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Abstract

This paper presents the results of a set of wind tunnel tests carried out to examine wind-induced overall structural loads on
rectangular medium-rise buildings. Emphasis was directed towards torsion and its correlation with peak shear forces in
transverse and longitudinal directions. 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 (20, 30, 40, 50, and 60 m) in open terrain exposure
for all wind directions (every 15°). Wind-induced pressures were integrated over building surfaces and results were obtained
for along-wind force, across-wind force, and torsional moment. Maximum wind force component was given along with the
other simultaneously-observed wind force components normalized by the overall peak. The study found that for flat-roofed
buildings maximum torsion for winds in transverse direction is associated with 80% of the overall shear force perpendicular
to the longer horizontal building dimension; and 45% of the maximum shear occurs perpendicular to the smaller horizontal
building dimension. Comparison of the wind tunnel results with current torsion provisions in the American wind standard, the
Canadian and European wind codes demonstrate significant discrepancies. Suggested load combination factors were introduced

aiming at an adequate evaluation of wind load effects on rectangular medium-rise buildings.

Keywords: Wind loads, Load combinations, Torsion, Codes, Building design

1. Introduction

Adequate wind design of buildings depends on the suc-
cess in predicting the actual effects of turbulent wind for-
ces in order to account for the most critical design scena-
rios which may occur during a certain design period.
Along-wind force fluctuations are generated to a large
extent by approaching flow turbulence; but fluctuations in
across-wind force and torsion are generally dominated by
vortex shedding causing asymmetric pressure distributions
around building envelopes (Tamura et al., 2003). During
the past decades, much has been learned about the varia-
tion of local wind pressures on building cladding and the
total effective wind forces (along- and across-wind) on
the main structural building systems of medium-rise build-
ings (Stathopoulos & Dumitrescu, 1989, Sanni et al., 1992).
Recently, Elsharawy et al. (2012) found significant discre-
pancies among the current wind codes and standards in
evaluating wind-induced torsion on medium-rise buildings.
Furthermore, a study by Elsharawy et al. (2013) shows a
significant difference between Canadian wind load provi-
sions and the wind tunnel measurements in evaluating the
critical torsion on medium-rise buildings with different
roof slopes (0° and 45°). On the other hand, peak torsion
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and its correlation with peak along- and across-wind for-
ces are of utmost importance for adequate building design.
Wind load combinations (i.e., along-wind force associated
with across-wind forces and vice versa) for medium-rise
buildings, defined by ASCE 7-10 as having height less
than 60 m but greater than 18 m with lowest natural fre-
quency > 1 Hz, have been simplified by applying 0.75 of
the full wind loads in both along- and across-wind direc-
tions simultaneously (ASCE 7-10, NBCC 2010). In another
load combination case including torsion, ASCE 7-10 re-
quires applying 0.563 of the full wind loads with an equi-
valent eccentricity equal to 15% of the facing building
horizontal dimension in both along- and across-wind direc-
tions simultaneously. However, a similar torsional load
case in NBCC 2010 applies 0.75 of the full wind load on
half of building face and 0.38 of the full wind load in
both along- and across-wind directions on the other half
simultaneously. Tamura et al. (2008) and Keast et al. (2012)
studied wind load combinations including torsion for me-
dium-rise buildings. The first study shows the importance
of considering the wind load combinations on the peak
normal stress generated in the building columns. Based on
testing of a limited number of building models, the latter
study concludes that for rectangular buildings the peak
overall torsion occurs simultaneously with 30~40% of the
peak overall drag force. Additional experimental results
for testing different building configurations are still required
to confirm and generalize these results.
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The current study reports the analysis and code compari-
son (NBCC 2010, ASCE 7-10, and EN 1991-4-1) of wind
tunnel measurements on rectangular buildings with flat-
and gabled-roofs. The paper examines the effect of build-
ing height, roof slope, and wind direction on wind load
combinations; shear forces (in X- and Y- directions) oc-
curring simultaneously with maximum torsion, as well as
maximum shears and corresponding torsions.

2. Experimental Approach

The experiments were carried out in the boundary layer
wind tunnel of Concordia University in Montreal, Canada.
The working section of the tunnel is approximately 12.2 m
long x 1.80 m wide. Its height is adjustable and ranging
between 1.4 and 1.8 m to maintain negligible pressure gra-
dient along the test section. A turntable of 1.2 m diameter
is located on the test section of the tunnel and allows the
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 geometric scale of 1:400 has been recommended for
the simulation of the most important variables of the atmos-
pheric boundary layer under strong wind conditions.

