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ABSTRACT

Dynamic wind loads on tall building are normally composed of three components,
i.e., along-wind，cross-wind and torsional wind loads. When one component of wind
effects reaches its maximum，the other components have low probability to take their
peak values. It is reasonable to determine the combination factors from the reliability
point of view when applying three equivalent static wind load (ESWL) components on
tall buildings. Based on the high frequency force balance (HFFB) tests, wind-induced
responses of tall buildings can be analyzed in time-domain. The time-history results of
wind-induced responses and loads open up an opportunity for the rigorous reliability
analysis to determine the combination factors of ESWL components. Copula-based
approaches have been employed to modeling dependencies of wind loading
components. Specifically, the joint probability density function (JPDF) and conditional
probability function of two wind load components of a 60-storey tall building were
constructed by a properly selected copula function using the HFFB wind tunnel data.
And then the combination relationship and combination coefficients of wind load
components were determined.
1. INTRODUCTION
Over the past few decades various methods have been proposed for the
assessment of the behavior of tall building subject to wind loads. Among them high
frequency force balance (HFFB) tests are widely adopted attributable to its versatility
and accuracy. The time series of the base reactions measured from a HFFB test can
provide more accurate information on the overall action of the wind loads on the
structure, without limitations of the building geometry, than any other techniques such
as synchronous multi-pressure sensing system (SMPSS). The measured base wind
loads on a rigid scale model tested in an atmosphere boundary layer wind tunnel can
be further used to predict wind-induced dynamic responses of a full-scale tall building.
In general, dynamic wind load effects on a tall building are composed of three
components, i.e., along-wind, cross-wind and torsional wind loads. When one
component of wind effects reaches its maximum, the other components have low
probability to take their maximum values. In order to achieve an economic and rational
design for a high-rise building, the correlations among wind load components should be
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considered.
Currently there are two main methods determining the combination between various
components of wind effects. One is based on practical engineering experiences, the
other is based on the reliability theory. Turkstra's rule and its extensions (Naess and
Rø yset 2000) consist of the primary empirical combination methods. But the
correlations of wind loading components are not taken into consideration. Solari and
Pagnini (1999) and Architectural Institution of Japan (2004) (AIJ) described the
correlation and the combination between two components by using of an elliptical
envelope, in which the combination values are taken near the tangent points of the
ellipse. This method is convenient for engineering application, but cannot obtain the
combination value based on a given reliability guarantee rate. Goda (2010) introduced
an application of the copula theory in structural reliability. The numerical example deals
with the performance evaluation of existing structures subjected to earthquake loading
in terms of both peak and residual displacement demands. Bartoli et al. (2011) applied
the copula-based approach to experimental data measured in the wind tunnel for a rigid
tall building model, in order to determine the wind load combination factors focusing on
a generic effect given by the linear combination of two load components. The
conclusion is nearly the same as that using AIJ method. Whereas its analysis is based
on the loads self and reflects little about the wind-induced dynamic effects. Overall, the
copula approach provides new insight into the system reliability bounds in a general
way (Tang et al. 2013).
In this paper, a detailed theoretical and experimental procedure for the time domain
modeling of three-dimensional (3D) ESWLs is presented. The joint probability density
function (JPDF) and conditional probability function of two random wind effect
components have been constructed by a carefully selected copula function based on
the given marginal distribution information. The combination relationship and
combination factors of both quasi-static background and dynamic resonant loads were
investigated in detail. Utilizing the HFFB tests in the wind tunnel, wind effects on a fullscale 60-story asymmetric building of hybrid steel and concrete construction are
investigated by applying the proposed analysis framework for the derivation of 3D
ESWLs and their probabilistic combination.
2. TIME DOMAIN ANALYSIS OF ESWLS
The generalised equation of motion for a wind-excited tall building can be
transformed into the state space equation as:
(1)
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generalized force.  j (t ) and  j (t ) are the modal velocity and modal displacement
responses for the jth mode; m j , c j , k j represent the jth generalised mass, damping and
stiffness, respectively, and defined as:

m j    m( zi )x2, j ( zi )  m( zi ) y2, j ( zi )  I ( zi )2, j ( zi ) 
i

c j  2m j  j  j

(2)
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in which m( zi ) and I ( zi ) denote the mass and mass moment of inertia distributions
respectively for the ith storey at a height of zi;  j and  j are the circular frequency and
damping ratio respectively for the jth mode; x , j ( zi ) ,  y , j ( zi ) ,  , j ( zi ) are the 3D mode
shapes for the ith storey at a height of zi. These mode shapes encompass eccentricities
in the centers of mass and stiffness at each floor, which can be obtained from the
structural model of the tall building.
By means of the time-step analysis technique, the time histories of the generalised
displacements can be readily obtained. Then based on the equivalent static force
concept of earthquake engineering (Chopra 1995), the associated base moment
responses for the jth mode, M x , j (t ) , M y , j (t ) , M  , j (t ) are calculated by combining the
moments induced by the mass-related modal inertial force distributions along the
building height. Subsequently the total base moment responses (i.e. M x (t ) , M y (t ) ,

M  (t ) ) are the direct superposition of each modal contribution in the time domain as:
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The base moment or torque responses M s (t ) for s  x, y, can be further
decomposed into background and resonant components. The background component
M s ,b (t ) can be regarded as the base moment uniquely induced by the aerodynamic

wind force which is independent of dynamic effects related to the building structure, and
can be approximately equal to the measured base moments from a HFFB test (denoted
as M sm (t ) ). The resonant component M s ,r (t ) attributable primarily to the dynamic
characteristics of the building, may be determined by directly subtracting the
background component from the total base moment responses, depicted as:
m

 M s ,b (t )  M s (t )
(4)
,  s  x, y, 


 M s ,r (t )  M s (t )  M s ,b (t )
The peak responses of the background component Mˆ s ,b and the resonant
component Mˆ can be estimated respectively as:
s ,r

 Mˆ s ,b  M s ,b  g b Ms ,b
,
(5)
 s  x, y ,  

 Mˆ s ,r  M s ,r  g r Ms ,r
in which M and  denote the mean and the standard deviation of the two components
statistically. The background peak factor g b can be approximated by the peak factor of
the oncoming wind velocity, the value of which is usually assumed to be about 3-4
(Zhou et al. 1999a). For a Gaussian process, the resonant peak factor g r can be given
as (Davenport 1964):
0.5772
g D  2ln 0 
(6)
2ln 0

where 0 denotes the crossing rate of the zero-mean random process of interest and
can be approximately equal to the first modal frequency of the building structure;  is
the observation time which is taken as 600s in this paper.
The above Davenport’s peak factor g D povides satisfactory estimates of the
expected peak value for a Gaussian process (Davenport 1964; Gurley et al. 1997).
However, in wind engineering application, wind loads acting on buildings often exhibits
non-Gaussian properties (Gioffre et al. 2001; Tieleman et al. 2007), the traditional
Davenport’s peak factor may underestimate or overestimate the non-Gaussian wind
effects. So the proper modeling of peak and extreme wind effects is becoming an
essential task in the emerging performance-based wind engineering (Ciampoli and
Petrini 2012). Many attempts have been made to modify the Davenport’s peak factor
for predicting non-Gaussian load effects (Tieleman et al. 2007; Kwon and Kareem
2011; Huang et al. 2012a, b, 2013; Peng et al. 2014).
In this paper, taking into account the suggestion of Huang et al. (2013), the socalled Weibull peak factor is used as:
1/ 

gW    ln 0 

1/ 



   ln 0 
 ln 0 

(7)

where  is Euler’s constant.  and  are the shape parameter and the scale parameter
of the peak distribution, respectively. The relationship of the two parameters can be
denoted by  



2 ln 2





/ ln 2 (Newland 1984). When   2 and   2 , Eq.(7) is reduced

to the classical Davenport’s peak factor, as expressed in Eq.(6).
The background peak factor g b and the resonant peak factor
use of the above Davenport's peak factor and the Weibull peak
comparison.
Based on the peak responses of the background component

g r were calculated by
factor respectively for
Mˆ s ,b and the resonant

component Mˆ s ,r calculated from Eq.(5), the moment-based ESWLs can then be given
by distributing the peak base bending or torsional moment responses to the floor levels
over the building height (Holmes 2003; Chen and Kareem 2004). Similar to the base
moment responses, the moment-based ESWLs expressed in form of total peak floor

load Pˆs , can also be defined as a linear combination of the mean ( Ps ), the background
( Wb Pˆs ,b ) and the resonant ( Wr Pˆs ,r ) components as:

