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The influence of various uncertainties on wind-induced inelastic building response is quantified through response
time history simulation of a reduced-order building model of a 60-story steel building as an example. The
reduced-order building model and its uncertainties are established through modal push-over analysis of a high-
fidelity nonlinear finite element building model with distributed plasticity. The basic uncertain parameters are
modal mass, stiffness, damping ratio and yielding displacement as well as loading power spectra. The results
demonstrated that the uncertainty of response standard deviation (STD) is mainly contributed by uncertainty of
modal damping ratio for elastic response, while it is further contributed by the uncertainty of the yielding
displacement for inelastic response. The uncertainty of inelastic response with a higher level of yielding is less
than that of elastic response. The uncertainty in extreme response is also determined in terms of the influences of
randomness, sampling uncertainty and parameter uncertainty. The results showed that the influence of
randomness can be accurately estimated using the crossing rate theory with consideration of non-Gaussian
response character. The influence of sampling and parameter uncertainties on extreme response reduces with
increasing level of yielding. The uncertainty in the time-varying mean alongwind displacement is also quantified,
which is very sensitive to building yielding displacement.

1. Introduction

Current design of tall buildings for wind is based on linear framework
in which building behaves in linear elastic even under strong wind with
a very low exceeding probability. The linear design approach may limit
the use of more innovative tall building systems with improved perfor-
mance and economy. The ASCE has recently published pre-standard for
performance-based wind design (PBWD) of buildings [2], which
explicitly permits nonlinear dynamic analysis allowing limited inelas-
ticity in the Main Wind Force Resisting System (MWFRS) elements.

There are numbers of research efforts addressing inelastic performance
of tall buildings to wind [49,28,27,21,23,3,31,38,32,33,22,41,29]. The
building model used for inelastic response analysis ranges from a single
degree of freedom model, two-dimensional (2D) finite element (FE) model
to 3D FE model with various degrees of nonlinearities. The nonlinear
relationship between joint forces and displacements of each building
member can be considered using different models, such as plastic hinge,
nonlinear spring hinge, finite length hinge zone, fiber section, and finite
element models [39]. The FE model provides detailed information of
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building responses but is computationally demanding.

Studies have shown that the inelastic tall building response to wind is
also dominated by fundamental modes similar to elastic response [29].
Several studies have focused on simplified estimations of uncoupled
alongwind and crosswind inelastic responses of tall buildings [40,51,19]
and [20]. Feng and Chen [19] and [20] presented comprehensive studies
on both inelastic alongwind and crosswind responses by considering the
fundamental modes with bilinear restoring force character through time
history analysis and statistical linearization approaches. Huang and
Chen [30] carried out inelastic building response analysis using a
reduced-order building model, in which the building response is repre-
sented by fundamental modal displacements, and the hysteretic re-
lations between the generalized restoring forces and displacements are
determined by static modal push-over analysis (MPA) using a nonlinear
FE building model. [29] and [30] addressed the biaxial interaction of
alongwind and crosswind responses under simultaneous actions of both
alongwind and crosswind loadings.

One of the distinct characters of inelastic building response to wind
from those to seismic loading is the existence of time-varying mean
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displacement due to the action of mean (static) alongwind load. The
yielding causes building to drift in alongwind direction, and the building
vibrates about the new equilibrium until it gets shifted again by another
yielding. The drift leads to low-frequency displacement component. The
development of time-varying mean displacement is affected by dynamic
response, while its steady-state is determined by the mean load and post-
yielding building stiffness. The dynamic response around the time-
varying mean displacement is not influenced by the time-varying
mean response, thus can be computed under dynamic wind loading
without mean load component [44,20,30].

The reliability-based performance evaluation of wind-excited tall
buildings requires consideration of various uncertainties in wind load
and structural model parameters. Assessment of reliability or failure
probability of buildings to wind can employ Monte Carlo simulation
(MCS) procedure. Use of static response analysis in the MCS procedure
with a model of equivalent static wind load (e.g., [18,17,16,24,4]) can
greatly reduce the computational cost but cannot fully capture the un-
certainties in dynamic wind loads and load effects. Spence and Kareem
[47] presented an approach for probabilistic performance-based
assessment of large-scale uncertain linear structures. Tabbuso et al.
[48] proposed a method for evaluating elasto-plastic reliability of un-
certain wind-excited structures using Subset Monte Carlo simulation of
alongwind response. Chuang and Spence [8-10] investigated collapse
probability and reliability assessment of tall buildings based on dynamic
shakedown theory. Ouyang and Spence [41] carried out a probabilistic
assessment of structural and envelop damage of a 45-story steel high-rise
building through nonlinear dynamic history analysis using a fiber
section-based nonlinear FE model. Zheng et al. [54] presented a
reliability-based approach for high-rise buildings under the combined
effects of earthquakes and strong winds. The development of analysis
approaches for addressing the effect of various uncertainty parameters
on dynamic responses of linear structural systems has been discussed in
Lutes and Sarkani [35] and among others. Research efforts continue
especially for nonlinear structural systems.

The conditional probability assessment procedures on a given wind
speed and direction are more effective for assessing reliability of wind-
excited buildings, thus is more practical for adoption in design codes and
standards [11] and [12]; [25] and [26]; [7], [5], [53]; [2]. The proba-
bilistic limit state responses under given wind speed and direction are
determined from Monte Carlo simulation and other approaches. The
fragility functions are then quantified by further accounting for the
probability distributions of capacities. The failure probability is then
evaluated by further integrating the joint probability distribution of
wind speed and direction [53,34,50].

