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ABSTRACT

The effectiveness of passive vibration control devices used to retrofit multi-storied steel buildings dur-
ing their design life is investigated under the dynamic forces induced by earthquake and wind. The
passive vibration control devices include steel bracing, viscous and viscoelastic dampers. The buildings
without and with the retrofitting devices are modelled as multi-degree of freedom (M-DOF) systems,
with inertial masses lumped at each floor level. The governing differential equations of motion for the
uncontrolled and controlled buildings are solved using Newmark’s time marching scheme. The
obtained dynamic responses for the buildings exposed to the earthquake- and wind-induced forces
are subsequently compared. It is concluded that upon retrofitting, the modified dynamic properties,
such as modal frequencies and damping ratio play an active role to attract forces during the two haz-
ards, which in turn influences the response reduction achieved. It may be worth noting that the build-
ings retrofitted for earthquake tend to attract more forces under wind load and vice versa. Therefore,
a retrofit strategy providing beneficial effects against a particular hazard may prove to be catastrophic
for the other, which underlines the need for careful selection of the retrofit solution and design for a
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structure considering such multi-hazard scenario.

1. Introduction

Extreme natural hazards, such as earthquakes and strong
winds, pose significant threat to the socio-economic life
causing considerable devastations across the globe (Li et al,
2012; Seible et al., 2008). As a result, the engineering com-
munity has been trying to recognize proper assessment tech-
niques to mitigate the increased risk associated with the
structure under the multiple hazard scenario. Such increased
threats in the structure demand an efficient and advanced
assessment strategy. The need for such assessment strategy
arises as the existing design codes and guideline standards
do not incorporate the holistic approach for all the exposed
hazards. Moreover, such approaches are unspoken about the
standard risks of exceedance of the structures in regions
where both earthquakes and winds occur. The lack of avail-
able assessment tools has made it difficult in assessing the
structures to confront the future challenges arising from
such extreme natural hazards. The application of multi-haz-
ard design to structures will form a potential tool to consti-
tute a resilient community capable of being governed by
either loads. The futuristic multi-hazard assessment strategy
will outstretch the prevailing methodology to ensure
adequate safety and serviceability for structural resistance
against such extreme forces. Therefore, the current method-
ology has been sought to draw the attention of global
researchers and concerned personnel to emphasize the neces-
sity of considering the multiple hazard demand in

investigating new structural systems as well as retrofit the
existing structures.

To develop efficient and fundamental approaches, it is
advisable to recognize the distinguished features of the haz-
ards occurring in design life of a structure (Sigtryggsdottir
et al,, 2016). These extreme natural threats occurring during
the design life of the structure are mutually exclusive and
collectively exhaustive events, as the probability of simultan-
eous occurrence for the hazards is zero. Hence, any struc-
ture exposed to multi-hazard scenario under earthquakes
and strong winds, experience no more than a particular haz-
ard at each instant of time.

The mutually non-concurrent and independent hazard
events have been a significant threat to the civil infrastruc-
tures (Aly & Abburu, 2015). Early research exclusively con-
sidered the independency of the hazards to assess the safety
of structures (Samali & Kwok, 1995; Soong & Spencer,
2000). Thereafter, by the early 21*" century, research interest
has started developing amongst the researchers and engi-
neers to analyze and design the structures for combinations
of such extreme multiple hazards. The emerging multi-haz-
ard assessment concept is a relatively nascent area in struc-
tural risk reduction; hence, the multi-risk models available
in this area are limited (Komendantova et al,, 2014). The
unconventional multi-hazard assessment is still in progress,
as the existing treatment of multiple hazards in code provi-
sions and design guidelines remains ambiguous (Mahmoud
& Cheng, 2016).
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Research studies were conducted to establish frameworks
for optimal decision-making in mitigating the risks of light-
frame wood and high-rise commercial structures under
severe windstorms and earthquakes (Cha & Ellingwood,
2013; Li & Ellingwood, 2009). Moreover, the fundamental
objectives of multi-hazard assessment were highlighted in
modifying the existing design codes and documents for mit-
igating the additional risks under the strong wind and
earthquake scenarios (Duthinh & Simiu, 2010; Potra &
Simiu, 2009). In addition, the multi-hazard assessment has
been progressing alongside in understanding the perform-
ance of lifeline systems and highway networks. Deco and
Frangopol (2011) evaluated the risk of highway bridges
under the effects of multiple hazards, such as traffic loads,
environmental attacks, flood-induced scouring and earth-
quakes. Akiyama and Frangopol (2013) and Dong and
Frangopol (2016) recently assessed the life-cycle perform-
ance of highway bridges under time-dependent multi-hazard
loading scenario. Yilmaz et al. (2016) developed robust
probabilistic tools in assessing the risk of lifeline structures
exposed to multiple hazards.

