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A B S T R A C T

L-shaped tall buildings are commonly built in urban areas due to shortage of land and graceful demand of
architectural design. In this study, eight L-shaped rigid models with different geometric dimensions are tested
in a boundary wind tunnel to study the characteristics of the wind-induced torques acting on L-shaped tall
buildings. RMS force coefficients, power spectral densities and vertical correlation functions of the wind-
induced torques are analyzed and discussed in details. Based on the wind tunnel test results, empirical formulas
which take the buildings’ side ratio and terrain category as key variables are proposed for estimating the wind-
induced torques on L-shaped tall buildings. A simplified expression to evaluate the wind-induced torques on L-
shaped tall buildings is derived based on the proposed formulas and its applicability has been verified by a case
study. This study aims to provide a simple and effective way for the estimation of wind induced torque on L-
shaped tall buildings.

1. Introduction

A large number of irregular shaped tall buildings have been built in
recent years due to shortage of land in urban areas and graceful
demand of architectural design. The irregular shapes of these buildings
may make them more sensitive to wind excitations than regular shaped
tall buildings, especially in across-wind direction and torsional mo-
ments. It has been widely recognized that external shapes of tall
buildings play an important role in the generation of wind loads on
high-rise structures. However, current design codes and standards
(AIJ, 2004; ASCE, 2010; GB50009, 2012) generally only provide
guidelines for estimating the wind effects on tall buildings with regular
and symmetric shapes. Actually, there is no analytical formula available
for evaluation of the wind effects on irregular shaped tall buildings.
Therefore, it is necessary to conduct extensive research works on this
topic.

Stathopoulos and Zhou (1993) adopted numerical simulation
methods to predict the wind pressures on surfaces of various buildings
with sharp corners. Gomes et al. (2005) investigated the wind effects on
L and U-shaped building models by use of both wind tunnel testing and
numerical simulation approach. Gu (2009) carried out wind tunnel
tests on 27 typical tall building models and analyzed the characteristics
of wind-induced pressures and forces on these buildings. Cluni et al.
(2011) compared the wind loads on regular and irregular tall buildings

by high order moment statistical analysis. Kim and Kanda (2013)
investigated the spatial-temporal characteristics of pressure fluctua-
tions on tapered and set-back tall buildings. Chakraborty et al. (2014)
investigated the wind pressure distributions on a ‘+’ shaped tall
building by wind tunnel testing and numerical simulation. Cheng
et al. (2015) studied the characteristics of fluctuating wind pressures
on side faces of H-shaped tall buildings and the shape effect on the
generation of across-wind forces with the space-time statistical tool of
proper orthogonal decomposition.

The previous studies on the wind effects on irregular shaped tall
buildings mostly focused on the pressure distributions on tall building
models but rarely referred to the overall wind loads especially torsional
loads. It has been reported that wind induced displacements and
accelerations at corners of tall buildings can be amplified by the wind-
induced torsional vibration and cause uncomfortable feeling of the
residents (Tallin and Ellingwood, 1984, 1985). Liang et al. (2004)
studied the torsional wind loads on rectangular tall buildings and
established empirical formulas of base torque spectra. Li et al. (2014)
investigated the characteristics of wind-induced torques on rectangular
tall buildings and presented a simplified expression to evaluate the
dynamic torsional wind loads. It is well known that the mechanisms of
generation of wind-induced torques, such as the wake excitation, are
strongly correlated with external shapes of tall buildings. However, the
provisions stipulated in design codes and standards are established
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mainly from experimental results of regular building models like
square or rectangular sectional models. Hence, estimation of wind-
induced torques on irregular shaped tall buildings based on current
provisions may not be reasonable. In recent years, a large number of L-
shaped tall buildings have been built throughout the world. Fig. 1
shows examples of L-shaped buildings. The overall wind loads acting
on L-shaped tall buildings including along-wind and across-wind forces
as well as and torques have rarely been reported. Based on extensive
wind tunnel tests, the along-wind and across-wind loads on L-shaped
tall buildings have been studied in detail and related spectra and
parameters for evaluating these wind loads have been proposed (Li,
2014; Li and Li, 2016). However, there is lack of guideline for
estimation of the wind-induced torques on complex structures with
torsional irregularity such as L-shaped tall buildings.