2.1. Building models

Figure 1 shows the two building models, with 0° and 45°
gabled roof angles, equipped with 146 and 192 pressure
taps on their surfaces, respectively. The flat roof does not
have any pressure taps, since uplift forces do not contri-
bute to torsion or horizontal shear forces. The models
were tested at different building heights, by sliding them
downwards in a precise tightly fit slot in the turntable,
such that they can represent ten actual buildings with
eave heights 20, 30, 40, 50 and 60 m. Model dimensions
and the tested building heights are given in Table 1. In
this study, all tested buildings were assumed to be struc-
turally rigid and follow the limitations stated in the North-
American and European wind codes/standards.

2.2. Terrain simulations
An open-country exposure was simulated in the wind

(0°); and (b) Building with a gabled roof (45°).

Table 1. Model dimensions and building heights tested

Dimensions
Building Scaled @1:400 Actual
(mm) (m)
Width (B) 97.5 39
Length (L) 152.5 61
Tested heights 50, 75, 100, 125, 20, 30, 40, 50,
(H) and 150 and 60

tunnel. The flow approach profiles of mean wind velocity
and turbulence intensity 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 o of the mean wind velocity profile was set at
o =0.15. Although it could be argued that it is not com-
mon for medium height buildings to be situated in open
terrain, this exposure was chosen as a kind of conservatism
since higher loads are expected to act on the tested buil-
dings in this case. The pressure measurements on the mo-
dels 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, in order to minimize the Gain
and Phase shifts of pressure signals due to Helmholtz’s
resonance effects. Corrections were made by using tradi-
tional restrictors. The pressure measurement tubes have an
outer and inner diameter of 2.18 and 1.37 mm respectively.
The length is 55 cm and restrictors are installed at 30 cm
from the location on the building model. All measurements
were synchronized with a sampling rate of 300 Hz on each
channel for a period of 27 sec (i.e., about one hour in full
scale). It is well known that the mean wind speed has the
tendency to remain relatively constant over smaller periods
of time (i.e., 10 minutes to an hour) assuming stationarity
of wind speed, as reported by van der Hoven (1957). This
period is also suitable to capture the gust loads, which may
be critical for structural design.

® Wind velocity O Turbulence intensity
Iu %
0 5 10 15 20 25 30 35 40

1.2

1.0

0.8

Figure 2. Wind velocity and turbulence intensity profiles
for open terrain exposure.
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3. Analytical Approach

Figure 3 shows a schematic representation of external
pressure distributions on building envelope at a certain
instant, the exerted shear forces, Fy and F'y along the two
orthogonal axes of the buildings, as well as the torsional
moment, My, at the geometric centre of the building. Pres-
sure measurements are scanned simultaneously. The instan-
taneous wind force at each pressure tap is calculated ac-
cording to:

fi,t:pi,tXAeffeclive ﬁ,t:pj,tXAeffecn’ve (l)

Where p;, and p;, are instantaneous pressures measured
at each pressure tap. The wind forces exerted at pressure
tap locations in X- and Y-directions are noted by f;, and
J;.: respectively. For each wind direction, the horizontal
force components in X- and Y-directions are evaluated
according to:

N M
FX:z;ﬁ,t Fyzz;f,z (@)
i= Jj=

where N and M are the numbers of pressure taps on the
longitudinal and transverse directions, respectively. All
these forces are normalized with respect to the dynamic
wind pressure at the roof height and the area as follows:
Fy
Com—= Cy=— ©)
9,8 9,8
where ¢, = dynamic wind pressure (kN/m?) at mean roof
height /2 (m), B =smaller horizontal building dimension
(m). The torsional coefficients Cr is evaluated based on:

M;
2
q,B°L
where L = larger horizontal building dimension

CT =

“4)

Pressure Tap

-

Wind

All peak shear and torsional coefficients (Cyx pars Cp paxs
Cr uma) Were considered as the average of the maximum ten
values picked up from a 1-hr full-scale equivalent time
history of the respective signal. This approach has been
considered as a good approximation to the mode value of
detailed extreme value analysis and it has been used in
previous wind tunnel studies. The corresponding shear
forces (Cx corrs Coycor) and torsion (Cr,,,;) Were evaluated
as the average of ten values occurring at the time instances
of the ten peaks used to define the respective source maxi-
mum value. These corresponding shear/torsion values were
normalized by the overall shear/torsion -evaluated as the
most critical values found from testing the buildings for
all wind directions, i~e~, Cxx corr./ Cxx overalls Csycarr./ Csyovemll.a
CT corr./ CToverall .

