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a b s t r a c t

This study addresses the analysis of crosswind response of tall buildings and flexible structures at wind
speed region higher than the vortex lock-in speed, where nonlinear negative aerodynamic damping effect
is significant. The modeling of nonlinear aerodynamic damping as a function of time-varying velocity
and/or displacement of vibration is established based on motion-induced aerodynamic force information
obtained from forced-vibration model testing in wind tunnel, referred to as harmonic balance. Response
time history simulations are performed by solving the nonlinear equation of motion to explore the
unique hardening non-Gaussian characteristics of crosswind response and its extreme value distribution
with reduced peak factor. The response time history simulations also provide a bases for assessing the
performance of analytical predictions of root-mean-square (RMS) response using crosswind loading spec-
trum and equivalent aerodynamic damping models. The limitations of the equivalent aerodynamic
damping models as functions of RMS response derived from harmonic balance and statistical lineariza-
tion with an assumption of Gaussian response are revealed. This study, at the first time, by using the
method of equivalent nonlinear equation, presents complete analytical solutions of crosswind response
statistics, including not only the RMS response, but also response kurtosis, response probability distribu-
tion, peak factor and extreme value distribution. The comparison of the analytical predictions with
response simulation results illustrates that the method of equivalent nonlinear equation is very accurate
in predicting crosswind response statistics that are influenced by the nonlinear aerodynamic damping.
The narrow band feature of response is further considered in this study in the calculation of crossing rate
using amplitude process, which leads to even better predictions of extreme statistics. This general frame-
work can also be readily adopted in design codes and standards for calculating vortex-induced vibration
of towers and chimneys.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Crosswind response excited by separation and vortex shedding
of the wake flow is an important and often dominant component
for wind-resistant design of tall buildings and flexible structures.
With a decrease in structural frequency of super tall and flexible
structures, the design reduced wind speed increases. As a result,
crosswind response at wind speed region higher than the vortex
lock-in wind speed must be addressed. The aerodynamic damping
that is a nonlinear function of velocity and/or displacement of
vibration plays an important role in the generation of crosswind
response and determination of response characteristics. The cross-
wind response of tall buildings with various geometric configura-
tions under boundary layer wind flows has been studied
extensively in literature (e.g., [27,20,21,26,24,3,41,32,16,37]). The

high-frequency-force-balance (HFFB) technique has widely been
used to quantify crosswind base bending moment on a rigid build-
ing model, that is then used to estimate the generalized force with
an empirical mode shape correction when the building mode shape
is nonlinear (e.g., [22,38,8]). The synchronous measurement of
multiple pressures on rigid building model surface in wind tunnel,
on the other hand, provides more detailed description of spatio-
temporally varying crosswind load on buildings (e.g., [37]). To
characterize the motion-induced (self-excited) wind loading,
forced-vibration test with harmonic vibration of building model
is carried out, and the corresponding wind load is determined
using HFFB measurement or pressure integration [41,31,29,
11,18,19]. Aeroelastic model test in wind tunnel is a reliable tool
for investigating crosswind response with aeroelastic effect, which
can also be used to gain information on aerodynamic damping
[3,17,18,9]. It should be emphasized that the aerodynamic damp-
ing is affected by wind characteristics especially the turbulence
characteristics (e.g., [41,42]). These studies have greatly improved
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our understanding on the generation mechanics of crosswind load
and structural response, and enhanced our ability to predict cross-
wind response of tall buildings and flexible structures.

Predictive tools that allow estimations of crosswind response
from wind load and structural characteristics are very useful and
valuable especially in earlier stages of design. When wind speed
is apparently lower than the vortex lock-in speed, the aerodynamic
damping is positive and also not significant, thus its effect is often
neglected in response analysis which is at least conservative (e.g.,
[20,3]). The root-mean-square (RMS) value or standard deviation
(STD) of crosswind response can be readily estimated from loading
power spectrum based on random vibration theory. The peak fac-
tor defined as the ratio of mean extreme response to RMS response
can be calculated using Davenport’s formula [12], generally rang-
ing from 3.5 to 4.5. However, when the nonlinear aerodynamic
damping effect is significant, the nonlinear damping must be rep-
resented in an equivalent damping as a function of RMS response
in order to estimate the RMS response from the wind loading spec-
trum. The equivalent damping associated with a stochastic cross-
wind response is often calculated following the same model for
harmonic vibration. A different damping model can also be derived
based on statistical linearization scheme with a further assumption
of Gaussian response. These aerodynamic damping models may
not well represent the actual aerodynamic damping associated
with stochastic crosswind response having non-Gaussian charac-
teristic. As a result, the predicted RMS response is often not in good
agreement with aeroelastic model testing.