In this paper, eight L-shaped tall building models with different
geometric dimensions are tested by simultaneous pressure measure-
ment technique in a boundary wind tunnel to study the characteristics
of wind-induced torques acting on L-shaped tall buildings. Based on
the experimental results, RMS force coefficients, power spectral
densities and vertical correlation functions of the wind-induced torques
are presented and discussed, and empirical formulas are proposed by
use of the none linear least-squares method (NLSM). In the light of
structural dynamics method and random vibration theory, a simplified
expression to evaluate the wind-induced torques on L-shaped tall
buildings is derived based on the proposed formulas. The applicability
of the proposed simplified formula is verified through a case study.

2. Wind tunnel test

Due to complex mechanisms of generation of torques on bluff
bodies, it is difficult to deduce analytical formulas for estimation of
wind induced torque on tall buildings. It has been widely accepted that
wind tunnel test is the most effective tool to study the characteristics of
wind-induced torques on tall buildings.

2.1. Features of approaching wind flows

Wind tunnel test was conducted in a boundary layer wind tunnel
laboratory at Hunan University, China. In order to evaluate the effects
of terrain category, four different kinds of terrain categories specified in
the Loads Standard Code of China (GB50009-2012) were simulated by
different combinations of spires and roughness elements in the wind
tunnel test. Due to limited space of this paper, only the profiles of mean
wind speed and turbulence intensity of terrain category C at a length
scale 1:500 are illustrated in Fig. 2, while the profiles and related
information of the other wind fields simulated in the wind tunnel test

were described in Li (2014). The corresponding longitudinal velocity
spectra of the simulated boundary layer flows at the reference height of
0.6 m above the floor of the wind tunnel test section are plotted in
Fig. 3, which are in good agreement with the von Karman spectrum. In
addition, the experiments were also conducted in uniform smooth flow
for comparison purposes.

2.2. Test arrangements

Eight rigid models with different configurations of L-shape (called
M1, M2, M3, M4, M5, M6, M7, M8) were built for the wind tunnel test
and their geometric parameters are shown in Table 1. It can be seen
that M1, M2, M3, M5, M7, M8 are L-shaped models with different side
ratios D/B, while M4, M5, M6 are those with different aspect ratios H/
B. All the test models were made of ABS (Acrylonitrile Butadiene
Styrene) material to ensure sufficient strength and rigidity of the
models. Pressure taps on the models were connected to electronic
pressure scanning modules by plastic tubes. Numerical compensation
was employed to correct the tubing effects prior to data processing (Li,
2014). The maximum blockage ratio in the wind tunnel experiment was
about 1.3% for all the models tested in this study.

Fig. 4 shows the definition of wind direction and locations of
pressure taps on the experimental models. The mean wind speed at the
gradient height was kept as 12 m/s for the wind tunnel test of all the
models. Electronic pressure scanning modules made by Scanivalve Inc.
(USA) were used to measure instantaneous wind-induced pressures on
the surfaces of the models. Pressure measurements on the L-shaped
models were conducted for wind direction from 0° to 360° at 10°
intervals with additional directions 45°, 135°, 225°, 315° so that the
total number of wind direction considered in the model test was 40.
The data sampling frequency was set to be 312.5 Hz and the sampling

Fig. 1. Examples of L-shaped tall buildings.

Fig. 2. Mean wind speed and turbulence intensity profiles in category C.

Fig. 3. Longitudinal velocity spectra at reference height of 0.6 m.
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length was 32 s. The total number of the data obtained from a pressure
tap was 10, 000 for each wind direction.

3. Results and discussions

Time series of wind-induced torque at each measurement layer on
an L-shaped model can be obtained by integrating the simultaneously
measured wind pressures on that layer. Mean and RMS torque
coefficients are defined as
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where, C z( )T i and C z′ ( )T i are mean and RMS torque coefficients; F z( )T i

and σ z( )F iT are mean and RMS torque at height of zi; CMT and C ′MT are
mean and RMS base torsional moment coefficients; MT and σMT are
mean and RMS base torsional moments. A z( )i is the frontal area of each
measurement layer; H is the height of a model; B is the breadth in the
direction perpendicular to the wind and D is the model depth in the
direction parallel to the wind; q ρU= 0.5H H

2 stands for the reference
wind dynamic pressure, ρ is the air mass density, generally is 1.25
kg m/ 3,UH is mean wind speed at the top of a model.

