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Abstract. This paper extends the existing formulation for life-cycle cost analysis (LCCA) of
tall buildings subjected to synoptic, mixed wind load climates. This situation arises, for ex-
ample, if the site is characterized by the presence of both tropical cyclones and extra-tropical
depressions. A parametric study is conducted to examine the dependence of building’s inter-
vention cost, due to wind-induced damage, on the building height. Special attention is paid
to the influence of wind load directionality, enabled by the modeling of the joint probability
of mean-wind speed and direction using an angular-linear model. Furthermore, the Layered
Stochastic Approximation Monte-Carlo (LSAMC) method is implemented for fragility analy-
sis, as an alternate, surrogate approach compared to the standard Monte-Carlo simulation via
physical building model. The results of the LSAMC simulations are validated by Monte-Carlo
sampling. The study demonstrates that the LSAMC method is eligible for wind-induced fragility
analysis while simultaneously achieving a remarkable reduction in computing time.
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1 INTRODUCTION

Tall buildings tend to oscillate in the along-wind, across-wind and torsional directions under
the effect of dynamic wind loads, arising from variable pressure distribution on the building
surface [1]. Due to the aleatory nature of the wind flow, efficiently quantifying wind loads
can be problematic for structural design. Great efforts have been devoted to the estimation
of wind load effects in the presence of uncertainties [2, 3, 4]. Adapted from performance-
based design that was introduced for seismic engineering, the field of performance-based wind
engineering (PBWE) has been introduced as an efficient approach that accounts for various
uncertainties, inherent in the interactions between structures and wind loads. PBWE has been
implemented for a wide range of structures and extreme wind phenomena; examples include
low-rise, light-frame wood structures subjected to hurricanes [5], tall buildings [6, 7, 8], long-
span bridges [9, 10], and various structures affected by non-stationary wind loads (e.g. torna-
does, thunderstorms) [11].

At the core of the PBWE is the uncertainty evaluation and fragility determination. Uncer-
tainty sources may incorporate wind turbulence, structural deterioration and experimental con-
ditions, used for wind load estimation. Some of these factors are aleatory, e.g. wind turbulence,
and thus cannot be eliminated, while uncertainties related to experiments can be minimized by
improving testing facilities and protocols. The concept of “fragility” is used to examine likeli-
hood of failure occurrence contingent on the prescribed uncertainties. In practice, the fragility
is expressed as the exceedance probability of a predefined performance objective, conditional
on a variable (e.g. mean wind speed) describing the intensity of the demand on the structure.
Performance objectives are described as limit-state conditions by a resultant structural effect,
for example, in tall buildings the top-floor lateral drift and acceleration for a serviceability limit
state and the internal stresses in a corner column for an ultimate limit state.

Currently, Monte-Carlo simulation is widely used for the assessment of fragility because
it is applicable to any structural, physical model and it is simple to implement. However, an
entrenched problem that the Monte-Carlo-based approach faces is that the process requires the
generation of a large number of realizations and, consequently, is time consuming and computa-
tionally expensive. To overcome this limitation, attempts have been made by using sophisticated
techniques [12] and improved algorithms, e.g. the Layered Stochastic Approximation Monte-
Carlo (LSAMC) method [13]. The LSAMC method is based on the Stochastic Approximation
algorithm [14]; it can derive the statistics of the performance objective indicator, expediting the
procedure for fragility evaluation while preserving fidelity. The objectives of this paper are to:
(1) describe the results of a parametric study implementing LSAMC-based fragility analysis for
a benchmark tall building with variable heights and (ii) investigate the dependency of life-cycle
cost assessment on the building height within the PBWE framework [15].

