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Comparison of wind tunnel measurements with NBCC 2010
wind-induced torsion provisions for low- and medium-rise
buildings

Mohamed Elsharawy, Khaled Galal, and Ted Stathopoulos

Abstract: The aim of this study is to assess wind-induced torsional loads on low- and medium-rise buildings determined in
accordance with the National Building Code of Canada (NBCC 2010). Two building models with the same horizontal dimensions
but different gabled-roof angles (0° and 45°) were tested at different full-scale equivalent eave heights (6, 12, 20, 30, 40, 50, and
60 m) in open terrain exposure for several wind directions (every 15°). Wind-induced measured pressures were numerically
integrated over all building surfaces and results were obtained for along-wind force, across-wind force, and torsional moment.
Torsion load case (i.e., maximum torsion and corresponding shear) and shear load case (i.e., maximum shear and corresponding
torsion) were evaluated to reflect the maximum actual wind load effects in the two horizontal directions (i.e., transverse and
longitudinal). The evaluated torsion and shear load cases were also compared with the current torsion- and shear-related
provisions in the NBCC 2010. The results demonstrated significant discrepancies between NBCC 2010 and the wind tunnel
measurements regarding the evaluation of torsional wind loads on low- and medium-rise buildings. Finally, shear and torsion
load cases were suggested for evaluating wind loads in the design of low- and medium-rise rectangular buildings.
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Résumé : La présente étude vise a évaluer les charges de torsion causées par le vent sur les immeubles de faible et de moyenne hauteur
telles que déterminées selon le Code national du batiment du Canada (CNB 2010). Deux modéles d'immeubles ayant les mémes
dimensions horizontales mais ayant des toits a deux versants d'angles différents (0° et 45°) ont été mis a I'épreuve a différentes
hauteurs d'avant-toit équivalentes a pleine échelle (6, 12, 20, 30, 40, 50 et 60 m) et exposés dans un terrain découvert avec des vents
soufflant de plusieurs directions (a tous les 15°). Les pressions mesurées engendrées par les vents ont été intégrées de maniere
numérique sur toutes les surfaces des immeubles; les résultats obtenus sont la force dans le sens du vent, la force perpendiculaire au
vent et le moment de torsion. Un cas de charge de torsion (c.-a-d. torsion maximale et cisaillement correspondant) et un cas de charge
de cisaillement (c.-a-d. cisaillement maximum et torsion correspondante) ont été évalués pour faire ressortir les effets de la charge
réelle due au vent dans les deux directions horizontales (c.-a-d. transversale et longitudinale). Les cas évalués de charges en torsion et
en cisaillement ont aussi été comparés aux dispositions du CNB 2010. Les résultats ont montré de grandes différences entre le CNB 2010
et les mesures en soufflerie quant a 1'évaluation des charges de torsion dues au vent sur des immeubles de faible et de moyenne
hauteur. Finalement, des cas de charges en cisaillement et en torsion sont suggérés afin d'évaluer les charges dues au vent lors de la
conception d'immeubles rectangulaires de faible et de moyenne hauteur. [Traduit par la Rédaction]

Mots-clés : charges dues au vent, torsion, cisaillement, dispositions quant au vent, immeubles de faible hauteur, immeubles de
moyenne hauteur.

ings (Melbourne 1975; Vickery and Basu 1984; Boggs et al. 2000) for
which resonant responses are significant. However, the dynamic
response of most medium-rise buildings is dominated by quasi-
steady gust loading with little resonant effect. Moreover, the lack
of knowledge regarding wind-induced torsion is reflected in hav-

1. Introduction

Proper building design against wind loads depends primarily on
the adequacy of the provisions of codes of practice and wind load
standards. During the past decades, much has been learned about
along- and across-wind forces on buildings. However, studies on

wind-induced torsional loads on buildings are very limited. The
recent trends towards construction of more complex building
shapes and structural systems can result in an increase of the
unbalanced wind loads yielding an increase of torsional mo-
ments. Thus, re-visiting the wind load provisions is of an utmost
concern to ensure their adequacy in evaluating torsion on low-
and medium-rise buildings and consequently, achieve safe, yet
economic building design. It is noteworthy that most of the wind
loading provisions on torsion have been developed from the re-
search work largely directed towards very tall and flexible build-

ing different approaches in evaluating torsion in the interna-
tional wind loading codes and standards.

Tamura et al. (2008) and Keast et al. (2012) studied wind load
combinations that included torsion for medium-rise buildings.
The former study showed the importance of the wind load com-
binations including torsion on the peak normal stress generated
in the building columns. Based on testing of a limited number of
building models, the latter study concluded that for rectangular
buildings the peak overall torsion occurs simultaneously with
30%-40% of the peak overall drag force. Further experimentations
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Fig. 1. Wind tunnel models: (a) building with a flat roof (0°) and (b) building with a gabled-roof (45°).

with different building configurations are still required to con-
firm and generalize these results.