Pˆs  z   Ps  z   Ws ,b Pˆs ,b  z   Ws ,r Pˆs ,r  z  ,
(8)
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g
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Pˆ , Pˆ are the peak background and resonant floor load components, respectively.
s ,b

s ,r

The mean component of the cross-wind and torsional wind loads should be close to
zero in theory. The along-wind mean load can be related to the approaching wind
velocity profile and expressed in the following equation:
2

 z 
P   z   0.5airU 2   LCD
(9)
H
where  air is the air density; U is the reference mean wind speed at the top of the
building;  is the power law exponent; L is the width of the building, and C D is the drag
force coefficient of the building.
Because of the quasi-static characteristic of the background wind load, its
distribution to the floor levels over the building height can be assumed to follow the
distribution of the along-wind mean load profile written in Eq.(9).
The distribution of the resonant wind load basically follows the mass-related modal
inertial load distribution as:
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where m  z  is the mass per unit height, and I  z  is the rotational mass moment of
inertia about the  -axis through the center of mass per unit height.
3. WIND LOAD COMBINATION USING COPULAS
For any given design wind speed and incident wind direction, Eq.(8) could be
applied to determine a set of three-dimensional ESWLs. When one component of wind
loads reaches its maximum, the other components have low probability to take their
peak values. That is to say, the simultaneous applying of 3D ESWLs to a tall building

may overstress the structure and lead to a too conservative structural design. In order
to get a reasonable and economical structural design of wind resistance, the
dependencies of the three orthogonal load components need to be taken into account.
The time histories of base moment responses in Eq.(4) offer an opportunity to quantify
such correlations for load combination (Boggs 2014).
For a random process Z, expressed in terms of a linear combination of the subprocess Xi ,for i=1,2,...,n, denoted in the Eq.(11), the relationship between the extreme
values of the process Z and the sub-process Xi , denoted as zmax and xi,max ,
respectively, can be similarly established in the following Eq.(12):
n

Z   i X i

(11)

zmax  i i xi ,max

(12)

i 1
n

i 1

where  i is the participation factor, i is the combination factor that makes the zmax and
xi,max have the same probabilistic guarantee rate,i.e., the probability of non-exceedance
of p.
The cumulative probability distribution function of Z can be described as:
(13)
Fz  Z   P  Z  zmax    
f  x1 , x2 , , xn  dx1dx2 dxn
n

 i X i  zmax
i 1

in which f  x1 , x2 , , xn  is the joint probability density function (JPDF) of the subprocess Xi.
However, it is difficult to directly evaluate the integration results from Eq.(13). By
introducing conditional extreme value with the specified probability of non-exceedance
of p, i.e., Xk = xk,max, the integration in Eq.(13) could be transformed into:
Fz  Z   P  Z  zmax|X k  xk ,max 
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, xn  dx1
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For simplification, considering the combination of two load components, i.e., n=2, the
conditional probability becomes
(15)
Fz  Z   P  Z  zmax|X1  x1,max   
f  x1,max , x2  dx2
1 x1,max  2 X 2  zmax

or:

Fz  Z   P  Z  zmax|X 2  x2,max   

1 X1  2 x2 ,max  zmax

f  x1 , x2,max  dx1

(16)

Regarding z as the integration variable, the Eq.(15) can be rewritten in the following
form:

Fz  Z   

zmax







f x1,max ,  z  1 x1,max   2 dz

(17)

The Extreme Value Type I distribution can be used to model the extremes of
component process:

 x   
p  exp   exp  
(18)
  



where  is the location parameter,  is the scale parameter, x is the random variable
of the extreme value. For any two extreme variables x1, x2, one has

