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Traditionally, external hazards are considered in the design of a building through the various combinations of
loads prescribed in relevant design codes and standards. It is often the case that the design is governed by a single
dominant hazard at a given geographic location. This is particularly true for earthquake and wind hazards, both
of which impart time-dependent dynamic loads on the structure. Engineers may nevertheless wonder if a
building designed for one of the two dominant hazards will satisfactorily withstand the other. Prior studies have
indicated that in some cases, when a building is designed for a single dominant hazard, it does not necessarily
provide satisfactory performance against the other hazard. In this paper, we propose a novel framework that
builds upon performance-based design requirements and determines whether the design of a building is governed
primarily by a single hazard or multiple hazards. It integrates site-dependent hazard characteristics with the
performance criteria for a given building type and building geometry. The framework is consistent with the
burgeoning area of probabilistic risk assessment, and yet can easily be extended to traditional, deterministically
characterized design requirements as illustrated herein.

1. Introduction

Design and retrofit approaches for multi-hazard scenarios have
received considerable attention in recent years. However, the concept of
multi-hazard analysis is quite broad, and the nature of existing studies
varies across a wide spectrum of problems [1,2,3]. In some cases, the
focus is on hazards that either occur simultaneously or are closely
correlated with one another [4,5,6,7,8,9,10,11,12], such as flooding and
fires that are induced by the same seismic event. In other cases, multi-
hazard studies relate to hazards that are not dependent or correlated
but have a strong likelihood of occurrence at different points in the
lifetime of a structure [13,14,15,16,17,18,19]. Design and retrofit as-
sessments for earthquake and extreme wind hazards fall within the latter
category.

In the specific case of earthquake and wind loads, design and retrofit
solutions are traditionally governed by the requirements of appropriate
codes and standards that have historically accounted for multiple
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hazards through the guidance provided for load combinations. Since
performance limit-states in the various codes and standards are the same
for loads corresponding to different hazards, the final design is governed
by only a single hazard that corresponds to higher loads. The basic
premise is that each load combination attempts to account for a scenario
that can occur simultaneously. Consequently, much research has been
focused on the dynamic behavior of the structures subjected to a single
dominant hazard of earthquake or wind [20,21,22,23,24,25,26,27,28].
Also, the design standard ASCE 7-10 recommends using only one of the
two, either earthquake or wind hazard, loads in a single load combi-
nation. More specifically, the two combinations involving either earth-
quake or wind are (i) 1.2D + 1.0E + L + 0.2Sand (ii) 1.2D + 1.0 W+ L +
0.5L,, respectively, where D = dead load, E = earthquake load, L = live
load, S = snow load, L, = roof live load, W = wind load. While it is quite
evident that the load combination for either earthquake or wind would
dominate the design, recent studies have identified the limitations of
such an approach. Wen and Kang [30] illustrate that, even if a single
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hazard (earthquake or wind) dominates the design loads, the less
dominant hazard can contribute significantly to the overall design.
Duthinh and Simiu [31] and Crosti et al. [32] additionally show that
ASCE 7-05 requirements are not risk-consistent. They illustrate that the
overall risk for combined earthquake and wind loads in regions sus-
ceptible to both strong earthquakes and extreme winds can be more than
twice that calculated by considering only a single dominant hazard.
Consequently, these studies propose modifications to ASCE 7-05. Chen
[33] considers mid- to high-rise buildings in studying the inherent wind
resistance of a building designed for earthquake loads as well as the
inherent seismic resistance of a building designed for wind loads. The
results indicate that certain solutions for ensuring safety against a single
dominant hazard, such as wind, can create competing design objectives
with respect to the other hazard, such as an earthquake. Li et al. [34]
also show that design and retrofit strategies to improve a structure’s
performance for withstanding a single hazard can make the structure
more vulnerable to other non-dominant hazards.

The fundamental basis for both earthquake and wind design is in
finding the appropriate load path through the building and accounting
for the dynamic nature of both loads. To do so, designers and engineers
may ask if a building designed for one of the two hazards will also
perform well for the other. AIA [35] discusses this fundamental question
and concludes that the answer is not necessarily so. The study observes
that the true answer depends on a building’s configuration height, load
path for the given structural system, and performance objectives. It also
provides an interesting contrast between the two load cases, particularly
in the ones calculated from building codes. In particular, earthquake
loads calculated using the code provisions are shown to be much less
than those typically exhibited during a major earthquake. Ductility of
structural members and connections is utilized in the resistance of large
earthquake loads, and is achieved through detailing requirements. In
contrast, codified wind loads are much closer to the actual loads and
wind pressures recorded at a geographic location, and there is no reli-
ance on ductility. Consequently, a design in which inter-story drifts are
governed by wind loads will not be able to provide sufficient ductility to
withstand a large earthquake. It is targeted that the building under wind
load generally remains within an elastic limit. This situation typically
arises when buildings are located in regions with low-to-moderate
seismicity and strong winds.