2 BACKGROUND THEORY
2.1 Multi-directional aerodynamic response of tall buildings

Capitalizing on the frequency-domain random vibration analysis for estimating wind-induced
loads and structural response of tall buildings, a linear, quasi-steady model for multi-directional
wind analysis allows a practitioner to simultaneously examine vibrations in along-wind, across-
wind and torsional directions [16]. Multi-directionality is necessary for dynamic analysis be-
cause wind load effects are multi-directional. Furthermore, several studies [15, 17] demonstrate
that there is a strong correlation between the local building orientation, another factor that in-
fluences directionality effect, and the structural performance.
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For a linear elastic building subjected to turbulent wind loads with a mean-wind, horizontal
incidence angle ¥, the PSD of the generalized quasi-steady buffeting forces is

h 2712
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In the previous equations, Sg,q, is the PSD matrix of the generalized buffeting forces; p
is the air density; D is a reference floor-plan dimension (usually in the across-wind direction
at W = 0; U(z) is the mean wind speed profile evaluated at height z; ® is the mode shape
matrix of the structure that can lead to inter-modal coupling arising from non-uniplanar, com-
plex structural modes shapes; Cp(¥), CL(¥), Cy(¥) is the aerodynamic coefficients of drag
force, transverse (lift) force and torque about z, respectively; C,(¥), C7(¥), C},(¥) are the
corresponding derivatives with respect to ¥; S,,(n, 21, 22) is the cross spectral density function
of the along-wind turbulence component, evaluated at elevations z; and zo, and Syy(n, 21, 22)
is the across-wind turbulence component. The cross-spectral density function between the two
turbulence components is omitted due to a weak correlation. Furthermore, a set of dimension-
less “model curves” in Eq. (3)-Eq. (4) are utilized to facilitate the parametric study of wind
loads, extracted from HFFB wind tunnel tests [18].
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2.2 Brief introduction to PBWE analysis

A general procedure for PBWE [19] analysis is summarized in Fig. 1, which describes
the key steps that are usually involved in the assessment for structural design. The evalu-
ation of each of the joint probability density functions (PDFs) represents a particular step:
f(IM) for site and structure-specific hazard analysis, f(SP) for structural characterization,
f(IP|IM,SP) forinteraction analysis, f(EDP|IM, 1P, SP) for structural analysis, f(DM|EDP)
for damage analysis and f(DV|DM) for loss analysis. When the performance related to a de-
cision variable DV is expressed by a limit state, which can be associated with an EDP (e.g.
the top-floor lateral drift), the procedure of PBWE assumes DV = E D Pand can be concisely
summarized in Eq. (5) below, where G(-) is a complementary cumulative distribution function
(CCDF).

G(EDP) = / / / G(EDP|IM,IP,SP)f(IP|IM,SP)f(IM)f(SP)dAIMAIPASP (5)
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Figure 1: PBWE flowchart, reproduced from [19]. I M: intensity measures; SP: structural parameters;
IP: interaction parameters; EF'DP: engineering demand parameters; DM: damage measures; DV
decision variables.
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3 NOVEL, LSAMC-BASED SIMULATION METHOD
3.1 Wind load modeling in mixed wind climates

A parametric angular-linear distribution model [20] can be employed for the description of
mean-wind speed and direction at a reference height (e.g. building’s rooftop). Based on the
marginal distributions of the two random variables (speed and direction), the general form of
the joint PDF is given by Eq. (6), where the two marginal PDFs are combined using a third
angular PDF ¢(().

fve(v,0) = 2mg(C) fv(v)fo(d) O

In the previous equation, g(¢) = 27[Fe(f) — Fy/(v)] and Fg(0), Fy(v) are the marginal
CDFs of the wind direction and wind speed, respectively. The Gumbel distribution can be
used to model the magnitude of wind speeds (annual maxima) for non-hurricane winds, and a
Weibull distribution for hurricane winds, specified in Eq. (7) and Eq. (8), respectively. For the
corresponding wind direction, a model based on a mixture of von Mises distributions [21], as
expressed in Eq. (9) below, enables the inclusion of several prevailing wind directions.

fv(vsp,y) = 1eXp {— [u + exp (—u>] } (7
v v ¥

N

v<oo, 060, <2 (6)

Folvik,\) = ; (%)“ exp [— (U/A)ﬂ (8)
Jol0) = - g ex sy os (0= ) ©)

In Eq. (9), N,, is the number of components in the mixture model; w; are the nonnegative
weights for each component that must satisfy the condition Zjvz”g w; = 1; Iy(k;) is the modified
Bessel function of the first kind and order zero, evaluated at a nonnegative quantity x;; j; is the
mean directions for each prevailing wind [21].