3.1. Torque coefficients

3.1.1. Effects of terrain category
The effects of terrain category on torque coefficients are similar for

all the L-shaped models. Hence, the torque coefficients of the fourth
layer on model M3 are selected to discuss the effects of the terrain
category on the wind induced torque of L-shaped tall buildings. Fig. 5
shows the variations of the mean and RMS torque coefficients of model
M3 with wind direction under different terrain conditions. The terrain
category has little effect on the mean torque coefficients in all wind
directions. There are two peaks appeared in the variations of the mean
torque coefficients. But the magnitudes of the two peaks are not the
same due to the asymmetry of the building shape. The corresponding
wind directions of the two peaks are about 110° and 280°, respectively.
The mean torque coefficients range from −0.25 to 0.25 under all wind
directions. The RMS torque coefficients gradually increase as the
terrain category changes from A to D (from smoother to rougher
terrains). The results of terrain category D are obvious larger than
those of the other terrains, indicating that the higher level of turbulence
results in the increase of the dynamic wind induced torque. The RMS
torque coefficients range from 0.02 to 0.08 in all wind directions. The
maximum and minimum values of the RMS torque coefficients occur at
wind direction of 90° and 45°, respectively. It should be pointed out
that the wind directions corresponding to the peak values of the RMS
torque coefficients are consistent with those of lift coefficients of L-
shaped tall buildings (Li and Li, 2016), implying that strong correlation
exists between the torque and lift coefficients. Tang (2006) identified
that wind direction of 90° is generally the unfavorable direction for

generation of the maximum wind induced torque on L-shaped tall
buildings. The results of this study illustrate that both mean and RMS
torque components reach their maximum values around wind direction
of 90°. On the other hand, the Loads Standard Code of China
(GB50009-2012) only requires considering the wind-induced torques
on L-shaped buildings under wind direction of 90° in the wind-
resistant design. Hence, wind direction of 90° was chosen as the
unfavorable wind direction to discuss the effects of side ratio and
aspect ratio on the mean and RMS torque coefficients of L-shaped
buildings in the following parts of this paper.

3.1.2. Effects of side ratio
Variations of mean and RMS torque coefficients with different side

ratios are shown in Fig. 6. It can be observed that the mean torque
coefficients range from 0.12 to 0.28, which is different from those of
rectangular tall buildings (Lin et al., 2005). The mean torque coeffi-
cients gradually increase as the side ratio becomes larger. This is
mainly caused by intensive eccentric loads on face ② and face ④

resulted from the increasing depth. The maximum value of mean
torque coefficients arrive at 0.28 when the side ratio is 2.0. As the
model height increases, the mean torque coefficients of all the L-shaped
models firstly increase and then decrease, while the maximum value
emerges at approximately 0.75H. The RMS torque coefficients change
little as the height of the models increases but slightly increase as the
side ratio becomes larger, and the maximum value is close to 0.10.

3.1.3. Effects of aspect ratio
Fig. 7 presents the variations of mean and RMS torque coefficients

with different aspect ratios. As the aspect ratio increases, the mean
torque coefficients of M4 (H/B=4.0) are approximately the same with
those of M5 (H/B=5.0) up to z/H=0.5. The mean torque coefficients of
M6 (H/B=6.0) are larger than those of the other two models along the
height of the models. The RMS torque coefficients change little as the
aspect ratio increases. This illustrates that the effects of aspect ratio are
insignificant, implying that it may not be necessarily taken into account
in the estimation of the wind-induced torques on L-shaped tall
buildings.

3.2. Base torsional moment coefficients

Variations of mean and RMS base torsional moment coefficients
with wind direction for all the building cases are shown in Fig. 8. The
mean and RMS base torsional moment coefficients vary with wind
direction in consistent patterns with those of the torque coefficients.
The mean base torsional moment coefficients range from −0.14 to 0.28
in all wind directions and are obviously larger than those of rectangular
tall buildings (Tang, 2006). The RMS base torsional moment coeffi-
cients range from 0.009 to 0.065. The two peak values of the mean base
torsional moment coefficients are close to each other when the side
ratio of an L-shaped tall building is 1.0 due to its geometrical
symmetry. As the side ratio increases, asymmetrical pressure distribu-
tions on face ② and face ④ result in increasing value of the first peak,
while the second peak value changes little except for model M1. The

Table 1
Geometric parameters of the test models.

