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ABSTRACT

Wind-induced Shear and Torsion on Low- and Medium-Rise

Earthquake Resistant Steel Braced Frame Buildings

Thai Son Nguyen

There are locations in Canada where buildings are equally affected by wind and earthquake
loads. In these areas, designers may rise questions about the governing lateral load. It is
known that buildings are designed to respond in the elastic range under wind load and in
the inelastic range when subjected to earthquake load. Besides, there are other elements
that influence the building responses under lateral loading, such as: building configuration,
height, selected ductility level, structural irregularity types and geotechnical

characteristics.

This thesis addresses the effect of wind-induced shear and torsion on 22 low-rise and
medium-rise steel buildings located on Site Class C and Site Class B. These buildings were
designed as earthquake resistant systems according to the 2015 edition of National
Building Code of Canada (NBCC 2015) and Steel Design standard specifications (CSA
S16-2014). The study examines the impacts from building configurations by considering
different width-to-length ratios and heights on two sets of buildings: 1) width-to-length ratio
1:4 and ii) width-to-length ratio 1:2. The 1* set comprises five buildings with heights
ranging from 14.8 m (4-storey low-rise building) to 43.6 m (12-storey medium-rise
building). The 2™ set comprises only medium-rise buildings with 8, 10, and 12 storeys. In

addition, two types of ductility levels were selected for the lateral force resisting systems
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(LFRS): limited-ductility (LD-CBF) and moderately-ductile concentrically braced frames
(MD-CBF). Two types of geotechnical characteristics were considered: Site Class C (firm
soil) and Site Class B (rock). All designed buildings are structural regular. The effects from

torsion, notional lateral load, and P-A effect was also studied.

On the process of computing wind load, several ambiguities have been found in the NBCC
2015 wind load provisions. Consequently, recommendations were made to resolve these
issues. In addition, these recommendations were implemented in several low-rise and
medium-rise buildings before comparing with the results obtained when the ASCE/SEI 7-
10 standard and the wind tunnel test were used. It was found that for low-rise buildings,
the American standard and Canadian code yielded similar shear but quite different torsional
coefficients. On the other hand, for medium-rise buildings, clear agreement was found, for

both shear and torsion coefficients.

The comparisons between earthquake and wind loadings show that depending on building
heights, horizontal dimensions, location and ductility level, the dominant loads are
different. In taller, larger and more ductile buildings in Montreal, for direction normal to
the larger face, wind loads may exceed the earthquake loads in the lower floor levels. In all
other cases, earthquake load controls the design. For Montreal buildings taller than 8
storeys, selecting LD-CBF is recommended for the LFRS in order to balance the
earthquake/wind design criteria. Caution should be given to buildings taller than 10 storeys

when verifying the building deflection under the dynamic effect of wind load.
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Chapter 1

INTRODUCTION

1.1. GENERAL

In active earthquake zones, building structures are designed to withstand earthquake
loading, while behaving in the inelastic range. Meanwhile, these buildings should respond
elastically under the wind load. It is important to understand which one of the two types of
lateral load governs the design and which building characteristics are more sensitive to

wind loading comparing to earthquake loading.

1.2. EARTHQUAKE LOADS

Earthquakes release large amount of energy and may produce considerable damages. For
instance, in 1975, an earthquake with a 7.3 magnitude destroyed 90% of the cities in
Sichuan, China (Figure 1.1). The level of damage was substantial because fire brought up
during ground shaking. The damage and reconstruction raised to billions of dollars. In
2010, an earthquake with 8.8 magnitude occurred in Chile and more than 500 deaths were
reported. The most severe mega-thrust earthquake occurred in March 2011 in Japan.
Because the earthquake was always followed by tsunami, there were more than 20,000
deaths and over 2,500 people were reported missing. The total economic loss was found to

be more than $300 billion.



The earthquake forces are caused by the movement of the storey mass. While the lower
part of the building moves with the motion of the ground, the upper part resist against the
movements due to its weight. The upper part follows the lower part in the displaced position
and the movement cycle is repeated as long as the shear wave is induced into the building.
In general, the heavier the building is, the more damage it experiences during an
earthquake. Thus, when the building is stiff, its period is shorter and the base shear
increases. Usually, steel buildings are more flexible than concrete buildings, which leads
to higher fundamental period and lateral deflection.