The use of supplemental passive control devices has been
gaining notable attention in optimal design and retrofit of
structures to distinguish proper mitigation techniques
against the multiple hazards. Suitable retrofitting strategies
have ensured the safety of structures under the exposure of
a particular hazard. Various researchers investigated the
effectiveness of retrofitting in building systems under earth-
quake and wind loads independently (Fur et al, 1996;
Matsagar & Jangid, 2005; Mazza & Vulcano, 2011; Patel &
Jangid, 2011; Soong & Spencer, 2000). However, code guide-
lines and design standards are silent regarding the design
and retrofit of structures mainly to identify appropriate
mitigation techniques under potential hazard combinations.
In context with the assessment of retrofitted structures, lim-
ited contributions exist in investigating the performance of
structures under the multiple hazard scenarios. Dogruel and
Dargush (2008) presented a methodology to assess optimal
life-cycle of retrofitted structures under seismic and wind
excitations. Latest contributions include the investigation of
efficiency of retrofitted devices by optimizing the life-cycle
cost of the system under the multiple hazard scenarios
(Jalayer et al., 2011; Venkittaraman & Banerjee, 2014). The
performance and resiliency criteria of the lifeline structures
were also enhanced by the retrofitting strategies under the
multi-hazard scenario (Chandrasekaran & Banerjee, 2015;
Tapia & Padgett, 2016). Nevertheless, the effectiveness of ret-
rofitting in buildings under multi-hazard scenario is yet to be
understood appropriately. In addition, it may be observed that
a remedial measure for a particular hazard can worsen the
response of the structure under other hazard (Roy &
Matsagar, 2017). Hence, the ineffectiveness of the retrofitted
devices rendered consequently becomes an increased concern
for the structural safety under the multi-hazard scenarios.

Herein, this article investigates the performance of the
passive control devices under the dynamic earthquake and
wind excitations. Herein, assessment of 9-, 20- and 25-storey
steel buildings retrofitted with different passive control
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devices, such as steel bracing (SB), fluid viscous damper
(FVD) and viscoelastic damper (VED), is carried out under
selected historical earthquake and site-specific wind. The
numerical study is conducted to investigate the efficiency of
the passive control devices by altering the dynamic proper-
ties of the steel buildings under these hazard scenarios.
Moreover, the influence of altered dynamic properties of the
retrofitted structures on the response quantities is studied.
The investigation is also extended to analyze the worsening
behavior of the response for the modified dynamic proper-
ties against the multi-hazard excitations.

2. Mathematical modelling of building frames

In this study, the mathematical models for the 9-, 20- and
25-storey steel buildings using the passive retrofit devices,
such as SBs, FVDs and VEDs are formulated, as shown in
Figure 1, and subjected to the dynamic action of earthquake
and wind loads. Figure 1(a-d) shows the mathematical
model of the considered moment resisting frame (MREF),
with the arrangement of retrofit devices. The general
assumptions in modelling the buildings with the passive
control devices are as follows:

(i) The steel building frames without and with the con-
trol devices are modelled as multi-degree of freedom
(M-DOF) systems.

(i) The seismic mass, comprised of structural and non-
structural components, is lumped at the joint nodes.

(iii) The floor with the beam-slab interaction is modelled
as rigid diaphragm in the direction of the
dynamic forces.

(iv)  One degree of freedom (DOF) is considered at each

floor level in the direction of the dynamic earthquake
and wind loads.
(v)  The building is modelled with two basement floors,
and the horizontal displacement of the first floor is
restrained by the surrounding soil and rigid con-
crete foundation.
The steel buildings with the control devices are
treated as dual systems with the MRFs as primary
systems, exhibiting linear behavior and the non-linear
control devices, exhibiting elasto-plastic behavior.

(vi)

The original and retrofitted structures are assumed to
remain in elastic range both for earthquake and wind excita-
tions. This is because the study is mainly focused on the
characteristics of global response, which considers the line-
arized response of the structure (Naeim, 1998). Moreover,
several recent studies have investigated the effectiveness of
varjious control systems installed in the linear benchmark
building (Elias et al, 2017; Raut & Jangid, 2014), which
demonstrates a reasonable approximation that can be incor-
porated in this study.

The mathematical models for the uncontrolled and con-
trolled buildings are obtained, and free vibration analysis is
conducted to determine modal periods. Further, the equa-
tions are solved using Newmark’s time marching scheme,
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Figure 1. Mathematical model of n-storey: (a) steel moment resisting frame (MRF), (b) steel braced frame (SBF), (c) fluid viscous damped frame (FVDF) and visco-
elastic-damped frame (VEDF).



with linear acceleration, to obtain the response history for
the uncontrolled and controlled buildings.

2.1. Modelling of moment resisting frame (MRF)

The governing differential equation of motion for the MRF
buildings is given by:

[m{x(0)} + [d{x(0} + K{x(D)} = p(t) 1)

where, [m] is the mass matrix of the model lumped at joint
nodes, [c] is the damping matrix, [k] is the stiffness matrix
of the building, X(¢) is the acceleration response, x(f) is the
velocity response, x(¢) is the displacement response, respect-
ively obtained at each floor of the MRF building,
{x} = {x1, %2, %3, .., X, - - .xn,hxn}T, and p(t) is the
external force exerted on the building, in form of the base-
excited earthquake or mass-excited wind loads.

For the base-excited seismic ground motions applied as
external loads, Eq. (1) is modified as:

(m]{x(t)} + [c]{x(t)} + [K{x(t) } = —[m]{r}%, ()

where, {r} is the influence coefficient vector, and %, is the
applied earthquake ground motion acceleration. Similarly,
when the building is subjected to mass-excited nodal wind
loads, Eq. (1) is correspondingly modified as:

[l{x(6)} + [{x(6)} + [K{x(0)} = £ (1) 3)

where, f(t) is the applied force vector at the center of mass
of each storey, {f} = {fi.forfss -+ fars- - Saotsfa '

The secondary DOFs, such as vertical DOFs, the DOFs at
the spliced locations and the rotational DOFs, are con-
densed out, and the mass and stiffness matrices are obtained
in terms of primary and secondary DOFs which are given
as:

Mgp Mg

[] = [”?PP mp} and k] = [’IECPP il’] (4)
sp ss

where, [m] and [k] are the mass and the stiffness matrices
obtained after static condensation. Therefore, the reduced
damped equation of motion is obtained as:

iz} + [z} + kl{z} = p (1) (5)

where, [] = {@} [m]{@} is the generalized mass matrix,
[c] = {0} [e]{e} is the generalized damping matrix, [k] =
{0} [k[{o} is the generalized stiffness matrix, p(t) =
{@}"{p} is the generalized force vector, ¥ = {@} {x} is the
generalized displacement coordinates and {@} =[] '[k] is
the modal matrix. The damping matrix [¢] is based on the
assumption of the modal damping. The modal damping in
each mode is proportionate to the linked frequency. The
damping {; in the ith mode is given by:

. O;
¢ = mm{SOw1 ,0.1} (6)

where, o; is the natural frequency at the ith mode.
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2.2. Modelling of steel braced frame (SBF)

Steel concentric-braces (CBs) provide an effective retrofit
approach to achieve the lateral stiffness and prevent relative
drift in a vibrating system. In addition, these devices absorb
large energy through hysteretic cycles and strength required
for advanced seismic design provisions (Kaur et al., 2012).
The behavior of steel CBs in both the elastic and plastic
ranges determines the global behavior of such structural sys-
tems (Chao et al.,, 2013). The yield displacement and lateral
stiffness of the CBs indicate the design parameters for such
assemblages, calculated from storey stiffness.

Therefore, considering all the design parameters, the SBs
are modelled following the assumptions: (1) the SBs are pre-
vented from yielding in tension, however, may buckle in
compression, and (2) the in-plane stiffness of the metallic
braces is considered and out-of-plane stiffness is neglected.
The CBs are modelled as truss elements to transfer the lat-
eral seismic or wind loads as compression or tension.

Hence, the generalized governing differential equation of
motion (Eq. (5)) fglr the SBF is ~IpodifiAe,d with the change in
lateral stiffness, [k ], where, [k]=[k]+ [kycos?6] is the
stiffness imparted by the columns and the steel braces of the
buildings (ky); and 6 is the horizontal angle subtended
between the steel brace and beam. For the considered con-
figuration of the steel braces in the MRF, the axial stiffness
ky is represented in terms of the material and geometric
properties as:

EA
ko = 7)
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.

2.3. Modelling of fluid viscous damped frame (FVDF)

The non-linear FVD follows the Newtonian model corre-
sponding to the force proportional to the fractional power
law of velocity. The range of the non-linearity affects the
force-deformation loop as described by different researchers,
namely, Lee and Taylor (2001) and Martinez-Rodrigo and
Romero (2003). Therefore, the non-linear force-velocity
behavior of the FVD is given by:

far = [cas]%|*sgnx| (8)

where, fyr is the output viscous damping force, c4¢ is the
damping coefficient obtained from the non-linear FVD, the
exponent o depends on the viscosity of the fluid ranging
from 0.2 to 1, x is the relative velocity between the two ends
of damper; sgn represents the symbolic function.

The governing differential equation of motion for the
FVDF, incorporating the non-linear force-velocity behavior
under the dynamic loads, is expressed as:

[ml{x} + [z} + kKI{&} + fae = p(0) )

where, [¢'] = [¢] 4 [carcos?0] is the equivalent structural
damping obtained from the viscous damping of the non-lin-
ear FVD, while [cyf] =2C4{m]{w,} is the damping matrix
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obtained from the supplemental damping, {4 is assumed to
be 5-30% of the critical damping, best results obtained with
around 15-20%.

2.4. Modelling of viscoelastic damped frame (VEDF)

The VED holds the advantage of both spring and dashpot
effects to restrict excessive vibrations induced from the
extreme earthquake and wind forces. The mechanical mod-
els of the VED comprise of spring and dashpot in series or
parallel to describe the rheological properties of the VED, as
described by Lewandowski and Pawlak (2011). In this study,
the dynamic performance of VED is described by the frac-
tional Kelvin-Voigt model (spring-dashpot in parallel com-
bination). The non-linear force-deformation behavior is
modelled as:

fiav = koxP 4 cgei® (10)
where, f4, is the output viscoelastic damping force; k, is the
axial stiffness of the VED; ¢y, is the damping obtained from
the VED; o and P are the non-linear exponents of the
damping and the stiffness, respectively.

Hence, the governing differential equation of motion for
the viscoelastic damped frame, which includes the non-lin-
ear force-deformation behavior of the damper under the
earthquake and wind loads, is given by:

({5} + [eHx) + k&) + fa = p(2) (11)

where, [I~<,] = [IAcl] + [kp cos 0] is the stiffness of the building
imparted by the columns and the VED; whereas, [¢'] =
[€] + [carcos?0] is the equivalent structural damping
obtained from the viscoelastic = damping. And,
[cay] =2Cqy[m]){®,} is the damping matrix obtained from the
supplemental damping.

It can be noted that the FVD and VED are not designed
for installing it into the buildings. There are standard design
procedures for FVD and VED. The critical parameters for
design of an FVD are damping coefficient obtained from
the non-linear FVD (cq) and the exponent o, whereas, the
design variable for a VED is frequency and temperature
dependent dynamic stiffness, which are generally defined in
terms of experimentally obtained shear storage modulus and
the shear loss modulus.

To select the appropriate values for design procedure, an
iterative procedure is required for optimal placement and
degree of strengthening to achieve a target damping ratio
(Heydarinouri & Zahrai, 2017). Since the focus of the
research is not to retrofit a damaged structure for upgrading
it to a specific performance level; no such iterative design is
performed here. Some practical extemporary design parame-
ters are assumed for retrofitting the buildings using FVD
and VED and behavior of the retrofitted structures thus
achieved is compared under the multi-hazard scenarios of
earthquake and wind.

