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Abstract. The high frequency base balance (HFBB) technique is a convenient and relatively fast wind 
tunnel testing technique for predicting wind-induced forces for tall building design. While modern tall 
building design has seen a number architecturally remarkable buildings constructed recently, the 
characteristics of those buildings are significantly different to those that were common when the HFBB 
technique was originally developed.  In particular, the prediction of generalized forces for buildings with 
3-dimensional mode shapes has a number of inherent uncertainties and challenges that need to be overcome 
to accurately predict building loads and responses. As an alternative to the more conventional application of 
general mode shape correction factors, an analysis methodology, referred to as the linear-mode-shape (LMS) 
method, has been recently developed to allow better estimates of the generalized forces by establishing a 
new set of centers at which the translational mode shapes are linear. The LMS method was initially 
evaluated and compared with the methods using mode shape correction factors for a rectangular building, 
which was wind tunnel tested in isolation in an open terrain for five incident wind angles at 22.5o increments 
from 0o to 90o. The results demonstrated that the LMS method provides more accurate predictions of the 
wind-induced loads and building responses than the application of mode shape correction factors. The LMS 
method was subsequently applied to a tall building project in Hong Kong. The building considered in the 
current study is located in a heavily developed business district and surrounded by tall buildings and mixed 
terrain. The HFBB results validated the versatility of the LMS method for the structural design of an actual 
tall building subjected to the varied wind characteristics caused by the surroundings. In comparison, the 
application of mode shape correction factors in the HFBB analysis did not directly take into account the 
influence of the site specific characteristics on the actual wind loads, hence their estimates of the building 
responses have a higher variability. 
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1. Introduction 
 

The high-frequency base balance (HFBB) testing technique was developed in the early 1980s 
(Davenport and Tschanz 1981, Tschanz and Davenport 1983) and has become one of the most 
common wind tunnel testing techniques for predicting wind-induced forces for tall building design.  
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The fundamental premise of the HFBB technique is that the generalized wind forces exerted on a 
building can be estimated from the overturning and torsional moments measured using a 
lightweight and stiff model, in which only a building’s external geometry is modeled. Predictions 
of dynamic loads and responses are determined analytically from the estimated generalized wind 
forces. For buildings with uncoupled linear mode shapes, the generalized wind forces are precisely 
equal to the measured base overturning moments and exact building dynamic responses can be 
directly determined by solving a set of generalized equations of motion. However, recent trends of 
irregular building shapes, increased building heights and more complex structural systems are 
likely to result in buildings having significantly nonlinear and/or three-dimensional (3D) mode 
shapes that have typically been treated through the application of mode shape correction factors.  

Holmes (1987) derived mode shape correction factors for high and low correlations between 
any pair of fluctuating sectional forces at levels on a building by assuming that the wind force 
spectral densities were invariant with height. He then proposed a simple form of mode shape 
correction factor between the high and low correlation limits, which is suitable for use in a design 
code of practice. Boggs and Peterka (1989) considered mode shape correction factors for the upper 
limit of full correlation and assumed that the fluctuating forces varied with height as a power law.  
Xu and Kwok (1993) extended Holmes’ mode shape correction factors to account for different 
variations of wind force spectral densities with height and distributions of wind forces with power 
law exponent of different values for alongwind, crosswind, and torsional excitations. Chen and 
Kareem (2004) derived another set of mode shape correction factors for fluctuating forces with an 
intermediate correlation of wind loads based on a presumed analytical wind loading model and a 
closed-form expression for wind load coherence. 

It is evident that mode shape correction factors have been derived by adopting various 
analytical models and assumptions for the on-coming wind profile and mode shapes. Hence the 
correction factors inherently introduce other uncertainties in the generalized wind force predictions 
as they are not usually derived from the measured data of a particular test and therefore do not 
reflect the specific effects of the surroundings on wind flow affecting a building. Furthermore, the 
effects of surroundings on the accuracy of the generalized wind force predictions using mode 
shape correction factors have not been investigated in detail in the literature.  

An alternative analysis methodology, referred to as the linear-mode-shape (LMS) method, has 
been recently developed to minimize the potential uncertainties in the estimation of generalized 
wind forces by “linearizing” the sway components of the 3D mode shapes without the need to 
assume or surmise the likely form of the wind load distributions. Therefore, the LMS method 
allows the exact computation of the sway components of the generalized wind forces while the 
torsional components of the generalized wind forces are still reliant on the application of more 
conventional mode shape corrections.   

