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A B S T R A C T

The multi-hazard effects on multi-story steel buildings equipped with energy dissipative passive vibration re-
sponse control devices are investigated for their performance under earthquake- and wind-induced forces. The
passive response control devices include steel bracings, viscous, and viscoelastic dampers. The buildings without
and with the passive control devices are modeled as multi-degree of freedom (M-DOF) systems, with the seismic
masses lumped at each floor level. The governing differential equations of motion for the uncontrolled and
controlled buildings are solved by using Newmark’s time integration approach. The dynamic response quantities
are compared in terms of statistical distribution, which include the statistics of top floor acceleration, inter-
storey drift, column base shear, and top floor displacement, for the uncontrolled and controlled buildings
subjected to earthquake- and wind-induced forces. Conditional probabilities of failure are determined by
overlapping the probability density function curves and conducting fragility analysis through cumulative dis-
tribution function curves to assess the effectiveness of the control devices against the natural hazards. It is
observed that the design of the passive control devices employing additional damping may account for the
performance of the structures under the multi-hazard scenario. Moreover, the variability in either of the de-
mands affects the failure probability of the passively controlled structures extensively. Therefore, the probability
of failure for a structure experiencing high-amplitude seismic hazard and a maximum wind speed within the
critical frequency band during the design life varies largely for different damper schemes, which calls upon
careful selection for design of a structure considering such multi-hazard scenario.

1. Introduction

Multiple natural hazards, such as, earthquakes, windstorms, tsu-
namis, landslides, etc. cause significant devastations, which are clearly
observed from the past catastrophic events [18,26]. The destructive
effects of these multi-hazard events include: fatalities, building damage,
destructions to strategically important lifeline structures, critical ser-
vice failures, and socio-economic losses. The associated consequences
largely depend on the interaction and mutual concurrence of such ha-
zards. The interacting effects of multiple hazards have direct impact on
the performance and resiliency of modern critical structures [47].
Hence, interest towards the multi-hazard assessment of structures has
emerged to mitigate the adverse consequences against multiple threats.
However, because the multi-hazard and risk concept is a relatively
nascent area of natural risk governance, there are only a few multi-risk
models available as well as the experience of the practitioners in using

such models is relatively limited [21]. Therefore, this novel approach
has the potential to significantly improve the structural reliability in an
effective manner, as the methodology would assist in understanding the
hazard interaction and inter-relation effects, which is a challenging job
and needs proper redressal.

Although earthquakes and heavy windstorms are independent in
nature, the extent of devastations caused by these natural hazards has
started demanding effective strategy for optimal design of structure and
infrastructure systems explicitly under the multi-hazard effects.
Significant researches have been contributed until the date to analyze
and design the structures that exclusively considered the independency
of the earthquake and wind hazards [37,44]. Multi-hazard assessment
technique has essentially been explored towards early 21st century
[50], thereby laying limited and specific guidelines in designing mul-
tiple hazard resistant structures. In recent period, there is a relative shift
in assessment and design methodologies by addressing the hazards at
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location of interest, and subsequently moving towards a more advanced
holistic approach in order to guarantee acceptable performance under
the considered multiple hazard scenarios [5]. Moreover, the strategies
also indicated that counteracting effects of multiple hazards must be
carefully dealt with to achieve efficient risk reduction and develop ra-
tional mitigation techniques. In this regard, probabilistic approaches
were considered to evaluate the effects of combined loading scenarios
in a structure for better understanding of the complex interaction and
inter-relation effects [31]. Thereafter, probabilistic tools were used to
establish frameworks for optimal decision-making and mitigating the
risk of light-frame wood and high-rise commercial buildings under se-
vere windstorms and earthquakes [10,27,2]. The methodologies pro-
posed therein, provided effective frameworks for improving the per-
formance and structural safety from threats imposed by the natural
hazards. Further, optimization techniques were developed to modify
the ASCE-7 (2005) by the American Society of Civil Engineers to in-
vestigate safety of structures under the multi-hazard scenario of strong
wind and earthquake [38,8,6]. The original research was also extended
to develop multi-hazard risk assessment (MHRA) framework to assess
risk posed to highway bridges under combination of earthquake and
hurricane loads [17]. Probabilistic frameworks were also developed to
assess dynamic performance of offshore wind turbines for estimating
significant losses under earthquakes and strong winds in multi-hazard
prone regions such as, Gulf of Mexico and California coast [28]. Apart
from safety and reliability of newly constructed structure or retrofit of
existing structure, life-cycle cost (LCC) has been a benchmark variable
to optimally design structures under multiple earthquake and wind
loadings occurring during design life of structure [51,1]. In this regard,
robust probabilistic tools were designed to estimate risk and life-cycle
cost of lifeline structures exposed to multiple hazards [52]. Gehl and
D’Ayala [13] assessed life-cycle cost from performance level in opera-
tion period of structure using system reliability methods. Recently,
Venanzi et al. [48] investigated life-cycle cost of tall building under
earthquake and wind loads. They concluded that although initial design
may favor either earthquake or wind, life-cycle cost analysis should be
performed, to address the effect of both the loading scenarios. More
recently, Korswagen et al. [22] developed a framework to predict
structural damage under a combination of multiple hazards. Damage
states were proposed which could be used as performance objectives in
future multi-hazard risk assessment.

The multi-hazard assessment is also gaining attention in assessment
and design of structures with various passive control devices mostly to
identify suitable mitigation options against the multiple hazards.
Significant research has been contributed until the date for response
control of structures against a particular hazard [12,44], especially
using control devices such as, steel bracings, fluid viscous dampers,
viscoelastic dampers, friction dampers, etc. These passive control de-
vices have been effective in reducing the large responses of different
structures under earthquake and wind loads separately [30,36,23]. The
use of passive control devices is now being introduced in multi-hazard
scenarios mainly to mitigate large deformations of structures while
limiting the forces induced in it under multiple loading scenarios [42].

In recent contributions, investigation on the efficiency of retrofitted
devices is conducted by optimizing the life-cycle cost of the structural
system under the multiple loading scenarios [49]. Moreover, retro-
fitting strategies have also gained considerable attention to enhance
performance and resiliency of lifeline structures under the multi-hazard
scenarios [3,46]. However, it may be noted that a remedial and cor-
rective measure for a particular hazard can worsen the response of the
same structure when subjected to some other hazards [41,42]. Hence,
ineffectiveness of the passive control devices consequently becomes an
increased concern for structural safety under multi-hazard scenarios.

To address the above-mentioned research gap, which relates to the
use of passive control devices for one hazard and its consequential ef-
fects on structural response under another hazard, the present study has
been undertaken. Herein, a multi-hazard assessment of 20- and 25-

storey steel buildings equipped with different passive control devices
such as, steel bracing (SB), fluid viscous damper (FVD), and viscoelastic
damper (VED) is conducted. Probabilistic analysis is carried out for the
steel buildings with the passive control devices under a random set of
scenario-based earthquake and wind loads. The specific objectives of
the current investigation are: (i) to study the variation of response for
the 20- and 25-storey moment resisting frame (MRF) steel buildings and
alongside the building frames with passive control devices under a set
of stochastic earthquake and wind loads; (ii) to assess increased risk for
the chosen performance level in the limit states of failure for the MRF
and the controlled steel buildings in terms of overlapped probability
density function (PDF) curves; and (iii) to carry out fragility analyses by
obtaining the conditional failure probability of the structures in terms
of cumulative distribution function (CDF) under the earthquake and
wind hazards.