In this study, various uncertainties in inelastic response evaluation of
wind-excited tall buildings are identified and quantified. The influences
of these uncertainties on building top displacement and acceleration are
quantified through Monte Carlo simulations of response time history
using a reduced-order building model. The reduced-order building
model was developed from MPA from a high-fidelity nonlinear FE
building model with distributed plasticity. The uncertainties in hyster-
etic restoring force models are determined through Monte Carlo simu-
lation of static push-over analysis with uncertain stress—strain relation of
the structural materials, which capture the propagation of uncertainties
from basic input uncertain parameters to the generalized restoring
forces. The model parameters that have the most significant impact on
the critical responses are identified. The probabilistic extreme
displacement and acceleration considering randomness of wind loading
and uncertainty of various model parameters and sampling uncertainty
are characterized. The uncertainty in the time-varying mean alongwind
displacement is also quantified. The total uncertainty in response is
clearly characterized in terms of randomness, sampling uncertainty and
parameter uncertainty. With the quantification of probabilistic de-
mands, the fragility or system reliability can be further quantified by
considering the uncertainties of capacities.
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2. Inelastic building response analysis approach

A reduced-order building model in terms of fundamental building
modal displacements can be developed using MPA procedure. By rep-
resenting the heightwise building displacements in terms of funda-
mental modal displacements in two translational x and y directions, the
coupled equations of modal displacements are described as [30]:

MG, (1) + 2M. (1) + (qx, i q) — 0.0 (12)

MG, (1) + 2M,8,0,6, (1) + Fy <q e q) —0.0) (1b)

where qx(t) and g, (t) are generalized displacements; My, wx, ¢y, Qx(t)
and My, wy, {,, Qy(t) are generalized mass, modal circular frequency,
damping ratio, and generalized wind load in two directions; F, and F;,
are generalized restoring forces. When building response is within linear
elastic range and also the centers of mass and stiffness coincide, i.e.,

building has no eccentricity, Fi, (qx,qx,qwqy) = K¢qx = Myw?qyx and

Fy (qx, Ge: Gy, 4y | =Kyqy = Mywﬁqy, , thus the equations of motion are

uncoupled. When building behaves beyond linear elastic range, the
generalized restoring forces are described in hysteretic relations with
displacements and velocities. The equations of motion become coupled
as the relationship between the restoring force and displacement in one
direction is also affected by the response in another direction. The
hysteretic generalized restoring forces can be quantified via static MPA
procedure using static analysis of a nonlinear FE building model [29].

The generalized restoring forces F;, and F;, are expressed as the
following biaxial hysteretic model [52]:

Fo = a.Kige + (1 — o) Koz (2a)
Fy =a,K,q,+ (1 — a,)K,z, (2b)
Ly =Acq, — 2l (3a)
4 =Ad, 2l (3b)

I=1q, 4,

e [ﬂo+yosgn<qxzx) } / A

where ay and ay are second (post-yielding) stiffness ratios; z, and z, are
hysteretic displacements; sgn (-) is sign function; A, = A, = 1 in general;
A, and A, are yield displacements under uniaxial loads in x and y di-
rections, respectively. The shape parameter n determines the smooth-
ness of transition from pre-yielding to post-yielding region; g, +7, =1,
and often , =y, = 0.5.

The equation of building motion is solved by using step-by-step
integration method. The dynamic wind load time history sample is
simulated from loading power spectra using spectral representation
method and others [45,6]. The building response can also be calculated
using statistical linearization approach which permits use of spectral
analysis procedure (e.g., [30].)

Huang and Chen [29] and [30] have presented a comprehensive
study of inelastic response of a 60-story steel building under biaxial
alongwind and crosswind loadings using a nonlinear FE model with
distributed plasticity and a reduced-order model. The results showed
that the reduced-order model can effectively and accurately predict the
response statistics including response STD, peak factors, and kurtosis at
different wind speeds. On the other hand, the time-varying mean
response is overestimated by the reduced-order building model.

|Zy|ni1 |:ﬂ0+705gn (qyzy) } /A;

(3d)
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Fig. 1. FE model of the building frame.
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Fig. 2. Generalized restoring force and displacement relations.

3. Building model with uncertain parameters
3.1. A tall building model

A 60-story high-rise steel structure with 182.88 m height, 45.72 m
width, and 30.48 m depth is considered (Fig. 1). The building is a replica
of the CAARC building with distributed non-linear stiffness in members
and it has an outrigger system at three elevations, i.e., 20th and 21st,
40th and 41st, and 60th floors, and a core bracing system to resist the
lateral load. A 3D nonlinear FE model is constructed in the OpenSees
environment [36]. The building frame is consisted of 2,100 columns,
3,480 beams, and 2,560 diagonal bracings, including a total of 16 types
of member sections. All members are represented in fiber section-based
nonlinear model [39]and each element has five fiber sections [46]. More
than 300 fibers over each column and bracing cross-sectional area, and
more than 150 fibers over each beam cross-sectional area are used. The
nonlinearity of the steel material is described by a bilinear model with a
yield stress of 345 MPa and a post-yielding stiffness ratio 0.01. The two
fundamental frequencies in two translational directions, i.e., x and y
directions, are f;, = 0.173Hz and f, = 0.164Hz. The modal damping
ratios are assumed to be {, ={, = 1%. More detailed information about
the FE model can be found in Park and Yeo [42] and Huang and Chen
[29]. The torsional wind load and response are quite low thus are not
considered in this study. The wind is along y direction.