4. Experimental Results

4.1. Maximum torsion and corresponding shear forces
in X- and Y-directions

As already mentioned, the two buildings with 0° and 45°
gabled roof angles were tested in open terrain exposure at
different eave heights (H =20, 30, 40, 50 and 60 m) for
different wind directions (0° to 90° every 15°). Figure 4(a)
presents the variation of maximum torsion coefficient (Cr
Mmax.) With wind directions for both building configurations
and all tested heights. Figures 4(b) and 4(c) show corres-
ponding shear ratios from the overall maximum shear
forces in X- and Y-directions respectively (i.e., Cy cor/Cex
overally Csy corr! Csy overair)- The maximum torsional coefficient
increases significantly (about 2.5 times) with increasing
building height from 20 to 60 m. The lowest torsional co-
efficient values occur when the wind direction is around
60°. Changing roof angle from 0° to 45° causes an increase
of the torsional coefficient by about 50%. As expected,

Measured Pressures

50

.
Shear forces

ES

=

T

R

5-

z

Torsion

Time (sec.)

Figure 3. Measurement procedure for horizontal wind forces, Fy and Fy, and torsional moment, My
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Figure 4. Torsion load case: (a) maximum torsion coefficient,
ding shear ratio in Y-direction.

the corresponding shear ratio in X-axis decreases when
the incident wind angle varies from 0° to 90°. On the other
hand, for the same wind range, the corresponding shear
ratio in Y-axis increases. It is interesting to note that the
maximum corresponding shear ratio is about 80% of the
overall shear force for both X- and Y-directions, although
for different wind directions. Moreover, the corresponding
shear ratio has not been affected much by increasing buil-
ding height or roof slope. The critical wind directions for
torsion seem to be from 15° to 30° and 75° to 90°. In the
first range, torsion is associated with higher shear force in
X- than in Y-direction, while in the other range the higher
shear force is in the Y-direction.

4.2. Maximum shear force in X-direction and corres-
ponding torsion and shear force in Y-direction
Similarly, Fig. 5(a) presents the variation of the maxi-
mum shear force (X-component) evaluated for both buil-
ding configurations and all tested heights for different
wind directions. Figures 5(b) and 5(c) show the variation

0 15 30 45 60 75 920

Wind direction (deg.)

(b) corresponding shear ratio in X-direction, (c) correspon-

of corresponding torsion ratio (Creor/Croveranr) and corres-
ponding shear force ratio (Cyy, con/Cyy overa) With wind direc-
tion, respectively. Maximum shear force coefficient (Cy,
Mmax.) has increased significantly (almost triple and double
for flat- and gabled-roof) by increasing the height of the
building from 20 to 60 m. Changing roof angle from 0° to
45° results in increasing shear force coefficient (Cy, y)
by about 2.4 times for the 20 m building and 1.5 times for
the 60 m building. This may be attributed to the reduction
of the ratio of the inclined roof area facing the wind rela-
tive to the total surface building area resulting from increa-
sing building height from 20 to 60 m. Thus, it is clear that
the effect of increasing roof slope on the maximum shear
force decreases with increasing building height. The maxi-
mum shear coefficient in X-direction has not been affected
much by changing the wind direction from 0° to 45° while
rapid decrease was noted from 45° to 90°. The correspon-
ding torsion ratio tends to reach its peak value for wind
directions between 15° and 30° for the two tested buildings
at different heights. On the other hand, the corresponding
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Figure 5. Shear load case (transverse direction): (a) maximum shear coefficient in X-direction, (b) corresponding torsion

ratio, (c¢) corresponding shear ratio in Y-direction.

shear force ratio (Cy, co/Cyy overan) S€€ms to be lower when
wind directions are between 0° and 45° and higher between
45° and 90°. The peak corresponding shear force ratio (C,,
corr! Csy overair) Was reported for a wind direction between
60° and 75° as 80%. The shear load case in transverse direc-
tion should account for the maximum shear force in X-
direction, the corresponding torsion, and the corresponding
shear in Y-direction for wind directions from 0° to 45°.
However, for wind directions ranging from 45° to 90°, the
shear in Y-direction will be maximized and this will be
more critical for designing the building in the longitudinal
direction, as it will be illustrated in the following sections.