Although, life-cycle cost assessment has been recommended by
various researchers for optimal design of structures, this is not con-
sidered in the current scope of study. To investigate life-cycle cost of
structure for optimal assessment and design, uncertainties in resistance
of structure and loading scenarios are key parameters, as the required
cost function includes factors relating to construction, maintenance and
operation, repair of damage, etc. The current objectives explicitly deal
in developing a probabilistic framework for assessing the steel buildings
using different passive control devices based on the reliability study
alone considering uncertainties in the loading parameters. In this re-
gard, the latter is considered through the developed probabilistic fra-
mework to propose suitable passive control strategy for the considered
steel buildings under the multi-hazard scenario of earthquake and wind.

2. Probabilistic theory and multi-hazard assessment

The combination of hazards and vulnerabilities results in determi-
nation of structural safety on probabilistic scale. Extensive research has
already been conducted to define and calculate limit states of failure of
structures to estimate vulnerability under a particular hazard as men-
tioned earlier. However, in case of the structures exposed to multi-ha-
zard scenarios, proper guidelines are inexistent to assess the structural
performance. Hence, in such multi-hazard scenarios, probability-based
approach is applied, which uses the advantage of uncertainty in the
system to assess the multi-hazard situation in structures.

Fig. 1 shows normalized fast Fourier transform (FFT) spectra for the
considered earthquake and wind excitations. The FFT spectra are nor-
malized with respect to their intensity measures (IMs), peak ground
acceleration (PGA) and wind gust speed, in order to have a clear vision
of the multi-hazard assessment concept. Scenarios pertaining to the
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Fig. 1. Comparison of FFT amplitude spectra for considered earthquake and
wind excitations.
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occurrence of earthquake and wind hazards in design life of a structure
are considered. Two natural hazards, earthquake and wind at two
geographical locations are analyzed in terms of the FFT spectra of the
respective time-history loadings for the multi-hazard assessment:

(a) NS component of the Northridge earthquake, 1994 recorded at the
Sylmar station with peak ground acceleration (PGA) of 7.043 m/s2,

and (b) Hurricane Linda, 2015 with peak gust speed of 205 km/h
occurring at the west coast of the United States of America (USA).

(a) NS component of the Kobe earthquake, 1995 recorded at the Japan
Meteorological Agency (JMA) with PGA of 8.054 m/s2, and (b)
Typhoon Lionrock, 2016 with peak gust speed of 198 km/h oc-
curring at the east coast of Japan.

Fig. 2. Mathematical model of n-storey steel moment resisting frame (MRF), (b) steel braced frame (SBF), (c) fluid viscous-damped frame (FVDF), and viscoelastic-
damped frame (VEDF).
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The importance of this figure is significant in practical applications,
especially for the practicing engineers and designers, where the effects
of multiple hazards are critical in determining design loads for struc-
tures. It is well understood that seismic loads control design of new
buildings with shorter periods (~0.3 – 0.9 s depending on structural
configurations) rather than gusty wind loads, and vice versa. However,
structural frequencies lying in the overlapped bandwidth as shown in
Fig. 1 have chances to be dominated under the multiple hazards. The
multi-hazard scenario for structural assessment arises when modal
frequencies of structures are contained within the overlapped frequency
bandwidth of the FFT spectra (Fig. 1). The sole objective of Fig. 1 is to
demonstrate requirement of establishing an assessment technique for
structures with a specific range of fundamental frequency which might
be dominated by multiple hazards during the design life of the struc-
tures. Thus, for such structures, assessment of dynamic behavior is
important for further comparison of vulnerability under the multi-ha-
zard scenario of earthquake and wind hazards.

Let E and W be the random variables associated respectively with
the occurrence of the earthquake and wind events. During these un-
related events, if the capacity C of structural members is less than the
demand D posed due to individual earthquake and wind loads, then the
failure probability can be expressed as,

= < = =
= =

p p C D E W p E e p W w( | , ) ( ) ( )
e w

f
0 0

E L W L
(1)

where pE(E = eL) and pW(W = wL) are probability mass functions of the
events, E and W, respectively. Eq. (1) can be expressed in terms of total
probability as,

=
= =

p F e w g e w dwde( , ) ( , )
e w

f
0 0

r
(2)

where =F x x[(1/ ) log( / ¯)]r is the conditional probability or fragility
expressed as cumulative distribution function (CDF) in terms of multi-
hazard demands in E and W. Here, is the normal cumulative dis-
tribution function; is the variability associated with the demands; and
x̄ is the median value of the demand, x . The joint probability function
(PDF) is represented by g(e, w) for the multi-hazard events, E and W. As
the occurrence of earthquake does not explicitly affect the probability
of occurrence of any gusty wind event, and vice versa, e and w are
statistically independent. Hence, Eq. (2) can be written as,

=
= =

p F e w g e g w dwde( , ) ( ) ( )
e w

f
0 0

r E W
(3)

where gE(e) and gW(w) are marginal PDFs.
Although, majority of the past researches have been carried out

assuming mutual exclusivity of the two hazards [8], studies based on
mutual occurrence of these dynamic loadings are also available. For
example, recent research work carried out by Parsons et al. [35] shows
that there is high probability of occurrence of earthquake of magnitude
7.1 – 7.7 in California region. Moreover, in this region a total of 2056
wind events were recorded for the last 65 years, yielding an average of
32 occurrences per year [14]. It was also observed that the average
speed at Owens Valley stations in California during extreme high wind
events have exceeded 40 m/s with wind gusts in excess of 50 m/s.
Furthermore, data provided by National Renewable Energy Laboratory
(NREL), USA, shows that California being an active seismic region, also
produces the third largest wind power in the USA [28]. In another latest
study, Nikellis et al. [32] have reported that the probabilities of collapse
of 30 story flexible building located in Charleston, USA in a period of
50 years due to wind, earthquake, and the combined effect of wind and
earthquake are respectively 0.0012, 0.0081, and 0.0094. Therefore,
based on such evidences, mutual occurrence of such multiple hazards
cannot be ruled out, although the hazards are independent in nature
[11].

3. Mathematical modeling of the buildings with passive control
devices

Mathematical models for the 20- and 25-storey steel buildings
equipped without and with the passive control devices, such as, steel
bracings (SB), fluid viscous dampers (FVD), and viscoelastic dampers
(VED) are developed, as shown in Fig. 2, under the earthquake and
wind excitations. The buildings are chosen such that the fundamental
frequencies lie on the overlapped bandwidth, as shown in Fig. 1. This
helps in verifying that there exists a particular band of frequencies for
which the design of structures may be governed by both the earthquake
and wind loads, where their robustness would be interesting to study. In
this context, the variations in heights of the steel buildings are con-
sidered to study the dominance under the multi-hazard scenario. The
passive control devices are chosen such that the effect of pure stiffness
and/ or damping is observed under the multi-hazard scenarios of
earthquake and wind. The general assumptions in modeling the build-
ings with the passive control devices are as follows.