For the current study, the LMS method was initially evaluated and compared with the method 
using mode shape correction factors for a rectangular benchmark building, which was wind tunnel 
tested in isolation in a simulated open terrain. The generalized forces and responses computed 
using the LMS method and analysis methods with different mode shape correction factors were 
compared with the “exact” solutions, which were computed using the exact wind load distribution 
and mode shapes. A real tall building project, which is located in a heavily developed business 
district and surrounded by tall buildings and mixed terrain, was subsequently employed in this 
study to examine the effects of surroundings on the accuracy, versatility and reliability of the LMS 
method as well as the application of mode shape correction factors. The details of the wind tunnel 
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tests, results and performance of the methods under different wind loading environments due to the 
surroundings are outlined in this paper. 

 
 

2. High Frequency Base Balance (HFBB) analysis using mode shape correction 
factors 

 
2.1 Formulation of the equations of motion 

 
A general matrix formulation of the equations of motion for a tall structure with rigid floor 

systems and subject to random wind loads can be expressed as 

WKxxCxM                               (1) 

where M is the structural mass matrix in kg or kgm2; C is the proportional damping matrix in 
Ns/m or Nsm/rad; K is the stiffness matrix in N/m or Nm/rad; x is the displacement vector in 
meters or radians; and W is the wind excitation time history vector in N or Nm. The equations of 
motion are normally formulated at the storey mass centers because the resulting eigenvalue 
problem is computationally simpler (Li et al. 2007). Eq. (1) is transformed to a set of uncoupled 
modal equations by means of modal superposition, with mode shapes computed at the mass 
centers, as follows for the jth mode 

)()()()( twtktctm jjjjjjj                         (2) 

where:  generalized mass,   
i

ijiijyiijxij zzIzzmzzmm )()()()()()( 222
 ; 

 generalized damping, jjjj mc 2 ; 

 generalized stiffness, jjj mk 2 ; and 

 generalized force,   
i

ijiijyiyijxixj ztzwztzwztzww )(),()(),()(),(    

where j(t) is the dimensionless generalized coordinate for the jth mode; m(zi) and I(zi) denote the 
mass and mass moment of inertia respectively for the ith storey at a height of zi;  jx (zi),  jy (zi),  

j (zi) are the values of the jth mode shape vector for the ith storey at a height of zi along the x and 
y axes and about the mass center respectively;  j  and  j  are the natural frequency and damping 
ratio respectively for the jth mode; wx (zi ,t), wy (zi ,t), and w (zi ,t)are the time histories of wind 
force components impacting on the ith storey at a height of zi along the x and y axes and about the 
mass center respectively.   

The generalized mass, damping and stiffness in Eq. (2) can be computed using the storey 
masses, mass moments of inertia, natural frequencies and mode shapes output from a finite 
element analysis along with estimated modal damping ratios, whilst the generalized wind forces 
are determined from the base overturning and torsional moments measured from a wind tunnel 
HFBB test. For example, the generalized wind forces can be determined precisely for buildings 
with linear translational mode shapes and a constant torsional mode shape as follows:  
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where the superscripts b denote the quantities at the HFBB centers; b
jxC , b

jyC  and b
jC   are the 

mode shape coefficients of x, y, and  components at the top of the building for the jth mode; 
Mxx(t), Myy(t) and Mzz(t) are the measured base overturning and torsional moments about x, y axes 
and HFBB center respectively; and h is the building height.     

 
2.2 Mode shape correction factors 

 
Recent trends of increased building heights, irregular building shapes and more complex 

structural systems are likely to result in buildings having significantly nonlinear 3D mode shapes, 
which would induce considerable discrepancies in the prediction of generalized wind forces using 
Eq. (3). A number of studies have been conducted to address the effects of non-ideal mode shapes 
through the application of mode shape correction factors (i.e., X jx, X jy, and X j ) as expressed in 
Eq. (4). These studies have included Holmes (1987), Boggs and Peterka (1989), Xu and Kwok 
(1993), Holmes et al. (2003), Chen and Kareem (2004), and Lam and Li (2009). 
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The derivation of mode shape correction factors by adopting various analytical models and 
assumptions for the on-coming wind profile and mode shapes is essentially the simplest and most 
direct quantitative method of compensating for the effects of non-ideal mode shapes in the 
estimation of generalized wind forces. Some of the mode shape correction factors, derived based 
on presuming the mean wind loading distribution as a power law function and different levels of 
correlation for the fluctuating components of wind load at different heights, are summarized in 
Table 1. Although these factors have been extensively used in wind tunnel laboratories, the 
method of using mode shape correction factors inherently introduces other uncertainties. Mode 
shape correction factors are typically generic and for the most part they are not derived from the 
measured data of a particular test, hence they may not reflect the specific effects of the 
surroundings on wind flow affecting a building.   