3. Multiple hazard scenarios
3.1. Earthquake hazard

Early research used stochastic models to generate earth-
quake loads using empirical or physical models. These seis-
mic hazards are primary functions of spectral acceleration,
duration of excitation, frequency content of the ground
motions, etc. Ground motions play an important role in
assessing the dynamic response of structures, as great vari-
ation of response occurs with a slight change in ground
motion (Roy & Agarwal, 2016). Hence, specific numbers of
well-known historical earthquakes are considered for the
analysis with appropriate ground motion characteristics.

Near-field and far-field earthquakes are considered based
on their widespread research in terms of the structural
impact. The earthquakes are chosen according to their fre-
quency content, distinguishing into narrow- and broad-band
based on the range of dominating frequency. Moreover, in
order to utilize the advantages of these time-history data of
real earthquake ground motions to analyze the structures,
one of the several issues that warrant addressing is the scal-
ing issue. The scaling of earthquakes is primarily done to:
(1) investigate the extent of non-linearity for different earth-
quakes at different intensity measure (IM) levels, (2) to
investigate probability of damage for different levels of the
IM levels and (3) to carry out experimental investigation of
prototype structure using shake table test.

The scaling factors may be arrived at by using different
methodologies (Kalkan & Chopra, 2010; Mazza &
Labernarda, 2017). In this work, neither the effect and
extent of non-linearity nor the probability of damage for
different earthquakes at different IM levels have been
studied. Moreover, no experimental studies have been cov-
ered in this topic. In this research, only the responses of the
uncontrolled and controlled structures are compared under
the assumption that the retrofitted structures are considered
to remain in elastic range both under the multi-hazard scen-
ario of earthquake and wind-induced forces.

It should also be noted that the assumption of few seis-
mic ground motion loadings may not be viable to stamp an
authority on the range of results and in-depth conclusions
obtained. However, the proposed idea would help to acquire
distinct knowledge on the current multi-hazard scenario
and focus on the holistic approach to create a hazard resili-
ent society.

3.2. Wind hazard

The wind hazard at a location is expressed as a function of
the maximum wind speed for the site followed by the gust
factor. In many design codes and building standards of
wind loading, a peak gust speed, Uss 19 (3-second gust speed
at 10 m height from the ground) is used to calculate the
design wind loads. To address the multi-hazard effect on
the steel buildings, site-specific wind loadings are consid-
ered. The non-concurrent along wind loadings are consid-
ered for the same site as the earthquake loadings.
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Table 1. General properties for the n-degree of freedom (n-DOF) system of the moment resisting frame (MRF) building.

No. of storeys Storey levels Seismic mass, m, (kg)

Stiffness, k, (kN/m)  Damping, ¢, (kN-s/m)  Dimension (m)

9-storey Basement (ny,) -
Ground (n) 483 % 10°
1 () 5.05 x 10°
2" (n,) - 8" (ng) 495 x 10°
9" (no) 535x 10°
Bay widths -
20-storey Basement (ny,) -
Ground (n) 2.66 x 10°
1 (ny) 2.83 % 10°
2" (n,)-19" (ny9) 276 x10°
20" (n0) 2,92 % 10°
Bay widths -
25-storey Basement (ny,) -
Ground (n) 2.66 x 10°
1 (ny) 2.83 % 10°
2™ (n,)-24™ (n,4) 276 x 10°
25™ (ns) 292x10°
Bay widths -

- 3.65
2.08 x 10° 5.49
3.96
3.96

77.87 x 10°

9.15

- 3.65
8.55 x 10* 5.49
3.96
3.96

2.75 % 10°

6.10

- 3.65
5.60 x 10* 5.49
3.96
3.96

2.35 % 10°

6.10

The wind loads, with static and fluctuating components,
are simulated from NatHaz online wind simulator (NOWS):
simulation of Gaussian multivariate wind fields (Kwon &
Kareem, 2006). 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 thereafter by sum-
ming the static and fluctuating components obtained from
the simulation based on Bernoulli’s theorem, given as
under:

U(t) = 0.5pCqA[U(t) + u(t))? (12)

where, p is the air density, C4 is the drag coefficient
depending on the shape of the object, A is the exposed area,
U(t) is the mean speed component and u(t) is the fluctuat-
ing speed component of the wind time history.

4. Numerical study

In this study, effectiveness of the passive control devices
installed in 9-, 20- and 25-storey steel buildings is investi-
gated under the dynamic earthquake and wind loads. The 9-
and 20-storey benchmark steel buildings are modelled and
analysed with the passive control devices for further investi-
gation (Ohtori et al.,, 2004; Spencer et al.,, 1999). In addition
to the 9- and 20-storey buildings, a 25-storey building is
similarly designed for the gravity loads by extending the sto-
ries of the 20-storey benchmark steel building and checked
against the limit states of collapse and serviceability.

Retrofitting of the steel buildings is carried out by adding
either stiffness and/or damping. The proportional stiffness
for the passive control devices assumed is 60% of the storey
stiffness and the proportional damping assumed is { = 15%
of the critical damping. The non-linear exponent o for the
FVD as well as the VED is assumed as 0.3. The non-linear
exponent of the stiffness, B, is assumed as 2 to simulate clas-
sical Kelvin-Voigt model for the non-linear VED.