In earthquake design, some predetermined structural members are allowed to yield during
an earthquake, while the remaining members behave in the elastic range. This approach

used in earthquake design is known as the capacity design.

Figure 1.1: City damaged by earthquake in Beichuan Quiand County, Sichuan, China

(http://archive.boston.com/bigpicture/2008/05/earthquake damage in_beichuan.html).



1.3. WIND LOADS

Wind is the motion of the air, which can be horizontal or vertical. In the area near the
surface of the earth, wind motion is three-dimensional with the horizontal actions stronger
than the vertical ones. However, wind actions depend on the distance from ground surface.
High turbulence may rise in a region up to roughly 500 m aboveground. Hence, wind speed
increases gradually until it reaches a stable value, called gradient wind speed. Above this
level, wind movement is more stable and less turbulence is formed comparing to boundary
layer wind region.

Wind can be a hazardous element in the case of windstorms or hurricanes and it can cause
thousands of deaths along with great economic loss and even deaths. Comparing to other
natural disasters, such as earthquakes and floods, hurricane winds may produce significant
economic loss. Thus, according to Taranarth (2004) between 1986 and 1993, in the United
States, hurricane winds were the cause of $41 billion loss, greatly ahead of $6.18 billion
from all other hazards combined. In Canada, between February 9 and 14 (2010), losses of
$800 million have been resulted from windstorms. In fact, 57% natural-caused losses in

the United States are due to wind.

Conversely to earthquake loads, wind acts in the form of external forces applied on building
facades. For wind design, the lateral load resisting system needs to respond elastically and

the building sway should be within the code limit.

1.4. OBJECTIVES AND SCOPE

This study focuses on the response of multi-storey steel structures located in Montreal on

Site Class C and Site Class B when subjected to earthquake load and to wind load. The



lateral load resisting system (LFRS) selected for the studied buildings is the concentrically
braced frame (CBF) with multi-storey X-braces. Both the Equivalent Static Force
Procedure and the Dynamic Analysis Procedure by means of modal response spectrum

method (NBCC 2015) are used for the earthquake design.

In terms of wind load, the current thesis focuses on Montreal region and two exposure
terrains: open and urban. The procedures used for wind computation are from the NBCC

2015 and the ASCEI/SEI 7-10 standard provisions.
The objectives of this thesis are:

e To compute and compare earthquake and wind loads applied on low-rise and medium-
rise CBF buildings regarding both strength and serviceability requirements by
following the current building code (NBCC 2015) provisions.

e To provide a recommendation to improve the wind loading provisions given in NBCC
2015 based on studies involving the ASCE/SEI 7-10 standard provisions and wind
tunnel test results reported in previous studies.

e To give design cautions for steel braced frame buildings when both earthquake and

wind loads are considered.

1.5. METHODOLOGY

The methodology used in this thesis is shown in the flowchart given in Figure 1.2. Firstly,
22 steel office buildings were selected for investigation. These buildings contain CBFs
with limited and moderate ductility located in Montreal on Site Class C and Site Class B.
Secondly, these buildings were designed to respond earthquake load in inelastic range.

Thirdly, on the process of designing wind load, some issues have been encountered. In



NBCC 2015 provisions. In this study, recommendations are made for wind load based on
comparisons with ASCE/SEI 7-10 provisions and wind tunnel tests. Lastly, wind and
earthquake loads are compared regarding strength and serviceability requirements. After
that, recommendations are made for selecting braced frames for Montreal’s buildings that

comply with cost-efficiency criteria.

Resolve issues
of wind design

22 buildings in NBCC 2015
considered
. Jy i Compare with
Design for earthquake Design for wind load ASCE/SEI 7-10

load

| |
l

Compare earthquake
and wind demand

l

Provide design
recommendations

and wind tunnel

Propose
guidelines for
wind design

Figure 1.2: Methodology flowchart.

1.6. THESIS STRUCTURE

This thesis consists of 6 chapters.

e Chapter 1 gives an overview about damages caused by earthquakes and
windstorms, as well as the objectives and scope of the current thesis. The
methodology and outline of this thesis are also provided.

e Chapter 2 covers a detailed literature review referring to earthquake and wind
loading provisions given in NBCC 2015. For wind loading, the issues found in

NBCC 2015 provisions are addressed. The ASCE/SEI 7-10 provisions are also



discussed along with the introductions of past studies that provide the wind tunnel
test’s results.