In a recent study, Unobe and Sorensen [36] observe that different
hazards can dominate performance in different limit states, addressing
another aspect of the many possible multi-hazard scenarios. They
illustrate that recurring moderate-to-high intensity winds can dominate
performance with respect to fatigue, whereas the rare possibility of an
earthquake during the lifetime of a structure can dominate the tradi-
tional design limit-states in shear, flexure, and/or drifts. This trade-off
between competing performance goals, such as those involving earth-
quakes and winds, has recently garnered considerable attention, and
compels us to address multiple hazards in the assessment, design, con-
struction, and retrofit of structures. However, there is in fact no
framework available for the designer to determine whether the design of
a particular building at a given site is governed by one or more hazards.
In this study, the development of such a framework is explored, and a
performance-based approach is proposed. The proposed approach
makes use of (a) the site-dependent hazard intensity for a given site, (b)
the building configuration/height, and (c) performance criteria that
govern the design of the building for each individual hazard. The
resulting framework can also be used to determine whether a particular
building structure requires any retrofitting, especially in cases where
both earthquake and wind hazards govern the design and performance
of a building whose initial design may not have accounted for them as
such. Here, we demonstrate the merits of the proposed framework
through an application in which retrofit solutions are examined for two
mid- to high-rise buildings located in close proximity to one another, as
in a tight urban setting. Results of the analysis show that retrofit solu-
tions differ significantly when evaluated under a multi-hazard scenario.
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2. Performance characterization

Structural performance is assessed through the use of limit states,
which are characterized by design and serviceability thresholds, and
limit states are expressed by performance functions, which can be
described in the following form:

Z=g(L,R)=L—-R @

where L denotes the performance limit (capacity) of the structure and R
represents response (demand) on the structure at a given hazard in-
tensity measure. In general,

Z:g(X17X2>~--~,Xn) (2

where X, represents probabilistically defined variables for the loads and
the strength. The performance function g is a limit-state function that
characterizes the failure criterion as:

g(—) < 0 : Failure state
g(—) =0 : Limit state &)
g(—) > 0: Safe state
Performance functions are used to determine the safe or failure states
from either a deterministic or probabilistic perspective. The probability
of failure Py is then given by the joint probability distribution of X,’s:

Py = / /fx..x;.x;..“..x” (o015 X030, X )Xy, dXy , dx3 ... dx,, (€))
8(=)<0

where fx, x, x,,..x, (X1,X2,X3, ..., Xn) is the joint probability density func-

tion of the random variables.

The performance-based framework we propose is developed for a
probabilistic characterization of the performance function, as above.
However, limit states are often prescribed deterministically by codes
and standards to ensure a minimum level of reliability in the design.
Designers evaluate the demand for increasing values of the intensity
measure and subsequently determine the value at which Eq. (1) becomes
negative for a given capacity, again, as prescribed by relevant codes and
standards. As a result, we extend the proposed framework so that it
accommodates deterministically characterized performance criteria. It
must be noted that different measures are used to quantify the intensity
of different hazards, leading to a completely independent characteriza-
tion of Eq. (1) for different hazards, which cannot be directly compared
or combined.

In general, multiple performance limit states exist and are examined
in the design of a structure. Yet in most cases, the design is governed by a
single performance limit state. Specifically, the performance of the
building structure subjected to earthquake loading is typically governed
by potentially excessive inter-story drift (characterizing the safety
against side-sway collapse). ASCE [29] and [37] building codes specify
the limit state for inter-story drift to be 1.5% of the story height. Unlike
earthquakes, the design for high wind loading is not governed by the
collapse of a building. Instead, it is typically governed by appropriate
performance with respect to excessive vibrations, which is characterized
in terms of the corresponding serviceability limit state. Tallin and
Ellingwood [38] state that the threshold of perception and annoyance
for the acceleration intensity is approximately 0.005 g (0.049 m/s%) ~
0.015 g (0.147 m/s%), and the limit for psychological well-being and the
ability to perform routine tasks is about 0.04 g (0.39 m/s%). Recent
studies [39,40] presented the latest information on occupant response to
wind-induced building motions and the related acceptance criteria.
These studies suggested acceptance criteria as follows: 0.005 g is a
threshold that is perceptible to occupants and is unlikely to cause sig-
nificant adverse. 0.01 g is a comfort and well-being threshold that is
perceptible to most occupants. 0.035-0.04 g is a fear and safety
threshold severe to cause some occupants to lose balance. Besides,
excessive acceleration can not only cause discomfort to people but also
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Fig. 1. Graphical representation of proposed framework: multi-hazard risk map.

loss of function to non-structural and electrical equipment [41,42]. For
convenience, these limit states are adopted in this study. In general, the
two limit states may be expressed as

gl(IMe) =L 7Re(IMe) 5)
2:(IM,)) =L,, — R, (IM,,) (6)

where g; is the performance function for earthquakes, which is charac-
terized in terms of the intensity measure for earthquake loading (IM,); g2
is a performance function for winds, which is characterized in terms of
intensity measure for wind loading (IM,,); R is the maximum inter-story
drift (demand) of the structure under earthquake excitation; L. is the
performance limit (capacity) for earthquake loading, i.e., 1.5% of story
height; R, is the maximum acceleration (demand) of the structure under
wind excitation; Ly, is the performance limit (capacity) for wind loading,
i.e., 0.04 g (0.39 m/s?). Characterizing performance is obviously the
essential first step in the development of a performance-based multi-
hazard risk assessment framework. In a reliability-based design code,
the limit-states are expressed corresponding to an acceptable level of
risk. Many design codes continue to evolve and are adopting reliability-
based design equations.