(i) The steel buildings without and with the passive control devices
are modeled as multi-degree of freedom (M−DOF) systems.

(ii) Seismic masses, comprised of structural and non-structural com-
ponents, are lumped at respective nodes.

(iii) The floor with beam-slab interaction is modeled as rigid dia-
phragm in the horizontal direction.

(iv) The building is modeled with two basement floors, and the hor-
izontal displacement of the first floor is restrained by surrounding
soil and rigid concrete foundation.

(v) One degree of freedom (DOF) is considered at each floor level in
the direction of earthquake and wind loads.

(vi) The steel buildings with the dampers are treated as dual systems
with the moment resisting frames (MRF) as primary systems, ex-
hibiting linear behavior and the nonlinear energy dissipating de-
vices exhibiting elasto-plastic behavior.

The governing differential equations of motion for the uncontrolled
and controlled buildings are derived hereunder and free vibration
analysis is conducted to determine the modal periods. Further, the
equations are solved using Newmark’s time integration approach, with
linear acceleration, to obtain the response history for the uncontrolled
and controlled buildings.

3.1. Modeling of moment resisting frame (MRF)

The governing differential equation of motion for the steel moment
resisting frame (MRF) buildings is given by,

+ + =m x t c x t k x t p t[ ]{¨ ( )} [ ]{ ( )} [ ]{ ( )} ( ) (4)

where [m], [c], and [k] are mass, damping, and stiffness matrices of the
building; x t¨ ( ), x t( ), and x t( ) are the acceleration, velocity, and dis-
placement response of the steel MRF building obtained at each node,

=x x x x x x x{ } { , , , ..., , ... , }1 2 3 n r n 1 n
T, respectively; and p(t) is the external

force exerted on the building, either during the earthquake or wind
events. On similar lines to Kaur et al. [19], when the earthquake
ground-motion is applied at the base of the building, Eq. (3) for base-
excited system is correspondingly modified as,

+ + =m x t c x t k x t m r u[ ]{¨ ( )} [ ]{ ( )} [ ]{ ( )} [ ]{ } ¨g (5)

where {r} is the influence coefficient vector; and üg is the applied
earthquake ground-motion acceleration. Similarly, when the building is
subjected to the along-wind load, Eq. (3), for mass-excited system, is
correspondingly modified as,

+ + =m x t c x t k x t f t[ ]{¨ ( )} [ ]{ ( )} [ ]{ ( )} ( ) (6)

where f(t) is the applied force vector at the floor mass on each storey,
=f f f f f f f{ } { , , , ..., , ..., , }1 2 3 n r n 1 n

T.
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Condensing out all secondary DOFs, such as, vertical DOFs, the
DOFs at spliced locations, and rotational DOFs, the mass and stiffness
matrices are obtained [45,34]. Therefore, the reduced damped equation
of motion becomes,

+ + =m x c x k x p t[ ~]{~̈} [~]{~} [~]{~} ~ ( ) (7)

where =m m[ ~] { } [ ]{ }T is the generalized mass matrix; =c c[~] { } [ ]{ }T

is the generalized damping matrix; =k k[~] { } [ ]{ }T is the generalized
stiffness matrix; =p t p~ ( ) { } { }T is the generalized force vector;

=x x~ { } { }T is the generalized displacement coordinates; and
= m k{ } [ ~] [~]1 is the modal matrix. The damping matrix, c[~] is obtained

based on modal damping. The modal damping in each mode is pro-
portionate to the associated frequency. The damping, i in the ith mode
is given by,

= min
50

,0.1i
i

1 (8)

where i is the natural frequency at the ith mode.

3.2. Modeling of steel braced frame (SBF)

Concentric-braces (CBs) provide an effective approach to achieve
relatively higher lateral stiffness in a vibrating system as well as absorb
large energy through hysteretic cycles. Moreover, the CBs also provide
strength in lateral direction required for seismic design of structure
([4]). Considering all the design parameters, the steel bracings are
modeled using the following assumptions: (i) the steel bracings are
prevented from yielding in tension, however may buckle in compres-
sion, and (ii) in-plane stiffness of the metallic braces is considered
whereas out-of-plane stiffness is neglected. The horizontal braces are
modeled as truss elements to transfer the lateral seismic or wind loads
in compression or tension. Hence, the governing differential equation of
motion for the steel braced frame (SBF) is modified with the change in
lateral stiffness, k[~ ], where, = +k k k[~ ] [ ] [ cos ]b

2 is the stiffness im-
parted by the columns and the steel braces of the buildings (kb); and, θ
is the horizontal angle subtended between the steel brace and beam. On
similar lines to Kaur et al. [19], for the considered configuration of the
steel braces in the MRF, the axial stiffness kb is represented in terms of
material and geometric properties as,

=k EA
Lb (9)

where E is the modulus of elasticity for the steel; A is the cross-section
area of the brace; and L is the effective length of the brace.

3.3. Modeling of fluid viscous-damped frame (FVDF)

In nonlinear fluid viscous damper (FVD), the output force is pro-
portional to integer/fractional power law of velocity, which strictly
corresponds to Newtonian model [15]. The range of nonlinearity affects
force–deformation loop of the FVD as described by different re-
searchers, namely, Lee and Taylor [24] and Martinez-Rodrigo and Ro-
mero [29]. The nonlinear force–velocity behavior of the FVD is given
by,

=f c x x[ ]| | sgn| |df df (10)

where fdf is output viscous damping force; cdf is damping obtained from
the nonlinear viscous damper; α is constant exponent which depends on
viscosity of the fluid, typically ranging from 0.2 to 1; ẋ is relative ve-
locity between two ends of the damper; and, sgn represents the sym-
bolic function. Hence, the governing differential equation of motion for
the fluid viscous-damped frame (FVDF), which utilizes the nonlinear
force-velocity behavior under the dynamic earthquake and wind loads,
is expressed as,

+ + + =m x c x k x f p t[ ~]{~̈} [~]{~} [~]{~} ~ ( )df (11)

where = +c c c[~ ] [~] [ cos ]df
2 is equivalent structural damping obtained

from viscous damping of the nonlinear FVD; and [cdf] = 2ζdf m[ ~]{ωn} is
the damping matrix obtained from the supplemental damping where,
ζdf is generally taken as 5%–30% of the critical damping.

3.4. Modeling of viscoelastic-damped frame (VEDF)

Viscoelastic damper (VED) utilizes advantage of both stiffness and
damping to reduce excessive vibrations caused by the earthquakes and
winds. Mechanical models comprising of spring and dashpot in series or
parallel are used to describe rheological properties of the VED [25]. In
this study, Kelvin-Voigt model, i.e., spring-dashpot in parallel combi-
nation, is used to describe dynamic behavior of the VED. In this case,
nonlinear force–deformation behavior of the VED is given by,

= +f k x c xdv v dv (12)

where fdv is the output viscoelastic damping force; kv is the axial stiff-
ness of the VED; cdv is the damping obtained from the VED; α and β are
nonlinear exponents of the damping and stiffness, respectively. Hence,
the governing differential equation of motion for the viscoelastic-
damped frame (VEDF), which utilizes the nonlinear force–deformation
behavior of the damper under the earthquake and wind imparted loads,
is given as,

+ + + =m x c x k x f p t[ ~]{~̈} [~]{~} [~]{~} ~ ( )dv (13)

where = +k k k[~ ] [ ] [ cos ]b
2 is the lateral stiffness imparted by the

columns of the building and the VED; = +c c c[~ ] [~] [ cos ]df
2 is the

equivalent structural damping obtained from the viscoelastic damping;
and, [cdv] = 2ζdv m[ ~]{ωn} is the damping matrix obtained from sup-
plemental damping.