Very few studies have examined wind-induced torsional loads
on low-rise buildings. Isyumov and Case (2000) measured wind-
induced torsion on three low-rise buildings with different aspect
ratios (length/width =1, 2, 3) in open terrain exposure modeled in
the wind tunnel. The study suggested that applying partial wind
loads, similar to those implemented for the design of medium-rise
buildings, would improve the design of low-rise buildings until
more pertinent data become available. Tamura et al. (2001) exam-
ined the correlation of torsion with along-wind and across-wind
forces for rectangular low-rise buildings tested in simulated open
and urban terrain exposures. Low-rise buildings of different roof
slopes were also tested by Elsharawy et al. (2012). Good agreement
was found when the results were compared with Isyumov and
Case (2000) study for similar tested cases (i.e., low-rise buildings
with gable-roof slope 4:12). It was also concluded that the peak
torsions evaluated using current wind provisions of standards and
codes of practise are different from those measured in the wind
tunnel.

This paper reports on the analysis and code comparison of re-
sults of additional measurements carried out in a boundary layer
wind tunnel to investigate shear forces occurring simultaneously
with maximum torsion, as well as maximum shears and corre-
sponding torsions on buildings of different roof slopes and
heights. Results of the study are important for the appropriate
evaluation of wind-induced torsional loads on buildings.

2. Wind loads including torsion in NBCC 2010
(NRC 2010)

The National Building Code of Canada was the first to adopt in
its provisions the effect of wind-induced torsional loads on build-
ings. Since the early 70s and until 2005, the NBCC has included
unbalanced wind loads to generate wind-induced torsion on
medium-rise buildings. In fact, it was suggested to remove 25% of
the full wind load from any portion on building surfaces to max-
imize torsion according to the most critical design scenario states.
This allowance for torsion is equivalent to applying the full design
wind load at an eccentricity, which was 3 or 4% of the building
width. In the NBCC 2005 (NRC 2005) edition, the 25% removal of
the full wind load has been modified into a complete removal of
the full wind loads from those areas that would lead to maximize
torsion. Accordingly, limiting the load on half of windward and
leeward building faces will generate torsion, equivalent to apply-
ing the full design wind load at an eccentricity equal to 12.5% of
the horizontal dimension perpendicular to the wind direction.

In NBCC 2010 (NRC 2010), the static method specifies wind
loads on low-rise buildings (defined as having mean roof height,
h <10 m, or h <20 m and h < smallest horizontal building dimen-

sion, B). One load case is described in the static approach to eval-
uate maximum shear, as well as maximum torsion. The simplified
method is suggested for medium-rise buildings, defined as having
h < 60 m, h/B < 4, and lowest natural frequency, f, > 1 Hz. It is
important to mention that most of the torsion provisions in the
simplified method were revealed from testing very tall and flexi-
ble buildings (Isyumov 1982; ASCE 1999). The method identifies
four load cases: in Cases A and C, symmetric uniform loads are
considered, to estimate the maximum base shears and overturn-
ing moments; and, in Cases B and D partial wind loads are recom-
mended to create equivalent torsional building loads. Nevertheless, the
choice of partial loads could be difficult for design engineers
following the code statements quoted below:

“In case B, the full wind pressure should be applied only to parts of
the wall faces so that the wind-induced torsion is maximized” (note (2)
to figure I-16); and

“To account for potentially more severe effects induced by diagonal
wind, and also for the tendency of structures to sway in the cross-wind
direction, taller structures should be designed to resist 75% of the maximum
wind pressures for each of the principal directions applied simultaneously
as shown in figure I-16, Case C. In addition, the influence of removing 50%
of the case C loads from parts of the face areas that maximizes torsion, as
shown in figure I-16, case D, should be investigated” (Commentary I, para-
graph 37).”

As can be noted, it might not be easy to determine the parts of
the wall faces on which the reduced wind loads should be applied
to account for the appropriate torsion and shear combinations
needed for a proper design of the building.

3. Wind tunnel tests

The experiments were carried out in the boundary layer wind
tunnel of Concordia University. The working section of the tunnel
is approximately 12.2 m long x 1.80 m wide. Its height is adjustable
and ranges between 1.4 and 1.8 m to maintain negligible pressure
gradient for different simulated exposures along the test section.
A turntable of 1.2 m diameter is located on the test section of the
tunnel and allows testing of models for any wind direction. An
automated traversing gear system provides the capability of probe
placement to measure wind characteristics at any spatial location
around a building model inside the test section. A minimum geo-
metric scale 0f 1:400 has been recommended for the simulation of
the most important variables of the atmospheric boundary layer
under strong wind conditions.