3. Proposed framework
3.1. Risk-based multi-hazard approach

The proposed framework combines performance functions with the
different intensity measures for multiple hazards in a spatial represen-
tation that is subdivided into distinct regions. These graphically depic-
ted regions can then be used to evaluate the significance of each hazard
at a given site. Consequently, one of the regions will correspond to sites
at which more than a single hazard contributes significantly to the
structure’s performance.

Fig. 1 shows the proposed graphical framework. As seen in this
figure, the starting point is to develop curves of a structure’s perfor-
mance with respect to the intensity measures for each individual hazard.
In a probabilistic risk-assessment framework, such curves give the
variation of Py as calculated in accordance with Eq. (4) for a given per-
formance function with the intensity measure for the particular hazard;
these are referred to as “fragility curves.” As seen in the figure, two
fragility curves are plotted with respect to the intensity measures. One
curve corresponds to performance function g; for earthquakes and the
other to g, for winds. The feasibility of a design is governed by an
acceptable level of risk (or probability of failure), denoted by Py allow
Such a characterization of the acceptance criterion allows for risk-
consistent design among multiple hazards. Safe designs are character-
ized by Py < Py dlow \vhereas failure is characterized by P> Py dlow Also,
as seen in Fig. 1, the two fragility curves and the definitions of Py allow for
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Fig. 2. Development of multi-hazard prone site map: deterministic form.

each hazard are used to develop a third (central) plot, which we refer to
as risk space, and each axis in this plot represents an intensity measure
for one of the hazards. The Py dlow yalue is then used to identify the
corresponding intensity measure value (IM;,; and IMy ) in the fragility
curve as the limiting boundary in risk space characterized by the cor-
responding intensity measures. These limiting boundary values, IM;
and IM; , are then used to identify four distinct regions in the risk space
plot. The region that corresponds to IM; > IM; ; and IM2 > IM, is the
region in which both the hazards govern the design of the structure. At a
given geographical location, the codes and standards can be used to
determine the site-specific intensity measures for designing a structure.
These two values for the two hazards are represented by a point (“x”) in
the risk space of Fig. 1, and its location determines whether the design of
the particular structures at the given geographic location are governed
by both hazards (region IV in Fig. 1) or a single hazard (regions II and III
in Fig. 1). The consequence of each hazard is characterized by the cor-
responding performance criteria which can be different for different
hazards. For example, the performance criterion can be the safety
against a side-way collapse in the case of earthquakes, whereas, for wind
hazard, the performance criterion can be the serviceability limit of the
occupant’s safe mobility. Next, the framework presented in Fig. 1 is
transformed into a performance-based framework in order to allow
practical applications.

3.2. Transformation of risk based approach to performance based
approach

The risk-consistent framework proposed above is developed while
keeping in mind the actively evolving area of probabilistic risk assess-
ment and reliability-based design. While the framework presented in
Fig. 1 above is based on fundamental principles, its application to actual
design or retrofit assessment studies is not straightforward and in some
cases impractical due to the complexity and cost of evaluating fragility
curves. For practical applications, the framework presented above can
be converted into a simpler deterministic performance-based form. The
performance-based form provides consistency with current design codes
and standards. As shown in Fig. 2, a modified form of Fig. 1, the fragility
curves are replaced with deterministically generated curves for g; and g2
with respect to their intensity measures. The performance functions g;
and gz are deterministic in nature as per Eq. (5) and (6), discussed
earlier. The limiting values of intensity measures IM; ; and IM in this
form correspond to g7 = 0 and gz = O, respectively. The subsequent
definition of risk space and identification of different regions remains
identical to that of Fig. 1. Specifically, the four regions can be described
as: . sites at which the initial/current design is acceptable with respect
to both the hazards when g; > 0 and g > 0; IL. sites governed by only
earthquake hazard when g; < 0 and gz > 0; IIL sites governed by only
wind hazard when g; > 0 and gz < 0; IV. sites governed by both earth-
quake and wind hazards when g; < 0 and g2 < 0.
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4. Illustration of proposed framework