More importantly, as revealed by aeroelastic model tests,
full-scale measurements and analytical simulations of crosswind
vibration, the nonlinear aerodynamic damping results in a unique
distribution of extreme response with a peak factor much lower
than that of Gaussian response [2,40,41,31,9]. Chen [6,7] pointed
out that the non-Gaussian characteristic of crosswind response re-
sulted from nonlinear negative aerodynamic damping is a primary
contributor to cause the unique extreme response distribution. A
practical framework was introduced in Chen [6] for calculating
the peak factor and coefficient of variation (COV) of extreme cross-
wind response based on its kurtosis and bandwidth parameter. An-
other approach based on crossing rate analysis was also presented
in Chen [7]. The effectiveness and accuracy of these frameworks
have been illustrated by simulated crosswind response and full-
scale measurement data. These frameworks are particularly useful
when only a small number of response time history samples are
available. However, it should be emphasized that an analytical
framework, which enables estimation of peak factor and extreme
value distribution of crosswind response directly based on pre-
scribed nonlinear aerodynamic damping model, will be more use-
ful for structural design applications and parametric studies. Such
a predictive tool has not yet been developed.

In this study, the modeling of aerodynamic damping as a non-
linear function of time-varying displacement and/or velocity of
building vibration is addressed based on motion-induced force
information derived from forced-vibration testing with harmonic
motion. The response characteristics of crosswind response with
nonlinear damping effect is examined using time domain response
simulations of a squared tall building. The limitation of current
modeling of equivalent aerodynamic damping used for estimating
RMS value of stochastic crosswind response is identified. The hard-
ening non-Gaussian characteristic, reduced peak factor, and the
effectiveness of the framework introduced by Chen [6] are exam-
ined. The method of equivalent nonlinear equation (ENLE) is ap-
plied to represent the system equation with nonlinear
aerodynamic damping. It provides, at the first time, complete ana-
lytical solutions of crosswind response statistics, including not only
RMS response, but also response kurtosis, response probability dis-
tribution, peak factor and extreme value distribution. The accuracy

of the analytical predictions is illustrated through comparisons
with time domain simulations. The framework can also be readily
adopted in design codes and standards for calculating vortex-in-
duced vibration of towers and chimneys. The framework presented
for the analysis of stochastic crosswind response of nonlinear
structural systems also lays a foundation for further considerations
of uncertain structural and aerodynamic parameters (e.g., [23,28]).

2. Equation of motion of crosswind response

The equation of crosswind response of a wind-excited tall
building in terms of first modal response is expressed as

Ms €y1 þ 2nsxs _y1 þx2
s y1

� �
¼ QðtÞ ð1Þ

Ms ¼
Z H

0
mðzÞ/2ðzÞdz; QðtÞ ¼

Z H

0
Lðz; tÞ/ðzÞdz ð2Þ

where Ms, xs = 2pfs, and ns are generalized mass, modal frequency
and damping ratio; y1 is generalized crosswind displacement; Q(t)
is generalized crosswind force; L(z,t) is crosswind force per unit
height at elevation z above the ground; /(z) is mode shape; and H
is building height. When the mode shape is normalized such that
/(H) = 1, the generalized displacement y1 is the building tip
displacement.

The HFFB technique is often used to quantify the generalized
force through measurement of base bending moment in wind tun-
nel without knowing the spatial-temporally varying wind load
L(z, t). The base bending moment is separated into motion-induced
(self-excited) and buffeting components, and expressed as

MðtÞ ¼
Z H

0
zLðz; tÞdz ¼ 1

2
qU2BH2ðCMseðtÞ þ CMbðtÞÞ ð3Þ

where q is air density; U is wind speed at the building top; and B is
building width; and CMse(t) and CMb(t) are motion-induced and buf-
feting components of base bending moment coefficient.

The generalized force is then estimated as

QseðtÞ ¼
1
2
qU2BHðgseCMseðtÞ þ gbCMbðtÞÞ ð4Þ

where gse and gb are empirical mode shape correction factors. It is
evident that in the case of linear mode shape, i.e., /(z) = z/H,
gse =1 and gb = 1. In general, the mode shape correction factors de-
pend on mode shape and also on the unknown distribution of dy-
namic wind loading L(z, t), and thus are given empirically.

The self-excited moment coefficient CMse(t) is often determined
using forced-vibration model testing in wind tunnel, where the
model is forced to have a harmonic vibration in terms of normal-
ized non-dimensional displacement y(t) = y1(t)/B = ymaxsin(xt)
with a linear mode shape. The corresponding moment coefficient
CMse(t) is expressed as

CMseðtÞ ¼ KH�1
B _y
U
þ K2H�4y ð5Þ

K2H�1 ¼
x

pymax

Z 2p=x

0
CMseðtÞ cosðxtÞdt ð6Þ

K2H�4 ¼
x

pymax

Z 2p=x

0
CMseðtÞ sinðxtÞdt ð7Þ

where K = xB/U is reduced frequency; and H�1 and H�4 are aerody-
namic derivatives and are functions of reduced frequency, repre-
senting out-of-phase (damping) and in-phase (stiffness)
components with displacement, respectively. At the vicinity of
vortex lock-in region, the self-excited force shows clear nonlinearity
with respect to vibration amplitude ymax = y1max/B. Therefore, the
aerodynamic derivatives H�1 and H�4 are functions of both reduced
frequency and amplitude ymax, i.e., H�1 ¼ H�1ðK; ymaxÞ and
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