3.1. Building models

Figure 1 shows the two building models, with 0° and 45° gabled-
roof angles, instrumented with 146 and 192 pressure taps on their
surfaces, respectively. The flat roof does not have any pressure
taps since uplift forces do not contribute to torsion or horizontal
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Table 1. Model dimensions and building heights tested in the bound-
ary layer wind tunnel.

Dimensions
Building Scaled (1:400, mm) Actual (m)
Width (B) 97.5 39
Length (L) 152.5 61

Tested heights (H) 15, 30, 50, 75, 100, 125, 150 6, 12, 20, 30, 40, 50, 60

shear forces. The models were tested for seven different heights.
By sliding them in a fitted slot in the turntable, buildings with
eave heights of 6, 12, 20, 30, 40, 50, and 60 m were represented.
Model and equivalent full-scale dimensions of the tested buildings
are given in Table 1. In this study, all tested buildings were as-
sumed to be structurally rigid and follow the limitations stated in
NBCC 2010 (NRC 2010). The models were enclosed, since internal
pressures were not considered in this study.

3.2. Terrain simulations

An open-country exposure was simulated in the wind tunnel.
The flow approach profiles of mean wind velocity and turbulence
intensity were measured using a 4-hole Cobra probe (TFI) for the
simulated terrain exposure (see Fig. 2). The wind velocity at free
stream was 13.6 m/s. The power law index « of the mean wind
velocity profile was set at « = 0.15. Although the majority of me-
dium height buildings are situated in suburban terrain, an open
exposure was considered as higher overall wind loads are ex-
pected, as discussed in Elsharawy et al. (2012). However, it is also
recognized that rougher terrain exposure, in some cases, may
result in greater unbalancing of wind loads and torsion. Addition-
ally, since building models are symmetric in both directions and
located in open terrain exposure, the tested wind directions were
limited to the interval of 0° to 90°. The pressure measurements on
the models were conducted using a system of miniature pressure
scanners from Scanivalve (ZOC33/64Px) and the digital service
module DSM 3400. A standard tubing system was used in these
measurements, to minimize the gain and phase shifts of press-
ure signals due to Helmholtz’s resonance effects. Corrections
were made by using traditional restrictors properly calibrated.
The pressure measurement tubes have an outer and inner diam-
eter of 2.18 and 1.37 mm respectively, their length is 55 cm and
restrictors are installed at 30 cm from the location of the pressure
tap. All measurements were synchronized with a sampling rate of
300 Hz on each channel for a period of 27 s (i.e., about one hour in
full scale). It is known that the mean wind speed is relatively
steady over short periods of time (say 10 min to an hour), i.e., it is
stationary, as reported by Van der Hoven (1957). This period is also
suitable to capture all gust loads, which may be critical for struc-
tural design.

4. Analytical methodology

Figure 3a shows a schematic representation of external pres-
sure distributions on the building envelope at a certain instant,
the exerted shear forces, F, and F,, along the two orthogonal
axes of the buildings, as well as the torsional moment, M, at the
geometric centre of the building. Pressure measurements are
scanned simultaneously. The instantaneous wind force at each
pressure tap is calculated according to

(1) fi.t = ptAi,effective; .fj.t = ptAj,effective

where p, is instantaneous pressure measured at each pressure tap;
A effective a0A Aj oprecrive are effective areas for the pressure taps
allocated in x-direction and y-directions, respectively. The wind
forces exerted at pressure tap locations in x- and y-directions are
noted by f; and f;,, respectively. For each wind direction, the
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Fig. 2. Wind velocity and turbulence intensity profiles for open
terrain exposure.
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horizontal force components in x- and y-directions and the total
base shear are evaluated according to

N M
(2) E, = Efi,t; F, = Eﬁlt; V= Ff + F;
i=1 =1

where N and M are the numbers of pressure taps on the longitu-
dinal and transverse directions, respectively. To compare easily
the results of this study with design load cases stated in the NBCC
wind load provisions, shear coefficients were referred to be in x-
and y-directions or in transverse- and longitudinal-directions, as
can be seen in Fig. 3b. This is different from previous studies
expressing their results in terms of drag and lift coefficients. In
this study, the torsional moment is estimated as follows:

N M
@) M= Dofunt Dfa
i=1 j=1

where r; and r; are the perpendicular distances between the pres-
sure taps and the building centre in x- and y-directions, respec-
tively.