4. Stochasticity of the hazards

4.1. Seismic hazard

Early research used stochastic models to generate earthquake loads
using empirical or physical models [33]). Seismic hazard follows sto-
chastic models, which are functions of parameters such as, spectral
acceleration of the stochastic ground-motions, duration of excitation,
frequency content, epicenter distance [40]. Ground-motions play an
important role in assessing the dynamic response of the structures [39];
hence, a large number of ground-motions are considered for this si-
mulation. The ground-motions are represented by the stochastic para-
meters in terms of mean (μe) and standard deviation (σe), which are
subsequently used in simulating the seismic response of the steel
buildings. In the present study, the ground-motions are selected such
that influence of non-stationary content of the ground-motions is con-
sidered to predict the realistic nature of the responses. Lognormal dis-
tribution type is assumed to study the stochasticity of the set of ground-
motions, as lognormal distribution closely resembles the variation in
dataset, as stated by Saha et al. [43]. For realistic results in this ana-
lysis, the ground-motions are scaled with respect to the peak ground
acceleration (PGA), which is considered the earthquake hazard para-
meter here.

4.2. Wind hazard

The stochastic wind hazard at a location is expressed as a PDF of
maximum wind speed for the site. The distribution function follows
generalized extreme value (GEV) to predict the design wind speed
(Gumbel-type distribution). The uncertainties in wind profile are typi-
cally observed in wind exposure factor, external and internal pressure
coefficients, wind speed and wind directionality as per Ellingwood and
Tekie [9]. The design wind load, therefore, is obtained from power
spectral density matrix of the wind speed fluctuation [16]. The wind

T. Roy and V. Matsagar Structural Safety 85 (2020) 101955

5



speeds are represented by the stochastic parameters, in terms of mean,
μw and standard deviation, σw. The time histories of the wind speeds are
obtained thence by summing the static and fluctuating components
obtained from the simulation based on Bernoulli’s theorem, which is
given by,

= +U t C A U t u t¯ ( ) 0.5 [ ( ) ( )]d
2 (14)

where ρ is air density; Cd is drag coefficient depending on shape of the
object and nature of surface of contact; A is exposed area; U(t) is mean
speed component; and u(t) is fluctuating speed component of the wind
time history.

5. Numerical study

5.1. Case study of 20-storey benchmark steel building

In this study, effectiveness of the passive control devices installed in
20- and 25-storey steel buildings is investigated under the multi-hazard
scenario of earthquake and wind loads. The 20-storey benchmark steel
building for the SAC Phase II Steel Project was designed with the then
seismic code at California region [45,34]. The present study is con-
ducted on this theoretical 20-storey benchmark steel building with
actual dimensions, and further, the benchmark building is assessed with
the passive control devices to investigate their effectiveness under the
multi-hazard scenario of earthquake and wind. In addition to the 20-
storey benchmark steel building, a 25-storey steel building is hy-
pothetically modeled by extending the stories of the 20-storey bench-
mark steel building. The 25-storey steel building is subsequently
checked against the limit states of collapse and serviceability for gravity
and earthquake loads as prescribed by the ASCE 7-05. The steel
buildings that are equipped with either stiffness- and/or damping-based
passive devices to serve as example theoretical buildings that are gov-
erned by multiple hazard scenarios. Proportional stiffness for the pas-
sive control devices assumed is 60% of the storey stiffness, and pro-
portional damping assumed is ζ = 15% of the critical damping.
Nonlinear exponent α for the FVD as well as the VED is assumed as 0.3.
The nonlinear exponent of the stiffness (β) is assumed as 2 to simulate
the classical Kelvin-Voigt model for the nonlinear VED. The general
properties of the buildings assumed for this study are given in Table 1.

Free vibration analysis is performed for the uncontrolled and

controlled steel buildings and the results are obtained in terms of the
first five natural periods, which are given in Table 2. The additional
stiffness provided by the SB and VED are the same as reflected in the
modal periods in Table 2, as well as the additional damping provided by
the FVD and VED. The 20-storey benchmark steel building with added
stiffness has the lowest fundamental period; whereas, the 25-storey
moment resisting frame (MRF) building frame has the highest funda-
mental period. The highest and the lowest fundamental frequencies of
the steel buildings are shown in Fig. 1 to obtain a clear idea about the
range of frequencies for the structures that are highly vulnerable under
the multi-hazard scenario. It is significantly important to study the ef-
fects of modal properties of the buildings equipped with the passive
control devices under the two different types of dynamic excitation,
earthquake and wind. Bearing in mind that, the effect of number and
placement of the passive control devices in multi-hazard scenario is not
an objective of the current study, numerical investigation is conducted
on the dynamic response of the steel buildings to observe the effects of
earthquake and wind loads.

5.2. Probabilistic analysis of steel buildings

Probabilistic analysis is conducted for the 20- and 25-storey steel
MRF buildings installed with the passive response control devices under
a set of considered earthquake and wind loads. Here, the uncertainty
only in the loading parameters is taken into consideration as it affects
the design significantly. Uncertainties in resistance of the structure, i.e.,

Table 1
General properties for the n-degree of freedom (n-DOF) system of the steel moment resisting frame (MRF) building.

No. of Storeys Storey Levels Seismic Mass, mn (kg) Vertical/Horizontal Dimension (m)

20-storey Basement level (nb) – 3.65
Ground level (n0) 2.66 × 105 5.49
1st level (n1) 2.83 × 105 3.96
2nd (n2) − 19th (n19) 2.76 × 105 3.96
20th level (n20) 2.92 × 105 –
Bay widths 6.10

25-storey Basement level (nb) – 3.65
Ground level (n0) 2.66 × 105 5.49
1st level (n1) 2.83 × 105 3.96
2nd (n2) − 24th (n24) 2.76 × 105 3.96
25th level (n25) 2.92 × 105 –
Bay widths 6.10

Table 2
Modal periods for the n-DOF system (in s).