The material and geometric properties assumed for this
study are shown in Table 1. Free vibration analysis is per-
formed for the uncontrolled and controlled buildings and

Table 2. Modal analysis results for the n-DOF system in terms of period (s).

MRF SBF FVDF VEDF
9-storey 2.88 2.19 2.88 2.17
1.01 0.68 1.01 0.64
0.61 035 0.61 033
0.42 0.23 0.42 0.22
0.32 0.18 0.32 0.16
20-storey 3.86 3.12 3.86 3.1
1.33 0.98 133 0.94
0.78 0.53 0.78 0.49
0.55 035 0.55 033
0.42 0.26 0.42 0.25
25-storey 5.88 4.68 5.88 4.86
215 1.48 215 1.49
1.25 0.74 1.25 0.76
0.89 0.46 0.89 0.50
0.68 0.32 0.68 0.37

the results are obtained in terms of natural periods given in
Table 2 as under. The multi-hazard assessment for the 9-,
20- and 25-stories is conducted under four historical earth-
quakes: (1) the NS component of the El Centro earthquake
recorded at Imperial Valley Irrigation District substation in
El Centro, California on 18" May 1940, (2) the 90 compo-
nent of the Loma Prieta earthquake recorded at Los Gatos
Presentation Center (LGPC) station on 18® October 1989,
(3) the NS component of the Northridge earthquake
recorded at Sylmar County Hospital parking lot in Sylmar,
California on January 17™ 1994 and (4) the NS component
of the Kobe earthquake recorded at Japanese Meteorological
Agency (JMA) station on 17 January 1995. Response spec-
trum 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 2.

The wind hazard incorporated in the study are simulated
from the NatHaz online simulator with gust speed as 33, 39,
46 and 55 m/s located in urban and suburban areas with
numerous closely spaced obstructions (Category-B) having
cut-off 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, such as California region of the USA and South-East
Coast of Japan. Design wind speed for the California region
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Figure 2. Response spectrum of the selected earthquakes for: (a) ground motion acceleration and (b) ground motion displacement.
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is 39 m/s; whereas for the South-East Coast of Japan, the
design speed is 46 m/s.

However, the other wind speeds are assumed based on
Indian standard code to maintain a comparability amongst
the parameters. Time history of the wind excitation with
gust speed 46 m/s along with the corresponding FFT and
power spectral density (PSD) for the steel buildings, plotted

in Figure 3(a—c). The FFT and PSD spectra refer to the fre-
quency and energy content in the considered wind loads,
essential in evaluating the nature of the structural responses
under the gusty wind loads.

Tables 3 and 4 highlight the details of considered earth-
quakes and winds used in the study. Response quantities,
such as top floor acceleration (%, n=09, 20 or 25), inter-storey



drift (5), base shear (V},) and top floor displacement (x,,
n=29, 20 or 25), are chosen to address the multi-hazard conse-
quence for the steel buildings. The floor accelerations devel-
oped in the superstructure are proportional to the force
exerted by the structures under the dynamic earthquake and

Table 3. General characteristics of the historical earthquake loadings used in
the study.

Recording PGA
Sl. no. Earthquake Event date station Component  (g)
1 Imperial Valley 18™ May 1940 El Centro 00 0.34
2 Loma Prieta 18™ October 1989 LGPC 360 0.55
3 Northridge 17" January 1994 Sylmar NS 0.83
4 Kobe 17 January 1995 JMA 90 0.82

Table 4. General characteristics of the site-specific wind excitations used in
the study.

Cut off
Gust wind frequency Exposure Duration
Sl. no. speed (m/s) (Hz) category (s)
1 33 0.5 B 2000
2 39
3 47
4 55
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wind excitations and also determine the serviceability criteria
(e.g. comfort level of occupants) of the structures. The dis-
placement as well as the inter-storey drift ratio is influential in
determining the design of the lateral load carrying components
of the structural systems.

4.1. Deterministic study for 9-storey steel buildings

The effectiveness of retrofitting systems for the 9-storey
benchmark steel buildings is investigated from the response
history data for the chosen parameters under the multi-haz-
ard scenario. Table 5 shows the peak response for the 9-
storey steel building frames without and with the passive
control devices under the considered earthquakes, whereas
Table 6 highlights the peak responses for the wind excita-
tions. Figure 4 presents the distribution of the peak
responses for the 9-storey steel building under the multiple
hazard scenarios of earthquake and wind.

Under the seismic excitations, the peak top floor acceler-
ation (¥«) and base shear (V},) for the SBF are the highest.
With decreased modal periods, the SBF attracts large forces
owing to relative stiffness, as observed from the plot of
response spectrum (Figure 2). On the other hand, the

Table 5. Comparison of the peak response for the different steel building systems under real-time earthquake loadings.