All these forces are normalized with respect to the dynamic
wind pressure at the mean roof height as follows:

(4 C, = i Cy, = il
> ‘IhBZ, ¥ ‘IhBZ

where ¢, is the dynamic wind pressure (kN/m?) at mean roof
height h (m), B is the smallest horizontal building dimension (m).
The torsional coefficient, C;, and equivalent eccentricity, e, are
evaluated based on

MT MT
(5) Cr=—-; e=—
g B v

where L is the largest horizontal building dimension.
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Fig. 3. (a) Measurement procedure for horizontal wind forces, F, and F,, and torsional moment, My; (b) resultant and wind force components
along with the eccentricities in transverse (x) and longitudinal (y) directions.

(a)

Pressure Tap

50

&
b=}

10 FX; FY

Shear forces

Time (sec.)

Torsion

-02 I\IT

Time (sec.)

. Gﬂx

It is recognized that different normalization factors for shear
and torsion coefficients have been used in the literature. How-
ever, the definitions used herein were selected for better presen-
tation of the effect of building height on the variation of shear and
torsional coefficients for all tested buildings.

In addition, for the scope of comparisons with the NBCC wind
load provisions, eccentricity and torsional coefficient were also
calculated in the transverse direction, as follows:

(S <100

A
2
o
=
°O
S
Il
s

Similarly, the eccentricity and torsion coefficient in longitudinal
direction were evaluated based on

(8) el%) = e(%)(%) x 100

© =t

A A%
,
A o

All peak shear and torsional coefficients (|Csy| pax.> [Csyl Max.»
ICrl max.s |Crxl Max.> [Cryl max.) WeTe considered as the average of
the maximum 10 values occurring within a 1-h full-scale equiv-
alent time history of the respective signal. This approach has
been considered as a good approximation to the mode value of
detailed extreme value distribution and it has been used in
previous wind tunnel studies. Recently, in a similar approach
used by Keast et al. (2012), the peaks were evaluated as the
average of the 10 highest values from 10 one-hour equivalent
samples. Although the two approaches are not identical, com-
parison between the two methods has yielded similar shear and
torsion coefficients of buildings tested in similar experimental
conditions. The corresponding shear force (|Csy| corr.» [Csyl corr.)
and torsion (|Cy| corr.s [Crsl corr.» Cryl corr.) cOefficients were eval-
uated as the average of 10 values occurring simultaneously with
the 10 peaks used to define the respective source maximum
value.

5. Experimental results

The two buildings with 0° and 45° gabled-roof angles were
tested in open terrain exposure at different eave heights (H=6, 12,
20, 30, 40, 50, and 60 m) for different wind directions (0° to 90°
every 15° intervals). Figure 4 presents the variation of the maxi-
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Fig. 4. Variation of peak torsion coefficient (|Cy| yax ) With wind direction for the tested buildings with flat and gabled roof.
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Fig. 5. Variation of peak shear coefficient (|Cs,| yax) With wind direction for the tested buildings with flat and gabled roof.
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Fig. 6. Variation of peak shear coefficient (|Cs,| max) With wind direction for the tested buildings with flat and gabled roof.
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mum torsion coefficient (|Cy| yvax) With wind direction for the two
buildings tested at different heights. As can be seen from the
figure, |Cy| max has increased significantly when the building
height was increased from 6 to 60 m for both buildings with 0°
and 45° roof angles. The lowest torsional coefficients are found for
wind direction around 60° for all heights. The |Cy| y.x OcCcurs for
wind directions ranging from 15° to 45° for the first three build-
ings (6, 12, 20 m) while for the other heights, another peak tor-
sional coefficient zone has been recorded for wind directions
between 75° and 90°. This may be attributed to different charac-
teristics of wind flow interactions with buildings of heights lower
than 20 m, particularly flow reattachment and 3-dimensionality
compared to taller buildings.

Figures 5 and 6 show the measured peak shear coefficients in
x-direction (|Cg,| max) and y-direction (|Cs,| ) When the two
buildings were tested at different eave heights (H) for different
wind directions. As expected, the |Cg,| vax. decreases when the
wind direction varies from 0° to 90°, as shown in Fig. 5. On the
other hand, for the same wind direction range the |Cg,| oy SOme-
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Max. Shear (Y-dir.) |
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o ~o || *H=12m
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%H=50m
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what increases. The peak values for the |Cg,| yax. Occur for wind
direction ranging from 0° to 45°; whereas the peak values for |Cs)| yax.
occur for wind angles that are almost perpendicular to the
building face (75° to 90°). The significant effect of increasing the
building height and the roof slope on the generated shear forces is
clear. The |Cg,| pax has increased by almost 3 and 2 times when the
eave height increases from 20 to 60 m for the buildings with flat
roof and gabled-roof (45°), respectively. Changing roof angle from
0° to 45° results in increasing |Cg,| vax DY about 2.5 times for
buildings with a 20 m eave height. This increase in |Cg,| yax. 1S
smaller for higher buildings and reaches a 1.5 factor for the 60 m
high building. Thus, it is clear that the effect of increasing roof
slope on the |Cg,| \ax. decreases with increasing building height.
This may be attributed to the reduction of the ratio of the inclined
roof area facing wind relative to the total surface building area as
the building height increases from 20 to 60 m. The |Cg,| pax has
not been affected much by changing wind incidence from 0° to
45° while rapid decrease was noticed from 45° to 90°. Similar to
the shear force in x-direction, the |Csy| v,y increases about 2.8 times by
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Table 2. Comparison of peak torsion and shear coefficients with Keast et al. (2012).