Chapter 3 presents the earthquake design for two sets of multi-storey office
buildings located in Montreal. The first set refers to office buildings with a plan
having the width-to-length ratio 1:4, labelled plan “A” and the second set to office
buildings with a width-to-length ratio 1:2, labelled plan “B”. The 1% set is divided
into two groups of buildings, G1.C and G1.B, that refers to Site Class C and Site
Class B, respectively. The G1.C group contains five LD-CBF buildings: 4-, 6-, 8-,
10- and 12-storey buildings and five MD-CBF buildings with the same heights. The
G1.B group contains three LD-CBF and three MD-CBF buildings of 8, 10 and 12
storeys. The 2™ set contains six MD-CBF buildings. Among them, three MD-CBF
buildings: 8-, 10- and 12-storey, belonging to G2.C group, are located on Site Class
C and 3 MD-CBF buildings with the same heights are located on Site Class B
(group G2.B). In total, there are 22 buildings. The detailed design is presented for
the 12-storey LD-CBF office building located in Montreal, on Site Class C. It is
noted that notional loads, torsional and P-A effects were considered in the designs.
Chapter 4 addresses the issues regarding wind load provisions given in NBCC 2015
for both low- and medium-rise buildings. Using the wind design procedure
provided in the ASCE/SEI 7-10 standard and wind tunnel test results released in
four previous studies, improved guidelines referring to wind design according to
NBCC 2015 are provided. This chapter also includes the definition for medium-

rise buildings.



Chapter 5 shows the wind design based on the recommendation made (Chapter 4)
for the set of 22 buildings designed to resist earthquake load (Chapter 3), which
were considered in open terrain.

Chapter 6 exhibits the comparisons between the maximum base shear/ storey shear
developed in the CBF buildings due to earthquake load and that obtained under
wind load. Also, the serviceability conditions due to each type of loads are verified.
Finally, the governing type of load is pointed out for each building.

Lastly, Chapter 7 concludes the results of the current thesis and gives some

recommendations for future work.



Chapter 2

LITERATURE REVIEW

2.1. EARTHQUAKE DESIGN PROVISIONS ACCORDING TO NBCC 2015 AND

CSA S16-2014 STANDARD

2.1.1. Equivalent Static Force Procedure

According to NBCC 2015, the design for earthquake actions is carried out in accordance
with either the Equivalent Static Force Procedure or the Linear Dynamic Analysis by the
Modal Response Spectrum method. The former can be used for structures that meet any of
the following conditions: Iz F;S,(0.2) less than 0.35; regular structures less than 60 m in
height having T, less than 2 s in each of two orthogonal directions; and structures with
structural irregularity other than Type 7 with height lesser than 20 m and T, less than 0.5 s
in each of two orthogonal directions. According to the Equivalent Static Force Procedure,
the minimum lateral earthquake force, V, is given in Equation (2-1). However, V shall not

be less than the value given in Equation (2-2).

V = S(To)MylgW /(RqR,) 2-1)

Vinin = S(2.0)My Iz W /(R4R,) (2-2)
where S(T,) is the design spectral response acceleration; My, is the factor to account for
higher mode effect on base shear; I is the earthquake importance factor of the building;

W is the dead load including 25% of the snow load and 60% of the storage load for areas



used for storage; Ry, R, are the ductility-related and overstrength-related force

modification factor, respectively.
The fundamental period, T,, proposed for steel braced frames in the current NBCC is:

T, = 0.025h, (2-3)
where h,, is the building height in meters.

When a dynamic analysis is used, it is accepted to consider fundamental period greater

than T, but not exceeding 27,.

The shear force distribution over the building height is:

Fe= (V = F)Wehy/ <Z Wihi)
i=1

where F;is a portion of V that is concentrated at the top of the building and is equal to:

(2-4)

0.07T,V but it cannot exceed 0.25V for buildings with lateral period greater than 0.7 s and
it is zero if the fundamental lateral period is less than 0.7 s; W, is the seismic weight of the

floor at level x; and h, is the height of story x.