Top floor acceleration, X,

Base shear, V, Top floor displacement,

Response quantities (m/s?) Inter-storey drift, 6 (%) (x10® kN) X, (M)
Events No. of storeys 9 20 25 9 20 25 9 20 25 9 20 25
Imperial Valley, 1940  MRF 6.535 2.503 3374 1859 0.635 1473 3.969 3396 0325 0351 0364 0483
SBF 7.274 4782 4351 0.854 0.751 0614 7.026 8256 0.560 0.195 0493 0.261
FVDF 3.643 2.885 2984 0.807 0327 0.507 1.768 2815 0319 0206 0209 0.191
VEDF 5.632 3.285 3.119 0407 0338 0.322 3.521 3915 1382 0.103 0236 0.169
Loma Prieta, 1989 MRF 12,782  11.092 9.691 3.964 1.110 3.893 9466 19.019 0720 0977 1.819 1.328
SBF 18.831 10.551 8545 3387 3307 4240 37.168  27.213  1.251 0.971 1917  1.855
FVDF 8.858 5.187 7.070 2407 1450 2357 6.698 9300 0.661 0.677 0923 0921
VEDF 10.367 5.755 3712 1306 1743 1939 17.708 15959 3229 0393 0945 0918
Northridge, 1994 MRF 16.582 7.138 9.608 4616 1702 3915 13.649 11143 0.815 1438 1.036 1.024
SBF 17.287 8254 12015 2586 1.814 2.832 22944 19512 1333 0795 1.381 1.034
FVDF 11.734 5.749 6.792 2303 1450 2016 5464 10.892 0713 0695 0.591 0.681
VEDF 11.102 6.922 4005 1523  1.158 1664 16.771 9.897 3745 0495 0734 0.345
Kobe, 1995 MRF 8.097 7588 11.115 4911 1401  3.096 10.674 10913 0768 0.691 0.549 0.571
SBF 11.288  10.591 11920 2678 2168 2.648 24274 17475 1526 0731 0.578 0721
FVDF 6.903 5.771 8446  2.006 0.868 1.103 4.562 6.698 0.689 0417 0449 0277
VEDF 7.725 5.117 9.090 1.296 1665 0956 17523 11.251 4.015 0349 0403 0.356

Table 6. Comparison of the peak response for the different steel building systems under site-specific wind loadings.

Top floor acceleration,

Top floor displacement,

Response quantities % (M/s?) Inter-storey drift, & (%) Base shear, V,, (kN) X, (M)
Events No. of storeys 9 20 25 9 20 25 9 20 25 9 20 25
33 m/s MRF 0.037 0.140 0.214 0.046 0.203 0.289 0.094 0.755 1.221 0.009 0.096 0.282
SBF 0.022 0.162 0.278 0.024 0.147 0.169 0.157 0.981 1.719 0.005 0.061 0.167
FVDF 0.007 0.132 0.228 0.045 0.186  0.239 0.092 0.492 1.197 0.008 0.086  0.271
VEDF 0.005 0.178 0.261 0.039 0.157 0.186 0.105 0.420 0.949 0.007 0.053 0.152
39 m/s MRF 0.042 0.191 0.331 0.067 0.251 0.383 0.132 1.086 1.854 0.016 0.143 0.413
SBF 0.051 0.219 0.272 0.031 0.163 0.181 0.202 1.234 2.104 0.006 0.087 0.268
FVDF 0.018 0.178 0.346 0.058 0.237 0.315 0.118  0.751 1.530 0.010  0.138 0.382
VEDF 0.013 0.233 0.303 0.049 0.181 0.239 0.141 0.734 1.197 0.008 0.062 0.241
46 m/s MRF 0.105 0.289 0.392 0.076 0.347 0.791 0.182 1.816 2.906 0.024 0.213 0.588
SBF 0.097 0.288 0.406 0.035 0.223 0.434 0.249 1.992 3.027 0.010 0.147 0.357
FVDF 0.090 0.244 0392 0.066 0.290  0.590 0.148 1.536 2.457 0.021 0.178 0.456
VEDF 0.051 0313 0.390 0.055 0.207 0.466 0.201 1.146 1.834 0.013 0.133 0.296
55 m/s MRF 0.127 0.403 0.432 0.105 0.430 1.060 0.258 2227 3.564 0.037 0.267 0.790
SBF 0.109 0.496 0.462 0.047 0.273 0.588 0312 2.307 3.692 0.014 0.184 0.520
FVDF 0.102 0.264  0.432 0.086 0.369  0.909 0.191 1.954 3127 0.028  0.228 0.668
VEDF 0.072 0.558 0.442 0.081 0.249 0.466 0.270 1416 2.266 0.016 0.166 0.492
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Figure 4. Distribution of the peak load of responses for the 9-storey steel building under the multiple hazard scenarios of earthquake and wind.

additional damping induced FVD and VED are most effi-
cient in dissipating the seismic energy as observed for the
inter-storey drift (8) and displacement response (xx). Overall,
the retrofitted control devices equipped with additional
damping are effective in reducing the large seismic responses;
in most cases, the least response is observed in the VEDF
due to the effect of additional stiffness and damping.

The response quantities observed under the wind excita-
tions are noticeably low as compared to the response
obtained under the earthquakes. The wind responses are
magnified to demonstrate the variation in distribution under
different gusty along wind excitations. The installed passive
control devices are capable to reduce the wind responses, as
the additional damping induced FVDF and VEDF are
observed to have significant reduced response for top floor
acceleration (X+) and column base shear. The VEDF, having
combined advantage of additional stiffness and damping,
results in significant response reduction under the wind
loads. The reduced response is obtained from the combined
action of non-linear stiffness and damping component,
which accounts for increased energy dissipation as com-
pared to the other two retrofitting schemes. Moreover, the

SB is observed to be effective in controlling the inter-storey
drift (3) and displacement response (xx).

Therefore, it is concluded that the additional damping char-
acterized retrofit devices, such as the FVD and VEDF, are effi-
cient in reducing the dynamic earthquake response, while the
stiffness characterized retrofit device, as the SBF is effective in
reducing the wind response due to the change in dynamic
properties under the multiple hazards. It may be implicit to
conclude that the retrofit strategies preferred to minimize the
large responses for a particular hazard (here earthquake) may
be unsuitable to control the responses against the other hazard
(here wind). Hence, in such cases, an accurate approach is
required to be enforced, which calls for a careful selection of
the retrofit solution considering the multi-hazard scenario.

