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Abstract: Low-rise buildings are susceptible to very strong winds such as hurricanes, typhoons, and tornadoes. For low-rise
buildings both the roof and the entire structure can be overturned by strong winds. Wind-induced torsion has been studied
extensively by authors in Concordia University, only to find out that design standards and codes of practice provide limited
and contradictory guidance even for simple rectangular building shapes. L-shaped buildings are expected to be much more
prone to wind-induced torsion, yet no relevant research seems to be available in the literature. The paper describes the
experimental details and the results of extensive wind tunnel parametric investigations on wind-induced torsion on L-shaped
building models. Experiments collected data in terms of wind directions, building heights and aspect ratios. Comparisons
with the results obtained from rectangular buildings specified in current design standards and codes of practice were also
carried out. It has been shown clearly that these building models do experience significant torsional loads. The paper
demonstrates that torsional wind loads developed on the L-shaped low-rise buildings must be considered for design purposes
and should receive further attention for incorporation in design standards.
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1. Introduction
The mean wind pressure experienced by low-rise buildings is, in general, much lower than that
experienced by high-rise buildings immersed in the same wind profile due to basic characteristics of the
atmospheric boundary layers. However, due to the structural characteristics and the material strength, it is
the low-rise buildings that are most prone to be damaged by the strong winds such as hurricanes,
typhoons, and tornadoes. Both the rooftop and the entire structure of a low-rise building can be
overturned by strong winds. Over the years, dramatic losses of human lives and enormous economic
disasters resulted from wind actions have occurred since numerous low-rise buildings locate extensively
in open terrains throughout the world. In view of this, recognition of the wind loads developed on
low-rise buildings, as well as corresponding countermeasures are of great practical significance.
Low-rise buildings are bluff bodies, and hence 6 forces/moments are generally involved under the
action of natural winds. From the viewpoint in material mechanics, both the aerodynamic forces and
torques are identically important to the safety of the structure. However, it seems that provisions stated in
the present standards are insufficient to describe adequately the aerodynamic torques with regard to
low-rise buildings, especially for the irregular ones such as L- and T-shaped buildings.
Up to now, little attention has been paid to aerodynamic torque regarding low-rise buildings. A small
number of studies examined aerodynamic torsional loads on main resisting structural building systems,
as shown in the reviews by Holmes (1983), Stathopoulos (1984) and Krishna (1995). Isyumov and Case
(2000) discussed the wind-induced torque for tall, intermediate and low height buildings and found that
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torsional load effects can be significant even for low- and medium-rise buildings. Tamura et al. (2001,
2003) investigated the correlation of aerodynamic torque with along- and across-wind wind forces for
rectangular low-rise building. Later, Tamura et al. (2008) dealt with the combination of aerodynamic
torque and horizontal forces for medium-rise buildings, and found this combination is important for the
normal stress developed in the building columns. The investigation of Keast et al. (2012) indicated that
for rectangular buildings the peak overall torque occurs generally in together with 30%-40% the peak
overall drag force. Recently, Elsharawy et al. (2012; 2014) performed a series of wind tunnel tests aiming
at the aerodynamic torque developed on low-rise rectangular buildings, and the results presented indicate
that, while the ASCE7-10 provisions agree well with experimental results, the Canadian and European
codes underestimate significantly the wind-induced torsional loads.
As have been shown in the published literature, aerodynamic torque could be of practical significance
to the wind-resistant design for rectangular low-rise buildings and to the advancement of the relevant
codes and standards. Compared with regular buildings, there is an intuition that the aerodynamic torque
could be more dominant for L-shaped low-rise buildings. Moreover, vacancies can be found in the
present codes and standards regarding provisions about aerodynamic torques on this kind of low-rise
buildings. These are the main motivations for the investigation presented in this paper.

2. Experimental arrangement
2.1 Wind tunnel
The experiments were carried out in the atmospheric boundary layer wind tunnel in Concordia
University, Montreal. It is a low speed straight-flow wind tunnel with 1.8m width, 1.8m height at the
working section and a total length of 12.2m (see Fig. 1).

Fig.1. Wind tunnel in Concordia University
The mean wind velocity profile and longitudinal turbulence intensity profile Iu employed during the
experiments of this paper are shown respectively in Fig.2(a) and Fig.2(b). Two sets of L-shaped building
models that differ in the aspect ratio were tested; each set is composed of 3 models differ in height
(5.25cm, 3.75cm, 2.25cm). Corresponding to the 3 different model heights, the mean wind velocities at
the roof heights were 9.43m/s, 9.04m/s, 8.35m/s, respectively.