Then, the shear force is distributed among the LFRS according to each braced frame
stiffness and location. Torsional effects due to earthquake actions are generated from the
inherent eccentricity and the accidental eccentricity. The inherent eccentricity is given by
the difference between the center of mass and the center of rigidity, which are controlled
by the configuration of the building and the placement of the LFRS. The accidental
eccentricity, e,, is considered 10% of the building dimension perpendicular to the direction
of lateral force application and takes into account the uncertainty of earthquake load. With

torsion considered, the distribution of shear force in a LFRS at floor x is:



K; T K;d? (2-5)
=Vee+-so—
XK dYKd?

v,

where K; is the stiffness of the braced frame; 7 is the torsion caused by earthquake load; d
is the distance of the braced frame under consideration to the center of rigidity.

To verify if a building is irregular due to torsional sensitivity, the value of B, which is the
maximum of By, should be greater than 1.7. This criterion is applied in both orthogonal

directions and B is computed as shown below.

By = 8max/bave (2-6)

Herein, 8,4, and 8,4, are the maximum and average storey displacement at the extreme
points of the structure in the direction of the earthquake acting at distances +0.10D,,, from

the center of mass at each floor.

2.1.2. Dynamic Analysis Procedure

In terms of Dynamic Analysis Procedure, the types of analysis are: Linear Dynamic
Analysis and Non-linear Dynamic Analysis. The former can be carried out by either the
Modal Response Spectrum Method, where the spectral acceleration values, S(T'), are used
or the Numerical Integration Linear Time History Method. The latter analysis is performed
in the nonlinear range (Filiatrault et. al., 2013).

In this thesis, the Modal Response Spectrum Method is chosen. In NBCC 2015, the
ordinates of the uniform hazard spectrum are given for periods 0of 0.2's,0.55s, 1.0s,2.0 s,
5.0 s and 10 s for each location in Canada. The analysis is performed separately in both

orthogonal directions: e.g. West-East (E-W) and North-South (N-S). In the case that the

10



elastic spectrum was input in the analysis (Rz;XR, = 1), the resulted base shear is labeled

the elastic base shear, V.

For buildings located on Site Class other than Class F with the ductility-related force
modification factor of the LFRS, R; = 1.5, the elastic base shear, V,, obtained from a
Linear Dynamic Analysis may be multiplied by the largest of the following factors to

obtain the design elastic base shear, V,;:

25(0:2) _ (2-7)
35(Ty)
S(0.5)/S(T,) <1

To obtain the design base shear, V; the V,; is multiplied with Iz /R R,. After that, for
regular structures, the design base shear, V;, needs not to be less than 80% of the base
shear, V, determined by the Equivalent Static Force Procedure. If the structure is irregular,

V,; shall be taken as the larger of that results from dynamic analysis and 100% of V.

2.1.3. Structural Irregularities

Previous records on earthquake hazard have shown that buildings with irregularities, such
as irregular geometry or stiffness discontinuity, can be significantly damaged under
earthquake loads. A list of structural irregularities is given in NBCC 2015.

Hence, nine types of structural irregularities, namely: 1) vertical stiffness irregularity, 2)
mass irregularity, 3) vertical geometric irregularity, 4) in-plan discontinuity irregularity, 5)
out-of-plane offsets of the vertical elements of the LFRS, 6) discontinuity in capacity weak
storey, 7) torsional sensitivity, 8) non-orthogonal system irregularity and 9) gravity-

induced lateral demand irregularity on the LFRS, are defined in NBCC 2015.

11



2.1.4. Stability Effects

The P-A effects amplify the lateral displacements of structures subjected to lateral loads. If
the structure is deformed laterally in the nonlinear range, the P-A effects may cause the
building collapse. To calculate the stability coefficient, 6, at each storey, the following

equation is used:

_ 2 CrxRgl sy (2-8)
x 2 fohsx

where Cr is the cumulated gravity load computed at floor level x; A, is the interstorey drift
at floor level x; Vf, is the storey shear force at the same floor x; and h, is the storey height
of the floor x.

If the stability coefficient, 0,, is greater than 0.1, the P-A effects are taken into account by
multiplying the earthquake loads at each level by the factor, U,:

U,=1+86, (2-9)

On the other hand, when 8, is less than 0.1, the P-A effect can be neglected. However, if
the factor U, is greater than 1.4, the structure is instable and the stiffness shoul be increased.