Keast et al. (2012)

Current study

Wind tunnel technique

Building dimensions (m) L=40xB=20xh=60

Roof Flat
Aspect ratio (L/B) 2
Scale 1:400

Model dimensions (mm) 100 x 50 x 150
Terrain exposures Open

‘Wind direction 0° to 90° @ 15°
Torsion coefficient (|Cq| yayx) 0.14

Shear coefficient (|Csy| pax»> 0°)  (Cdrag 0°) = 2.00

Shear coefficient (|Cs)| prax., 90°) (Carag 90°) = 0.75

6 degree-of-freedom high frequency balance High frequency pressure integration

L=61xB=39xh=60
Flat

1.56

1:400

152.5 x 97.5 x 150
Open

0° to 90° @ 15°

0.15

1.70

0.80

Fig. 7. Comparison of peak and mean torsional coefficients with those from Keast et al. (2012) for two flat roof buildings with 60 m height.
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Table 3. Comparison of peak torsion and shear coefficients with Tamura et al. (2003).

Experimental variables Tamura et al. (2003)

Current study

Wind tunnel technique

Building dimensions (m) L=50xB=25xh=>50

High frequency pressure integration

High frequency pressure integration
L=61xB=39%xh=50

Aspect ratio (L/B) 2.0 1.56

Roof Flat Flat

Scale 1:250 1:400

Model dimensions (mm) 100 x 100 x 200 152.5 x 97.5 x 125

Terrain exposures Urban (a = 0.25) Open («a = 0.15)

Wind direction L to building length (L = 50 m) 1 to building length (L = 61 m)
Torsion coefficient (|Cy| pax) 0.30 0.20

Shear coefficient (|Cgy| pax) 3.00 1.90

Shear coefficient (|Csy| yax.) 0.90 0.50

increasing the height of the flat-roofed building from 20 to 60 m
and by about 1.8 times for the gabled-roof (45°) building. Changing
the roof angle from 0° to 45° results in doubling |Cg,| p,x. for the
building with eave height of 20 m, yet it resulted in only 30%
increase for the 60 m high building. The maximum shear coeffi-
cient in y-direction has not been affected much by changing wind
direction from 45° to 90° while rapid decrease occurred from 45°
to 0°, as expected.

6. Comparison with previous studies

A comparison of the results with those by Keast et al. (2012) for
a building with a flat roof and dimensions L =40 m, B =20 m, and
h = 60 m was made using the wind tunnel measurements in the
current study for a building model withL=61m,B=39m,and h=
60 m. Keast et al. (2012) used shear and torsional coefficients de-
fined as Cg,,, = Base shear/(q,Lh) and C; = Base torsion/(q,,L*h),
respectively (where g, = dynamic wind pressure at mean roof
height, L = largest horizontal building dimension, H = h = mean
roof height = eave height of flat roof). For comparison purposes,

the results of the current study have been transformed to these
same definitions. Additionally, shear coefficients for only 0° and
90° wind directions were considered in this comparison, as Keast
et al. (2012) introduced shear force in terms of drag and lift force
coefficients. Table 2 presents the experimental parameters, as
well as the evaluated shear and torsional coefficients for the build-
ings examined. Figure 7 shows the mean and peak (maximum and
minimum) torsional coefficients for different wind directions
evaluated by the two studies. Results show relatively good agree-
ment for the measured shear forces and torsion in these studies.
Small differences could be attributed to the difference in building
dimensions and the terrain exposure.

Another comparison with the study by Tamura et al., (2003) for
a building with dimensions L = 50 m, B =25 m, and h = 50 m was
made using the building model representative of L = 61 m, B =
39 m, and h = 50 m. The two flat-roofed buildings have the same
height and similar aspect ratios of their plan dimensions L/B = 2
and 1.56. In this comparison, the definitions of torsional and shear
coefficients in the Tamura et al. (2003) study were followed. The
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Fig. 8. Sketch for the two structural systems considered for the comparison with AIJ-RLB (2004).
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Table 4. Wind load cases in transverse and longitudinal directions.