Mode No. MRF SBF FVDF VEDF

20-storey 1 3.86 3.11 3.86 3.11
2 1.33 0.98 1.33 0.94
3 0.78 0.53 0.78 0.49
4 0.55 0.35 0.55 0.33
5 0.42 0.26 0.42 0.25

25-storey 1 5.88 4.86 5.88 4.86
2 2.15 1.48 2.15 1.49
3 1.25 0.74 1.25 0.76
4 0.89 0.46 0.89 0.50
5 0.68 0.32 0.68 0.37
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geometrical details and member strengths, are ignored as the variability
is relatively lower in comparison to the loading. Such importance of
accounting uncertainty in the excitation parameters over the structural
properties based on sensitivity analysis of the building mounted on base
isolation system has been established [20]. Table 3 presents the sto-
chastic parameters of 50 real-time earthquakes and 200 simulated wind
data used to analyze the steel buildings. Negative value of the statistical
mean indicates treatment of the PGA values in logarithmic domain.
Although return periods of the earthquake ground-motions have sig-
nificant role to play in determining the performance of a structure, the
current approach does not utilize the return period by using any specific
target design spectra. There is significant difficulty and challenge in-
volved to incorporate multiple design spectra to assess the comparative
performance of the steel buildings. Furthermore, the present novel
probabilistic framework is more generic, which utilizes the uncertainty
in the loading parameter by considering a wide range of amplitudes and
non-stationary content in the earthquake data for different regions in
the world. The PGA of earthquake ground-motions follows lognormal
distribution; whereas, extreme value distribution is assumed to gen-
erate random variables for the wind excitations. Moreover, statistical
parameters are tabulated in order to have in-depth information of the
distribution of the dataset. The statistical details of the ground-motion
records and wind excitations are given in Table 4. The ground-motions
are scaled up to 1 g with respect to the PGA (g denotes acceleration due
to gravity) for conducting the probabilistic analyses of the example
steel buildings here. The acceleration and displacement response
spectra of the ground-motions are plotted in Fig. 3 to compare the
nature and range of the responses with the obtained fundamental per-
iods of the steel multi-storied steel buildings.

The wind hazards are simulated using the extreme value distribu-
tion for mean speed of 47 m/s and standard deviation of 5.6 m/s to
represent the scenario-based wind at California region. As California
region is vastly exposed to high consequence low probability earth-
quake and gusty winds, majority of the historical earthquake data and
the site-specific gusty speed distribution are taken from the California
region, which forms a vital scenario for the multi-hazard assessment of
the steel buildings under these loadings. Limit states, such as, top floor
acceleration (ẍn, n = 20 or 25), inter-storey drift (δ), base shear (Vb),
and top floor displacement (xn, n = 20 or 25) are chosen to quantify the
probability of failure for the steel buildings. A performance level of
‘moderate damage’ is assumed for the limit states, with the respective
limits of 2 m/s2, 1%, 0.1 W, and 1%; where, W is total weight of the
building as prescribed by Dogruel and Dargush [7]. Here, the top floor
displacement is limited to 1% of the total height of the structure, which
is calculated from the level of the second basement (m0).

The above-mentioned parameters are carefully chosen as these
quantities represent the limit states of collapse and serviceability of the
structures. The floor accelerations developed in the superstructure are
proportional to the force exerted by the structures under the dynamic
earthquake and wind excitations. The serviceability criteria in terms of
comfort level of the occupants of the structures is also determined from
the dynamic response. The displacement as well as the inter-storey drift
ratio are influential in determining the design of the lateral load car-
rying components of the structural systems. The performance criteria
are considered deterministic to obtain the response quantities reaching
or exceeding the prescribed performance levels. The peak response
quantities follow lognormal distribution and further, Monte Carlo si-
mulation is used to generate 1000 random samples based on the mean
and standard deviation of the peak response reaching or exceeding the
chosen limit states. The effectiveness of the control strategies for the
steel buildings under the multi-hazard scenario is obtained from the
overlapped area of the failure probability density functions (PDFs), f(⋅).
Fragility curves, in terms of cumulative distribution functions (CDFs),
are obtained to determine the probability of failure (pf) for the steel
buildings equipped with the passive control devices under the multi-
hazard scenario. Fig. 4 is presented to show a detailed flowchart of the
analysis steps followed to quantify the failure probability under the
multi-hazard scenario of earthquake and wind. This illustration enables
us to assess the effectiveness of the passive control devices for the multi-
hazard scenario.

6. Discussion

6.1. Distribution of peak response data for steel buildings

Effectiveness of the control devices installed in the steel buildings is
investigated from the distribution of the peak response data for the
chosen performance limits under the multi-hazard scenario. The data-
sets are analyzed using box plots to investigate the variation in the peak
responses for the uncontrolled and controlled steel buildings under the
multiple dynamic loads. Moreover, the box plots also indicate sensi-
tivity of the responses obtained for the steel buildings. It may be noted
that though sensitivity analysis is not performed like Kodakkal et al.
[20], the indicative sensitivity is judged from the distribution of the
obtained peak responses. Figs. 5 and 6 show the box plots of the peak
responses obtained for the steel buildings analyzed without and with
the passive control devices under the multiple hazards. The box plots
bound from 5% to 95% of the dataset to incorporate maximum skew-
ness. The skewness of dataset is also assessed from the percentage dif-
ference in mean and median for the respective plots.

Table 3
Statistics of the stochastically generated parameters for the earthquake and wind excitations.

Case Distribution Statistical Mean Standard Deviation Median Skewness Kurtosis

Earthquake Lognormal μe = −1.12 g σe = 0.62 g 0.32 g 1.77 3.87
Wind Extreme Value μw = 47 m/s σw = 5.6 m/s 43.33 m/s −0.43 −0.24

Table 4
Statistics of the 50 earthquake ground motion records and 200 simulated wind excitations.

Excitations Parameters Maximum Minimum Arithmetic Mean Standard Deviation

Earthquake PGA (g) 1.496 0.115 0.398 0.277
Duration (s) 180 9.98 47.10 30.39
Frequency a (Hz) 110.35 0.01 64.10 31.09

Wind Gust Speed, U (m/s) 56.52 23.11 47 5.6
Duration (s) 3,000
Cut-off Frequency (Hz) 0.5
Exposure Category Urban and sub-urban area (Category-B)

a Frequency content corresponding to peak FFT amplitude of the acceleration.
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Fig. 5 shows the box plots for the 20-storey steel buildings and it is
observed that the variation in peak response under the earthquake-in-
duced loads is higher than that for the wind loads. The variation is
triggered by a large dissimilarity in the spectral parameters of the input
ground-motions, although the PGA of ground-motions are not differed
substantially. Here, the mean values of the responses are compared and
percentage difference in the responses are provided to understand the
effectiveness of the passive control devices. Under the earthquake ex-
citations, considering the mean value, the acceleration and base shear
responses increase from 20% to ~40% for the SBF as compared to the
MRF; whereas, the drift and displacement responses decrease from 2%
to ~8%. The responses also decrease from ~24% to 47% for the FVDF
and ~22% to 54% for the VEDF under the earthquakes. Moreover,
percentage difference in the mean and median values of the responses
are compared herein to demonstrate spread and skewness in the re-
sponses. The percentage difference of mean and median for the plots
show that the difference in spread is mostly in the range of 10–54% for
the responses of the steel MRF to VEDF, with the least skewness
(8.10%) in top floor acceleration (ẍ*) of the FVDF and the highest
skewness (53.30%) in drift (δ) of the VEDF. On contrary, under the
wind excitations, almost all the responses decrease significantly, and
the decrease is observed to be from ~9% to ~70%. However, the drift
in the VEDF increases by 14% as compared to that in the steel MRF
building. Moreover, the percentage difference in mean and median
shows that the difference in spread lies from 1% to 10% for the re-
sponses obtained for the steel MRF to VEDF, with the least (1.2%) and
the highest (~10%) skewness respectively observed in top floor dis-
placement (x*) and acceleration (ẍ*) of the VEDF. The VEDF provides
the least response for the most cases, as the addition of stiffness and
damping collectively influenced the response reduction under the ac-
tion of the wind loads.