In this section, we illustrate the development and utilization of the
proposed framework through a simple example that includes several
selected geographic locations. This example shows the effectiveness of
this proposed framework and the proposed framework’s utilization by
extending to structural retrofit. As discussed above, it uses the risk
consistent performance-based concept presented in Fig. 2 above which
in turn has its roots in the fundamental multi-hazard risk framework
presented in Fig. 1 through the use of performance functions for prob-
abilistic risk results. For simplicity, a square cross-section of the building
is considered with width B = 16 m and story height h = 4 m. To begin, a
20-story (80 m) building is considered, and the illustration is then
extended to 30-story (120 m) and 40-story (160 m) buildings. The
buildings exhibit slenderness with a total height (H = 80 m, 120 m, 160
m) to width (B) ratio of 5-10. The mass of each floor is taken as 8e5 kg
and the inter-story stiffness is taken as 1.4e9 N/m. The performance
functions for this structure become g; = 0.06 — R, (unit in m, L. = 1.5%
of 4 m = 0.06 m) for an earthquake loading and gz = 0.39 — Ry, (unit in
m/s?, Ly = 0.04 g = 0.39 m/s?) for a wind loading by adopting Eq. (5)
and Eq. (6). In order to outline the process of characterizing hazards and
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developing input loadings, three representative geographical locations
are considered: (i) Los Angeles, CA (ii) Anchorage, AK and (iii)
Charleston, SC. The primary reason for selecting these specific locations
is that all three sites are vulnerable to seismic and wind hazards.

4.1. Characterization of earthquake hazard

The USGS (United States Geological Survey) and ASCE 7-10 provide
seismic hazard intensity measures which are characterized in terms of
the mapped hazard spectral accelerations at short period (Sg) and 1 s
period (S;7). ASCE 7-10 requires that the mapped hazard values (Ss and
S1) be multiplied by the site-specific soil amplification coefficients (Fq
and F,) and the design reduction factor (2/3) for characterizing the
design hazard parameters (Sps and Sp;). These parameters are then used
to construct the design spectrum. If an acceleration time history is
needed for the analysis of structural responses, the design spectrum is
used to develop corresponding motions by scaling the historical ground
motions or artificially generating ground motions compatible with the
design spectrum.

Next, we apply this process to characterize the seismic hazard at the
three selected sites in this study. For Los Angeles, it is determined that Sg
= 2.348 g and S; = 0.823 g. For Anchorage, Ss = 1.500 g and S; = 0.676
g, and for Charleston, Sg = 1.119 g and S; = 0.355 g. For comparison
purposes, we consider the same soil site classification (class D) for the
local soil profile. The soil amplification factors are F, =1 and F, = 1.5 for
Los Angeles, F, = 1 and F,, = 1.502 for Anchorage, and F, = 1.052 and F,
= 1.609 for Charleston. The design hazard parameters with a soil site
class D are calculated to be Sps = 1.565 g and Sp; = 0.823 g for Los
Angeles, Sps = 1.000 g and Sp; = 0.676 g for Anchorage, and Sps =
0.785 g and Sp; = 0.400 g for Charleston. Fig. 3 shows the design spectra
calculated at these sites in accordance with ASCE 7-10 and represented
by solid lines in the figure. For analysis purposes, the spectrum
compatible artificial ground motions for each site are generated as
described in Gasparini and Vanmarcke [43]. The response spectra
calculated from the artificial ground motions are shown by the dashed
lines in Fig. 3. The artificial time histories for each of the three sites are
shown in Fig. 4.
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Fig. 4. Design spectra compatible ground motions.
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4.2. Characterization of wind hazard

ASCE 7-10 gives wind speed maps for the entire United States that
can be used to calculate the wind hazard. Static wind pressure is
determined from the basic wind speed (V), which is considered to act as
a three-second gust speed at 10 m above the ground in a particular
exposure category (c). This information is then used to determine the
importance factor (I), exposure coefficient (K,), topographical factor
(K., and wind directional factor (Ky) in order to calculate the design
velocity pressure (g;) at height (2) as follows:

q. = 0.613K. K K,V*I(N/m") @

This study is aimed at the wind loading generated along the wind.
Wind time history loadings can be developed by using the Kaimal
spectrum as described below in Eq. (8) and (9).

BSulzf) 68
2 (1+1025)7 ®
7fLH(Z)

fo= Un(2) (€C)]

where f is frequency; z is height; S, is power spectral density of the
longitudinal velocity. f; is height dependent length scale of turbulence
(reduced frequency); o, is the standard deviation; Ly is a length scale of
longitudinal turbulence; Uy is wind velocity evaluated at the height. To
take the correlation of all stories of the building into account, the
defined spectrum should be updated by the following equation:

kj‘Zr _Zs|

S = VDS exp| ~F G, T U] a0

where S, and S are wind velocity spectra for stories r and s, respec-
tively; S is the off-diagonal wind velocity spectrum considering the
correlation between stories r and s; k, is the decay constant; z, is the
height of story r; 2 is the height of story s. The decay constant consid-
ering the cross-correlation for obtaining off-diagonal spectra is typically
taken as 10 when generating wind time history loadings. The trans-
formation from the spectrum to a time history [44,45,46] can be per-
formed in three steps: (1) the lower triangle matrix is obtained via
Cholesky decomposition, (2) the FFT (Fast Fourier Transformation)
function (X;) having a phase angle following a normal distribution is
generated at each floor, (3) the wind time histories (x,) at each floor are
obtained by using the inverse FFT operation. The equations for X, and x;

are as follows:

P

X, (kAf) = /2N > Hyi(kAF)C i

i=1

(€8]

(12)

N-1
x,(nAr) = % ZXP (kAf)exp (i 2%{")

k=0

where Hy; is the lower triangle matrix; (i is a complex Gaussian random
variable having a mean of 0 and variance of 0.5; At is 1/(2-f,); f; is the
Nyquist frequency; Af is a useful frequency increment for FFT data; N is a
total number of points in the time series; p is a floor of the structure; i is
an imaginary number.