Models Height H (mm) Breadth B (mm) Depth D (mm) Thickness d (mm) Side ratio D/B Aspect ratio H/B Pressure taps

M1 500 100 50 40 0.5 5.0 250
M2 500 100 80 40 0.8 5.0 310
M3 500 100 100 40 1 5.0 320
M4 400 100 120 40 1.2 4.0 228
M5 500 100 120 40 1.2 5.0 360
M6 600 100 120 40 1.2 6.0 432
M7 500 100 150 40 1.5 5.0 400
M8 500 100 200 40 2.0 5.0 440
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Fig. 4. Definition of wind direction and location of pressure taps: (a)–(c) measurement layers, (d)–(j) distributions of pressure taps, (k) definition of wind direction.
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Fig. 5. Variations of mean and RMS torque coefficients of model M3 with wind direction
for different terrain categories.

Fig. 6. Variations of mean and RMS torque coefficients with side ratio.

Fig. 7. Variations of mean and RMS torque coefficients with aspect ratio.

Fig. 8. Variations of mean and RMS base torque coefficients with wind direction.
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aspect ratio has no influence on the RMS base torsional moment
coefficients.

3.3. Power spectral densities

The power spectral densities of wind-induced torques are obtained
for all the L-shaped models. Fig. 9 presents the torque spectra of the L-
shaped models with various geometric dimensions under the unfavor-
able wind direction of 90°. It can be observed from the figure that the
variations of the spectra of the base torque with reduced frequency are
almost the same as those of the torque spectra at each measurement
layer on the models. When D B/ < 1, there are two peaks emerged in the
torque spectra, which are similar with those of rectangular tall
buildings when the approaching flow is perpendicular to face ②. The
two peaks are associated with the phenomena of vortex shedding and
reattachment of separated flows on the side wall, respectively. When
D B/ = 1, due to vortex shedding from the models, there is only a
narrow-band peak emerged in the torque spectra and the reduced
frequencies corresponding to the single peak is close to the Strouhal
number (0.1) of rectangular cylinders. As the side ratio D B/ continues
to increases, the increasing area of the windward face makes the along-
wind forces increase so that the torque spectra are becoming similar
with the longitudinal velocity spectra.

3.4. Mathematical model of torsional dynamic loads on L-shaped tall
buildings

According to the theory of random vibration, the cross power
spectra density S z z f( , ; )F i j of wind-induced torques on different heights
can be calculated by the following expression:

S z z f σ z σ z S f Cor z z( , ; ) = ( ) ( ) ′ ( ) ( , )F i j F i F j F F i j (3)

where σ z( )F i , σ z( )F j are the RMS torque coefficients at heights of zi and

zj, respectively. S f′ ( ) =F
S f

σ
( )MT

MT
2 stands for non-dimensional base tor-

sional moment spectrum.Cor z z( , )F i j is vertical correlation coefficient of

torque coefficients.
Non-dimensional base torsional moment spectrum, RMS torque

coefficients and vertical correlation coefficients are three key factors to
determine the cross-spectral density of the wind-induced torques in Eq.
(3). Since it is difficult or even impossible to derive the analytical
expression of Eq. (3), numerical computation based on wind tunnel test
results is the common method to deal with this problem. The nonlinear
least-squares method (NLSM) is adopted in this study to establish
empirical formulas based on the experimental results of the wind
tunnel test. The side ratio αDB and terrain category αTR are chosen as
two key factors as follows
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3.4.1. Power spectral density of base torsional moment
The following normalized formula of the base torsional moment

spectra of L-shaped tall buildings is proposed through non-linear
fitting of the wind tunnel testing results.
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where, the first item af
bf(1 + )c d represents the contribution of turbulence

from approaching flows; in the second item ∑ j
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j=1 denotes the contribution of vortex shedding from face ①, while j=2
stands for the contribution of reattachment of separated flow on face ①.
When the side ratio D B/ is smaller than 1.0, N is equal to 1. As the side
ratio increases, N is equal to 2. Parameters Kj,Pj,Fj,a,b,c and d in Eq. (6)
are functions of the side ratio αDB and the terrain category αTR. These
parameters were determined based on the wind tunnel test results as
follows