Fig. 6 shows the distribution of peak responses for the 25-storey
steel building, and it is observed that the mean of the peak responses for
the steel SBF increases significantly from 17% to ~90%; however, the
peak drift response decreases substantially by ~17% under the earth-
quake ground excitations. The base shear in the controlled frames also
increases relatively due the added stiffness forces. The responses for the
FVDF and VEDF have reduced relatively and the differences in the re-
sponses for the controlled FVDF and VEDF are observed to be ~5% to
32% and ~5% to 36%, respectively. The difference in mean and median
is the least (5%) for the top floor acceleration in the VEDF; whereas, the
highest difference (~48%) is observed for the drift response in the
FVDF. The response reduction as well as skewness for 20-storey
building are compared with the 25-storey, which shows that the

reduction and spread of responses in 25-storey building are relatively
less under the earthquake-induced loadings. Under the wind excita-
tions, the percentage difference in the responses observed from the
mean is ~12% to 91%, except for the base shear response in the VEDF.
The base shear in the VEDF increases significantly, which clearly in-
dicates a contradictive behavior as compared to the responses obtained
under the earthquakes. The possible reason for such contradiction is the
participation of the higher modes of the 20- and 25-storey frames in-
stalled with the VED and owing to relatively reduced flexibility. The
additional damping plays significant role in the response reduction of
the inter-storey drift and displacement under the seismic action; how-
ever, the additional stiffness tends to increase the acceleration and base
shear responses in the structures. On the other hand, the addition of
damping is almost ineffective in the inter-storey drift response reduc-
tion under the action of the wind loads and nearly so for displacement
response control. Hence, it is remarkable to note the ineffectiveness of
the passive control systems in the VEDF that amounts to rather in-
creased wind response. Therefore, it is concluded that the additional
damping characteristics of the controlled steel buildings assist in re-
sponse reduction under the earthquake-induced loads; on the contrary,
the additional stiffness reduces the response under the action of the
wind loads. This conclusion is crucial in assessing vibration control
techniques for dynamic response mitigation of civil structures under
multiple hazards.

Another important observation noticed herein is, as the dataset of
earthquake and wind comprise of excitations ranging from lower to
higher intensity, the additionally damped FVD device may not reduce
the response significantly under the small earthquake and wind loads.
Since velocity is proportional to the stroke of the damper, under a small
earthquake or wind load, the displacement and velocity are small. As a
result, the damping force is consequently small and the resulting effect
in such cases can be found limited. Moreover, the additional stiffness
induced in SBF helps in significant reduction in the response for the 25-
storey building, as the structure is relatively flexible to meet the per-
formance criteria under the wind loadings. Thus, in such circumstances,
the effectiveness of a control strategy differs in the case-specific con-
ditions. However, there exist situations where the selection of the
control devices against a particular hazard has proven to be detrimental
for the other hazard. Therefore, such tradeoff in the structural beha-
viors calls for a careful selection of the passive control devices for a
structure considering possible multi-hazard scenarios.
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6.2. Failure density plots for steel buildings

Effectiveness of the passive control devices is also assessed from the
overlapped failure probability density functions (PDFs) of the 20- and
25-storey steel buildings under the multi-hazard scenario, as shown
from Figs. 7 through 10. The response quantities follow lognormal
distribution, and in this regard, some of the mean quantities may as-
sume negative values owing to logarithmic treatment of the actual
mean values. The overlapped area indicates the failure under both the
hazards, and also indicates the degree of effectiveness of the passive
devices installed in the steel buildings. Fig. 7 shows the failure PDFs of
the peak response for the top floor acceleration and inter-storey drift of
the 20-storey steel buildings under the action of the two dynamic
loading conditions. From the PDFs of the top floor acceleration, the

highest mean is observed for the SBF under the earthquake-induced
loads. The obtained mean values are lower for the SBF as compared to
the MRF under the action of the wind loads. The overlapped area of the
PDFs for the SBF (0.01) is lesser than that of the MRF (0.1) under these
dynamic loads. Therefore, the probability of failure is lower for the SBF
as compared to that for the MRF under the multi-hazard scenario. The
wind loads have insignificant influence on the top floor acceleration
response of the FVDF and VEDF for the considered performance level.

From the failure PDFs of the inter-storey drift, the least mean is
observed for the VEDF under the earthquake excitations. The significant
response reduction in the inter-storey drift is achieved due to the in-
fluence of combined action of stiffness and damping. A substantial re-
duction in the mean inter-storey drift is observed for the SBF under the
action of the wind loads. However, there is a significant increase in the

Fig. 4. Flowchart for the multi-hazard assessment of the steel buildings proposed through this study.
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mean inter-storey drift for the VEDF, which indicates amplified re-
sponse as compared to the MRF under the action of the wind loads. The
amplification of the response is due to the participation of the higher
modes of the relatively stiffer frame, which in turn increases the re-
sponse in the VEDF. The overlapped probability of failure for the VEDF
(0.66) is observed to be significantly large as compared to the other
buildings, with the SBF having the least value (0.15). Therefore, it is
evident that the response control systems capable to limit the large
responses for a particular hazard, may conversely attract increased
force against the other hazard.

From Fig. 8, it is observed that mean of the PDFs for base shear in
the SBF increased substantially under the earthquake-induced load. On
the contrary, the base shear response decreased substantially under the
wind load. The lowest mean of base shear response is observed for the
VEDF owing to the contributions from the additional stiffness under the
earthquake and wind loadings. The overlapped probability of failure for
the FVDF (0.47) is almost the same as that of the MRF (0.46) for the
base shear response. Therefore, if the buildings are equipped with the
passive response control devices designed for the earthquake hazard by
incorporating additional damping, exhibiting substantial seismic re-
sponse reduction; it is not necessary that, in case of the wind hazard,
similar dynamic response reduction can be achieved.

The PDFs of top floor displacement show that the FVDF has the least
mean under earthquakes. The top floor displacement response is the
highest for the SBF. Since high stiffness favors the dynamics of the
framed structures under wind loads, no peak response reaches or ex-
ceeds the performance limits for the SBF as well as for the VEDF. The
overlapped failure for the FVDF (0.16) is less than that for the MRF
(0.20). The ineffectiveness of the FVD for the multi-hazard scenario in
case of earthquake and wind is clearly observed, and hence, careful
selection of the passive response control devices is utmost necessary

from viewpoints of the multiple hazard exposure.
The standard deviations observed in Figs. 7 and 8 indicate that the

wind responses have a lesser spread as compared to the seismic re-
sponses. The increased standard deviations of the seismic responses
give an indicative measure of the variation in the spectral nature of the
ground-motion excitations, although the ground-motions are observed
to have closely matched PGAs. Therefore, it can be concluded that the
additionally damped passive control system (FVD) is rather effective,
although insignificant in mitigating the responses considered, as ob-
served from the minor differences in the overlapped values of the
failure PDFs. On the other hand, the added stiffness is effective in
limiting the responses under both the dynamic loads considered herein.
Therefore, the numbers indicate that the selection of a response control
strategy is crucial for multi-hazard analysis and design of structures. In
other words, the design of the response control systems should be able
to cater for requirements from both the hazards in scenario-specific
circumstances.