Next, we apply the wind loading characterization described above to
the three representative geographical locations considered in this study.
To begin with, the basic wind speeds for the three sites of Los Angeles,
Anchorage, and Charleston are taken as 38 m/s, 54 m/s, and 63 m/s,
respectively, from the code-defined wind speed map. Other conditions of
the exposure category, I, K,;and K, are taken as Exposure C, 1.0, 1.0, and
0.85, respectively. The value of K, can be obtained from the code-
defined shape along the height of the building structure. Based on
these values and the simple 20-story building structure considered, the
wind time history loadings are generated artificially for a total duration

Engineering Structures 243 (2021) 112623

esccee LA .
e Charleston
= = = Apnchorage

(o

~

Power Spectral Density (S,92)

3 Se—s T —
2 .o.o.. .......
1
0 T T T T 1
0 0.2 0.4 0.6 0.8 1
Frequency (Hz)

Fig. 5. PSD curves of wind velocity at the 20th floor of 20-story building
(S20,20 (©))

80 A—tHp—
A
A I
70 A 0
A DO
60 A~—HHP
A [
A [
—_ >0 A DO
é A
:é() 40 A—H == A
= A 0 = Alaska
30 jj L =&-Charleston
A
20 i: EZ[/
’ f#
O AL I A

0 50 100
Gust Wind Velocity (m/s)

Fig. 6. Gust wind velocity distribution with height.

of 300 s at a time step of 0.5 s. The power spectrum density (PSD) curves
of wind velocity of Sy 29 are calculated using Eq. (10) and are illustrated
in Fig. 5. The gust wind velocity distributions over the height of the 20-
story building structure are specified in Fig. 6. Fig. 7 shows the story
wind time history loadings generated at the top floor of the 20-story
building structure for each of the three sites. These story wind time
history loadings are obtained by subtracting the loadings caused by each
floor’s gust wind speed from the total wind loadings and generating only
the fluctuating wind loadings. The generated story wind time-history
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representative sites.

loadings act as lateral forces at the lumped mass point of each floor.

4.3. Development of multi-hazard risk map

In this study, we consider the intensity measures for earthquake and
wind (IM; and IMj) as peak ground acceleration (PGA) and basic wind
speed (V). For the 20-story building, the performance function is char-
acterized as inter-story drift for earthquake, and along-wind accelera-
tion for wind, in order to quantify functions g; and g». The performance
functions are calculated at the three sites for a suite of IM; and IM,
values, and corresponding interpolated curves for these performance
functions are found by the regression analyses. The corresponding
curves for g; versus PGA and gz versus V are shown in Fig. 8. As seen in
these curves, the failure limits for each hazard intensity measure are
found to be 0.54 g (IMy,;) for earthquake and 53 m/s (IMy;) for wind.
With these values of IM; ; and IM» 1, we now plot risk space and identify
the four distinct regions of multi-hazard risk in Fig. 9. Finally,

coordinates for the three sites (Los Angeles, Anchorage, and Charleston)
are located in risk space to determine the significance of single versus
multiple hazards in the design of this 20-story building. For instance, if
this 20-story building is located at a site where the design levels
are>0.54 g for earthquakes but less than 53 m/s for winds, then its
design is governed by only the earthquake hazard. On the other hand, if
the structure is located at a site where the design levels of both hazards
are greater than 0.54 g and 53 m/s, its design will be governed by both
hazards.

Finally, we illustrate the changing nature of risk space as developed
in the proposed framework by considering 30-story and 40-story
buildings. The story height and slenderness ratio for each building are
taken to be the same as before, i.e., the story height is 4 m and slen-
derness ratio is 5. The same process is repeated for each building and the
corresponding risk space plotted, with the results for all three buildings
shown in Fig. 10. We observed that, as the total height of the building is
increased, many more geographical locations fall under the region
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where g7 < 0 and g2 < 0, indicating an increased susceptibility to mul-
tiple hazards.

In the following section, we illustrate that the proposed multi-
hazard-based framework can lead to different solutions. For visualiza-
tion of such variations in proposed solutions, we consider two buildings
located in close proximity of one another and are connected by sup-
plemental damping devices as a retrofit solution. This particular appli-
cation is taken from published literature in which solutions are
evaluated for the case of only a single earthquake hazard. The motiva-
tion for selecting this example lies in its ability to help the reader
visualize that the solutions are very different in the case of single hazard
of purely wind and purely earthquake by themselves and both of these
solutions are quite different from the one evaluated by consideration of a

Wind Prone
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multi-hazard scenario.
5. Application: Alternative solutions in a multi-hazard scenario

For this application of the framework, we consider a 20-story
building located in close proximity to a 10-story building in a tight
urban setting. This particular example appears in the literature [20,22]
in the context of earthquake design for adjacent buildings connected by
supplemental damping devices. At the same time, the concept of con-
necting adjacent buildings by supplemental damping devices has also
been presented as a possible approach for withstanding high winds [23].
Therefore, we examine the implications of a multi-hazard scenario for
this example application.