 
Table 1 Correction factors for the estimation of generalized wind forces 

 Low Correlation 
(Xu and Kwok 1993) 

High Correlation 
(Boggs 1989) 

Simplified 
(Holmes 1987) 

Translation 
(Xjx, Xjy) 


221

23




 






1

2
 

31

4


 

Twist 
(Xj　) 


221

21




 






1

1
 

21

1


 

　 is the power law exponent of the mean wind velocity profile; and 

　 is the mode shape power law exponent
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3. Linear Mode Shape (LMS) method 
 

It is evident that the uncertainties in the generalized wind force predictions are fundamentally 
associated with the nonlinearity of a building’s mode shapes, instead of the actual wind force 
distribution. However, these uncertainties have usually been dealt with indirectly by presuming the 
wind force distribution as a power law function with an analytical spatial correlation, regardless of 
the likely influence of the specific surrounding buildings. As an alternative to the conventional 
application of mode shape correction factors, Tse et al. (2009) developed an analysis 
methodology, referred to as the linear-mode-shape (LMS) method, to minimize the potential 
uncertainties in the estimation of generalized wind forces by “linearizing” the sway components of 
the 3D mode shapes without the need to assume or surmise the likely form of the wind load 
distributions. Hence the LMS method is versatile and adaptable to a wide range of wind loading 
conditions and environments. 

As shown in Eq. (3), the generalized wind forces are a composition of three terms, i.e., x, y, and 
, integrating the product of the actual wind force and the mode shape values along the building 
height. The LMS method allows the exact computation of the sway components of the generalized 
wind force to be determined by establishing a new set of centers, referred to as the LMS centers, at 
which the translational mode shapes are “linearized” by axis transformations. The torsional 
component of the generalized wind force is still reliant on an appropriate selection of a torsional 
mode shape correction factor, as the twist mode shapes are independent of the axis transformation.  
It should be pointed out that the LMS method is based on the linearization of the translational 
mode shapes via axis transformation, which relies entirely on the existence of the twist component 
of the mode shape to alter the shape of the sway components. Hence the LMS method is not 
applicable to structurally-symmetric buildings or buildings with extremely high torsional stiffness, 
where the twist components of the mode shape are negligible. Detailed derivations and 
explanations of the LMS method were presented in Tse et al. (2009) and the analysis procedure is 
summarized as follows. 

1. Linearize the 3D mode shapes and compute the locations of the LMS centers: in 
principle a mode shape which is highly nonlinear at the mass centers can be “linearized” 
through its transformation to other locations. When properly selected, there exist points along 
the building height at which the translational components are linear.  The eccentricities of 
the jth mode LMS centers relative to the HFBB center are first of all determined using the 
following equations. 
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jy  are the predefined linear mode shapes. 
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2. Formulate the generalized equations of motion at the LMS centers: the generalized 
equations of motion, which are typically formulated at the mass centers or the HFBB center, 
are subsequently transformed to the LMS centers. For instance, the moments of inertia about 
a vertical axis at LMS centers are calculated using the Parallel-axis Theorem (Gere and 
Timoshenko 1997) with respect to the quantities at the mass centers.  

)()()()( twtktctm l
jj

l
jj

l
jj

l
j                         (6) 

In Eq. (6), the generalized mass, damping and stiffness are independent of the axis 
transformation and the location of the reference center. That means the quantities are the same 
as those at the mass centers. 
3. Estimate the generalized wind force at the LMS centers for each mode 
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4. Solve the generalized equations of motion for the modal coordinates: as indicated in Eq. 
(5), the values of the pair of eccentricities are unique for different modes because of their 
distinct mode shapes. Therefore, the LMS centers are different for each mode and the 
generalized equations of motion are solved for different coordinate systems for each mode. 
5. Determine the building responses at the LMS centers: for instance, the storey 
translational displacements at the LMS centers can be obtained by multiplying the 

generalized coordinates with the linear mode shapes (i.e 







h

z
C il

jx  and 







h

z
C il

jy ). 