(a) Mean wind velocity
(b) Turbulence intensity Iu
Fig.2 Tested wind profiles in wind tunnel

2.2 Model design
The two sets of low-rise building models are designed targeting at a geometric scale of 1:200, as
shown in Fig. 3 to Fig. 5. Both sets of models are L-shape designed with flat rooftops and 150mm in
width. The longer model is 225mm in length (B/L = 2/3) and the shorter one is 150mm in length (B/L =
1). The distribution of pressure taps is divided into several blocks/facets, and there are 4 types of facets in
total that differ in the spacing of the pressure taps, as shown in Fig.4. Hence, the total number of pressure
taps for the longer model is 236 while the shorter one is 192.
Measurements for 37 wind directions from 0° through 360° have been conducted, in 10° increments
for all configurations. The measurements were recorded with a pressure scanner system at a rate of 303
samples per second per channel. For each case, authors sampled the pressures for duration of 27s,
resulting in an equivalent full-scale sampling period of 5400s (1.5 hours). It is noted, however, all the
statistics presented in this paper, such as maximums, minimums, RMS values, were obtained based on
full-scale 3s values.

(a) B/L = 0.5

(b) B/L = 1.0

Fig.3. Plan view of the models (unit: mm)

①: 7 facets in total
②: 2 facets in total
③: 1 facet in total
④: 1 facet in total
Fig.4. Distribution of pressure taps on side facets(viewed from outside), unit: mm

(a) B/L = 2/3
(b) B/L = 1
Fig.5 Building models in wind tunnel

3. Main results
Each model has been tested with 3 different heights, 52.5mm, 37.5mm, and 22.5mm, respectively, and
the wind directions have been covered from 0° to 360° with an increment of 10°. Hence for every height
of each model, 37 wind directions in total have been covered.
Aerodynamic loads are calculated by integral of the values of pressure taps with respect to their
tributary areas. Two rectangular coordinate systems are involved in the data processing. The first
coordinate system is attached to the model, and corresponding aerodynamic loads are denoted by Fx, Fy,
and T; the second coordinate system is fixed with the wind direction, and forces involved are denoted by
Fd, Fl, and T, as shown in Fig. 6. It is noted that in this paper the torsional wind load, T, refers always to
that based on the centroid of the plan enclosed by the outer walls of the model.
While Fx and Fy are obtained directly from the pressure integral, the aerodynamic forces Fd and Fl
are transformed from Fx and Fy with the following formulae:

Fd   Fy  cos   Fx  sin 

(1)

Fl  Fy  sin   Fx  cos 

(2)

Two main non-dimensional coefficients are involved in the discussion presented in this paper, namely,
aerodynamic drag coefficient, Cd, defined as

Cd 

Fd
,
0 .5  U 2 B 2

(3)

and torsional wind load coefficient, Ct, defined as

Ct 

T
,
0 .5  U 2 B 2 H

(4)

where ρ is the air density, U the mean wind velocity of the oncoming flow at the rooftop height, B the
width (or the smaller horizontal dimension) of the model, H the model height.

Fig. 6. Loading components and coordinate systems

(a) B/L = 2/3

(b) B/L = 1
Fig. 7. Values of Cd

Fig. 8. Mean values of Ct

Fig. 9. RMS values of Ct

(a) H = 5.25cm, B/L = 2/3

(b) H = 5.25cm, B/L = 1

(c) H = 3.75cm, B/L = 2/3

(d) H = 3.75cm, B/L = 1

(e) H = 2.25cm, B/L = 2/3
(f) H = 2.25cm, B/L = 1
Fig. 10. Maximums and Minimums of Ct
The values of Cd are plotted against the wind direction β in Fig. 7. It can be noticed in this figure that
the aspect ratio affects significantly the Cd values, and Cd decreases drastically with the model height, H.
In general, it is not surprising for the Cd values of the model of the 2/3 aspect ratio being larger than
those of the other one, simply for the reason that the length of the model is not considered in the
definition of the Cd. It is noted that, however, for 90° and 270° wind directions, where both models have
identical windward areas, Cd corresponding to both aspect-ratios is almost identical.
Mean values of Ct are presented in Fig. 8. It is noted that, the largest torsional wind load culminates in
the wind directions of 40° and 120° for the B/L=2/3 model, and in the wind directions of 40° and 240°
for the B/L = 1 model. It is worthy of mention that there isn’t much difference of Ct among the model
heights, especially for the case of aspect ratio B/L = 1, curves corresponding to three different heights
overlap almost one each other.
The roots of mean squares (RMS) of Ct are plotted in Fig. 9. It is noted that RMS values increase
when the model height decreases, and obvious differences between the two aspect ratios can be easily
observed. Compared with the mean values of Ct, the RMS values are substantial, varying from
approximately 0.35 to several times the mean values. This lead to the maximums and minimums being at
least two times the mean values, as shown in Fig. 10. Therefore, contributions of the unsteady, large size
eddies to the torsional wind load should be significant.
As one knows, the torsional wind load around a reference point is obtained by combination of the
aerodynamic forces and their eccentricities from this point. Hence, it is worthwhile to look into the
eccentricities involved in the cases investigated in this paper. Define the non-dimensional eccentricity E
as follow:

E

e
T

B Fd  B

(5)

where e is the eccentricity from the centroid, as shown in Fig. 6.
The variations of E with respect to the wind direction, the model height, and the aspect ratio are akin
to those of torsional coefficient Ct, as shown in Fig. 11. The wind directions for the positive and negative
largest eccentricities for the 2/3 aspect ratio are in the adjacent of 30° and 270°, respectively, while those
for the 1.0 aspect ratio occur are respectively in the adjacent of 20°and 260°. Moreover, the same as Ct, a

substantial deviation of the maximums or minimums from the mean value for each wind direction could
be observed. Again, this demonstrates the contribution of the large size eddies to the torsional wind load.
Another interesting feature of E is, if E is plotted against the wind direction β for all model heights, as
shown in Fig. 12, one could find immediately that the distribution of E is weakly affected by the model
height. However, it is noticed that E differs drastically with the wind direction and the aspect ratio.

(a) H = 5.25cm, B/L = 2/3

(b) H = 5.25cm, B/L = 1

(c) H = 3.75cm, B/L = 2/3

(d) H = 3.75cm, B/L = 1

(e) H = 2.25cm, B/L = 2/3
(f) H = 2.25cm, B/L = 1
Fig. 11. Torsional wind load induced eccentricity

(a) B/L = 2/3
(b) B/L = 1.0
Fig. 12. Comparison of E within model heights

4. Correlation analysis
In practical applications, the aerodynamic torque must be employed in connection with other forces.
Hence a combination problem arises, namely, when maximum force coefficients are employed, how
much the torque coefficient should be. Or, vice versa, when maximum torque is employed, what should
be the appropriate force coefficients.
Define three fluctuating aerodynamic loading components (modified by RMS values) as follows:

Fd (t )  Fd
Fˆd (t ) 
,

(6)

Fl (t )  Fl
Fˆl (t ) 
,

(7)

T (t )  T
Tˆ (t ) 
,

(8)

 Fd

 Fl

T

where in Eqs (6) to (8) the symbol 〈〉 means taking expectation,  Fd ,  Fl ,  T are the RMS values of
Fd, Fl, and T, respectively. The reason that the right side of the Eqs (7) to (9) being divided by their
corresponding RMS values is to ensure histories of exactly the same shape but different magnitudes
could be fully correlated.
With these fluctuating components, correlation coefficients can be defined and calculated. For
example, the correlation between Tˆ (t ) and Fˆd (t ) can be calculated as
n
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(9)

Obviously,  td is a function of the sampling length. However, if the loading histories can be viewed
as steady stochastic processes, then  td converges rapidly to a constant when n approaching to infinite.

The correlation  tl between Tˆ (t ) and Fˆl ( t ) , and  dl between Fˆl ( t ) and Fˆd (t ) , can be calculated
in a similar fashion.
The variations of ρ with respect to wind direction β are plotted in Fig.13, from (a) to (f),
corresponding to different heights and aspect ratios. Some fundamental characteristics can be obtained
under scrutiny of these figures and comparisons with other figures presented in the previous section. First,
shapes of the  td curves are highly similar to those of Ct and E; that means at the wind directions when
Ct and E culminate, the correlation also culminates. Second, for all the model heights from 5.25cm to
2.25cm, maximums of all correlations can be as large as 0.8.
Corresponding to the case of B/L = 2/3, H = 5.25cm, where  td =0.76, segments of the time histories
of Ct, Cd, and Cl are plotted in Fig.14. It can be observed that both the positive and negative peaks of all
three curves occur almost simultaneously. This demonstrates the prevailing of large-size eddies
developed around the building since synchronization of peak aerodynamic loadings occur only under the
building is enveloped by strong eddies of the size of the same order of the building itself. In this sense, it
is recommended that, for L-shaped low-rise buildings, maximum aerodynamic torque and forces be
adopted simultaneously for the structural design. It should be realized, however, that the exact discount
corresponding to a specific value of correlation is a probability issue which needs further investigation in
the future.