Fig. 2 shows the generalized restoring force-displacement (building

top displacement) relations for different values of Fyy /F;, determined by
MPA. The cases Fy, /F;x = 0 and Fiy/F;, = 0 correspond to uniaxial loads
in x and y directions, respectively. It is evident that the yield displace-
ment in one direction reduces with the increase of load in another di-
rection. The uniaxial hysteretic models are fitted for both directions with
n=4,a, =ay, =0.06, A, =2.2m,and A, =2.5m. The biaxial model is
accordingly determined using the model parameters under uniaxial
loads. It is seen that the biaxial model can well describe the hysteretic
relation of the generalized forces and displacements.

3.2. Wind loading model

The alongwind static wind force at i-th story is determined as:

P, = 0503 Tty (2) )
i = V. opULCpbidy H

where p is the air density, 1.22kg/m?; Uy is the mean wind speed at the
building top averaged in 10 min; B is the building width; Hj is the story
height and Hy = 3.048m; H is the building height; z; is the height of i-th
floor; Cp is the constant drag force coefficient along the building height
and is determined from the static coefficient of base bending moment Cy,
as Cp = 2Cy(as+1); a; = 0.2 is the power law exponent of the wind
speed profile for the suburban terrain.

The fluctuating components of alongwind story forces are modeled
in terms of power spectral model. The cross power spectral density
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Fig. 3. Power spectra of generalized force coefficients.
Table 1
Statistics of basic random variables.
Variables €0y €E €p 5 5N em 32 €cy
Mean 1 1 1 1 1 1 1 1
cv 0.05 0.05 0.05 0.05 0.08 0.05 0.50 0.30

(CPSD) function of the i-th and j-th story forces is given as [6]:

S0 1) = 5000 ()" (5)" exp (27 %) ®
2
S0 1) = (30038t ) Se, ()10 ®)
2 ag+1 -\ as+1 . i &
of = (B LG @) () @

where S, (f) is the power spectrum of the base bending moment coef-
ficient Cy(t); k, = 7 is the decay factor for the alongwind load; N is the
number of stories and N = 60. Same CPSD model is also used for
crosswind story forces, but different spectrum Sg, (f) and decay factor
k, = 5 are adopted.

The power spectra of alongwind and crosswind base bending
moment coefficients are given according to the ALJ recommendations
[1;15]. The STD of alongwind Cy(t) is o¢,, = 0.11. For the crosswind
Cu(t), oc, = 0.1175; the bandwidth parameter of the spectrum takes
p1 = 0.28; parameter x; = 0.85; and the Strouhal number S; = 0.09.
The power spectra of generalized forces are calculated from the spectral

x10*

- - ~Hysteresis model| P

N

N)

[\S) W E W
L
1|
L

—_

Generalized force Fy, (k

0 05 1 15 2 25 3 35 4
Generalized displacement g, (m)

a) Alongwind MPA

Engineering Structures 288 (2023) 116224

model of the story forces. The alongwind and crosswind loadings are
assumed to be independent.

Fig. 3 displays the power spectra of the generalized force coefficients
in alongwind and crosswind directions, i.e., Co, (t) = Qy(t)/(0.5pU%BH)
and Cq,(t) = Q«(t)/(0.5pU%BH), which are very close to the power
spectra of the base bending moment coefficients. The power spectrum of
alongwind loading has higher low-frequency energy, while the power
spectrum of crosswind loading exhibits a peak at the lock-in reduced
frequency, fB/Uy = S; = 0.09.

3.3. Uncertain parameters

It is assumed that the building mode shapes do not have uncertainty.
The generalized mass are given as M, = Myoey and M, = Myo€y, and
the modal damping ratios are ¢, = {,o€; and {, = {,€;, where Myo and
My, {yxo and o are the nominal (design) values; and €y and €; are
random variables assumed to follow lognormal distributions with unit
mean and coefficient of variation (CV) of 0.05 and 0.50, respectively
(Table 1). The lognormal distribution is convenient and has been widely
used for non-negative uncertainty parameters (e.g., [4;35;37]). It should
be mentioned that assumed distribution models of important random
variables can have limited influence on the predicted uncertainty of
structural response when their CVs are large [35;37].

The uncertainties in the relations of generalized forces and dis-
placements are determined from Monte Carlo simulation using static
MPA with the FE model. The steel material parameters in terms of yield
stress, Young’s modulus and strain hardening ratio, o4, E and b, are
basic random variables, i.e., 6yi1q = Oyieldo € E = Epeg, and b = bgey,
where oyi90, Eo and by are nominal values; and €

Oyield ?
oas €E and €, are
random variables assumed to follow lognormal distributions with unit
means and CVs of 0.05 (Table 1). All building members use same ma-
terial properties, which will lead to a greater uncertainty in the gener-
alized forces as compared to the case of using different material
properties. Fig. 4 shows 50 samples of generalized force and displace-
ment relations and the corresponding fitted hysteresis model under
uniaxial loads. The curve fitting results of hysteretic model indicate that
the model parameters ay, @y, ny, and n, remain almost unchanged; K,
and K, A, and A, are fully correlated, respectively. The correlation
coefficient between K, and A, is —0.68. These uncertainty parameters
can be modeled as Ky = Kxex; K, = Kyoex; Ax = Ax€a and Ay =
Ayo€n, where Ky, Kyo, Axo and A, are nominal values; ex and €, are
random variables following lognormal distributions with unit means
and CVs of 0.05 and 0.08 according to the MPA simulation data. The
correlation coefficient between €x and €, is —0.68, which is identical to
that between K, and A,, as both are resulted from uncertainty of
stress-strain relation of the steel material.