4.3. Maximum shear force in Y-direction and corres-
ponding torsion and shear force in X-direction

Figure 6(a) presents the variation of the maximum shear
force in Y-direction evaluated for different wind directions
for the same building configurations. Also, Figures 6(b)
and 6(c) show the variation of corresponding torsion ratio
(Creor! Crovera) and corresponding shear force ratio (Cy,

cor! Csx overa)) With wind direction, respectively. Similar to
the shear force in X-direction, the maximum shear force
coefficient (Cj, 3. ) has increased significantly (about 2.8
times) by 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 roof angle from 0° to 45°
results in almost doubling the shear force coefficient (C,,
Max.) for the 20 m high building but in only 30% increase
for the 60 m high building. The maximum shear coefficient
in Y-direction has not been affected much by changing the
wind direction from 45° to 90°. Accordingly, the correspon-
ding torsion ratio reaches its peak value at wind direction
of 75° for the two tested buildings at different heights. The
corresponding shear force ratio (Cyy com/Cix overa) SEEMS tO
be lower for wind directions from 45° to 90°. The peak
corresponding shear force ratio (Cy cor./Cx overair) Was found
to be 0.8 for 0° wind direction. Although the effects of in-
creasing roof slope from 0° to 45° lead to increasing the
maximum torsion and shear forces for different wind direc-
tions - as mentioned earlier - the corresponding component
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Figure 6. Shear load case (longitudinal direction): (a) maximum shear coefficient in Y-direction, (b) corresponding torsion

ratio, (c) corresponding shear ratio in Y-direction.

ratios are similar for flat-roofed and gabled-roofed build-
ings. Likewise, the shear load case in longitudinal direction
should account for the maximum shear force in Y-direction,
the corresponding torsion, and the corresponding shear ratio
in X-direction for winds in the range of 45° to 90°.

5. Comparison with Previous Studies

A comparison of the results with those from a previous
study by Isyumov and Poole (1983) for a building with
dimensions L=91.45xB=45.7x H=231.65m and a
more recent study from Keast et al. (2012) for a building
with dimensions L =40 x B=20 x H=60 m was made
using the wind tunnel measurements in the current study
for a modeled full-scale building with L=61x B=39m
x H= 60 m. As the building tested by Isyumov and Poole
1983 was very tall and the power law index (o) for actual
exposure was also not specified, the mean torsion evalu-
ated for different wind directions was only considered for
this comparison. For the case of Keast et al. (2012), the

building dimensions and the terrain exposure were simi-
lar, therefore a complete comparison was carried out. Past
studies have used shear and torsional coefficients defined
as; C,=Base shear/(qy LH) and Cr=Base torsion/(gy
L’H), respectively, where ¢, = dynamic wind pressure at
mean roof height, L = larger horizontal building dimension.
For comparison purposes, the results of the current study
have been transformed to the same definitions of shear and
torsional coefficients. Table 2 presents the experimental
parameters as well as the evaluated shear and torsional
coefficients for the buildings considered. Figure 7 shows
good agreement of the mean torsional coefficients for dif-
ferent wind directions evaluated by the three studies; and
the peak torsional coefficients of the present study with
those by Keast et al. (2012). Furthermore, Fig. 8 presents
the ten most critical torsion values recorded from all wind
directions along with the corresponding shear force ratio
measured by Keast et al. (2012) and the respective values
from the current study. Results show relatively good agree-
ment for the measured shear forces and torsion in the two
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Table 2. Comparison with Isyumov and Poole (1983) and Keast et al. (2012)

Isyumov and Poole (1983)