For a site that is subjected to more than one type of extreme wind events, the wind modeling
is better achieved by separately examining each meteorological phenomenon, thus yielding a
comprehensive probabilistic description of the local wind environment [22]. This study exam-
ines a local wind climate typical of the Mid-Atlantic coast of the United States of America that
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is subjected to both extra-tropical depressions and hurricanes. Therefore, the joint CDF of the
annual maxima of the wind speed and direction, is formulated as:

Fm<U,9) = FH<U,0)FNH(U,9) (10)

where f,,(v,0), fr(v,0), fnu(v,0) are the joint PDFs of the annual maximum mean-wind
speed and direction in mixed, hurricane and non-hurricane wind climates, respectively; fx(v),
fnm(v) are the marginal PDFs of the magnitude of the maximum mean-wind speeds for hurri-
cane winds and non-hurricane winds; f5 (), fxu(0) are the marginal PDFs of the correspond-
ing directions, respectively.

0% F, (v, 0)
Il ="5.09

= fu(v,0)Fnu(v,0) + fu(v) fve(0) + Fu(v,0) fve(v,0) + fa(0) fxe(v) (A1)

where f,,(v,0), fu(v,0), fnvu(v,0) = the joint PDFs of annual maximum wind speed and
direction in mixed, hurricane and non-hurricane wind climates, respectively; fy(v), fnu(v)
= the marginal PDFs of the magnitude of the maximum speeds for hurricane winds and non-
hurricane winds; and fz(0), fvu(0) = the marginal PDFs of the corresponding directions,
respectively.

3.2 Structural failure probability and LCCA

The objective of the fragility analysis is to estimate the probability that a specific EDP,
conditional on the examined /M, exceeds a preselected threshold. Following previous studies,
the £ D P is chosen as the lateral rooftop drift; the vector / M consists of two random variables,
the mean wind speed at the building rooftop, U}, and the corresponding mean wind direction, 6.
Structural fragility can be explicitly expressed by Eq. (12), where d; is the preselected threshold
for the j-th EDP. In this study, the threshold for the lateral drift of a building can be set as
1/400 of the building height [23]. Note that the obtained fragility is a fragility surface, allowing
for the assessment of the multi-directionality effect induced by the wind.

fi(v,0) = P(EDP; > d;|U, = v,0 = 0) (12)

Having obtained the joint PDF of intensity measures f(/A/) and the fragility, the structural
failure probability with respect to the j-th /D P can be estimated by Eq. (13). Finally, the an-
nual probability of j-th £/D P exceeding the preselected threshold is described by Eq. (14) [24].

21 ')
Provent — / / £:(0,0) fro(v, 8)dvdd (13)
0 0

Pj,annual =1- €Xp (_VPj,event) (14)

In Eq. (14) v is the average annual number of occurrences in the local mixed climate. As-
suming independence between hurricane and non-hurricane incidents, v is estimated as the
summation of the annual rate of hurricane landfall and the number of monthly maximum non-
hurricane wind speeds occurring in any one year.

Capitalizing on the quantification of structural failure probability, the LCCA can be imple-
mented to predict damage-induced monetary losses over the structural life-time (with ¢ unit
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time in years). The normalized, expectation of the relative intervention (maintenance, repair,
retrofitting, etc.) cost C'g (1), adapted from the cost function in [25], can be calculated as:

N(t) k
c(t) — C g
Cp(t) =E l%} =E (> D e P (15)

i=1 j=1

In the previous equation, E[-] denotes the expectation operation; C(t) is the expected total
cost induced by damages; Cj is the initial construction cost of a structure; 0 < ¢; < ¢ is the
random variable describing the time when the i-th hazard occurs; ¢; = C; /Cy is a normalized
relative cost of the j-th limit state being violated at time ¢; calculated as the ratio of the expected
intervention cost related to the j-th limit state, C}, to the initial cost; A is the constant discount
rate, which places more weight on hazards occurring closer to the completion date of the struc-
ture over those that are not; P; = P; jnnual 18 the failure probability of the j-th limit state, i.e. the
probability that intervention relating to the j-th limit state is desired; £ is the total number of
limit states considered; N (¢) is the number of wind occurrences, which is a function of v during
the lifetime.