The samples of generalized restoring force-displacement relations
are also generated for a given ratio F;,/F;,, which are fitted into a uni-
axial hysteretic model, from which the yield displacements A,(#) and
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Fig. 4. Variation of generalized restoring force and displacement relations.
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Ay(0) are determined. Fig. 5 shows 50 samples of yielding displacement
boundaries given in terms of [A«(6) /Ay, Ay(6)/A,], where A, = Ay and
Ay = Ay. The yielding boundary calculated from the biaxial model
using the design values of the model parameters is also presented which
is close to a square. As illustrated in Huang and Chen [30], the difference
of this yielding boundary can, to some extent, affect the time-varying
mean alongwind displacement, but has little influence on the dynamic
response around the mean response.

The uncertainty in dynamic loading spectra is also considered by
treating Sc, (f) as a random quantity, i.e., S¢,,(f) = Sc,, (f)€cy> Where
Sy (f) is nominal value; and €c,, is a random variable assumed to follow
a lognormal distribution with unit mean and CV of 0.30. Larger CVs are
assumed for structural damping ratio and loading spectrum according to
the knowledge of their uncertainties. The condition of zero uncertainty
in structural properties and dynamic loading spectra can be simply
achieved by setting zero value of CVs of the random variables in Table 1.

4. Uncertainty analysis of building response
4.1. Response STDs

When building response is within linear elastic, the alongwind and
crosswind responses are uncorrelated and can be computed separately.
For instance, the variances of modal displacement and acceleration in
terms of building top displacement and acceleration in alongwind di-
rection or crosswind direction can be estimated as

2 . 2 .
2 o, 2. %  #Solh) %o So(fo)
0" =05+ 0y NK2+ 4K K SMIPKAR ®
4 So(fo)
o~ ()"0 = gz i ©

where 62, 63 and o2 are variances of total, background and resonant
displacement components; Sq(fo) is the PSD of the generalized force at
the modal frequency fo; né is variance of generalized force Q(t); M, K and
¢ are generalized mass, stiffness and damping ratio; o2 is the variance of
acceleration. The index x and y are omitted here for simplicity. The
background component of crosswind displacement of tall buildings is
negligibly small. The background component of alongwind displace-
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ment reduces with increasing wind speed and becomes negligible at
higher wind speeds.

Consider the uncertainties of the variances of displacements and
accelerations resulted from the uncertainty of structural and loading
parameters. The estimated 62 is considered to be unbiased E[0?] = 03
and with the variance calculated as:

Var(6”) = Var(o}) + Var(oy) (10)

Accordingly, the CV of ¢2 is given by

2 2
B =[Pz %o + B %io an
o 3 6(2] Op 0_(2)

where f2, B2 and f,2 are CVs of the total, background and resonant

variances; 63, 03, and 63, are the nominal values of variances, estimated
without the parameter uncertainty.

By using the logarithmic perturbation method e.g., [35], the CVs of
estimated background and resonant displacement variances and the CV
of acceleration variance are calculated as:

Bay, = [Py + 4o 12
1\’ 3\’
By, =\ Ps, + @ Peu + @ Pep + Pe, as)

b = \/ﬁég c(5) e (5) a4

where ﬁ,,é and fg, are CVs of 05 and Sq(fo), which can be estimated as
By = Pe,, and

ds, 2 ds, B
N S LR C O ELRAS

in which dS’Q(fO) /df’ is the derivative of normalized spectrum Sq(f)/
S, (fo) with respective to the normalized frequency f = f/fo; and 8 . is
CV of modal frequency. Clearly, the uncertainty of Sq(fo) is contributed
by the uncertainties of the spectral model and the modal frequencies.
According to the power spectra used in this study, this derivative is
approximately equal to —3 and —11/3, respectively, for alongwind and
crosswind loadings. Considering the assigned CVs of the basic random
variables, i.e., Table 1, the influence of the uncertainty of modal fre-
quency is relatively small, thus f;, ~ f o

Subsequently, the following values of CVs are estimated:

Br = 1/0.3* +4(0.05)* = 0316

2 2
B = \/0.32 + G) (0.05)* + (%) (0.05)* +0.5* = 0.588 (16)

5\? NS
. = \/0.32 + (§> (0.05)* + (§> (0.05)* +0.5* = 0.596

The CVs of the STDs of displacement and acceleration are approxi-
mately calculated as §,, = 0.58,; = 0.158; §, =0.58,; =0.294; g, =
0.5f,; = 0.298. When the uncertainty of the loading spectrum is not
included, these CVs are 0.05, 0.252, 0.258, respectively. It is noted that
the sensitivity coefficients of the basic random variables €c,,, €y, €x and
€, with respect to the CV of resonant displacement STD are 0.5, 0.25,
0.75 and 0.5, respectively. The sensitivity coefficients to the CV of ac-
celeration STD are 0.5, 1.25, 0.25 and 0.5, respectively. In this study, the
structural damping ratio is assigned to have significantly large uncer-
tainty, which dominates the wuncertainty of displacement and

B
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Table 2
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Mean and CV of statistics of displacements with parameter uncertainty (T = 10mins).

Direction Un(m/s) Response STD, ¢ Crossing rate, vy Kurtosis Extreme, non-Gaussian Mean extreme, non-Gaussian Extreme sample
mean Cv mean CvV mean Cv mean CvV mean (9% mean Ccv
Alongwind 40 0.093 0.292 0.141 0.081 2.743 0.122 0.288 0.089 0.277 0.262 0.281 0.264
60 0.271 0.286 0.149 0.058 2.779 0.123 0.854 0.091 0.818 0.261 0.828 0.257
80 0.517 0.230 0.150 0.050 2.812 0.125 1.648 0.093 1.577 0.227 1.658 0.231
Crosswind 40 0.172 0.358 0.165 0.039 2.675 0.143 0.524 0.082 0.502 0.308 0.497 0.287
60 0.641 0.240 0.170 0.033 2.532 0.129 1.856 0.073 1.820 0.202 1.742 0.190
80 0.975 0.129 0.171 0.031 2.206 0.105 2.478 0.058 2.479 0.096 2.359 0.101
Table 3

Mean and CV of statistics of displacements with parameter uncertainty (T = 60mins).