Fig. 11 shows the configuration of two adjacent buildings connected
by supplemental damping devices at different floor levels. The actual
floor levels and the number of damping devices needed at each floor are
investigated in determining the retrofit solution for these buildings. The
buildings are assumed to be located at a geographical location that
corresponds to an earthquake intensity measure similar to one in Los
Angeles and a wind intensity measure similar to one in Charleston. With
respect to supplemental damping devices, many different types are
available and can be used, such as metallic, friction dampers, visco-
elastic dampers, tuned-mass dampers, isolators, and MR-dampers. For
the purpose of this study, we consider MR-dampers since Ok et al. [22]
use MR dampers in their study for earthquake loads. Similarly, Kim and
Kang [24] utilize MR dampers for high winds. Prior to evaluating design
alternatives for a multi-hazard scenario with MR dampers, we present
the numerical model for MR dampers that are used in conducting the
analysis in the next section. The following section also presents a brief
discussion of the design parameters used for characterizing the MR
dampers.

EQ & Wind
Prone Site

40-Story Building

30-Story Building

N .
\@ IM,; =40 m/s
I | ~,’.0'. .
: : Y.
70 my/s | ; e
° - " Jy
| IM, ,L; 0.54
® 20-Story Building
IM,; =53 m/s / /
30 m/s
0.3g IM, (EQ, PGA) 0.65

Fig. 10. Change of multi-hazard prone area according to total heights of building.
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Fig. 12. MR damper mechanical model.

5.1. Numerical model of MR damper

Several mechanical models have been proposed over the years to
model MR damper behavior [47]. In this study, we adopt the experi-
mentally validated model shown in Fig. 12 that uses a Bouc-Wen
element and a viscous damper in parallel [48]. The restoring force in
this model is expressed as shown below in Eq. (13). As seen in this
equation, the restoring force f; is composed of linear viscous elastic and
hysteretic parts:

fr = coAi+ay 13)

Co(v) = C()a+C0bV (14)

a(V)=a,+a,V (15)

where the parameters ¢, and « represent the viscous damping and in-
elastic coefficients, respectively; Ax is the nonlinear element-ended
relative displacement; Ax is the nonlinear element-ended relative ve-
locity; and y is the interior hysteretic variable, which is expressed as the
first-order nonlinear differential equation given by Eq. (16):

¥= —ylAxyly["" — pAKly[" + AAx (16)

where the parameter A controls the scale of the hysteresis loops and n
determines the sharpness of the hysteresis cycle in the region of change
from the elastic to the inelastic part; § and y are parameters that control
the shape of the hysteretic behavior [49].

In this study, we choose an MR damper of capacity approximately
equal to 100 kN that has the following set of parameters characterizing
its behavior based on experimental studies [50], i.e., co = 0.88e2 N-s/
cm, cop = 8.8e2 N-s/cm/V, a, = 21744e2 N/cm, a, = 99232e2 N-s/cm/
V,y=3 cm’l, p=3 em L, A=1.2 andn=1. Fig. 13 illustrates the
force-velocity/displacement hysteretic behaviors of this particular MR
damper model for six different input voltage values. The input voltage
determines the maximum damping force and the energy dissipation.
Therefore, the input voltage is a key parameter needed in determining
the retrofit solution. The input voltage determines its force behavior,
which in turn governs the number of dampers needed in a given design
alternative.

Next, we describe the mathematical model that represents the
equations of motion for two buildings coupled with MR-dampers. This
mathematical model is needed for conducting an analysis with earth-
quake and wind loads.
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5.2. Mathematical model for coupled buildings with MR dampers

Fig. 11 illustrates two adjacent buildings with n{* and n{ stories
(n; >ny) connected by m nonlinear hysteretic MR dampers along floors
in the horizontal direction. Under earthquake and wind excitations, it is
assumed that the coupled buildings remain linearly elastic, whereas the
dampers experience nonlinear hysteretic behavior and transfer damper
forces to the connecting floors of the buildings. The governing equations
of motion for shear-type coupled building models (N = n; + ny) are
expressed as:

(M} + [CHa} + [K{u} + {Fa} = {f} a7

{Fd}le = [CO}NXN{u}NXl + [A]anz {y}nle (18)
MO Ol

My, = [O]MX; 1 M) ) 19
cvl,. (0], n,

[C]NxN = |:[ [O]n}:il " [C(Z)] :| (20)
LSl P (.