3.3 LSAMC method

Similar to the idea of the Latin Hypercube sampling, the LSAMC method uses the lay-
ered sampling of random variables within a Monte-Carlo simulation environment. As pro-
posed by [13], the key steps of the LSAMC method include: (i) dividing the range of each
random variable into a finite number of adjacent non-overlapping equally-probable intervals;
(i1) constructing a subspace of the random variables for each iteration, consisting of one of the
equally-probable intervals for every random variable; (iii) feeding the subspace to the standard
Stochastic Approximation algorithm, which has the form of Eq. (16), to find one root of the
examined problem subjected to perturbation. Iterating through all the possible subspaces of
the original random variables set yields a sequence of roots to the perturbed problem; this al-
lows to approximate the effects of the noises in a structural system through statistical moments
derived from the root sequence. By contrast, the “exact” values are determined by a standard
“brute-force” Monte-Carlo simulation.

Ty =T — arYy, (16)
Y. =g(&k) +en(®)

In the previous equation, Zy, is the estimate of the root x at the k-th iteration; Y, is the noisy
measurement at the k-th iteration; g(-) is the general vector-valued function from which the
root-finding equation g(z) = 0 is constructed; ey, is the noise introduced by the input of the k-th
iteration; ay, 1s the gain sequence controlling the step size, which is subject to the convergence
conditions ZZO:() ay = oo and ZZO:() ai = 0. Eq. (17) utilizes recommended values of the gain
sequence [14], where « is a constant belonging to the range (0.5, 1] and a, A are a strictly
positive constant and a nonnegative constant, respectively.

a
(k+1+ A)e

The main advantage of the LSAMC method is the avoidance of time-consuming, computationally-
expensive Monte-Carlo simulations. However, it is worth noting that the advantage could be

a7)

A =
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Figure 2: Key steps of the LSAMC method (workflow).

lost if the number of the random variables included were large. To illustrate the potential of the
LSAMC method, the reduction of computing time achieved by the LSAMC method, in the case
of two input random variables, can be as large as 88% compared to brute-force Monte-Carlo
simulation for a monopole tower structure under wind loads [13].

4 NUMERICAL APPLICATION

In this section, the application of the proposed LSAMC-based simulation to a set of variants
of a benchmark tall building is discussed. The LSAMC method is employed for the fragility
analysis and the estimation of F; in Eq. (15). Furthermore, dependency of the life-cycle cost
variable C'r(t) in Eq. (15) on the variable building height is examined.

4.1 Description of reference building sgtructure and its variants

Based on the benchmark tall building model of the Commonwealth Advisory Aeronautical
Research Council (CAARC), a set of building variants is parametrically constructed. The vari-
ants share the same structural parameters (floor plan dimensions, unit mass and mass moment
of inertia, etc.) as the CAARC building, except for the building height /, which is set to vary
as h € {100,150, 200,250,300} [m]. The structural properties of the benchmark CAARC
building are listed in Table 1.

Table 1: Structural properties of the original benchmark CAARC building.

Quantity Unit Values
Height hg [m] 183.0
Depth D [m] 45.7
Width B [m] 30.5
Unit-height mass m [kg/m] 2.23 x 10°
Unit-height mass moment of inertia /,, [kgm?/m] 5.62 x 107
Lateral-mode fundamental freq. ng 5, no, [Hz] 0.20
Torsional-mode fundamental freq. ng . Hz] 0.40
Structural damping ratio &y .., §o,y - 0.01

For simplification, the fundamental lateral-mode frequencies of the building variants are
modifications of the original values, ng , and ng,, in Table 1, inversely proportional to the build-
ing height, as expressed by Eq. (18) below. The torsional-mode frequency is not modified. In
addition, all mode shapes are assumed as dimensionless, monotonic functions, linearly varying
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along the building height.