Direction Un(m/s) Response STD, o Crossing rate, vy Kurtosis Extreme, non-Gaussian Mean extreme, non-Gaussian Extreme sample
mean Ccv mean cv mean Ccv mean Ccv mean Ccv mean cv
Alongwind 40 0.094 0.263 0.142 0.065 2.928 0.062 0.351 0.077 0.339 0.249 0.339 0.247
60 0.280 0.239 0.151 0.045 2.986 0.094 1.079 0.081 1.003 0.230 1.030 0.254
80 0.536 0.194 0.148 0.042 3.015 0.072 2.063 0.081 1.944 0.203 2.008 0.197
Crosswind 40 0.172 0.310 0.166 0.036 2.919 0.089 0.649 0.075 0.611 0.295 0.608 0.284
60 0.656 0.191 0.170 0.032 2.628 0.088 2.183 0.058 2.156 0.139 1.991 0.128
80 0.974 0.107 0.171 0.030 2.217 0.065 2.679 0.043 2.681 0.080 2.523 0.094
Table 4

Mean and CV of statistics of displacements without parameter uncertainty (T = 10mins).

Direction Uy(m/s) Response STD, ¢ Crossing rate, vg Kurtosis Extreme, non-Gaussian Mean extreme, non-Gaussian Extreme sample
mean cv mean cv mean cv mean cv mean Ccv mean cv
Alongwind 40 0.088 0.160 0.140 0.051 2.823 0.107 0.280 0.095 0.270 0.128 0.275 0.153
60 0.256 0.159 0.149 0.035 2.779 0.114 0.805 0.090 0.782 0.156 0.792 0.152
80 0.509 0.148 0.150 0.033 2.824 0.115 1.628 0.094 1.563 0.147 1.649 0.168
Crosswind 40 0.158 0.166 0.165 0.015 2.734 0.133 0.493 0.086 0.475 0.173 0.477 0.160
60 0.633 0.143 0.170 0.006 2.580 0.123 1.869 0.076 1.841 0.122 1.762 0.115
80 0.995 0.074 0.172 0.006 2.177 0.083 2.499 0.057 2.507 0.040 2.396 0.054
acceleration. crosswind response at Uy = 60m/s shows slight inelasticity. The

The time histories of building top displacement and acceleration in
both alongwind and crosswind directions at Uy = 40, 60 and 80 m/s are
simulated using the reduced-order model, where the mean alongwind
load is not included. 200 response history samples are computed at each
wind speed with consideration of parameter uncertainties, which can
give sufficiently accurate estimation of response statistics. To study the
sampling uncertainty, two sample durations of T = 10 and 60 mins are
considered as the mean wind speed is traditionally averaged in 10 or 60
mins. The response history with a duration of 3900 s is computed, and
the first 300 s is removed to avoid the transient effect. From each
response history sample, the response STD, crossing rate ratio at zero
level, kurtosis, and absolute maximum response are computed. The
response process has zero skewness.

Fig. 6 portrays the time histories of displacements, and the gener-
alized restoring force and displacement relations at Uy = 40, 60 and 80
m/s. The corresponding linear elastic displacement is also shown for
comparison. It is evident that both alongiwind and crosswind responses
at Uy = 40m/s and alongwind response at Uy = 60 m/s are elastic. The

Table 5

yielding level gets higher at Uy = 80m/s, where crosswind displacement
shows more inelasticity than the alongwind displacement. The inelastic
response is lower than the elastic response due to additional hysteretic
damping caused by yielding. For instance, at Uy = 80m/s, the STDs of
alongwind and crosswind displacements are reduced by 9.5% and 33.7%
from the elastic responses respectively. The reductions in accelerations
are 14.1% and 34.2%, respectively. The yielding causes low-frequency
drift of alongwind displacement, which can be clearly observed in the
alongwind restoring force and displacement relation.

Tables 2 and 3 list the mean and CV of these response statistics for
T = 10 mins and 60 mins. The results without consideration of param-
eter uncertainties are listed in Tables 4 and 5. Tables 6 and 7 are the
results for the acceleration with T = 10 mins. The CVs of STD of
displacement and acceleration are also displayed in Figs. 7 and 8. It is
observed that the mean of response STD calculated from these calcula-
tions can be considered identical. The STD of acceleration has almost
same level of uncertainty as the STD of displacement. On the other hand,
as shown by the alongwind response at Uy = 40m/s, the uncertainty of

Mean and CV of statistics of displacements without parameter uncertainty (T = 60mins).

