind speeds.
As observed from the data, the maximum top floor
displacement under the earthquakes for the unconnected
MREFs of 5, 10, 15, and 20 storeys are, respectively, obtained
as 11.49cm to 26.67 cm, 21.61 cm to 47.53 cm, 16.77 cm to
86.91 cm, and 22.18 cm to 81.67 cm. Similarly, for the un-
connected BFs, the peak displacements, respectively, range
from 3.32cm to 10.32cm, 11.11 cm to 37.45cm, 20.13 cm to
49.16 cm, and 15.69 cm to 45.67 cm for increasing height of
the buildings. Considering 20-storey building, the minimum
separation gap distance required to be kept is ~1.75m for the
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TaBLE 12: Effectiveness of the FDs for different configurations of
the connected dynamic similar and dissimilar steel buildings under
earthquake ground motions and gust wind speeds.

Peak top floor

displacement, x,
Events (%)

Peak top floor

acceleration, X, (%
rame > An

A B C A B C
5-5 MRF- Earthquake 21.33 15.63 6.83 20.07 14.35 8.53

MRF Wind 277 212 237 352 197 228
20-20 Earthquake 21.39 10.02 421 1622 1210 7.39
MREF- .

MRE Wwind  33.97 2690 30.15 33.90 26.59 31.28
5-5 BF-  Farthquake 29.72 23.82 18.70 31.75 27.92 25.27
BF wind 033 019 024 075 048 0.75
20-20 BF- Earthquake 20.55 17.70 11.33 26.97 2214 19.38
BF wind  19.01 11.99 1645 1536 9.94 13.20
5-5 MRF- Earthquake 49.65 38.75 40.40 29.75 25.98 21.97
BF Wind 275 208 233 352 186 245
20-20 Earthquake 39.92 3335 31.39 9.80 6.89 2.96
MRF-BF  Wind 2828 17.68 22.78 33.90 26.59 31.28
5-5 BF-  FEarthquake 29.51 23.10 30.97 2851 26.16 2513
MRF Wind 137 042 137 034 014 024

20-20 BF- Earthquake 11.45 8.52 10.24 19.32 832 11.95

MRF Wind 17.43 11.52 15.65 15.56 10.28 13.74
5-10 Earthquake 36.95 39.31 30.62 29.96 26.47 29.48
MREF*- .
MRE Wind 14.03 13.64 13.87 8.53 8.07 8.30
15-20 Earthquake 22.59 13.09 11.29 2522 21.85 25091
MRE*- .
MRF Wind 20.61 12.36 16.70 12.44 9.56 12.44
5-10 Earthquake 17.91 15.32 12.16 9.75 5.69 2.65
MRE- .
MRE* Wind 14.93 14.63 14.78 2.63 214 242
15-20 Earthquake 22.93 15.04 8.01 9.85 547 -2.94
MRE- .
MRE* Wind 4390 41.85 4433 3.74 438 3.10

*Response reduction obtained for that building.

unconnected situation. Now, when this 20-storey building is
connected by the passive response control devices, FDs, the
separation gap distance reduces to minimum ~1.52m con-
sidering the worst case out-of-phase movement at uncon-
nected floors. Hence, there is an opportunity to reduce the
separation gap distance by ~30%, thereby constructing
buildings at a close vicinity, which would eventually mini-
mize, if not eliminate, structural pounding as well as utilizing
the premium space for effective construction.

5. Conclusions

The performance of dynamically similar and dissimilar
adjacent steel buildings connected with friction dampers
(FDs) is assessed under a set of historical earthquake and
simulated wind loadings. The displacement and acceleration
responses are compared in order to establish effectiveness of
the FDs under the multihazard uncorrelated scenarios of
earthquakes and winds. The FDs are capable to reduce the
displacement and acceleration responses substantially;
however, different configurations are effective under the two
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hazards for varying building types. This is a concern where
the FDs designed for earthquake loading consideration may
not necessarily perform better under wind loading. Hence,
further investigations are deemed necessary on multihazard
analysis and design of the passive response control devices.
Nonetheless, from the study conducted herein, the major
conclusions drawn are as follows:

(1) The displacement response increases with increase in
building height, whereas the acceleration response
under the earthquakes decreases with increase in
building height for the connected buildings under
the seismic ground motions. On the other hand, the
dynamic response obtained under the wind loadings
generally increases with increase in height of the
buildings.

(2) The FDs are more effective in reducing the responses
of connected dynamically dissimilar adjacent
buildings as compared to the dynamically similar
buildings, which is evident from the extent of dy-
namic response reduction achieved. Moreover, the
effectiveness of the FDs has decreased under the
earthquakes on increasing the number of stories,
whereas their effectiveness substantially increased
under the wind loading scenarios.

(3) For the dynamically similar and dissimilar connected
buildings, configuration A, with cross-bracing at all
floor levels, is most effective in minimizing the re-
sponses under seismic and wind excitations, whereas
configuration B and C are least effective, respectively,
for the dynamically similar and dissimilar connected
buildings.

(4) The structures designed to resist the seismic forces in
their design (service) life might become vulnerable
against the wind loadings. Such structures are re-
quired to be assessed and designed carefully to
mitigate the responses against the multihazard ef-
fects of earthquakes and winds.

Data Availability
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