/ hO

ng,; ~ %nO,i (i =z,y) (18)

4.2 Modeling of site wind climate

The buildings are assumed to be located in Miami, Florida (USA) where hurricanes are
frequent. To evaluate the probability distribution of the hurricane wind speed and direction (at
landing), a total number of 20 019 synthetic hurricane records, simulated in the Miami region
over a period of 20 000 years [17], are utilized. The angular-linear model for the hurricane wind
is obtained by fitting a Weibull model to the magnitudes of the wind speed and a two-component
mixture of von Mises model to describe the corresponding directions of the approaching storm;
the g(¢) function in (6) is modeled as a two-component von Mises mixture model. The resultant
joint PDF of the hurricane mean wind speed and direction, evaluated at the rooftop of the
original CAARC building with A = 183 m, is illustrated in Fig. 3, which is characterized by
two peaks. The predominant peak corresponds to the high probability of winds coming from the
east coast and the Atlantic Ocean, whereas the secondary peak is linked to the westerly winds,
originating from the Gulf of Mexico and crossing the peninsula.
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Figure 3: Joint PDF of the mean wind speed and direction for hurricane winds (Miami, Florida, USA) at the
reference elevation of the original CAARC building, i = 183 m.

For the non-hurricane winds, the joint PDF of the mean wind speed and direction is obtained
by using wind record data collected at an offshore buoy station near the Miami site. The data can
be accessed by the National Oceanic and Atmospheric Administration (NOAA) [26]. In order to
eliminate the influence of hurricanes, the Atlantic hurricane tracking database, HURDAT?2 [27],
is used to manually remove the buoy data records related to days when a hurricane approaches
within a 500 km radius of the building site. In particular, the monthly maxima of the gust speed
and the corresponding direction are selected from the filtered buoy data records to form a non-
hurricane extreme wind dataset. The averaging time interval of the speed is transformed from
3600 seconds to 600 seconds for consistence with hurricane wind data. By fitting a Gumbel
distribution to the magnitudes of the wind speeds and likewise a two-component von Mises
mixture model to describe the directions, the joint PDF for the non-hurricane wind speed and
direction, is illustrated in Fig. 4; quantities are also evaluated at the rooftop of the original
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CAARC building with h = 183 m. Fig. 4 indicates that easterly winds, coming from the sea,
play a prominent role in the local non-hurricane climate.
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Figure 4: Joint PDF of the mean wind speed and direction for non-hurricane winds (Miami, Florida, USA) at the
reference elevation of the original CAARC building, i = 183 m.

The joint PDF of the wind in the mixed climates can be consequently estimated from the
Figs. 3 and 4 through Eq. (11). Since an analytical form of the CDF for the von Mises dis-
tribution is unavailable, the joint CDFs Fp(v,0) and Fyy(v,0) are found through numerical
integrations. The joint PDF is plotted in Fig. 5. It is clear that the compound joint PDF combines
features of the two separate PDFs related to both hurricane and non-hurricane climate.
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Figure 5: Joint PDF of the mean wind speed and direction for the mixed wind climate of Miami, Florida (USA) at
the reference elevation of the original CAARC building, h = 183 m.

4.3 Characterization of uncertainty in the wind loads

As an example, this study analyzes uncertainty propagation due to experimental wind load
errors by considering a parameter denoted by ACp; this quantity describes the deviation of
experimentally estimated drag coefficient C', from an average, measured value at a particular
incidence angle, i.e., ACp = Cp(¥) — E[Cp(¥)]. Data points of the drag coefficients are
extracted from wind tunnel tests on a rigid, scale model of the original CAARC building [18];
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eleven incidence angles are tested with ¥ € {0°,5°,10°, 15°,30°,45°,60°, 75°,80°, 85°,90°}.
Experimental data points of C'p along with a Fourier series fitting are illustrated in Fig. 6.

1.6 T T T T T T T T T
—— Fitted Fourier series

Cui & Caracoglia (2017)
14 -

1.2-
o 1of

0.8
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0 10 20 30 40 50 60 70 80 90

Angle of attack ¥ [°]

Figure 6: Drag coefficients C'p measured at various incidence angles, reproduced from [18].
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Figure 7: Histogram of the dimensionless uncertainty parameter AC'p.

Assuming that AC'p, collected from all the measured data points, is independent of ¥ and
that AC'p is identically distributed for different angles, a suitable distribution model can be
determined through Kolmogorov-Smirnov goodness-of-fit test. A normal distribution, parame-
terized by a mean value of 1.000 and a standard deviation STD of 0.077, can adequately describe
the empirical histogram (and distribution) of the AC, in Fig. 7.