Keast et al. (2012) Current study

. . . . . A 6 degree-of-freedom High frequency pressure
Wind tunnel technique ~ Weighted pneumatic averaging high frequency balance integration
Building dimensions (m)  L=91.45 x B=45.7 x H=231.65 L=40 x B=20 x H=60 L=61 x B=39 x H=60
Aspect ratio (L/B) 2 2 1.60
Scale 1:500 1:400 1:400
Model dimensions (mm) 182.9 x91.4 x 463.3 100 x 50 x 150 152.5x97.5 x 150
Terrain exposures Suburban Open Open (o0 =0.15)
Wind direction 0°to 90° 0°to 90° 0°to 90°
Torsional coeff. (C7 ) N/A 0.14 0.15
Shear coefficient (Ciy pax) N/A 2.00 1.80
Shear coefficient (C,, ) N/A 0.75 0.90
015
< x 5 ~
81— 0.10 9‘;@: 8
& 0.05 == L | %
g Z ~ f S
= 0.00 . - L =
: NZil
£ -0.05 L L
§ —O— Current study =
= -0.10 [ —-@—-Keast et al. 2012 ® -
g —A— -Isyumov and Poole 1983 &
= -0.15 ; ¥
0 15 30 45 60 75 90 0 15 30 45 60 75 90
‘Wind direction (deg.) ‘Wind direction (deg.)

Figure 7. Torsional coefficient comparison for flat-roofed rectangular buildings with height 60 m located in open country

exposure.
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Figure 8. Overall shear ratios (Cyy co/Cyy1ar) at peak torsion for the 60 m high flat-roofed building evaluated by Keast

et al. (2012) and those from current study.

studies. Small differences could be attributed to the differ-
ence in building dimensions, the scale used, and the number
of pressure taps.

Another comparison with a previous study by Tamura
et al. (2003) for a building with dimensions L =50 m x B
=25m x H=50 m was made using a building model ha-
ving L =61 m x B=39 m x H=50 m. The two flat-roofed
buildings have the same height and aspect ratios of their
plan dimensions L/B =2 and 1.6. In this comparison, the
definitions of torsional and shear coefficients in the Tamura
et al. (2003) study were followed. The torsional coefficient
was considered as Cr= Base torsion/(qy LHR) where; R
=(L* + B»/2, B = smaller horizontal building dimension,
and shear coefficient C, = Base shear/(qy; LH). Tamura et

al. (2003) study shows higher coefficients by about 60%
(see Table 3), but this may be attributed to the different
terrain exposures used in these studies. Indeed, the mean
wind velocity at the roof height in urban terrain is much
lower than that in open terrain exposure.

6. Comparisons of Experimental Results
with Code Provisions

It is also quite interesting to compare the wind tunnel
results with wind load provisions in the current codes and
standards. Three sets of wind load provisions were chosen
for the comparison, namely; National Building Code of
Canada (NBCC, 2010), American Society of Civil Engi-
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Table 3. Comparison with previous study by Tamura et al. (2003)

Experimental variables

Tamura et al. (2003)

Current study

Wind tunnel technique
Building dimensions (m)
Aspect ratio (L/B)
Scale
Model dimensions (mm)
Terrain exposures
Wind direction
Torsional coefficient (Cr )
Shear coefficient (Cyx )
Shear coefficient (C,y, )

High frequency pressure integration
L=50 x B=25 x h=50

2.0
1:250

200 x 100 x 200
Urban (a0 = 0.25)
L to building length (Z=50 m)

0.30
3.00
0.90

High frequency pressure integration
L=61 x B=39 x h=50
1.6
1:400
152.5x97.5 x 125
Open (o =0.15)
L to building length (=61 m)
0.20
1.90
0.50

neers Standard (ASCE 7-10), and European Building Code
(EN 1991-4-1).

NBCC 2010 requires for design of medium-rise build-
ings to apply 50% of the full wind load (P) on half of the
along wind wall in order to predict the maximum torsion.
On the other hand, ASCE 7-10 requires introducing 75%
of the full wind load with eccentricity of 15% of the per-
pendicular building dimension for evaluating maximum
torsion. The non-uniform distribution of wind loads were
simulated by applying triangular load in the EN 1991-1-4.
Figure 9 compares torsional load cases specified for desi-
gning of medium-rise buildings in the three wind codes/
standards.