(a)  td , B/L = 2/3

(b)  td , B/L = 1

(c)  tl , B/L = 2/3

(d)  tl , B/L = 1

(e)  dl , B/L = 2/3

(f)  dl , B/L = 1

Fig. 13. Correlation among fluctuating aerodynamic loadings

Fig. 14. History segments of aerodynamic loading coefficients, B/L =2/3, H = 5.25cm, β = 50°

5. Comparison with standard provisions
In this section, comparisons between the tested results and standard provisions are presented. The
Canadian standard NBCC2010 and American ASCE7-10 are selected to perform this comparison. Since
no provisions in both NBCC2010 and ASCE7-10 are concerned with the torsional wind loads developed
on L-shaped low-rise buildings, coefficients of rectangular buildings of exactly the same aspect ratios,
B/L, and the same height-to-width ratios, H/B, are calculated and compared with experimentally obtained
results.
Referring to Fig. 15, two basic cases (wind directions) are stated in NBCC2010. In both directions,
aerodynamic torque is considered by non-uniform distribution of external peak composite pressure-gust
coefficients, CpCg. As shown in Fig. 15 the shadowed parts, the CpCg values for these parts are
strengthened. In so doing, a global torsional wind load could be developed around the centroid of the
building.
In the American standard ASCE7-10, torsional wind loads for the designing of regular, low-rise
buildings are stated respectively within the directional procedure (chapter 27) and the envelope
procedure (chapter 28). Both procedures contain methods expounded separately in part 1 and part 2, and
the method stated in the part 2 is a simplified one of the part 1. In this paper, the method stated in the part
1 of the envelope procedure selected to calculate the torsional wind loads. Similar to the method in
NBCC2010, torsional wind loads in this method are also embodied in the non-uniform distribution of

external pressure coefficients, GCpf. However, instead of dividing each facet into 2 parts in NBCC2010,
it is here divided into 3 parts according to stipulations of ASCE7-10 (see Fig. 16). Therefore, the
eccentricities are expected to be larger than those obtained with the NBCC2010 method.
The principal results are listed in table 1, and comparisons between tests and standards are given in
Fig. 17 and Fig. 18. Although, as one may expect, the aerodynamic torques developed on L-shaped
buildings are mean to be different than those on rectangular buildings, the huge difference between the
experiments and standards could still illustrate the pronounced torsional wind loads of L-shaped
buildings and the obvious deficiency of the present standards. For torsional load coefficient Ct, the tested
values (L-shape) are 3.0 to 4.1 times those of rectangular buildings obtained with ASCE7-10 provisions,
and from 5.4 to 8.2 times those obtained with NBCC2010 provisions. As for the non-dimensional
eccentricity E, the tested values of L-shaped buildings are from 1.5 to 2.0 times those obtained with
ASCE7-10 provisions (rectangular), and from 8.2 to 10.3 times those obtained with NBCC2010
provisions.
Another point is, while the discrepancies between the experimentally obtained values and those from
the standard provisions demonstrate the importance of the aerodynamic torsional loads developed on
L-shaped low-rise buildings, the obvious discrepancies between these two standards themselves
demonstrate that one of them are far from adequate to describe the torsional wind loads even for regular
low-rise buildings.

Fig. 15. Basic load cases including torsional wind load (from NBCC2010)

Fig. 16. Basic load cases including aerodynamic torque (from ASCE/SEI 7-10)
Tab.1 Maximum aerodynamic torsional coefficients and eccentricities
L (cm)
22.5

Ct

H (cm)
5.25

E = e/B

NBCC2010

ASCE7-10

Tested

NBCC2010

ASCE7-10

Tested

0.0845

0.1910

0.6075

0.0406

0.2665

0.4190

15.0

3.75

0.0845

0.1910

0.6916

0.0406

0.2665

0.4060

2.25

0.0845

0.1745

0.6186

0.0406

0.2534

0.3810

5.25

0.0520

0.0927

0.2770

0.0364

0.1849

0.2990

3.75

0.0520

0.0927

0.2830

0.0364

0.1849

0.3010

2.25

0.0520

0.0832

0.3380

0.0364

0.1757

0.3420

Fig. 17. Comparison of maximum aerodynamic torsional coefficients

Fig. 18. Comparison of aerodynamic torque induced maximum eccentricities

6. Concluding remarks
The following conclusions can be made based on the results and discussions presented in this paper:
(1) Aerodynamic torques developed on L-shaped low-rise buildings vary drastically with the wind
direction and the aspect ratio, B/L. On the other hand, RMS values of the torsional coefficient Ct could be
as large as from 0.35 to several times the corresponding mean values.
(2) Within the tested range of height-to-width ratio H/B = 0.3 to 0.7, both the torsional coefficient Ct and
the non-dimensional eccentricity E are weakly dependent on the height of the L-shaped building models;
however, they are sensitive to the aspect ratio B/L.

(3) With the findings from the correlation analysis, it is recommended that, for the L-shaped low-rise
building within the aspect ratio B/L from 2/3 to 1.0 and height-to-width ratio H/B from 0.3 to 0.7, the
maximum aerodynamic torque and the other two forces be employed simultaneously without discount.
(4) As shown in the comparisons between the experiments (L-shape) and the present standards
(rectangular but the same aspect ratios as the L-shaped models), discrepancies of nearly one order of
magnitude emphasize the urgency to the incorporation in the design standards the torsional wind loads
for L-shaped and other irregular low-rise buildings.
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