[K}NXN = [o}n ” [K(Z)] (21)

dlag [Co]nz Xny [O]nz x(ny—ny) _diag[co]nz Xy

[CO]NXN = [0]('11*"2 xny (ny—ny)x(ny—ny) [(.)](nl—nz)xnz (22)

—dldg [c()f,,z xny nyx (n—ny) dldg [Co]"z xny

Yyii Y, Yvi Yy Yonii
iop=- [M]I[K]{ : } [M]][C}{ : }[M]I[Co}{ : }[M]][A]{ : }JF[M]I{J"}
Yoy Yy Yon Yo Yonim

Y2N+m

—diaglal,,.,,
[Alyn, = |: [(U/—— } (23)
diaglal,, .,
where [M], [C], and [K] represent the N x N dimensional mass,
damping, and stiffness matrices of the coupled buildings, respectively;
the superscripts (1) and (2) denote the nﬁh and n‘z" story buildings; {u},
{u}, and {ii} are the N x 1 dimensional displacement, velocity, and
acceleration vectors; {F4} denotes the N x 1 dimensional force vector
induced by nonlinear hysteretic MR dampers; {f} denotes the N x 1
dimensional force vector caused from external earthquake or wind ex-
citations; [Cp] and [A] indicate the N x N dimensional damping and N x
n, dimensional inelastic coefficient matrices, respectively. In order to
obtain responses of the system with respect to the force vector, we
represent the equation of motion given by Eq. (17) as the second-order
ordinary differential equation (ODE) given by Eq. (24), and describe the
second-order ODE of Eq. (24) by a first-order ODE representation of Eq.
(25a):

{u} = [1]{u}

{ii}y = —[M] "' [K]{u} — M) [C{u} — M) [Col{ii} — (M) [AN} + M) {F}
= { —rldalyy"" —paily|" + AL}

24

{7} =se i) 252)
{Y}(2N+m)><l(: [Yi~Yy Yy ~Ywa Yovp ~ Y2N+m]T)

= [{u}}cxl{”i}l]\;xl{y};x] } (25b)

(25d)

Yo+ { A Fnmrt = Yurd) [Yavsd [ Yond "™ = B¥xsme1 = Yart)| Yavsa | + A(Ynim 11 — Yain) }

=71 (YNtny4m — Ynem) \Y2N+m\Y2N+m\n71 — P(¥ninyam — YN+rn>‘Y2N+m‘n +A(YNinm — Yvim)
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where {Y} is the space-state vector. The detailed components of the state
vector and the first-order ODE are described in Eq. (25b) to Eq. (25d).
Eq. (25a) is solved using the fourth-order Runge-Kutta algorithm. The f
(—) in Eq. (25a) is expressed in the second mathematical expression of
Eq. (25d). This is a fully expressed governing equation of the matrix-
form of a first-order ODE.

Specifically for this study, n; = 20 and ny = 10. The properties of the
20-story building are the same as those described in section 4, and the
building’s performance depends on where it is as per the risk space of the
proposed framework presented in section 4.3. The 10-story building has
a square cross-section with 8 m width (B), 4 m story height, and a
slenderness ratio of 5. The mass of each floor is 8e5 kg and the inter-
story stiffness is 1.4e9 N/m. The first five natural frequencies of the
20-story building structure alone are 0.51, 1.52, 2.54, 3.53, and 4.50 Hz,
respectively. The first three natural frequencies of the 10-story building
structure alone are 1.00, 2.96, and 4.86 Hz. The damping ratio for all
modes of the buildings is assumed to be 2%. In this study, the wind load
was restricted to the along-wind direction. Also, the influence of the
relative locations of adjacent buildings on the wind load and each
building’s response was not considered.

5.3. Alternative solutions for locating the dampers

Solutions for different numbers and voltages of dampers (types of
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dampers) are now evaluated with respect to performance requirements
for both earthquake and wind loads. The intent is to illustrate that so-
lutions obtained by considering only a single dominant hazard (whether
earthquake or wind) are quite different from each other as well as from
solutions obtained by considering both hazards in combination. Overall,
the problem of arriving at the number of dampers, voltage requirements,
and their floor locations is an optimization problem whose solutions
would vary with the design constraints imposed by the designer. In this
study we consider three different types of solutions by considering
different constraints: (i) Case-1: dampers are located on all floors and
their number does not change from floor to floor; (ii) Case-2: dampers
are located on only a single floor; and (iii) Case-3: the most general case
in which the number of dampers can vary from floor to floor. In all cases,
the voltage requirements remain the same for all the dampers.