The external pressure by the simplified method (NBCC,
2010) is taken from figure I-16, Commentary I, and the
gust factor (Cg) was taken as 2. The partial load case was
implemented by completely removing the full wind loads
from half of building faces to estimate maximum torsion
and corresponding shear as specified in Case B in figure
I-16, Commentary 1. The directional-part I method (ASCE
7-10) assigned for enclosed, partially enclosed, and open
buildings of all heights was applied. The side wall external
pressure coefficient (Cp) was estimated according to figure
27.4-1. Open terrain exposure C was considered, with the
directional factor (Kd) and the gust factor (G) taken as 1
and 0.85, respectively. Maximum torsion and corresponding
shear were estimated by applying 75% of the full wind load
and equivalent eccentricity of 15% of building width, as
indicated in Case 2 in figure 27.4-8. Similarly, for EN
1991-1-4 (2005), the external pressure coefficients for ver-
tical walls of rectangular plan buildings are calculated using

[ asce70 | | [ EN1991-1-4 |
L L L
™ M M
(=
e=.25L 10-0P e=.15010-75P e=.o711 %-70P

Figure 9. Comparison of the torsional load cases specified
for medium-rise buildings in NBCC 2010, ASCE 7-10 and
EN 1991-1-4.

figure 7.5 and table 7.1 available in section 7. The non-
uniform distribution of wind loads was recognized by
applying triangular loading (EN 1991-1-4, 2005).

For the evaluation of the maximum shear force, NBCC
2010, ASCE 7-10 and EN 1991-4-1 apply the full wind
load on building face uniformly but neglect completely the
associated torsion. All ASCE 7-10 values were multiplied
by 1.517 and EN 1991-1-4 values by 1.06> in order to con-
sider the effect of the 3-sec and the 10-min wind speed
respectively in comparison to the mean-hourly wind speed
in NBCC 2010. The shear coefficient and torsional coeffi-
cient were estimated by using Egs. 3 and 4.

Figure 10 summarizes the results for shear load case eva-
luated by the three code provisions and the wind tunnel in
transverse and longitudinal directions. Clearly, the three
building codes and standards overestimate shear force on
medium-rise buildings for both directions. This may be a
kind of compromising to compensate for neglecting the
corresponding torsion, which may not be always critical
in design situations. Figure 11 shows the comparison for
the torsional load case. Clearly NBCC 2010 and ASCE 7-
10 overestimate torsion significantly on the tested building
in the transverse direction but results compare better in the
longitudinal direction. The EN 1991-4-1 compares well
with the wind tunnel in transverse direction but underesti-
mates torsion significantly in the longitudinal direction.

7. Suggested Wind Load Combination Fac-
tors for Design of Rectangular Buildings

Table 4 summarizes the peak torsion (Cr . ) and shear
force coefficients (Cy par, Csy mar) €valuated by the wind
tunnel for the two buildings tested at all heights in open
terrain exposure. Tables 5 and 6 present the corresponding
wind force component ratios obtained from testing the two
buildings with flat-roof (0°) and gabled-roof (45°) respec-
tively, for all wind directions. The corresponding wind
force component ratios reported in Tables 5 and 6 are the
highest ratios obtained from testing all building heights,
hence they are conservative. These values are associated
to the peak torsion, peak shear force in X-direction, and
peak shear force in Y-direction respectively.

Based on the wind tunnel results, Table 7 presents the
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Figure 11. Comparison of peak torsion coefficient (Cr,y,.) evaluated by wind tunnel, NBCC2010, ASCE7-10, and EN 1991-1-4.

Table 4. Peak torsion and shear force coefficients evaluated from all wind directions

Building height Flat-roof (0°) Gabled-roof (45°)
(m) Crax. Cor Max. Cy Max. CrMax. Cox Max. Cy Max.
20 0.15 1.45 0.80 0.24 343 1.63
30 0.22 2.00 1.20 0.26 3.97 1.94
40 0.25 2.75 1.60 0.37 4.86 2.10
50 0.30 3.60 1.90 0.45 5.47 2.70
60 0.36 4.10 2.25 0.56 6.29 2.96

suggested wind load combination factors for designing
medium-rise buildings with rectangular plan. Shear and
torsion load cases are provided for transverse and longi-
tudinal directions, as illustrated in Fig. 12. The shear load
case in transverse direction was defined by applying the
maximum shear force in X-direction (given in Table 4) with
the corresponding torsion and shear in Y-direction. These
corresponding values were introduced in a form of ratio
from the maximum torsion or shear component and this
ratio is the highest obtained from testing the two build-
ings in wind direction range 0° to 45°. For instance, the
highest corresponding torsion ratio due to winds in trans-
verse direction - wind direction range 0° to 45° - for the

flat- and gabled-roof buildings are 0.68, 0.74, see Tables
5 and 6. As indicated in Table 7 the corresponding torsion
will be 0.75 (rounded number from 0.74) of the maximum
torsion (given in Table 4). Likewise, the torsion load case
in the transverse direction was defined by applying the
maximum torsion and the corresponding shear forces in
X- and Y-directions obtained for wind directions between
0° and 45°.