Additionally, the notional lateral load should be considered in design. Its value at each

floor, is computed as:
N, = 0.005Cs, (2-10)
where Cy, is the total gravity load at level x component from (D + 0.5L + 0.255), which

is associated to the earthquake load combination (D + 0.5L + 0.25S + 1.0E).

12



2.1.5. Storey Drifts

Lateral deflection under earthquake load should be within the code limit, which is 2.5%h;
for ordinary buildings (hy is the storey height). The deflections determined from dynamic
analysis, using a nonlinear acceleration spectrum for example, need to be multiplied by
R4R,/I; to attain realistic values of anticipated maximum deflections (Mitchell et. al.,
2003). According to the importance category of the building, the maximum interstorey drift

values are given in the table below.

Table 2.1: Interstorey drift limits.

Importance category Maximum interstorey deflection
Post-disaster buildings 0.01hs
High importance category 0.02hs
Other buildings 0.025h;

2.1.6. Concentrically Braced Frame System

Concentrically Braced Frames (CBF) are among the most popular LFRS in North America
because they provide high stiffness and strength. In addition, the process of constructing
CBEF is cost-effective and time-saving. There are a variety of brace types for CBFs, such
as Chevron bracing, multi-storey X bracing, tension-only bracing and others. According to
NBCC, CBFs can be designed with limited (LD-CBF) or moderately ductility (MD-CBF).
In moderate to high risk seismic zone (/eFuS4(0.2) > 0.35), it is recommended to limit the
height of LD-CBF with tension-compression braces to 60 m and that of MD-CBF to 40
m. Tension-compression braces of CBF are designed to yield in tension and buckle in

compression. At the same time, the CBF beams and columns are designed to withstand the

13



effects from the yielding and buckling of the braces in addition to the associated gravity

load.
2.1.7. Capacity Design According to CSA S16-2014

In light of ductile design, inelasticity is concentrated in members designed to yield/buckle
during an earthquake. All adjacent members need to be able to sustain the
yielding/buckling of ductile members while behaving in the elastic range.

In general, yielding members are sized such that they are the weakest link among all
members and the elastic members are designed to sustain the capacity of yielded members.
The NBCC 2015 stipulates different types of LFRS with different level of ductility, which
are controlled by the ductility-related force modification factor, R;. The yielding/buckling
mechanism of these LFRS are predefined through experimental tests, which does not
significantly affect the overall integrity of the structure.

In a steel braced frame, the probable tensile resistance, T,, probable compressive
resistance, C,,, and the probable post-buckling compressive resistance, C',,, of the braces

upon yielding are computed, as following:

Ty = A4R,E, (2-11)
1.2A4R,F, (2-12)
C, = min (1 + /12")1/n
A R F
(2-13)

= min (1 + ,12”)1/”

0.2A4RF,
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According to CSA S16-2014, R,, is equal to 1.1 for all W-shape steel members. However,

the value of R, F, cannot be lesser than 460 MPa for hollow structural sections (HSS).

2.2. WIND LOADING PROVISIONS ACCORDING TO NBCC 2015 AND

ASCE/SEI 7-10 STANDARD
2.2.1. Wind Load Provisions —- NBCC 2015

Based on its configuration and fundamental frequencies, three procedures are stipulated in
NBCC 2015 for computing wind load on a building, namely: Static Procedure, Dynamic
Procedure and Experimental Procedure (Figure 2.1). Only the Static Procedure and the

Dynamic Procedure are considered in the current thesis.

Building structure

Experimental
procedure

Static procedure Dynamic procedure

H < 20 m and

» Low-rise buildings
H/Ds<1

No

Medium-rise and
high-rise buildings

Figure 2.1: Flowchart for wind loading procedures on buildings — according to NBCC

2015.
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2.2.1.1. Static Procedure

The static procedure is applied to buildings that are lower than 60 m height, having the
ratio of height over the effective width of the building equal or less than 4 and natural
frequency greater than 1.0 Hz. In NBCC 2015, the full wind external pressure is given by
p = lwqC.CiCyCy (2-14)

where Iy is the importance factor for wind load, ¢ is the reference velocity pressure; Ce, C;,
C, are the exposure, topographic and gust effect factor; and C, is the external pressure
coefficient.