 x   
F1  x1   exp   exp   1 1  
(19)
1  



 x  2  
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The following task is to construct the JPDF of two extremes associated with the two
component processes. Copula functions can be used to connect joint distributions of
several random variables with their marginal distribution respectively (Genest and
Favre 2007). Gaussian Copula, Gumbel Copula, Clayton Copula and Frank Copula are
common Copula functions, in which the density functions of Gaussian Copula and
Frank Copula are symmetrical that can fit the data sample well. But the expression of
Gaussian Copula is much more complicated than Frank Copula, leading to the difficulty
in evaluating the integration of the JPDF. The density functions of Gumbel Copula and
Clayton Copula are asymmetrical and have strong tail dependence, which can only
describe the non-negative correlation between random variables (Genest and Favre
2007; Jondeau et al. 2007).
In this paper, the JPDFs of any two base bending and torsional moment responses
are constructed using Frank Copula functions, which is given as
1  exp    u   1 exp    v   1 
C  u , v,     ln  
 1
(21)
 
exp      1

where C is the joint distribution function; ρ is the correlation factor; u  F1  x1  and

v  F2  x2  are the marginal distribution function respectively. Substituting Eqs. (19) and
(20) into Eq. (21), the joint distribution function can be expressed as follows:
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Correspondingly, the JPDF is
 2 F  x1 , x2  dF1  x1  dF2  x2 
f  x1 , x2  


(23)
x1x2
dx1
dx2
Based on Eqs.(22) and (23), zmax can be determined from Eq. (17) with the specified
probability of non-exceedance p  Fz  Z  . The combination factors  12 and  21 of two
selected load processes can be obtained by:

zmax  x2 ,max

 12 
x1,max

(24)

  zmax  x1,max
 21
x2 ,max

These combination factors can be further used to define a set of three-dimensional
ESWLs as (e.g. equivalent in the x direction):
 Pˆx  z   Px  z   Wx ,b Pˆx ,b  z   Wx ,r Pˆx ,r  z 

(25)
 Pˆy ,comb  z   Py  z    yx ,bWy ,b Pˆy ,b  z    yx ,rWy ,r Pˆy ,r  z 
ˆ
ˆ
ˆ
 P ,comb  z   P  z     x ,bW ,b P ,b  z     x ,rW ,r P ,r  z 
where Pˆy ,comb , Pˆ ,comb are the companion design loads associated with an target extreme

response in the x direction;  yx ,b and   x ,b are the combination factors for background
loads;  yx ,r and   x , r are the combination factors for resonant loads. These combination
factors can be determined from the time history data of M s ,b (t ) and M s ,r (t ) . This
assumed that the correlation of base moment response components is similar to the
correlation for the distributed loads.
4. APPLICATIONS
4.1 Wind tunnel tests
A tall benchmark building was used to demonstrate the proposed framework for time
domain analysis of ESWLs and their combinations based on the HFFB test. As shown
in Fig.1, the building is a 60-storey, 240 meters tall hybrid steel and concrete structure
with a uniform rectangular floor plan of 72m by 24m throughout its height. The building
consists of a reinforced concrete core, braced steel frame, and two steel out-rigger
trusses. Because of the asymmetrical structural configuration and the associated
eccentricities, the building is expected to experience coupled lateral-torsional effects of
vibration. The first three fundamental mode shapes of the building are depicted in Fig.2,
where it can be seen that the first mode is dominated by the sway component along the
y-axe.

Building height = 240m
Story height = 4m
Elastic modulus of steel Es = 205,000MPa
Elastic modulus of concrete Ec = 34,000MPa
Columns: W14 standard steel shapes (AISC)
Beams:

W30 standard steel shapes (AISC)

Braces:

W14 standard steel shapes (AISC)

240m

72m

24m

Fig.1 The shape and dimensions of the benchmark building.
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Fig.2 3D Mode shapes of the benchmark building
A wind tunnel test was carried out at the ZD-1 boundary layer wind tunnel laboratory
of Zhejiang University. By utilizing the HFFB technique, the base bending and torsional
moments acting on a constructed 1:400 scale rigid model of the benchmark building, as

displayed in Fig.3, were measured. Base bending and torsional moments were
measured simultaneously at a sampling frequency of 400Hz. The sampling data was
recorded for 60 seconds, which was equivalent to approximately 1.5 hours at prototype
scale. Measurements were taken for 36 incident wind angles at 10° interval for the full
360° azimuth, where 0° was perpendicular to the wide face acting in the short direction
(i.e. along the y-axis) of the building and 90° was perpendicular to the narrow face
acting in the long direction (i.e. along the x-axis), as presented in Fig.4.