4.2. Deterministic study for 20-storey steel buildings

Herein, the effectiveness of the considered passive retrofit
devices is studied for the 20-storey benchmark steel frame
buildings under the multiple hazard scenarios of dynamic
earthquake and wind excitations. Table 5 depicts the peak
response for the 20-storey steel building frames without and
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Figure 5. Distribution of the peak load of responses for the 20-storey steel building under the multiple hazard scenarios of earthquake and wind.

with the passive control devices under the considered earth-
quakes, whereas Table 6 highlights the peak responses for
the winds. Figure 5 illustrates the distribution of the peak
load of responses for the 20-storey steel building under the
multiple hazard scenarios of earthquake and wind. The fig-
ure can be used to understand the difference in the
responses induced by the earthquake and wind forces. The
highest response, observed for the SBF, is invariably for all
the considered response quantities. This indicates that the
SBF is vulnerable under the horizontal seismic excitations,
attracting large forces. On the other hand, the FVDF and
VEDF are observed to have the least response, owing to the
enhanced effectiveness by additional damping.

The wind responses for the 20-storey steel buildings
are comparatively insignificant; however, increased as
compared to the 9-storey buildings. The variations in dis-
tribution of the wind responses are shown in the adjacent
plots to illustrate the effectiveness of the control devices.
It may be observed that the acceleration (X+) and base
shear (V},) responses are increased significantly on instal-
ling the additional stiffness induced SB and VED.
However, there is a significant reduction in inter-storey

drift (8) and top floor displacement (x+) responses for the
SBF and VEDF.

The additional stiffness induced control devices (SB and
VED) have substantial contribution in response reduction
under the considered wind loads. Addition of stiffness has
major influence in the reduction of response against the
mass-excited wind loads, due to the lower frequency content
in the time-varying loads (Figure 3). The discussion, there-
fore, highlights that the stiffness induced control devices,
SBF and VEDF, are inefficient in seismic response control
due to the change in dynamic properties.

Nonetheless, such control devices are truly capable of
reducing the wind response, as the modified properties
turn in favor of the wind response. In the contrary, the
additional damping added devices, the FVDF and VEDF,
have considerable seismic response reduction, which cause
significant decay in the large responses of the earthquakes
by dissipating the energy induced in the structure. This
added damping, whatsoever, has insignificant response
reduction under the dynamic wind scenario. Therefore, it
becomes a demanding task to form a judgmental notion in
selecting a retrofit device for the structures prone to
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Figure 7. Relative inter-storey drift for the 25-storey steel building under the selected earthquakes.

devastating effects of predominant multiple hazards as
earthquake and wind.

4.3. Deterministic study for 25-storey steel buildings

The multi-hazard assessment is conducted for the 25-storey
steel buildings controlled with the passive devices by extend-
ing the 20-storey benchmark building and is highlighted in
Tables 5 and 6. The relative peak responses are investigated
as shown in Figures 6-11. The acceleration response (%) of
the top floor is studied under the multiple hazard scenarios

of earthquakes and winds. From Figure 6, it is observed that
retrofitting by the SB has adverse effect on the response of
the structure, thereby increasing the response significantly
under the earthquakes. The highest response is noticed for
the SBF for most of the earthquake ground motion scen-
arios. The least response is observed for the additional
damping induced control devices, as the FVDF and VEDF.
The inter-storey drift (8) is considered to investigate the
effectiveness of the passive devices under the multiple load-
ing scenario of earthquakes and winds, as shown in Figure
7. It is evident that the use of the SB tends to increase the
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inter-storey drift under the earthquake events. It is inas-
much as the higher modes participate in the contribution of
the response, leading to an increased response under the
modified dynamic properties of the buildings. The least
response is identified for the added stiffness and damping
induced VEDF building under all the seismic events. The
supplemental damping along with the stiffness assists in sig-
nificant energy dissipation, resulting in reduced response.

As shown in Figure 8(a-d), the base shear (V},) response
chosen to quantify the multi-hazard situation does not fol-
low the trend for the above-discussed cases under the seis-
mic ground motions. Interestingly, there is a significant
increase in the response is observed for the VEDF and is
calculated to be the highest, although the added stiffness
and damping has the tendency to decrease the response.
The top floor displacement (x+) response is similarly consid-
ered to investigate the efficiency of the passive devices.
Figure 8(e-h) shows the relative displacement of the top
floor under the considered earthquakes, which has clear rep-
resentation of the variation of responses for the retrofitting
solutions. The response is the highest for the SBF under the
considered earthquakes. The least floor displacement is
observed for the VEDF.

The wind forces have significant effect on the responses,
as the building is sensitive to the wind forces, however,

earthquake forces being substantially larger, the responses
tend to increase. Figure 9(a-b) display the relative acceler-
ation (¥+) and displacement (x+) of the top floor for 25-
storey steel building under the gust wind speed of 46 m/s. It
is observed that the addition of stiffness has contradictory
impact on the response of the steel buildings. The acceler-
ation (¥x) response is observed to increase, whereas, the dis-
placement response is significantly decreased. Similarly, for
the base shear (V},) response, the SBF is observed to have
the highest response, which is directly related to the acceler-
ation response of the structure.