After the wind pressures are acquired, they are multiplied by the corresponding
projected/tributary areas to attain the external wind forces acting on the building walls. The
wind loads are computed for each floor before being summed up to obtain the base shear.
The process is carried out in both North-South (N-S) and East-West (E-W) directions.
Under wind loading, torsion is formed by the unbalance of wind pressures on building wall

faces, as specified in the partial loading cases.
2.2.1.2. Dynamic Procedure

For buildings that are higher than 60 m or the height to width ratios is higher than 4 or the
lowest natural frequency is lower than 1, the dynamic procedure should be applied. The
dynamic procedure is similar to the static procedure, including the partial loading cases,
except that the exposure factor, C. and the gust factor, Cg are evaluated differently (NBCC

2015). The calculation of Cy is given below.
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K sF (2-13)
Cg = 1+gp E(B'FF)

(2-16)
T 1 1
s==
3 8f,H 10f,w
1+ 3V, 1+ Vv,
(12201, /Vy)? (2-17)

[1+ (1220, /V)?]*3

Herein, C; is the gust factor; g, is the peak factor; K is a factor related to the surface
roughness coefficient of the terrain; Cer is the exposure factor evaluated at the top of the
building; B is the background turbulence factor; s is the size reduction factor; F is the gust
energy ratio at the natural frequency of the structure; f is the critical damping ratio in the
along-wind direction; f, is the fundamental frequency; H is the height of the building; Vy
is the mean wind the speed at the top of the structure; w is the effective width of windward
face of the building.

As shown in Equations (2-16) and (2-17), the fundamental frequency of the building should
be known before applying the dynamic procedure. The lowest natural frequency of the

building is computed by the following equation:

N Xi

p 1 i=1 Fia
"= on X \2 2-18
xN Zévzl Mi (ﬁ) ( )

where N is the number of stories; F;, M; are the lateral load and floor mass at level i; x;

and xy are the horizontal deflections of floor at level i and N, respectively.
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2.2.1.3. Partial Loading Cases

2.2.1.3.1. Medium-Rise Buildings

To investigate the critical impacts of wind load on medium-rise buildings defined in this
study as those whose height is between 20 m and 60 m and have the ratio of height to the
smaller plan dimension between 1 and 4, along with the conventional full loading case
(Case A), three additional partial loading cases have been introduced in NBCC 2015 (Cases
B, C, D) as shown in Figure 2.2. In general, the wind pressure is distributed differently in
each case. The differences in the magnitude of the pressure and the corresponding tributary

area create different wind-induced effects in these cases.

Wind-induced shear effects are evaluated by considering load Cases A and C. The
conventional loading method is followed in Case A when 100% of wind forces are loaded
separately in each principal axis. Clearly, this case produces the maximum base shears.
Wind blowing diagonally to the walls can be illustrated equivalently by simultaneously
reduced forces. Indeed, 75% of full load is applied simultaneously on both wall faces to
create Case C. Although the load magnitude is reduced in this case, simultaneous effect
from wind in both directions can yield higher stresses in some structural members. The
magnitude and tributary area of wind loading are well-defined in these two cases, which
makes the procedure easy-to-follow. However, several issues have been encountered in the

process of determining torsions in load Cases B and D.
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Case B: Case A wind pressure applied only on parts of wall faces Case D: 50% of case C wind load removed

from part of projected area

Figure 2.2: Load cases for medium-rise buildings adapted from NBCC 2015.

In the torsional load cases, the uniformly distributed wind forces acting on the building are
partly reduced (in both magnitude and tributary area) in one or both principal directions.
The tributary area of the wind pressure acting on a particular story wall face is a product
of the height of the story under consideration and the horizontal distribution length of the
wind load. However, the latter is not provided explicitly in Case B and Case D. In
particular, the wind projected area is mentioned as “reduced from part of projected area”.
The term “part” and the tributary areas in both cases need to be clarified as it rises questions
among code users, which may lead to different tributary areas, and therefore, potential false

wind-induced torsions.
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Although these issues have been known for a while, not much research has been carried
out to address them systematically in order to modify the Canadian wind load specifications

accordingly. An effort to resolve this issue will be provided in Chapter 4 of this thesis.