Fig. 3 Benchmark building model

Fig. 4 Plan view of the model with definition of wind angles for HFFB test
4.2 Results
Using the HFFB test data and dynamic properties of the full-scale benchmark
building, base moment responses were firstly calculated following the framework
presented in section 2 for a 50-year return period design wind speed of 40 m/s at the
top of the building. In the time domain, the root-mean-square (RMS) values of the
responses can be computed statistically from the time series. While for the frequency
domain analysis, the PSD of the responses should be calculated using random
vibration theory from the PSD of the input aerodynamic wind load. After that the RMS
values can be determined by integrating the PSD of the corresponding responses. The
RMS values of the first three modal displacements derived from both time domain and

frequency domain analyses are compared in the following Fig.5. Close agreements
were observed between time domian and frequency domain results of the dynamic
responses.
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Fig.5 RMS values of the first three modal displacements
Meanwhile, the differences between Davenport’s peak factor and the Weibull peak
factor of background and resonant responses have been investigated. Fig.6 shows two
different peak factors for the background and resonant components of M y (t ) . It can be
found that the values of the Weibull peak factor are larger than the Davenport peak
factor for all 36 wind angles. And the differences between Weibull peak factors of the
background and resonant components are small.
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Fig.6 Peak factors of the background and resonant components of My(t)
The time histories of base moments were converted into a non-dimensional form with
respect to the design wind speed U at the building tip, i.e., by introducing the following
quantities:

M s t 

CM s  t  

,
(26)
 s  x, y ,  
2
0.5air U BH 2
where B=72 m, H=240 m. In the following, only results at 0°, 45° and 90° angles of
incidence will be analyzed. Fig.7 displays the JPDF distribution obtained through a
Frank copula for time series of background CM x and CM y at the azimuth of 0°. A nonexceedance probability of p=0.78 (Cook and Mayne 1979,1980) was used to evaluate
the conditional extreme value of base moment and torsion, i.e., CM xs,max and CMs ,max .

Fig.7 JPDF of CMx and CMy at the azimuth of 0°
An elliptical envelope can be used to depict the correlation between two base
moments and verify the rationality of the combination factors calculated by the Copula
approach in this paper (Solari and Pagnini 1999). The principal axis of the ellipse,
denoted as a and b, and the angle β between the long axis and the coordinate axis are
defined as:
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where  x and  y are RMS of the two base moment components; ρ is the correlation
coefficient.
The combination factors together with the associated elliptical envelopes are
presented in Fig.8 for Mx and M𝜃 at 0°, 45° and 90° angles of incidence. Two ellipses
corresponding to background and resonant components were plotted in each figure of
Fig.8. While the larger red color ellipse indicates the correlation of resonant
components of Mx and M𝜃, the small blue color one represents the correlation of background
s
s
components of Mx and M𝜃. In Fig.8, notations L1 =   xs  CM xs,max , CM s ,max  and L2 =

 CM

s
x ,max

,  s  CM s ,max  with s=b or r are the combination points based on the Copula

approach; J1s and J2s(s=b,r) indicate the combination values following the AIJ code
(2004), in which the wind load combination is recommended as
J1s=  AIJ gW  xs , gW  s
(27)


J2s=  g

W

 xs ,  AIJ gW  s




(27)

 AIJ = 2  2  1

(27)

where  xs and  s are the RMS values of base moment and torsion, respectively.
It can be seen from Fig.8(a-c) that combination points of L1b,L2b,L1r and L2r are
close to the borders of the associated ellipses, which verify the results of the Copula
approach. Furthermore, the AIJ code also gave the similar combination results.
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Fig. 8 Combination results and elliptical envelopes for base moment and torsion
5. CONCLUSIONS
In this paper, time domain modeling of 3D ESWLs is firstly presented. The timehistory results of wind effects on tall buildings provide adequate data to make better
estimations of peak factors and combination factors, which play important roles in
constructing 3D ESWLs for wind-resistant structural design. An improved Copula-based
method is further developed for calculating the combination factors of wind effect
components. The proposed approach was used for estimating the design wind loads
and their combination given the base resultant forces through a HFFB test on a windexcited tall building. The combination results obtained by the Copula method are agree
well with the AIJ code procedure, and verified by the elliptical correlation envelopes of
wind-induced base moment and torsion.
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