6. Compute the building responses at locations of interest: the building responses at the 
LMS centers, which are defined specifically for the coordinate systems for each mode, are 
ultimately adjusted to one consistent coordinate system, e.g., at the mass centers, via axis 
transformation and subsequently superimposed to obtain the total building responses. 

 
 

4. Numerical verification: a benchmark building tested in isolation  
 

It is common practice when evaluating HFBB analysis methods (e.g., Holmes 1987, Boggs and 
Peterka 1989, Yip and Flay 1995, Holmes et al. 2003 and Lam and Li 2009) to test a standard tall 
building model in isolation in a simulated open terrain. In the first phase of a numerical 
verification of the LMS method, the “exact” wind-induced response of the studied building 
structure was computed using a known wind pressure distribution measured from a wind tunnel 
pressure test, to provide an accurate benchmarking standard. The same set of pressure data were 
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then also used to synthesize base overturning and torsional moments that are equivalent to those 
that would be measured in a HFBB test, from which generalized forces and building responses 
were determined using the LMS method and the conventional HFBB methods involving the 
application of mode shape correction factors. The results were then compared with the “exact” 
values to examine their accuracy, robustness and reliability.   

The second generation wind-excited benchmark building (Tse et al. 2007), which was 
employed as an example building in the initial numerical verification of the LMS method, is a 
60-storey, 240 m tall reinforced concrete structure with a rectangular floor plan dimension of 24 m 
by 72 m throughout its height, as shown in Fig. 1. The building undergoes 3D lateral-torsional 
modes of vibration under wind excitation because of the asymmetrical structural configuration and 
the core setbacks, resulting in eccentricities between shear centers and mass centers.   
 
 

Fig. 1 The second generation wind-excited benchmark building 
 

 
A 1:400 scale rigid model of the benchmark building was fabricated and tested at the CLP 

Power Wind/Wave Tunnel Facility (WWTF) at The Hong Kong University of Science and 
Technology (HKUST) to measure building surface pressures. The pressure model was tested in a 
simulated urban terrain, i.e., Terrain Category 3, as defined in AS/NZS 1170.2:2011 (Standards 
Australia 2011). Measurements were taken for five incident wind angles at 22.5° increments from 
0° to 90°, where 0° corresponds to wind normal to the wide face of the building. The surface 
pressures measured from the test were integrated to derive base overturning and torsional moments 
and for subsequent use in the predictions of the generalized wind forces. Details of the structural 
configuration, finite element modeling, dynamic properties of the building, configuration of the 
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pressure test, the mean pressure coefficients on the surfaces of the building and the distributed 
mean wind forces along the building height are given in the work of Tse et al. (2007). 

The external wind pressure time histories measured from the wind tunnel pressure test were 
first of all combined with the actual mode shapes at the mass centers to determine the “exact” 
generalized wind forces. The generalized equations of motion were subsequently solved to obtain 
the modal responses, which were combined with the mode shapes at the HFBB centers to 
determine the base overturning moment responses. The standard deviations of the resonant 
component of each mode and the resultant responses for a wind direction of 0° are summarized in 
Table 2. In the conventional HFBB analysis, the generalized wind forces were approximated using 
Eq. (4) and the mode shape correction factors listed in Table 1. The analysis procedures for the 
determination of base overturning moment responses followed the same method used for 
determining the “exact” values and results are given in Table 2 along with percentage differences 
relative to the “exact” values for ease of comparison. 

 
 

Table 2 Standard deviation and percentage differences of base moment responses 

   Standard deviation of base moment responses (MNm) 

    
Mode 

1 
% 

difference 
Mode 

2 
% 

difference
Mode 

3 
% 

difference Resultant 
% 

difference
  "Exact" 682 -- 90 -- 13.6 -- 804 -- 
  LMS 683 0.0 94 4.4 40.9 200 805 0.1 

Mx Low corr. 694 1.6 96 6.2 44.8 229 824 2.4 
  High corr. 643 -5.8 89 -0.6 38.8 185 771 -4.1 
  Simplified 688 0.8 94 4.5 40.8 200 815 1.3 