Direction Un(m/s) Response STD, o Crossing rate, vg Kurtosis Extreme, non-Gaussian Mean extreme, non-Gaussian Extreme sample
mean cv mean cv mean cv mean cv mean cv mean Ccv
Alongwind 40 0.089 0.035 0.141 0.014 2.976 0.060 0.341 0.081 0.326 0.052 0.333 0.092
60 0.262 0.044 0.151 0.009 2.984 0.074 1.010 0.081 0.951 0.066 0.970 0.090
80 0.524 0.041 0.148 0.019 3.012 0.068 2.021 0.082 1.913 0.064 1.996 0.099
Crosswind 40 0.159 0.042 0.166 0.004 2.959 0.082 0.609 0.078 0.575 0.069 0.577 0.100
60 0.647 0.036 0.170 0.001 2.680 0.055 2.202 0.060 2.209 0.053 2.023 0.042
80 0.993 0.023 0.172 0.002 2.190 0.032 2.697 0.042 2.706 0.016 2.562 0.045
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Table 6
Mean and CV of statistics of accelerations with parameter uncertainty (T = 10mins).
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Direction Un(m/s) Response STD, ¢ Crossing rate, vg Kurtosis Extreme, non-Gaussian Mean extreme, non-Gaussian Extreme sample
mean Cv mean CvV mean Cv mean CvV mean Ccv mean Ccv
Alongwind 40 0.085 0.344 0.168 0.072 2.606 0.181 0.254 0.077 0.240 0.313 0.232 0.294
60 0.263 0.318 0.169 0.083 2.711 0.158 0.814 0.084 0.770 0.295 0.737 0.278
80 0.502 0.247 0.171 0.070 2.746 0.157 1.577 0.086 1.487 0.244 1.445 0.231
Crosswind 40 0.192 0.372 0.176 0.077 2.615 0.163 0.576 0.077 0.549 0.320 0.525 0.297
60 0.736 0.229 0.175 0.069 2.496 0.135 2.105 0.071 2.061 0.186 1.919 0.165
80 1.146 0.132 0.180 0.048 2.159 0.105 2.865 0.055 2.865 0.092 2.620 0.092
Table 7

Mean and CV of statistics of accelerations without parameter uncertainty (T = 10mins).

Direction Uy (m/s) Response STD, o Crossing rate, vy Kurtosis Extreme, non-Gaussian Mean extreme, non-Gaussian Extreme sample
mean Ccv mean Ccv mean cv mean cv mean Ccv mean cv
Alongwind 40 0.079 0.165 0.167 0.067 2.696 0.165 0.245 0.083 0.232 0.186 0.226 0.177
60 0.247 0.191 0.168 0.067 2.682 0.158 0.758 0.082 0.727 0.201 0.698 0.183
80 0.495 0.174 0.172 0.063 2.770 0.159 1.571 0.088 1.483 0.178 1.443 0.176
Crosswind 40 0.176 0.184 0.177 0.063 2.677 0.162 0.541 0.081 0.520 0.198 0.504 0.179
60 0.732 0.147 0.176 0.061 2.541 0.127 2.132 0.073 2.101 0.123 1.957 0.106
80 1.171 0.072 0.181 0.035 2.131 0.085 2.894 0.054 2.903 0.037 2.662 0.040
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Fig. 7. CVs of STDs of building top displacements and accelerations (T = 10 mins).
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Fig. 8. CVs of STDs of building top displacements and accelerations (T = 60 mins).
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Table 8

CV of STD and extreme value of displacements from various uncertainties.
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Uncertainty Randomness Sampling uncertainty Parameter uncertainty

Response Extreme STD Extreme STD Extreme

Sample duration T (mins) 10 60 10 60 10 60 10 60 10 60

Alongwind 40 m/s 0.095 0.081 0.122 0.035 0.121 0.043 0.265 0.260 0.215 0.229
60 m/s 0.090 0.081 0.159 0.044 0.122 0.039 0.237 0.235 0.208 0.237
80 m/s 0.094 0.082 0.148 0.041 0.139 0.056 0.176 0.189 0.159 0.170

Crosswind 40 m/s 0.086 0.078 0.166 0.042 0.135 0.063 0.317 0.307 0.238 0.266
60 m/s 0.076 0.060 0.143 0.036 0.086 0.000 0.193 0.187 0.152 0.121
80 m/s 0.057 0.042 0.074 0.023 0.000 0.015 0.106 0.105 0.086 0.082

Table 9
CV of STD and extreme value of accelerations from various uncertainties.

Uncertainty Randomness Sampling uncertainty Parameter uncertainty

Response Extreme STD Extreme STD Extreme

Sample duration T (mins) 10 60 10 60 10 60 10 60 10 60

Alongwind 40 m/s 0.083 0.077 0.165 0.048 0.157 0.071 0.302 0.302 0.234 0.269
60 m/s 0.082 0.080 0.191 0.052 0.164 0.066 0.254 0.248 0.210 0.234
80 m/s 0.088 0.079 0.174 0.044 0.152 0.028 0.176 0.196 0.150 0.151

Crosswind 40 m/s 0.081 0.077 0.184 0.047 0.160 0.074 0.324 0.314 0.237 0.269
60 m/s 0.073 0.058 0.147 0.037 0.077 0.000 0.176 0.173 0.126 0.097
80 m/s 0.054 0.041 0.072 0.022 0.000 0.000 0.111 0.109 0.082 0.081

STD of displacement is slightly lower than the acceleration displacement
which is attributed to the contribution of low-frequency background
component that has lower uncertainty. The STD ratio of low-frequency
to resonant alongwind displacement is 0.53 at Uy = 40m/s. The CVs
of STDs calculated by response simulation with duration of T = 60mins
are very close to those from the theoretical estimation in the case of
elastic response. The uncertainty of elastic response STD is mainly
influenced by uncertainty of modal damping ratio. The response with
higher level of yielding has less uncertainty in its STD. It is because that
the additional hysteretic damping has lower uncertainty, which leads to
reduction of the uncertainty of total system damping. The uncertainty of
inelastic response STD is primarily influenced by uncertainty of modal
damping ratio and hysteretic damping. The simulation results with
consideration of only uncertain parameters €, and €; (Figs. 7 and 8)
demonstrated their dominant influence. The uncertainty of loading
spectra increases the response uncertainty, but its influence reduces as
the yielding level increases as shown in Figs. 7 and 8.