Figs. 9 and 10 illustrate the failure PDFs of the peak responses for
the 25-storey steel buildings under the multiple dynamic loads. The
counteracting effects of the passive devices are observed with increase
in height of the steel buildings installed with the passive control de-
vices. The top floor acceleration for the SBF has the highest mean under
the earthquake-induced loads comparatively, as observed from Fig. 9,
which is not the case (highest) under the action of the wind loads. The
response substantially reduced for the SBF under the action of the wind
loads. No peak response is observed to reach or exceed the performance
limits for the FVDF and VEDF under the action of the wind loads. The
overlapped failure probability for the SBF (0.05) is significantly low as
compared to the MRF (0.11).

From the PDFs of the inter-storey drift, a higher mean is obtained
for the SBF under the earthquake-induced loads; whereas, the mean is
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the lowest under the action of the wind loads. As observed earlier, the
supplemental damping helps in significant response reduction under
the earthquake-induced load and the added stiffness helps in significant
response reduction under the action of the wind loads. Considering drift
in the steel buildings, the overlapped failure probability computed for
the building indicates that the overlapped probability of failure is the
least for the SBF (0.56) when assessed under the earthquake and wind
imparted loads, and marginally higher for the FVDF and VEDF (both
0.64). These numbers clearly show that using a specific passive control

device may not explicitly yield response reduction under the other
hazard significantly, instead at times it may increase, which otherwise
depends on the structural and loading dynamics of the system.

From the PDFs shown in Fig. 10, it is observed that no peak response
has reached or exceeded the chosen performance limits for the seismic
base shear under the earthquake hazard. Under the action of the wind
loads, the least mean is observed in case of the SBF, while the highest
mean is observed in case of the VEDF. It is evident that the peak base
shear response in the VEDF increases significantly under the wind

Fig. 8. PDFs of failure for limit states of the normalized base shear and top floor displacement for the 20-storey steel buildings under the earthquakes and winds.

Fig. 9. PDFs of failure for limit states of the top floor acceleration and the inter-storey drift limit states for the 25-storey steel buildings under the earthquakes and
winds.
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hazard, indicating relative ineffectiveness of the response control
system employed.

The PDFs obtained for the top floor displacement show a similar
trend as that of the inter-storey drift. From the mean of the response, it
is inferred that, additional damping and stiffness is effective in mini-
mizing the response mostly under the earthquake and wind loads, re-
spectively. The probability of failure in case of the VEDF, with added
stiffness and damping through the control device, is comparatively
lower (0.20) as compared to that for the MRF (0.64).

The standard deviations obtained for the PDFs as observed in Figs. 9
and 10 highlight that the spread of the responses under the wind ex-
citations is substantially low as compared to that for the seismic re-
sponses. Such difference shows that the variability in the spectral
parameters of the considered loadings could affect the distribution of
the responses. Therefore, in order to judge the effectiveness of the
passive control strategies, a performance limit of ± 5% is set, which on
exceeding the limit on either side would indicate the effectiveness or
ineffectiveness of the control devices, i.e., robustness of the system.
Table 5 highlights the effectiveness of the strategies quantified from the
overlapped probability distribution plots for the 20- and 25-storey steel
structures. It is observed that the VED is ineffective (< 5%) in

controlling the inter-storey drift response in the 20-storey building
under the multiple hazard scenario. Moreover, the use of FVD to control
the base shear response in the 20-storey building is undesirable, al-
though not ineffective, to control the response under the multiple ha-
zards. It is concluded that the passive control systems are quite efficient
in the context of a particular hazard considered; however, the converse
effect may be observed for the other hazard. Therefore, apart from the
investigation of cost effectiveness, such assessment strategy becomes
one of the key approaches for selection of the passive devices and de-
sign for a structure, duly considering the multi-hazard effects.

6.3. Fragility curves of steel buildings

The conditional probability of failure (pf) is represented by the
fragility curves that denote peak response reaching or exceeding the
chosen limit states under the earthquake and wind hazards. Fig. 11
shows the conditional probability of failure (pf) in terms of the fragility
curves for the 20-storey steel building without and with the passive
control devices under the earthquake and wind imparted loads. The
conditional failure probability of the SBF for the top floor acceleration
is observed to be the highest under all intensity levels (PGA) of the
earthquake-induced loads. The least failure probability is observed for
the FVDF, which indicates the effectiveness of the added damping in
response reduction. On the other hand, the conditional failure prob-
ability is lower for the SBF comparatively under the action of the wind
loads. Hence, for the top floor acceleration, the SBF has the highest
probability of failure under earthquake loads; however, failure prob-
ability substantially decreased under the wind loads.

For the limit state inter-storey drift, a reduction in the conditional
failure probability is observed for the controlled buildings under the
earthquake hazard, and is almost the same at all intensity levels. On the
other hand, substantial decrease in the conditional probability of failure
is observed for the SBF as compared to the FVDF and VEDF under the
wind hazard. Interestingly, the conditional failure probability of the
VEDF is increased significantly under the action of the wind loads. The
addition of the supplemental energy dissipating devices has actually

Fig. 10. PDFs of failure for limit states of the normalized base shear and top floor displacement limit states for the 25-storey steel buildings under the earthquakes and
winds.

Table 5
Effectiveness of the passive control devices under the multi-hazard scenario of
earthquake and wind.

Building Frame Response SBF FVDF VEDF

20-storey ẍ20 +90% – –
+68% +8% −40%

Vb +39% −2% +63%
x20 – +20% –

25-storey ẍ25 +55% – –
+21% +10% +10%

Vb – – –
x25 +75% +47% +69%

+ indicates effectiveness; − indicates ineffectiveness.
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worsened the response against a particular hazard, which mandates
careful selection of the passive control device and its characteristic
parameters for the dynamic response control.

For the base shear, the SBF has the highest conditional probability
of failure under the earthquake-induced loads; however, relatively
lower failure probability for the SBF is observed under the action of the
wind loads. It is further observed that there is a steep increase in the
slope of the fragility curve indicating a large increase in the failure
probability with a small increase in the PGA, i.e., earthquake intensity.

The conditional probability of failure for the top floor displacement
has increased significantly for the SBF under the earthquake-induced
loads. The contribution of the response from the higher modal fre-
quencies in the relatively stiffer structure becomes responsible for the
increased response. The least probability of failure is observed in the
FVDF, as the effect of damping is significant in response reduction
under the seismic action without making the structure stiffer. As the
addition of stiffness is effective in response reduction under wind loads,
no response values reaching or exceeding the chosen performance
limits are obtained for the SBF and VEDF.