Figure 10 presents the inter-storey drift (5) under the
considered wind excitations. It is observed that the stiffness
induced passive devices (SB and VED) are effective in con-
trolling the storey drift. Overall, the considered peak
responses of the buildings analyzed under the dynamic seis-
mic and wind loadings are plotted in Figure 11 to under-
stand the trend in response quantities and a possible case of
multi-hazard scenario. There exist specific circumstances as
both the ground motion and gusty wind excitations govern
the modal responses, thereby demonstrating a possible
example of a multi-hazard situation. Therefore, such contra-
dictory effects of the retrofitting systems have necessitated
careful selection of the retrofit solution and design for a
structure, duly considering the multi-hazard assessment.
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Figure 11. Distribution of the peak load of responses for the 25-storey steel building under the multiple hazard scenarios of earthquake and wind.

5. Multi-Hazard assessment of steel buildings

Herein, the multi-hazard scenario of the steel buildings
installed with passive control devices is discussed under the
earthquake and wind hazards. The effectiveness of the pas-
sive control devices installed in the steel buildings is investi-
gated through the distribution of the peak response data
under the considered excitations. To analyze the multi-haz-
ard situation arising from the selection of a retrofitting
device in minimizing large forces, specific cases are under-
taken to justify the assumption. Column base shear (V)
and top floor displacement (x:) responses are selected to
examine the validity of the theory. The possible reason of
neglecting the other response quantities is that the top floor
acceleration and inter-storey drift are directly related to col-
umn base shear and displacement, respectively.

The multi-hazard situation is further assessed by defining
a limit state, for which the responses are compared against
the multiple hazards. The base shear under typical wind
loads generally vary from 2 to 6% of the inertial weight of
the structure (W) (Paulson, 2004). Therefore, a limit of 0.03

W is adopted, assuming the condition that the response
above the limit is considered to worsen, as shown in Figures
12(a)-14(a). The relative displacement is also studied under
earthquakes and winds, and therefore, a limit displacement
of 0.002 h (h/500) is considered as per any standard provi-
sion, where, h is the height of the building, which demar-
cates the worsening feature when the response is above the
limit, as presented in Figures 12(b)-14(b). From Figures 12
and 13, it is noticed that the seismic responses dominate the
design of the steel buildings using the passive control devi-
ces, as the wind responses are insignificant. However, the
retrofitted buildings do not display any worsening feature
under the wind loadings.

The 25-storey steel building is assessed for the multi-hazard
performance, as shown in Figure 14. The 25-storey building is
identified to be governed by both the seismic ground motions
and gusty winds. The modal responses of this building frame
are contained within a frequency bandwidth influenced by
both the hazards. The contradicting behavior under both the
non-simultaneous occurring hazards becomes a concern to
assess the proper retrofit solutions in exposed regions where
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multiple hazards predominate. The base shear response is
studied under the multiple excitations and it is concluded that
the dynamic wind forces govern the design of steel buildings.
A close observation on the response indicates that the steel
building retrofitted using the VED under wind scenario,
induce considerable catastrophic demand under the seismic
ground motions.

As a wind load governed structure, several controlled
responses under the wind are above the limit state; however,
significant response reduction is obtained by using the VED.
However, the VEDF response under the earthquake is substan-
tially above the limit, indicating a worsening feature of the
retrofit strategy against the earthquake hazard. The modified
dynamic properties in this situation act against the favorable
conditions of the dissipating devices under the earthquakes.
Therefore, it is certain that the benefit reported for a passive
control device may prove to be a hindrance against the other
hazard, requiring special attention for such critical assessment.

Similar to the base shear, the top floor displacement is
reported to have a multi-hazard contradiction under the
exciting forces. It is obvious that several seismic response
quantities fail based on the criterion considered. However, it
is noticed that the seismic response control is ineffective to
control the wind response for higher gust speed. The retro-
fitting strategy, which was supposed to alleviate the response
under the larger earthquake loads, became unsuitable for
the wind loads. The current scenario is intended to draw
significant attention of researchers to develop robust techni-
ques, which could counter the devastating effects of the



hazards occurring in design life of the structures.
Thenceforth, a clear vision is required to assess the struc-
tures and provide retrofit solutions in such scenarios where
the multiple hazards pose significant threat in the design life
of structures, which calls for the need to investigating the
structures from the multi-hazard perspective.

6. Conclusions

Herein, a multi-hazard assessment is conducted for the 9-,
20- and 25-storey steel buildings by using different stiffness
and damping induced retrofitting devices under the dynamic
excitations of site-specific earthquakes and winds. The fol-
lowing conclusions are derived from the context of the
multi-hazard assessment conducted for the steel buildings:

1. The stiffness induced control devices are ineffective in
providing significant seismic response control due to
the changed dynamic properties. However, such control
devices are mostly capable of reducing the wind
response, as the modified properties turn in favor under
the wind excitations.

2. The retrofitting strategy supposed to alleviate the
response under the lesser wind loads, became unsuitable
for the larger earthquake loads. Therefore, it becomes a
demanding task to form a judgmental notion in select-
ing a retrofit device for the structures prone to devas-
tating effects of predominant multiple hazards as
earthquake and wind.

3. There exists cases as both the seismic ground motion
and gusty wind excitations govern the modal responses,
thereby demonstrating a possible example of a multiple
hazard situation. These precarious situations arise as
the modal frequencies of the structures lie in the fre-
quency bandwidth of the earthquake and wind spectra.

4. In general, it becomes a concern to assess the proper
retrofit solutions in exposed regions where multiple
hazard predominate. Subsequently, a clear vision is
required to assess the structures and provide retrofit
solutions in such scenarios where the multiple hazards
pose significant threat in the design life of structures,
which calls for the need to investigating the structures
from the multi-hazard perspective.
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