Two sources of uncertainty contribute to the CV of response STD, i.e.,
parameter uncertainty from structural model and wind loading spectra,
and sampling uncertainty associated with simulation and use of limited
length of response history for estimation. For instance of crosswind
displacement at Uy = 60 m/s with duration of 10 mins, the CV of
displacement STD with parameter uncertainty and sampling uncertainty
is 0.240 (Table 2). It is 0.203 without the uncertainty of loading spectra
(Fig. 7b). The CV is 0.143 without uncertainty of all parameters
(Table 4), which is caused by sampling uncertainty. Clearly, the CV
caused by all parameter uncertainty is calculated as
v0.240% — 0.1432 = 0.193. The CV caused by uncertainty of loading
spectra is v/0.2402 — 0.2032 = 0.128. Similar calculation can be made
for the case with duration of 60 mins. The CVs caused by sampling
uncertainty, parameter uncertainty and uncertainty of loading spectra
are 0.036, 0.187 and 0.098. Tables 8 and 9 summarize the influence of
various uncertainties on STDs of displacement and acceleration. As ex-
pected, the sampling uncertainty is reduced when longer duration of
response is used for estimation. The influence of parameter uncertainty
is not affected by the sample duration. The influence of parameter un-
certainty is greater than the influence of sampling uncertainty.

4.2. Extreme response

The influence of uncertainty on the probability distributions of
maximum alongwind and crosswind displacements and accelerations
are also investigated. The mean and CV as well as the cumulative dis-
tribution functions (CDFs) of the extreme responses are directly calcu-
lated from 200 extreme response samples. The results are listed in
Tables 2-7 in the column “Extreme sample”. It is evident that the
parameter uncertainty leads to a larger CV while has negligible influ-
ence on the mean of extreme. The CV of crosswind displacement at Uy =
60 and 80 m/s is much lower, which is associated with hardening non-
Gaussian distribution of the response with kurtosis less than 3 caused by
significant level of yielding.

The CDF of extreme response is also calculated by using the
upcrossing rate theory based on the mean of response statistics [43]. The
CDF of extreme value of a Gaussian random process R(t) within a time
duration T, i.e., Rmax = max(|R(t)|), is calculated as follows based on
Poisson assumption:

Fmax(r) = exp[f 21/0TCXP( - 2/20%) } (17)

where vy = 63/(270g) is the mean upcrossing rate at zero mean.

For a non-Gaussian process R(t), a monotonic translation model can
be developed to relate it to an underlying standard Gaussian process
U(t), i.e., R(t)/or = g(U), where g( o) is translation function that can be
established using CDF mapping or first four statistical moments (e.g.,
[13,14]). In this study, the response skewness is zero thus the translation
model is determined by the response kurtosis. Accordingly, the CDF of
extreme of non-Gaussian response is calculated as:

Foax (1) = exp{72v0Texp{ — [g7"(r/or) }2/2 }] (18)

where g~1( e ) is the inverse function of g( e ). The mean and CV of the
extreme are then computed using the probability density function of
extreme. The mean extreme also corresponds to Fy. (1) = 57% when the
extreme distribution is considered to follow the Gumbel (Type I)
distribution.

Tables 2-7, column “Extreme, non-Gaussian”, list the mean and CV of
extreme calculated from crossing rate theory using means of the
response statistics, i.e., STD, crosswind rate at zero mean and kurtosis.
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Fig. 9. CDFs of extreme displacements (T = 10mins).

This CV represents the influence of randomness on extreme. From the
200 sets of response statistics and by using the crossing rate theory, 200
estimations of mean extreme and extreme probability distributions are
also calculated, from which the mean and CV of the estimated mean
extreme are calculated and listed in the column “Mean extreme, non-
Gaussian”. It is noted that mean of extreme calculated from crossing rate
theory is very close to that from extreme samples, which again illus-
trated the effectiveness of crossing rate theory and the kurtosis-based
translation model.

Three sources of uncertainty contribute to the CV of extreme, i.e.,
randomness, parameter uncertainty and sampling uncertainty. The total

10

CV can be given as square-root-of-sum-of-squares of these three CVs. The
CV caused by randomness can be estimated from the extreme distribu-
tion determined using the crossing rate theory with means of the
response statistics. The CV due to randomness calculated from response
analysis with and without uncertainty can be considered identical. By
comparing the CVs of extreme calculated with and without parameter
uncertainty, the CV caused by parameter uncertainty can be determined.
Subsequently, the CV caused by sampling uncertainty is then computed.

For instance of the crosswind extreme displacement with duration of
T = 10 mins at Uy = 60 m/s, the CV caused by randomness is 0.076
according to column “Extreme, Non-Gaussian” in Table 4. The CVs with
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Fig. 10. Variation of time-varying mean alongwind displacements at building top.

and without parameter uncertainty are 0.190 and 0.115 according to
Tables 2 and 4 directly estimated from extreme samples, i.e., the column
“Extreme sample”. Accordingly, the CV caused by sampling uncertainty

is v/0.1152 — 0.076% = 0.086. The CV caused by parameter uncertainty

is calculated as v/0.190%2 — 0.1152 = 0.152. On the other hand, for the
case of T = 60 mins, the CV caused by randomness is 0.060 according to
Table 5. The CVs with and without parameter uncertainty are 0.128 and
0.042 according to Tables 3 and 5. Thus, the CVs caused by sampling
uncertainty and parameter uncertainty are 0.000 and 0.121. The reason
that the CV without parameter uncertainty, i.e., caused by randomness
and sampling uncertainty, is slightly less than the CV caused by
randomness is attributed to numerical approximation especially that of
crossing rate theory. The CV of extreme within a longer duration has less
uncertainty while the mean of extreme increases. The CV of extreme
crosswind response at Uy = 60 and 80 m/s is apparently lower, which is
consistent to the observation of CV of response STD. The CV of extreme
acceleration is very close to that of extreme displacement.