Load case Transverse direction Longitudinal direction
Shear Max. shear in x-dir. (|Cs,| pax) Max. shear in y-dir. (|Csy| yax.)

and corresponding torsion (|Cry| corr) and corresponding torsion (|Cr| corr.)
Torsion Max. torsion (|Cry| max) Max. torsion (|Cry| yax)

and corresponding shear in x-dir. (|Cs,| corr.)

and corresponding shear in y-dir. (|Cs,| corr.)

Fig. 9. Comparison of torsional load case evaluated using NBCC 2010 and wind tunnel measurements for buildings with 0° and 45° roof

angles (Transverse direction).
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torsional coefficient was defined as C; = Base torsion/(q,LhR)
where R=+/(L? + B?)[2, B=smallest horizontal building dimension,
and shear coefficient Cg,,, = Base shear/(q,Lh). For this compari-
son, only wind direction perpendicular to the largest horizontal
building dimension was considered due to the lack of data for
other cases in Tamura et al. (2003). Table 3 shows the building and
exposure parameters together with the results. Higher coeffi-
cients are shown in Tamura et al. (2003); this may be due to the

= 40
e

Building height, m

= L
= e
'.’:‘ e +
."o CTl Max.] Y
A
/ e
WindT >

|CSx| corr.

geometric and terrain exposure differences used in the two stud-
ies. Indeed, the mean wind velocity at the mean roof building
height in urban terrain is much lower than that in open terrain
exposure.

In AIJ-RLB (2004), torsion for low- and medium-rise buildings is
implicitly considered on the applied drag and lift uniform forces
(i.e., x- and y-shear force components). The AIJ-RLB (2004) provi-
sions were developed mainly by evaluating wind load effects on
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Fig. 10. Comparison of shear load case evaluated using NBCC 2010 and wind tunnel measurements for buildings with 0° and 45° roof angles

(Transverse direction).
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one structural building system (i.e., building with only four corner
columns), as presented by Tamura et al. (2003, 2008). Hence, the
effect of applying the measured wind forces components on the
calculated normal stress on these four corner columns was used to
determine the load combinations presented in the AIJ-RLB (2004).
Additional comparison between the AIJ-RLB (2004) and the cur-
rent study is conducted for a flat-roofed building — similar to one
tested in the current study — with the full-scale dimensions (L =
61 m, B =39 m, h = 60 m). Two main structural systems were
considered for this comparison. The first system consisted of
shear walls at the exterior building perimeter and the other with
shear walls near the building core (see Fig. 8). In the AIJ-RLB cal-
culations, the gust factor was taken as 2. It was found that for a
building with structural system 1, AIJ-RLB (2004) gives 10% higher
resultant design force for designing the shear wall as compared to
the current study, whereas for system 2, AIJ-RLB (2004) underesti-
mates the resultant design force by about 30%.

7. Comparison with NBCC 2010 (NRC 2010)

The experimental results were used to introduce four load
cases, namely: shear and torsion load cases in both transverse and
longitudinal wind directions (see Table 4). These load case values
were compared to the evaluated shear and torsion values by the
NBCC 2010. In the shear load case, maximum shear was consid-
ered along with the corresponding torsion, whereas in the torsion
load case, maximum torsion and the corresponding shear were
evaluated. The most critical shear and torsion values reported for
wind direction range of 0° to 45° were considered in the trans-
verse load cases; and from 45° to 90° in the longitudinal load
cases. Furthermore, in transverse torsion load case, maximum

torsion (|Cry| max) Tesulting from winds in only transverse direc-
tion (|Csyl corr.) Was considered. Similarly, [Cpy| yax. and [Cgy| corr.
were evaluated for comparison in the longitudinal torsion load
case. Transverse shear load case was also defined as the maximum
shear force (|Cs,| yax) and the corresponding torsion (|Cr,|
while in the longitudinal shear load case |Csy| pax. and [Cry| corr.
were considered. The eccentricities were noted by e, and e, in
transverse- and longitudinal-directions as defined in eqs. (6) and
(8) and shown in Fig. 3b.

In NBCC 2010, the static method is introduced for low-rise build-
ings while the simplified method is proposed for medium-rise
buildings. The static method calculations for the torsional and
shear coefficients were derived based on figure I-7 in Commentary
I of NBCC 2010, where the external peak (gust) pressure coeffi-
cients (C,C,) are provided for low-rise buildings. Likewise, for the
simplified method, the external pressure is taken from figure I-15,
Commentary I. Partial and full load cases were considered to esti-
mate maximum torsion and corresponding shear, as well as
maximum shear and corresponding torsion. Calculations were
carried out considering the open terrain exposure. Static method
values were increased by 25% to eliminate the implicit reduction
(0.8) due to several factors including directionality (Stathopoulos
2003).