Fig. 9. Torque spectra of L-shaped building models with various geometric dimensions.
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Comparisons of the base torsional moment spectra by the proposed
formulas and the wind tunnel test results are shown in Fig. 10. It can be
found that the base torsional moment spectra determined by the

proposed formulas match with those by the wind tunnel test well,
indicating that the proposed formulas provide reasonable predictions
for the power spectra of the wind-induced torques on L-shaped tall
buildings.

3.4.2. The RMS torque coefficients
Taking the relative height z H/ as a parameter, the polynomial

expression shown in Eq. (17) is used to fit the RMS torque coefficients
of the L-shaped building models, in which t ′1 ,t ′2 and t ′3 are parameters
involved in Eq.(17). The NLSM is then adopted to fit the parameters in
terms of the side ratio and the terrain category.

C z t t z
H

t z
H

′ ( ) = ′ + ′( ) + ′( )T 1 2 3
2

(17)

t α α α

α α

′ = 0.0026 + 0.0017 + (0.0482 − 0.0042 )

− (0.0007 + 0.0015 )
TR TR DB

TR DB

1
2 (18)

t α α α

α α

′ = 0.1202 + 0.0238 − (0.0369 + 0.0213 )

+ (0.0049 + 0.0061 )
TR TR DB

TR DB

2
2 (19)

t α α α

α α

′ = −0.0028 − 0.0094 − (0.0257 + 0.0105 )

− (0.0068 + 0.0018 )
TR TR DB

TR DB

3
2 (20)

In order to validate the above empirical formulas, errors between
the experimental results and those calculated by the formulas are
illustrated in Fig. 11. The error rate is defined in Eq. (20). It can be
found that the error rates of all the parameters are smaller than 5%,
thus verifying the applicability of the proposed formulas.

ER Estimated Value Test Value
Test Value

= − × 100%
(20)

3.4.3. Vertical correlation coefficients
Correlation coefficient represents mutual dependence of two ran-

dom variables. Vertical correlation coefficient Cor z z( , )F i j is defined

Fig. 10. Comparisons of base torque spectra by the proposed formulas and the test results.
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below.

Cor z z
Cov z z
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( ) ( )F i j
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F i F j (21)

where Cov z z( , )F i j is the covariance of torque coefficients between
heights zi and zj.

As shown in Fig. 12, the vertical correlation coefficients almost
range from 0.1 to 0.7. When D B/ < 1, the vertical correlation coeffi-
cients rapidly decrease as the relative height increases and the results
seem to be scattered. When D B/ ≥ 1, the vertical correlation coeffi-
cients gradually decrease as the side ratio increases. Vickery and Clark
(1972) indicated that the wake excitation contributed a lot in wind-
induced torques and wind-induced responses of stacks. They proposed
an exponential function for the wake excitation. However, the para-
meters in the proposed function are available only for some fixed side
ratios of tapered stacks. Based on the wind tunnel test results of this
study, a new expression of the vertical correlation coefficients is

established as a function of the side ratio and the terrain category as
follows.

Cor z z β η x x z z H( , ) = × exp(− ) = − /F i j T T i j (22)

where,x z z H= − /i j ; βT , ηT are parameters varied with the side ratio
and the terrain category, and they are expressed as follows.
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Curves in Fig. 12 show the fitted results for terrain category C. The
vertical correlation coefficients calculated by the expression keep good
consistent with the test results, although there are some discrepancies
between the predictions and the measurements. In general, the
proposed formula can effectively describe the variations of the vertical
correlation coefficients with the side ratio and the terrain category.