  "Exact" 136 -- 315 -- 6.8 -- 368 -- 
  LMS 136 0.0 329 4.4 20.4 200 380 3.2 

My Low corr. 138 1.6 334 6.2 22.3 229 403 9.6 
  High corr. 128 -5.8 313 -0.6 19.3 185 364 -1.1 
  Simplified 137 0.8 329 4.5 20.3 200 380 3.3 

  "Exact" 12.2 -- 6.2 -- 8.7 -- 27.8 -- 
  LMS 12.2 0.0 6.5 4.4 26.1 200 37.1 33 

Mz Low corr. 12.4 1.4 6.6 6.2 28.6 229 39.0 40 
  High corr. 11.5 -5.8 6.1 -0.6 24.7 185 36 29 
  Simplified 12.3 0.8 6.5 4.5 26.0 200 37.0 34 
 
 
For the LMS method, the LMS centers were first of all determined using Eq. (5). The locations 

of the LMS centers, indicated by the eccentricities el
x and el

y, of the first three modes relative to the 
geometrical center of the building are depicted in Fig. 2, along with the nonlinear mode shapes at 
the mass centers and the predefined linear mode shapes at the LMS centers. It can be observed that 
the nonlinear translational mode shapes at the mass centers were “linearized” after being 
transformed to the LMS centers while the torsional modes were independent of the transformation 
of reference axes and remained unchanged. It is evident from Fig. 2 that the eccentricities of LMS 
centers can reach more than 1000m near the ground due to the diminishing twist component. It is 
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however that the huge eccentricities are to be compensated when multiplying with the twist 
component again to determine the normalized weight-average eccentricities, which are used in the 
generalized wind load estimation.   

The generalized equations of motion were subsequently transformed to the LMS centers and 
the generalized wind forces were approximated according to Eq. (7) with the application of the 
“simplified” mode shape correction factors suggested by Holmes (1987) for torsional components.  
Because of the uniqueness of the LMS centers for each mode, the generalized equations of motion 
were solved for different coordinate systems for each mode, although the building responses were 
ultimately superimposed using one consistent coordinate system, in this case with reference to the 
HFBB center. The base overturning moment responses and the percentage differences are listed in 
Table 2. 

 
 

 

Fig. 2 Mode shapes at mass centers, linear mode shapes at LMS centers and locations of LMS centers 
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As indicated in Table 2, the percentage differences for the standard deviations of the resonant 
base moment responses for modes 1 and 2 were quite small for all methods considered in this 
study, among which the LMS methods and the application of simplified mode shape correction 
factors provide very accurate predictions with differences of less than 1% for mode 1. However, 
the building responses determined for mode 3 were more than double the magnitude of the “exact” 
responses for all methods, which is attributable primarily to the dominance of the torsional 
component of mode 3.   

For the standard deviation of the resultant base overturning moment responses about the x and 
y axes (i.e., Mx and My) tabulated in the last column of Table 2, the LMS method generally offered 
the smallest positive percentage differences, implying that the estimated resultant building 
responses were the closest to the “exact” responses and yet slightly conservative. The results 
obtained using correction factors suggested by Holmes (1987), denoted as “simplified” in Table 2, 
had the second smallest percentage differences, followed by those for a “low correlation” of wind 
loads as proposed by Xu and Kwok (1993). On the contrary, analyses using correction factors for 
highly-correlated fluctuating forces resulted in negative percentage differences, which means the 
results were underestimated and the suggested correction factors were inappropriate for this 
particular building.   

For the base torsional moment responses (i.e., Mz), each of the analysis methods considered in 
this study yielded values that were significantly different to the “exact” responses. This is due to 
the large uncertainties associated with determining the dominant torsional component of the modal 
force for mode 3 from the measured torque. It appears that the discrepancies of the estimated base 
torsional moment responses are likely to remain significant unless more rigorous torsional mode 
shape correction factors and/or analysis methods are derived. However, from a practical 
perspective, the torsional moment response is usually considerably smaller than the overturning 
moment responses for the majority of tall buildings. 

 
 

5. Effects of surrounding buildings on generalized wind force predictions 
 

One of the real challenges of a HFBB analysis method is to accurately estimate the generalized 
wind forces for an actual tall building, which is likely to be subjected to varied wind 
characteristics caused by the surroundings. Wind load distributions may also be significantly 
altered by nearby buildings, and significantly depart from the pattern of the approaching wind 
profile. Therefore, the results of a real tall building project, which is located in a heavily developed 
business district and surrounded by tall buildings and mixed terrain, were subsequently employed 
in this study to examine the effects of surroundings on the accuracy, versatility and reliability of 
the LMS method as well as the application of mode shape correction factors. 