Case-1: In this scenario, a fixed number of MR dampers with the
same input voltage are used to connect the buildings on all ten floors.
The design variables are defined as the number of dampers on each floor
and the specific value of the input voltage. It must be noted that these
design variables decide the damper force characteristics and corre-
spondingly the total cost of the dampers. As this problem is character-
ized by only two design variables, a graphical representation is simple
and helps in understanding and assessing the possible alternatives. The
responses for the coupled buildings with MR dampers as characterized
by Eq. (17) are computed numerically for both the earthquake and the
wind time history loadings. Fig. 14 shows the contours of maximum
inter-story drift under earthquake loading (R.) and those of the



S. Kwag et al.

maximum along-wind acceleration under wind loading (Ry) for the
coupled building structures. The contours are plotted by varying the
number of dampers at each floor as well as the input voltage for the
dampers. We make three main observations from this figure: (1) The
solution for “zero” dampers, the case in which the buildings are not
connected by dampers (i.e., both buildings independently), does not
satisfy the performance requirements, thereby making it essential that
the buildings be connected through dampers in order to withstand both
the hazards. (2) There exists an optimal value of design variables, the
number of dampers at each floor and the input voltage, which minimizes
both R. and Ry,. Yet, the optimal design values are different under
earthquake loading when compared to the corresponding values for the
wind loading. (3) It is possible to obtain the optimal values of design
variables that meet performance requirements for both the earthquake
and the wind hazards and, at the same time, minimize the cost of
dampers. For example, if the input voltage is assumed to be fixed at 2 'V,
then an optimum can be obtained as “3” which means 3 dampers at each
of the 10 floors leading to a total of 30 dampers. It is apparent from
Fig. 14 that this damper design can fulfill both performance re-
quirements (dashed lines) and minimize the total number of dampers.
This optimal solution for the multi-hazard scenario is quite different
from the optimal solutions obtained for the single individual hazards of
the earthquake or the wind.

Case-2: Klein and Healy [51] conclude that buildings having
different natural frequencies should be connected near the top to ensure
appropriate utilization of control devices, since the vibratory modes will
most likely have nonzero amplitudes at the top. In our study, MR
dampers are assumed to be installed between the 10th floors of the two
buildings, which is obviously the top floor of the 10-story building. The
two design variables for this case are the number of dampers on the 10th
floor and the input voltage. Fig. 15 illustrates the contours for the R, and
Ry values of the coupled building structures with respect to the number
of dampers and the input voltage. This figure is quite similar to Fig. 14
for Case-1 and the three main observations made in Case-1 also carry
over to Case-2. A comparison of Case-1 and Case-2 shows that if the
input voltage is fixed at 2 V, then the optimal number of dampers is “18”
for Case-2 which is about one-third less than the total of 30 dampers
needed in Case-1.

Case-3: As mentioned earlier, this case corresponds to allowing
different numbers of dampers to be placed at different floors. Unlike the
previous two cases, this case has more than two design variables, i.e., the
total number of design variables is equal to the number of connected
floors (to determine different number dampers needed at each floor)
plus one additional variable for the input voltage. Therefore, there exists
a total of 11 design variables in this scenario, which makes a graphical
representation and determination of the potential solution quite diffi-
cult. Therefore, the problem is formulated as follows for a fixed input
voltage value:

10
Minimize f(x) = Zx,-
X
=

Subject to R, < L.; Ry < Ly

(26)

where f(x) is a total number of dampers and x; is the number of dampers
installed at the i™ floor. This optimization problem is solved to deter-
mine the optimal distribution for the number of MR dampers that can
satisfy performance requirements for both the earthquake and wind
hazards as well as minimize the total number of the dampers, as shown
in Fig. 16(c). For comparison purposes, Fig. 16 also gives the distribu-
tions of the number of MR dampers and corresponding maximum re-
sponses (R and Ry,) obtained from the Case-1 and Case-2. As seen in this
figure, the total numbers of MR dampers for the Case-2 and the Case-3
are not much different from each other. We attribute this to the fact
that, for Case-3, most of the MR dampers are located on the two top
floors of the 10-story building. These observations can be used to
conclude that it is most desirable to locate the dampers as close to the
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top floors of a building as possible.

6. Summary and conclusions

A performance-based framework is presented that determines
whether the design and retrofit of given building types are governed by a
single dominant hazard or instead by multiple hazards. While the study
focuses on earthquake and wind hazards, the proposed framework is
quite general in nature and can be applied to other external hazards as
well. The performance criteria for each hazard can be different and can
cover the various requirements of strength and serviceability. Besides, a
single hazard can have two or more different performance limits, and
such a feature can also be included. The framework is well suited for
integration into the actively growing research area of probabilistic risk
assessment. At the same time, we demonstrate that it can easily be
converted to deterministically characterized performance criteria in
accordance with deterministic demand and capacity requirements as
specified traditionally in the various building codes and standards.
Application of the framework to three different geographic locations in
the United States demonstrates the significance of location in multi-
hazard risk assessment. In addition, the significance of multi-hazard
design considerations is illustrated through explorations of alternative
retrofit solutions in two adjacent buildings located in close proximity to
each other, such as those encountered in a tight urban setting. The
particular example considered for a retrofit solution has been studied by
other researchers and involves connecting the buildings through sup-
plemental damping devices. We observe that the number of dampers and
their locations—as determined from multi-hazard design consid-
erations—are very different from those determined for a single domi-
nant hazard. A related observation is that a solution that might satisfy
the performance requirements for an earthquake is not necessarily
acceptable with respect to the performance requirements for wind and
vice-versa. More generally, it is clear that the process of determining risk
is highly dependent upon three primary concerns: performance criteria,
building geometry, and geographic location.
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