In the light of the theory of random vibration, the kth generalized
force spectrum can be expressed as

∫ ∫S f S z z f φ z φ z dz dz* ( ) = ( , ; ) ( ) ( )F

H H
F i j k i k j i j

0 0k (25)

where, φ z( )k i ,φ z( )k j are the kth mode shape at heights of zi and zj. When
substituting Eq. (3) into Eq. (25) and combining Eq. (1), the kth
generalized force spectrum is simplified as follows:
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4. Case study

A practical project is chosen as a case study to validate the proposed
formulas for evaluating the wind-induced torques on L-shaped tall
buildings. The practical project involved the wind-resistant design of a
nearly L-shaped tall building made of reinforced concrete. The damp-
ing ratio is supposed to be 5% according to the specification of the local
design code (JGJ 3-2010, 2010). The height of the building is 333 m
and the cross section dimension B×D is 47.5 m×71.1 m. Terrain
category C is chosen for the wind-resistant design of the tall building
according to the situation of surrounding buildings. The first-order
torsional frequency determined from the structural dynamics analysis
of the building is 0.231 Hz. Wind tunnel test of the building model with
geometric scale of 1:500, as shown in Fig. 13, was conducted to
determine the wind loads and wind-induced response of the tall
building. The reference mean wind speed at the top of the building
model was 10 m/s during the wind tunnel test. Fig. 14 shows the
definition of wind direction and plan section of the building model.

It was found through the model test that 270° is the unfavorable
wind direction for the wind-induced torques on the building model.
Comparison of the generalized base torsional moment spectrum
determined by the proposed formula and the experimental measure-
ments is shown in Fig. 15. Since the side ratio is 1.497, the measured
generalized base torque spectrum is very gentle as the reduced
frequency increases. Although the shape of this building does not
exactly match the L-shape geometry, its side ratio, terrain category of
the building site and the unfavorable wind direction are consistent with
those considered in the study. It is evident that the spectrum fitted by
the proposed formula agree with the test results well, indicating the
simplified expression proposed in this paper can reasonably predict the
wind-induced torques on L-shaped tall buildings.

Fig. 11. Errors between the test results and those calculated by the proposed formulas.
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5. Conclusions

Based on extensive wind tunnel test results, this paper investigated
the characteristics of wind-induced torques on L-shaped tall buildings.
The RMS force coefficients, power spectral densities and vertical
correlation functions of the wind-induced torques were presented
and discussed. The main conclusions of this study are summarized as
follow:

(1) The terrain category has little effect on the mean torque coeffi-
cients in all wind directions. The RMS torque coefficients gradually
increase as the level of turbulence intensity of approaching wind
flow increases.

(2) The mean torque coefficients gradually increase as the side ratio
increases. The maximum value of the mean torque coefficients

arrive at 0.28 and cannot be ignored in the wind-resistant design.
The RMS torque coefficients change little as the height of L-shaped
buildings increases but slightly increase as the side ratio increases.

Fig. 12. Comparisons of vertical correlation coefficients by the proposed formula and the test results.

Fig. 13. Model in wind tunnel test.

Fig. 14. Definition of wind direction and plan section view.
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The effects of the aspect ratio are insignificant.
(3) The mean and RMS base torsional moment coefficients varying

with approaching wind direction are in consistent patterns with
those of the torque coefficients. The mean base torsional moment
coefficients range from −0.14 to 0.28 and the RMS base torsional
moment coefficients vary from 0.009 to 0.065 in all wind direc-
tions.

(4) The variations of the base torsional moment spectra with the
reduced frequency are almost the same as those of the torque
spectra at each measurement layer on L-shaped building models.
When D B/ < 1, there are two peaks emerged in the torque spectra
due to vortex shedding and reattachment of separated flow on the
side wall. When D B/ = 1, there is only a narrow-band peak
emerged in the torque spectra and the reduced frequency corre-
sponding to the peak is close to the Strouhal number (0.1) of
rectangular cylinders. As the side ratio D B/ continues to increase,
the torque spectrum becomes similar with longitudinal velocity
spectrum and changes slightly as the frequency increases.

(5) When D B/ < 1, the vertical correlation coefficients rapidly decrease
as the relative height increases and the results seem to be
scattered. When D B/ ≥ 1, the vertical correlation coefficients
gradually decrease as the side ratio increases. The vertical correla-
tion coefficients range from 0.1 to 0.7.

(6) Empirical formulas of base torsional moment spectra, RMS torque
coefficients and vertical correlation coefficients of L-shaped tall
buildings were proposed by taking the side ratio and the terrain
category as two basic variables. A case study verified the applic-
ability of the proposed formulas for evaluating the wind-induced
torques on L-shaped tall buildings.
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