Figure 9 shows the wind tunnel results along with the torsional
load case parameters evaluated by the static and simplified meth-
ods in the transverse direction. Although the static method re-
quires applying higher loads in comparison with wind tunnel
measurements, it significantly underestimates torsion on low-rise
buildings. This is mainly due to the fact that it specifies a signifi-
cantly lower equivalent eccentricity (e, (%)) which is about 3% of

COl'l‘.)
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Fig. 11. Comparison of torsional load case evaluated using NBCC 2010 and wind tunnel measurements for buildings with 0° and 45° roof

angles (longitudinal direction).
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the facing horizontal building dimension compared to the equiv-
alent eccentricity evaluated in the wind tunnel tests which is
around 8% and 15% for buildings with gabled and flat roof, respec-
tively. Also, for the building with a flat roof, the simplified
method requires applying almost the same wind loads as those
measured in the wind tunnel. The eccentricity specified by the
simplified method is 25% of the facing building width, which is
significantly higher than the measured eccentricity (i.e., about
15%), hence the evaluated torsion using the simplified method
exceeds the measured torsion significantly. For the building with
45° roof, the corresponding shear seems to exceed that on the
flat-roofed building by 50%. However lower eccentricities were
noticed for buildings with roof angle 45°.

Figure 10 presents the shear load case in the transverse direc-
tion evaluated by NBCC 2010 and measured in the wind tunnel.
The static method compares well with the wind tunnel measure-
ments in evaluating maximum shear while it underestimates the
corresponding torsion on low-rise building with 45°. The simpli-
fied method overestimates shear on buildings with flat roofs,
however it underestimates shear on building with 45° roof angle
with heights up to 40 m. Moreover, the simplified method ne-
glects the corresponding torsion by applying wind loads uni-
formly distributed to evaluate maximum shear; this may be
inadequate for the design of buildings sensitive to torsion.

Similarly, Figs. 11 and 12 present torsional and shear load cases
in the longitudinal direction. In this direction, the NBCC static
method also significantly underestimates the maximum torsion on
low-rise buildings with flat roofs. As Fig. 11 shows, the measured
eccentricity in the wind tunnel for low-rise buildings is approxi-
mately 25% of building width (B). The static method applies higher
than the measured corresponding shear force with eccentricity of
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5%. For buildings with flat roofs, the simplified method compares
well with wind tunnel in predicting the maximum torsion and over-
estimates maximum shear; while, the simplified method underesti-
mates maximum torsion and succeeds in predicting maximum
shear on buildings with 45° roof angle. However, the corresponding
shear estimated by the simplified method shows good agreement
with the wind tunnel data but the equivalent eccentricity for the
building with gabled-roof is low. Figure 12, also shows that the cor-
responding torsion to the maximum shear has been neglected com-
pletely in longitudinal direction, as in Fig. 10 for transverse direction.
Neglecting the corresponding torsion, as mentioned previously, may
not be always prudent.

8. Suggested load cases to account for torsion on
rectangular buildings

Table 5 summarizes the shear force coefficients (|Cg,| pax.
Cs,| max ) €valuated by the wind tunnel measurements for the two
buildings (i.e., with flat and gabled roof) tested at all different
heights in open terrain exposure. Based on the wind tunnel re-
sults, Table 6 presents the suggested wind load cases for the de-
sign of low- and medium-rise buildings with rectangular plan and
different roof slopes. Shear and torsion load cases are provided for
transverse and longitudinal directions. The shear load cases were
defined by applying the maximum shear force in x-direction at an
eccentricity e, (%) from facing horizontal building dimension. For
buildings with flat and gabled roof, the corresponding torsion is
presented for the suggested shear load cases by applying the
maximum wind load at eccentricity of 5%, 15% from the facing
horizontal building dimension in transverse- and longitudinal-
direction, respectively. Torsion load case is defined by applying
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Fig. 12. Comparison of shear load case evaluated using NBCC 2010 and wind tunnel measurements for buildings with 0° and 45° roof angles

(longitudinal direction).
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Table 5. Most critical shear coefficients for flat and gabled roof
buildings.