The conditional probability of failure for the steel buildings in case
of the events where probability of a ground-motion and wind speed
exceeding 0.3 g and 33 m/s in 100 years is studied. The conditional
failure probabilities for acceleration limit state under the earthquake-
induced loadings are obtained as 0.69, 0.90, 0.51, and 0.52 respectively
for the MRF, SBF, FVDF, and VEDF buildings. Similarly, for the inter-
storey drift, the respective conditional failure probabilities are obtained
as 0.7, 0.54, 0.47, and 0.46. For the limit state of base shear, the re-
spective failure probabilities are obtained as 0.75, 0.96, 0.50, and 0.50,
and the probabilities of failure for the limit state of displacement are
0.70, 0.88, 0.56, and 0.55, respectively for the MRF, SBF, FVDF, and
VEDF buildings under the ground-motion excitations. Under the design
wind speed, no limit state exceeds the threshold value except for the
inter-storey drift in the VEDF, which is obtained as 0.40. The overall
reduction in the failure probability obtained from installing the FVD

and VED in the structure range from 20% to 35%; whereas, the con-
ditional probability of failure increases from 22% to 33% when in-
stalled with the steel bracings under the earthquake-induced loadings.
Hence, a particular strategy effective to control large response against a
specific hazard is showing insignificant effect against the another ha-
zard, which underlines the need to adopt holistic approach for multi-
hazard protection of structures.

From the conditional probability of failure plots for the 25-storey
steel buildings shown in Fig. 12, it is observed that the FVD and VED
are effective in minimizing the seismic response efficiently at the lower
PGA levels for the limit state of top floor acceleration. However, it is
seen that the conditional failure probability curves for the controlled
buildings have steeper slopes than that for the MRF. This indicates the
ineffectiveness of the passive control scheme, as marginal increase in
the PGA increases the failure probability quite drastically. The effec-
tiveness of the steel bracing is observed under lower and moderate wind
speeds; however, the steeper slope indicates ineffectiveness of the
passive control system.

The conditional failure probability curves of the inter-storey drift
show that significant reduction in the probability of failure is observed
for the passively controlled buildings, with the FVDF showing the least
failure probability. Failure probability for the inter-storey drift is ob-
served to be the least for the SBF as higher stiffness favors significant
wind response reduction. Failure probability is not observed for the
base shear under the earthquake-induced loads as no peak response
reached or exceeded the chosen limit state. The probability of failure is
observed to be the least for the SBF under the action of the wind loads.
However, the failure probability for the VEDF is observed to be the
highest, thereby the control strategy chosen fails to deliver the objec-
tive, which essentially is intended to lessen the peak response.

For the top floor displacement, the SBF has the highest conditional
failure probability under the earthquake-induced loads; however, the
least failure probability is observed under the action of the wind loads.
The FVDF shows lesser probability of failure as compared to the MRF

Fig. 11. Fragility curves of the 20-storey steel buildings for given limit states under the earthquakes and winds.
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under the earthquake-induced loads; on the contrary, it shows negli-
gible effect against the wind loads. The conditional failure probability
for the top floor displacement shows a significant effect of the added
damping to control the large deformations under the earthquakes. On
the other hand, the effect of additional stiffness is substantial in mini-
mizing the response under the wind hazard and is observed from the
failure plot of the top floor displacement.

Similar to the 20-storey steel building, conditional probabilities of
failure are also obtained for the 25-storey building for the design
earthquake and wind hazards. For the limit state of acceleration, the
conditional failure probabilities under the random earthquake loads are
determined as 0.86, 0.92, 0.50, and 0.70 respectively for the MRF, SBF,
FVDF, and VEDF structures. The conditional failure probabilities for the
limit state of drift and top floor displacement are obtained as 0.97, 0.78,
0.77, and 0.77; and 0.82, 0.98, 0.81, and 0.7 respectively for the
structures. Under the wind excitations, for the design wind speed of
33 m/s, no probability of failure for limit states of acceleration and
displacement is obtained. On the other hand, the conditional failure
probabilities for the limit state of drift and base shear are respectively
obtained as 0.25, 0, 0.06, and 0; and 0.27, 0.05, 0.06, 0.53 for the MRF,
SBF, FVDF, and VEDF frames. Under the earthquakes, the overall re-
duction in the failure probability for the FVD and VED ranges from 12%
to 42%; whereas, the failure probability increases from 7% to 20%
when installed with the steel bracings, i.e., addition of stiffness only. On
contrary, the SB and FVD devices reduce the conditional failure prob-
abilities under wind responses from 76% to 100%; whereas, the failure
probability using the FVD increases by 96%. Therefore, it is evident
that, although, a response control strategy is effective against a parti-
cular hazard, the vulnerability against the other hazard may increase
substantially with the same control scheme, mandating holistic multi-
hazard scenario-based design of the dynamic response control devices.

7. Conclusions

Herein, a novel probabilistic approach is developed and presented
to assess the effectiveness of passive control devices, viz., steel bracings,
fluid viscous dampers, and viscoelastic dampers installed in the 20-
storey and 25-storey steel buildings under multi-hazard scenario of
earthquake and wind. Variation in the dynamic response are studied
using box plots. Moreover, probability of failure is assessed through the
development of overlapped probability density functions and fragility
curves to evaluate the effectiveness of the control systems. The pro-
posed methodology is best suited for structures that have the dominant
modal frequencies within the overlapped critical frequency range of
earthquakes and winds. In such cases, there exist several structures
designed to resist seismic forces in its design life, which may become
vulnerable against wind loadings, and vice-versa. These structures are
required to be assessed and designed carefully to mitigate the responses
against the multi-hazard effects of earthquakes and winds during the
service life. The major conclusions drawn from this investigation are
summarized below.

1. The probability of failure for a structure experiencing high-ampli-
tude seismic hazard and a maximum wind speed lying within the
critical frequency band during the design life varies largely for dif-
ferent damper schemes. Hence, based on the site-specific conditions
and probability of occurrence of each hazard, selection of proper
passive control scheme and its design is essential to alleviate large
responses in structures prone to multi-hazard scenario.

2. The vulnerability curves demonstrate that the passive devices are
effective to control the response at the lower level of demand;
however, the same passive devices may not necessarily be suitable
for the higher demand levels. The failure probability obtained from
the fragility curves for the controlled buildings have relatively

Fig. 12. Fragility curves of the 25-storey steel buildings for given limit states under the earthquakes and winds.
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steeper slopes. With marginal increase in the intensity level, the
failure probability increases quite drastically, thus indicating the
ineffectiveness of the control system at higher intensity levels.

3. The design of the passive control devices employing additional
damping may account for the performance of the structures under
the multi-hazard scenario. As velocity is proportional to stroke of
the damper under a small earthquake or wind load, the induced
displacement and velocity are small. As a result, the damping force
is small and consequently their effect in such cases can be found
limited.

4. The variability in either of the demands affects the failure prob-
ability of the passively controlled structures extensively, especially
under the seismic ground-motions. The uncertainty is mostly trig-
gered by a significant variation in the spectral parameters/ fre-
quency content of the input ground-motions, although the intensity
level, i.e., PGA of ground-motions are not differed substantially. As
the present study is based on a specific region, more refinement of
this framework is required to develop the multi-hazard assessment
of structures in a holistic manner.
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