 
5.1 Details of the subject building and its surroundings 
 
The subject building considered in this paper is a 36-storey residential tower on top of a 4-level 

commercial podium. The tower structure consists of load bearing walls and a simple beam and 
slab construction. Lateral wind loads acting on the tower are resisted by the core walls and load 
bearing walls of the tower. The tower structure is supported on a transfer beam sitting on the 
columns and walls of the podium. A typical floor plan, showing the reference axes, and an 
elevation of the building are presented in Fig. 3. The studied building has a height of 
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approximately 151 m above ground level over a small site coverage area of approximately 25 m by 
13 m, resulting in an aspect ratio (H:W:D) of 12:6:1 and hence it is potentially wind sensitive.   

 
 

Fig. 3 Elevation and typical plan of the subject building 
 
 

 

Fig. 4 Mode shapes of the subject building 
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Fig. 6 1:400 scale wind characteristics: approaching wind conditions A and B 
 
 
5.2 Wind tunnel HFBB test setup 
 
A lightweight, 1:400 scale model of the subject building was mounted on a rigid base balance 

such that the overall mass and stiffness of the entire system produced sway and torsional natural 
frequencies that were well above the range of interest for the HFBB tests. The force balance was 
calibrated by applying a range of known static loads to the model prior to the wind tunnel testing 
to provide direct measurements of the wind loads. Measurements were taken for 36 wind 
directions at 10 intervals, for the full 360 azimuth, where a wind direction of 0 or 360 
corresponds to an incident wind approaching directly from the north.   

All known existing and planned surrounding buildings and topographical features within a 
radius of 500 m were modeled to the same linear scale and were included in the HFBB tests to 
simulate their effects on wind flows around the site and subject building. A map showing the 
coverage of the surrounding buildings is presented in Fig. 7, in which the buildings having heights 
significantly taller than the subject building are hatched in blue. The remaining areas are mainly 
slopes, open spaces and low-rise structures of height less than 100 m. For ease of reference, the 
distribution of approaching wind conditions is also illustrated in Fig. 7.   

It is evident that the subject building was subjected to a wide range of wind loading 
environments, resulting from the combinations of the two different approaching wind conditions 
and the effects of the nearby surrounding buildings. For example, at a wind direction of 20o, the 
subject building is located downstream of a tall building complex; at a wind direction of 100o, the 
upper levels of the subject building were openly exposed to the approaching wind whereas the 
upstream buildings provided significant shielding to the lower levels; at wind directions of 140o – 
150o, the subject building was again situated downstream of a tall building complex and it was 
subjected to the less turbulent wind condition A. It is evident that, because of the complexity of 
surroundings, the wind loads experienced by the studied building were considerably altered and 
unlikely to follow the approaching wind profiles.   
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Fig. 7 Coverage of the 1:400 scale model 
 
 
5.3 Determination of building responses using various HFBB analysis methods 
 
For each of the 36 wind directions tested, the measured wind loads were combined with the 

dynamic properties of the subject building to evaluate analytically the dynamic loads and building 
responses corresponding to a return period of 50 years (Building Department, HKSAR 2004), in 
which structural damping ratios were assumed to be 1.5% of critical damping for modes 1 and 2 
and 2% of critical damping for mode 3.   

In the conventional HFBB analysis, the generalized wind forces were computed using three 
different sets of mode shape correction factors, as listed in Table 1, which are intrinsically in terms 
of the power law exponents of the building’s mode shapes and the mean wind velocity profile.  
The mode shape power law exponents, which were obtained by performing a least-squares fit to 
the mode shape values, are summarized in Table 3. Similarly, the power law exponents of the 
mean wind velocity profiles were found to be 0.236 and 0.353 for wind conditions A and B, 
respectively. It worth noting that the measured mean wind speed profiles and the building’s mode 
shapes, in particular the torsional component of mode 1 and the x-translational component of 
mode 3, were not satisfactorily fitted with a power law function. Hence uncertainties were 
inherently introduced in the calculations of mode shape correction factors and the subsequent 
generalized wind force predictions.   
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Table 3 Power law exponents of mode shapes 

Mode 　x 　y z 
1 1.403 1.577 1.138 
2 1.468 1.562 1.000 
3 3.614 1.861 0.870 

 
 