Flat roof buildings Gabled roof buildings
Height (I'Il) ICSxI Max. ICSyI Max. |CSx| Max. |CSy| Max.
6 0.33 0.22 1.80 0.67
12 0.69 0.46 2.22 0.91
20 1.45 0.80 3.43 1.63
30 2.00 1.20 3.97 1.94
40 2.75 1.60 4.86 2.10
50 3.60 1.90 5.47 2.70
60 4.10 2.25 6.29 2.96

80% of the maximum shear force but at higher eccentricities as
shown in Table 6. Although the current study tested only build-
ings with aspect ratio (L/B) of 1.6, the authors believe that the
proposed load cases could be applied for buildings with aspect
ratios from 1.6 to 2. This is based on the comparisons with limited
previous studies. For instance, Keast et al (2012) showed that for a
60 m high flat roof building with aspect ratio (L/B) equal to 2, the
maximum torsion was associated with 80% of the maximum shear
force for wind directions 0° and 90°. Also, the associated eccen-
tricities were about 8%, 43% from the facing horizontal building
dimension for 0° and 90° wind directions, respectively. It should
be noted that the 43% eccentricity in the longitudinal direction is
higher than the 35% proposed value obtained from considering
only the torsion due to winds in longitudinal direction. The dif-
ference may be attributed to the contribution to the total torsion
of the corresponding shear force component in the transverse
direction. Clearly, more experimental work for buildings with
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different aspect ratios would be significant to confirm and gener-
alize the current findings.

It was also quite interesting to see the difference between the
current analytical approaches stated in NBCC 2010 to evaluate tor-
sion on buildings and the suggested load cases. Figure 13 shows this
comparison in transverse direction for buildings with flat and gabled
roof. The suggested approach introduces lower torsion in the trans-
verse direction (see Fig. 13), but higher torsion in the longitudinal
direction as this is underestimated using NBCC 2010 (see Fig. 11).

9. Summary and conclusions

Wind-induced torsion and shear were measured in the wind tunnel
for buildings having the same horizontal dimensions, different roof
angles (0° and 45°), and heights ranging from 6 m to 60 m. In addition,
the experimental results were compared with the wind load provisions
of NBCC 2010. The analysis of experimental results and comparisons
with codes and standards demonstrate the following:

e For low-rise buildings, the static method in the NBCC 2010:

» underestimates torsion significantly;

* compares well with the maximum shear evaluated in the wind
tunnel; and

e succeeds to predict corresponding torsion for buildings with
flat roofs but not always for buildings with 45° roof angle.

For medium-rise buildings, the simplified method in the NBCC 2010:
(a) In the transverse direction:

e overestimates maximum torsion and shear on buildings
with flat roofs.
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Table 6. Suggested load cases for the design of flat or gabled roof rectangular buildings.

Shear load case

Torsion load case

Wind load Eccentricity Wind load Eccentricity
Flat-roof buildings Transverse P 0.05L 0.8 P, 015L
Longitudinal P 0.15B 0.8P, 0.35B
Gable-roof buildings Transverse P 0.05L 0.8 P, 0.10L
Longitudinal P 0.15B 0.8P, 0.30B

Note: P,* = |Cs,| max. X qn % B2, and P,™ = |Csy| pax. * qn * B% where values for |Cs,| pax. and [Csy| yax. Wwould be obtained from Table 5 for

different building heights.

Fig. 13. Maximum torsion evaluated using NBCC 2010, wind tunnel measurements and suggested approach in transverse direction for

buildings with: (a) flat roof and (b) gabled roof.
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a

e overestimates maximum torsion and underestimates max-
imum shear on buildings with roof angle 45° and heights
up to 40 m.

(b) In the longitudinal direction:

e compares well with wind tunnel measurement results in
evaluating maximum torsion, while it overestimates maxi-
mum shear on buildings with flat roofs.

* underestimates maximum torsion but succeeds to evaluate
maximum shear on buildings with roof angle of 45°.

Finally, shear and torsion load cases were suggested for better
evaluation of wind loads including torsion for the design of rect-
angular buildings with horizontal aspect ratios L/B = 1.6 to 2.
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List of symbols

Aj efrective  area effective for pressure tap allocated in x-direction
 effective area effective for pressure tap allocated in y-direction
|Csx| corr. corresponding shear force coefficient in transverse di-

rection
|Csxl Mmax. Peak shear force coefficient in transverse direction
[Csy| corr. corresponding shear force coefficient in longitudinal
direction
|Csyl max. Peak shear force coefficient in longitudinal direction
|C1| max. Peak torsional coefficient
|Crxl max. Peak torsional coefficient due to winds in transverse
direction
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peak torsional coefficient due to winds in longitudinal
direction

smallest horizontal building dimension

shear coefficient in x-direction

shear coefficient in y-direction

mean torsion coefficient

torsional coefficient due to winds in transverse direc-
tion

torsional coefficient due to winds in longitudinal direc-
tion

eccentricities

wind forces at pressure taps

building natural frequency

horizontal force components
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mean roof height

eave building height

largest horizontal building dimension

torsional moment

instantaneous pressure at pressure taps

dynamic wind pressure

perpendicular distances between the pressure taps and
the building centre in x- and y-directions, respectively
total base shear force

height from the ground

gradient height

power law index
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