4.4 Structural fragility analysis

Both the standard brute-force Monte-Carlo simulation and the LSAMC method are em-
ployed. For the LSAMC method, the number of equally-probable subsets is 10; the parameters
of the gain sequence are set as a = 10, A = 0, a = 0.95. Structural fragilities against the
limit state of rooftop lateral drift are illustrated in Fig. 8; fragility curves related to mean in-
cidence angle ¥ = {0°,45°,90°} are exclusively shown for the sake of brevity. The LSAMC
results, represented by dashed, non-solid lines, are very close to those found by brute-force
Monte-Carlo method plotted as solid lines. By comparing the fragility curves corresponding to
different building heights, it is concluded that the wind speed required to reach the prescribed
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performance limit (h/400) decreases as the building height increases, indicating that a higher
building is more sensitive to wind-induced damage as the limit state is probabilistically violated

at a lower wind speed.
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Figure 8: Fragility curves against the limit state of lateral drift with uncertainty parameter ACp: a) h = 100 m, b)
h =150m, ¢) h = 200m, d) h = 250 m, e) h = 300 m (BF=brute force, SA=LSAMC).

Fig. 9 depicts the fragility surface of the CAARC building variant of height ~ = 200 m;
other examples of fragility surface for other building variants can be similarly derived and,
thus, are not included. The fragility surface is generated by linear interpolation among the
fragility curves(Fig. 8) related to the eleven incidence angles. As shown, the fragility surface
has an irregular, “ragged” shape, which is attributed to the directionality of the wind load. In
Fig. 8c, the curves corresponding to different incident wind directions seem to shift back and
forth along the horizontal axis, because the wind-induced force is directional, thus leading to a
variation of fragility even for a same performance objective (£ D P).

0.2 0.4 0.6 0.8 1.0

o
=)

Probability of exceedance

30

25

20

15
o /9

10

Figure 9: Fragility surface of the CAARC building variant of height & = 200 m.
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4.5 Expected relative lifetime cost analysis

Fragility surfaces are used to calculate the failure probability and the expected lifetime cost.
According to the Eq. (15), the relative intervention costs due to wind-induced damage, associ-
ated with nonstructural failures on the building fagade and triggered by disproportionate lateral
drift, is ¢ = 0.02 and the discount rate is A = 0.05. Numerical values have been calibrated
according to previous studies [15, 17]. Using the above results of the joint PDF of the mean
wind speed and direction in mixed climates and the fragility surfaces, the expected relative life-
time intervention costs due to failures associated with lateral drift are illustrated in Fig. 10. The
maximum relative lifetime cost (asymptotic value as ¢ tends to 100 years) is observed for the
building variant of height 2 = 300 m and is approximately a quarter of the initial cost, while
the minimum relative lifetime cost is found for the building with height &~ = 100 m, which is
roughly 2% of the initial cost. This remark suggests a superlinear relationship between building
height and expected relative lifetime cost (i.e. a superlinear increment of C'x(t) with height).
This behavior can be associated to two aspects. First, due to the wind profile the wind loading
on a higher building is generally larger, thus causing larger-magnitude, wind-induced vibra-
tions; second, as discussed in the previous section, a higher building is more slenderer and
exhibits greater sensitivity to wind loads of same intensity because of the concurrent decrement
of fundamental frequencies. Consequently, the probability of exceeding the lateral drift limit
state and damage is superlinearly higher in a taller building, e.g. A = 300m, vs. A = 100 m in
Fig. 8.
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Figure 10: CAARC building variants: expected relative, lifetime intervention cost due to wind-induced damage,
associated with nonstructural failures on building facade and triggered by disproportionate lateral drift.

5 CONCLUSIONS

This study examined the comprehensive application of the novel LSAMC method in the con-
text of PBWE. Special attention was paid to lifetime intervention cost analysis. A parametric
study was conducted, examining a set of variants of the benchmark CAARC building with equal
floor-plan dimensions but variable heights. The LSAMC method was used to estimate struc-
tural fragilities; results were compared against standard Monte-Carlo simulation. The LSAMC
method is adequate for the fragility analysis. The life-cycle cost assessment revealed a superlin-
ear relationship between asymptotic, expected relative cost and building height; this trend can
be ascribed to the reduction in structural stiffness and the increase in the sensitivity to wind-
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induced resonant response. This study confirmed the particular significance of nonstructural
facade damage caused by wind for operations and maintenance of a high-rise building.
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