The three sets of mode shape correction factors, corresponding to low and high correlations of 

wind load and the simplified form, are given in Table 4. The low and high correlation mode shape 
correction factors had the largest and smallest values respectively, whilst the simplified factors 
were essentially between the two limits. Comparing the two approach wind conditions, the 
simplified mode shape correction factors are the same for both wind conditions since the 
calculations were independent of the power law exponent of the mean wind velocity profile. For 
the low and high correlation factors, the mode shape correction factors for wind condition A were 
always smaller than those for wind condition B because of the smaller power law exponent of the 
mean wind velocity profile for wind condition A.   

 
 

Table 4 Mode shape correction factors for different wind conditions 

  low correlation high correlation simplified 
 Mode Xx, Xy X Xx, Xy X　 Xx, Xy X

Condition 
A 

1 0.901 0.866 0.627 0.847 0.795 0.521 0.876 0.835 0.552

2 0.887 0.869 0.651 0.827 0.799 0.553 0.860 0.839 0.577

3 0.632 0.817 0.677 0.461 0.722 0.587 0.581 0.779 0.604
Condition 

B 
1 0.906 0.873 0.654 0.854 0.803 0.543 0.876 0.835 0.552

2 0.893 0.876 0.678 0.834 0.807 0.575 0.860 0.839 0.577

3 0.644 0.826 0.703 0.474 0.732 0.608 0.581 0.779 0.604

 
 
The peak base overturning moment response coefficients about the x-axis, CMx, was determined 

for each set of applied mode shape correction factors and the LMS method, as presented in Fig. 8.  
Largest wind-induced base moment response coefficients occurred at a wind direction of 310o, i.e., 
for wind approaching the site approximately from the northwest. The measured results for 310o 
exhibited enhanced turbulent energy, probably due to the presence of the upstream structures 
northwest of the subject building. The maximum and minimum peak overturning moment response 
coefficients for this wind direction are 1.38 and 1.11, obtained from the application of low and 
high correlation mode shape correction factors, respectively.   

In terms of the accuracy of the different methods considered in this study, the results presented 
in Fig. 8 demonstrated a similar trend to the results of the benchmark building study tested in 
isolation. Comparable results were found for the simplified correction factor and the LMS method, 
providing values in between the upper and lower limits obtained from the application of low and 
high correlation mode shape correction factors, respectively. Furthermore, the results of the high 
correlation mode shape correction factors may underestimate the base moment responses for some 
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wind directions. 

 

Fig. 8 Maximum base overturning moment response about the x-axis 
 

Fig. 9 Coefficients of variation (%) for Mx over the different HFBB analysis methods 
 
 
It can also be seen from Fig. 8 that the variations of base moment response coefficients 

obtained using the different methods were higher at some directions, such as for 300o – 360o. In 
order to more comprehensively investigate the performance of the various analyses under different 
wind conditions due to the surroundings, the values of the base overturning moment coefficients 
together with their “coefficient of variation”, defined as the standard deviation normalized by the 
averaged value (i.e., MM ) and expressed as a percentage, are given in Table 5 and Fig. 9. Fig. 
9 also includes the distribution of wind conditions and the locations of tall building complexes for 
better illustration. It is evident that the applicability and suitability of mode shape correction 
factors in the HFBB analysis were significantly influenced by the wind conditions and the 
characteristics of the surrounding terrain. For the wind directions of 50o – 130o and 180o – 260o, 
the subject building was relatively exposed as the surrounding buildings were shorter and the 
coefficients of variation were relatively small, with values as low as 1% or less. However, the 
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coefficients of variation were considerably higher when the subject building was located 
downstream of a tall building complex, e.g., 20o – 40o, 140o – 160o, 270o, and 310o – 350o, and 
particularly under the influence of the higher turbulent wind condition B.   