Tables 8 and 9 summarize the influence of various uncertainties on
response STD and extreme. It is observed that the sampling uncertainty

11

has almost same influence on the response STD and extreme, while less
influence on extreme is observed for crosswind response at Uy = 60 and
80 m/s. The parameter uncertainty has less influence on response
extreme as compared to response STD. Therefore, it will be conservative
to use CV of response STD to approximate the CV of extreme response.

Fig. 9 displays the exceeding probability of extreme displacements, i.
e., 1 —Fn«(r), respectively representing the distributions due to
randomness, randomness plus sampling uncertainty, and further plus
the parameter uncertainty. The extreme value distributions estimated
from the samples (dashed or dotted lines) with and without parameter
uncertainty are very close to Gumbel (Type I) distributions (continuous
lines) determined from the mean and CV of extreme, which are shown in
Fig. 9 along with the empirical distributions. Again, it is observed that
the extreme crosswind responses at Uy = 60 and 80 m/s have less
uncertainty.

4.3. Time-varying mean alongwind displacement

The alongwind inelastic displacement has time-varying mean
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component when the static (mean) alongwind load is included in the
analysis. The time-varying mean alongwind displacement at the build-
ing top at Uy = 60 and 80 m/s influenced by the uncertainties of
structural parameters is investigated using the reduced-order building
model, where the uncertainty of the wind loading spectral model is not
included. A total of 200 response samples with time duration of 7200 s
and time step of 0.04 s are generated. For the purpose of comparison, the
response samples without consideration of uncertainty of structural
parameters are also generated. Fig. 10 shows these samples normalized
by the steady-state mean displacement, which is determined by the
mean alongwind load and mean generalized second stiffness, i.e., yq /
ayKyo [20,30]. Furthermore, the simulation with consideration of only
uncertainty parameters €, and €, are also carried out, where the un-
certainty in the building stiffness thus the uncertainty in the steady-state
mean displacement is not included. Their ensemble means and 95%
confidence intervals are also shown in Fig. 10. The lower and upper
bounds of 95% confidence intervals correspond to 2.5% and 97.5% non-
exceeding probabilities.

The ensemble means of the time-varying alongwind displacement
calculated from three cases, i.e., Fig. 10a), c¢) and e), or Fig. 10b), d) and
f), are almost identical. The time-varying mean alongwind displacement
at Uy = 80m/s approaches to steady-state value faster than that at Uy =
60m/s due to higher level of yielding and more frequent drift. The un-
certainty of time-varying mean displacement is attributed to random-
ness of dynamic response and the influence of parameter uncertainty.
The CV of the steady-state mean displacement is 0.044, which is very
close to the theoretical estimation, i.e., CV of Ha, /ayKy as 0.045, where
the uncertainty of mean wind load is not considered in this study. The
uncertainty in the transient state is larger than that of steady-state value.
For example of response at Uy = 60m/s and t = 4800s, the CV without
structural parameter uncertainty, i.e., Fig. 10a), is 0.126. The CV with
parameter uncertainty, i.e., Fig. 10c), is 0.378. The CV with un-
certainties of dominant parameters but without uncertainty of steady-
state mean is 0.371. Clearly, time-varying mean alongwind displace-
ment is very sensitive to the parameter uncertainty especially the un-
certainty in yielding displacement. It should be mentioned that although
the time-varying mean response is overestimated by the reduced-order
building model, the insights on the uncertainties of the time-varying
mean response presented above remain valid.

5. Conclusions

The influences of various uncertainties in building model parameters
and wind loading spectra on the predicted inelastic tall building dis-
placements and accelerations were investigated using a 60-story steel
building as an example. The results showed that the structural modal
damping ratio and yielding displacement are two most influencing pa-
rameters contributing to uncertainty of response. With the increase in
the level of yielding at higher wind speed, the influence of uncertainty of
modal damping reduces, while the influence of uncertainty of yielding
displacement becomes significant. The response with a higher level of
yielding shows less uncertainty in its STD. The STD of acceleration has
almost same level of uncertainty as the STD of displacement. The in-
fluence of parameter uncertainty is greater than that of sampling
uncertainty.

Three sources of uncertainty contribute to the uncertainty of
extreme, i.e., randomness, parameter uncertainty and sampling uncer-
tainty. The uncertainty of extreme caused by randomness can be esti-
mated from the extreme distribution using the crossing rate theory. The
sampling uncertainty has almost same influence on the response STD
and extreme. The parameter uncertainty has less influence on response
extreme as compared to response STD. The response with a higher level
of yielding shows hardening non-Gaussian distribution, which leads to
less uncertainty of extreme response as compared to response STD. The
distribution of extreme acceleration shows similar characters.
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The uncertainty of time-varying mean alongwind displacement is
influenced by the randomness of the fluctuation responses and the
parameter uncertainty. The uncertainty of the transient phase of the
time-varying mean displacement is larger than that of the steady-state
mean value. The time-varying mean alongwind displacement is very
sensitive to the parameter uncertainty, especially the uncertainty in
yielding displacement. The uncertainty of state-state mean displacement
is determined by the uncertainty of post-yielding stiffness and uncer-
tainty of mean wind loading.
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