Furthermore, in longitudinal direction the shear and tor-
sional load case were defined as the maximum shear force
in Y-direction and maximum torsion with the corresponding
values resulting from testing the building in wind directions
ranging from 45° to 90°.
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Table 5. Peak corresponding force component ratios for building with flat-roof (0°) tested at all heights

Wind direction (deg.)
0 15 30 45 60 75 90
Torsional load case:
Cx corr/overal 0.70 0.75 0.77 0.76 0.67 0.33 0.08
Cyy corr/overall 0.18 0.18 0.31 0.46 0.63 0.81 0.73
Shear load case (X-direction):
CT corr/overall 0.29 0.54 0.68 0.55 0.46 0.31 0.17
Cyy corr/overall 0.34 0.29 0.24 0.58 0.78 0.75 0.62
Shear load case (Y-direction):
Cr corr/overall 0.27 0.45 0.50 0.41 0.32 0.64 0.59
Cx corr/overall 0.77 0.56 0.56 0.69 0.51 0.30 0.13
Table 6. Peak corresponding force component ratios for building with gabled-roof (45°) tested at all heights
Wind direction (deg.)
0 15 30 45 60 75 90
Torsional load case:
Cx corr/overall 0.69 0.80 0.78 0.72 0.60 0.29 0.10
Cyy corr/overall 0.30 0.31 0.28 0.60 0.74 0.81 0.74
Shear load case (X-direction):
CT corr/overall 0.44 0.74 0.67 0.44 0.24 0.46 043
Ciy corr/overall 0.25 0.34 0.26 0.58 0.79 0.81 0.63
Shear load case (Y-direction):
Cr corr/overall 0.28 0.27 0.38 0.36 0.14 0.57 0.56
Clx corroverall 0.79 0.79 0.60 0.69 0.65 0.47 0.12
Table 7. Suggested design load combination factors for Cox Max. Cue com.
rectangular buildings ? 1
Load case Cr* Co* Cy* __C;y Corr. ] Cornan
Transverse Shear 0.75 1 0.60 Cr Corr.\_'__) t Corr. —
direction Torsion 1 080  0.60 ol Wind #
Longitudinal Shear 0.65 0.70 1 Wind
direction Torsion 1 0.35 0.80 Coxcon. 4 Coxcon. 4
(*These values are the absolute maximum coefficients for each | Cyy o | Co
load case. Refer to Tables 4, 5 and 6 for simultaneous aqd maxi- @ — + Sy com
mum values for the flat- and gable-roofed rectangular buildings.) Cr Max, Crr M.
/ T Wind_;f
Naturally, additional experimental work for buildings Wind

with different aspect ratios would be useful in order to
generalize the current findings.

8. Conclusions

Shear and torsional design wind load cases were investi-
gated in a boundary layer wind tunnel for rectangular, flat
and gable-roofed medium-rise buildings in open terrain
exposure. The results show that maximum torsion for winds
in the transverse direction is associated with 80% of the
overall shear force perpendicular to the largest building
horizontal dimension and 60% of the maximum shear force
perpendicular to the smallest building horizontal dimen-
sion, while for winds in the longitudinal direction maxi-
mum torsion is associated with 80% and 35% of the maxi-
mum shear perpendicular to the smallest and largest dimen-
sions respectively. Furthermore, comparisons of the experi-

(a) Transverse direction (b) Longitudinal direction

Figure 12. Suggested shear and torsion wind load cases in
transverse and longitudinal directions for rectangular building
design.

mental results with the NBCC 2010, ASCE 7-10, and EN
1991-4-1 provisions show that these codes generally over-
estimate maximum shear force in transverse and longitu-
dinal directions but they neglect the associated torsion.
NBCC 2010 and ASCE 7-10 overestimate maximum tor-
sion for winds in the transverse direction while comparable
values were found for winds in the longitudinal direction.
Finally, EN 1991-4-1 underestimates torsion for winds in
the longitudinal direction but compares well with the ex-
perimental data in the transverse direction. Suggested wind
load combination factors are presented to account for ma-
ximum shear along with associated torsion and maximum
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torsion along with associated shear.
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