 
 

Table 5 Maximum base overturning moment response coefficients and coefficients of variation 

  Base moment response coefficient, CMx  Coefficients of 
variation (%) angle LMS method Low correlation High correlation Simplified 

0 0.92 1.00 0.86 0.94 6.07 

10 0.80 0.86 0.76 0.82 5.03 

20 0.40 0.45 0.38 0.41 7.74 

30 0.13 0.14 0.12 0.13 5.30 

40 0.08 0.09 0.08 0.09 5.72 

50 0.25 0.27 0.24 0.26 3.99 

60 0.37 0.38 0.37 0.38 1.48 

70 0.40 0.41 0.40 0.41 1.62 

80 0.42 0.43 0.42 0.43 1.99 

90 0.50 0.52 0.49 0.51 2.65 

100 0.62 0.64 0.60 0.63 3.17 

110 0.50 0.52 0.49 0.51 2.81 

120 0.42 0.44 0.40 0.43 4.19 

130 0.39 0.41 0.38 0.40 3.33 

140 0.36 0.40 0.33 0.37 6.85 

150 0.53 0.57 0.50 0.54 5.09 

160 0.94 1.01 0.87 0.95 6.02 

170 1.09 1.14 1.04 1.10 3.81 

180 1.09 1.12 1.07 1.11 2.03 

190 1.01 1.02 1.02 1.03 0.69 

200 0.93 0.97 0.98 0.95 2.15 

210 0.84 0.84 0.85 0.86 0.77 

220 0.65 0.66 0.66 0.66 0.74 

230 0.34 0.34 0.34 0.34 0.84 

240 0.25 0.25 0.25 0.26 1.18 

250 0.34 0.34 0.34 0.34 0.85 

260 0.63 0.67 0.60 0.64 4.82 

270 0.51 0.53 0.49 0.52 3.94 

280 0.44 0.46 0.42 0.45 4.10 

290 0.89 0.91 0.87 0.90 2.30 

300 1.27 1.35 1.19 1.29 5.35 

310 1.22 1.38 1.11 1.24 8.97 

320 1.02 1.16 0.91 1.04 10.12 

330 1.05 1.21 0.93 1.07 10.76 

340 0.92 1.03 0.83 0.93 8.73 

350 0.85 0.95 0.78 0.87 8.17 

360 0.92 1.00 0.86 0.94 6.07 
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6. Conclusions 
 

The analysis procedures of a recently developed HFBB method, referred to as the 
linear-mode-shape (LMS) method, were illustrated in this paper. The main advantage of the 
method is that its accuracy does not require knowledge of the wind load distributions and hence it 
is expected to be adaptable in typical tall building environments where wind loading conditions are 
significantly influenced by the surroundings.   

The LMS method was evaluated in two different stages to exam its reliability, versatility and 
accuracy, in particular under varied wind loading environments. In the initial stage, a series of 
wind tunnel pressure tests was conducted to determine the wind load distribution on the 
benchmark building tested in isolation. “Exact” wind-induced responses were computed and used 
as a benchmarking standard for comparison with the LMS method and common HFBB analysis 
methods that use mode shape correction factors to account for non-ideal mode shapes. The LMS 
method generally offered the most accurate and slightly conservative base overturning moment 
response predictions among the methods considered in this paper, enabling substantial 
improvements in the prediction of the generalized wind forces and the estimation of translational 
structural responses. 

The same analysis methods were further evaluated using a real tall building project in Hong 
Kong to study the effects of surrounding buildings on their accuracy. The results demonstrated that 
the accuracy and reliability of HFBB analysis methods depend significantly on the terrain 
characteristics of the nearby surroundings. When the subject building was relatively exposed to the 
approaching wind, consistent results among various methods were obtained. However, high 
coefficients of variation were found for the wind directions at which the tested building was 
downstream of a tall building complex, especially under highly turbulent winds. Therefore, mode 
shape correction factors should be applied with caution in HFBB analyses when tall building 
complexes exist in the surrounding proximity. 

It should be noted that the paper is at this time primarily of academic interest whose intent is to 
demonstrate a new approach from a novel and alternative viewpoint. The LMS is not 
recommended for commercial use at this time. This is because, while the LMS method provides an 
alternative to the estimation of structural responses, the uncertainties due to the mode shape 
correction factors used in the torsional components of the generalized wind force are still present.  
In other words, the accuracy of the LMS method to predict the generalized wind force is reliant on 
the selection of an appropriate torsional mode shape correction factor. In addition, the LMS 
method is based on the linearization of the translational mode shapes via axis transformation, 
which relies entirely on the existence of the twist component coupled in translational mode shapes.  
Therefore the LMS method would possibly lose the applicability when the building is 
structurally-symmetric or extremely stiff in torsion, where the twist components of the mode shape 
are infinitesimal and potentially cause errors in the computation of LMS centers and the 
subsequent structural response estimations.  
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