Other wind codes and standards address torsional loads differently. For instance, the
American standard ASCE/SEI 7-10 specifies that, for low-rise buildings, besides applying
higher wind loads on wall corners, 25% of the full design wind pressure is reduced by half
on the wall face to account for torsional effects. For medium-rise/high-rise buildings,
eccentricities and torsion moments are defined explicitly by formulas with wind loads
applying to full tributary areas in all load cases. In Eurocode 1 (EN 1991-1-4:2005), the
torsional effects are taken into account by changing the uniformly distributed wind load in
windward direction represented by rectangular loading to inclined triangular loading while
keeping the same load on the leeward wall face. It also regulates that in some cases, wind
loads on locations that create beneficial impacts should be completely removed, but this
regulation is not very clear for the users. The Australian/New Zealand building code
(AS/NZS 1170.2:2011) fully neglects the wind-induced torsion for low-rise and medium-
rise buildings whereas for high-rise buildings (> 70 m), an eccentricity of 20% of the

shorter horizontal dimension is considered to account for torsion.

2.2.1.3.2. Low-Rise Buildings

As illustrated in Figure 2.3, two load cases are provided in NBCC 2015 for low-rise
buildings, namely Case A and Case B, which simulate the wind loads applying
perpendicular and parallel to the ridge of a building, respectively. In general, wind loads

for low-rise buildings are computed in a similar manner as for medium-rise buildings.
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However, wind pressures are not distributed uniformly over the wall or roof face. In
general, wind pressures are greater in wall corners, which in turn generates torsions in both
load cases. However, Stathopoulos et al. (2013) has shown that these provisions may not
be adequate for torsion in low-rise buildings. As specified in Case B, when acting parallel
to the building’s ridge, wind forces also create impacts to both sides of the building
including opposite sides of the roof. When considering buildings with flat roofs, these
effects can be neglected because the across-wind forces on opposite wall faces eliminate

each other. As a result, the two load cases merge into a single case.

3 4 ,
4E ) /’
2=~ ”IIL%» -

%ﬁ/w

Load case A: winds generally perpendicular to ridge Load case B: winds generally parallel to ridge

ind direction range //j\/v wind direction range

Building surfaces - Case A
1 1E 2 2E 3 3E 4 4E
0° to 5° 075 |1.15 |-13 | -20 |-0.7 | -1.0 | -0.55 | -0.8

Roof slope

Building surfaces - Case B
1 1E 2 2E 3 3E 4 4E 5 5E 6 6E
0° to 90° -085-09 |-13 |20 |-07 |-1.0 |-085|-09 |0.75 |1.15 |-0.55-0.8

Roof slope

End-zone width y should be the greater of 6m or 2z, where z is the gable wall end zone defined for Load Case
B below. Alternatively, for buildings with frames; the end zone y may be the distance between the end and the
first interior frame

End-zone width z is the lesser of 10% of the least horizontal dimension or 40% of height, H, but not less than
4% of the least horizontal dimension or 1m

Figure 2.3: Load cases for low-rise buildings according to NBCC 2015.
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2.2.2. Wind Load Provisions - ASCE/SEI 7-10

Two different procedures, namely Directional and Envelope Procedures, are available in
ASCE/SEI 7-10 standard for wind loading. The Directional Procedure can be applied to
buildings of all heights, while the Envelope Procedure is specified only for low-rise
buildings. The wind pressure, following Directional and Envelope Procedure, are as
follows:

p = qGC, — q;(GCp;) (Directional) (2-19)

P = qul(GCop) — (6Cpi)] (Envelope) (2-20)
where ¢ is the velocity pressure evaluated at height z above the ground for windward walls,
and at height 4 for leeward walls; g, and g; are the velocity pressure evaluated at mean roof
height /; G is the gust factor; C, is the external pressure coefficient; (GCp;) is the peak
internal pressure coefficient and (GC,y is the peak external pressure coefficient. In this
thesis, it is assumed that all buildings under consideration are enclosed. Consequently, the

internal pressure effects have been neglected, since they cancel each other on opposite

walls.

The ASCE/SEI 7-10 standard specifies four partial loading cases for the Directional
Procedure, and four cases for the Envelope Procedure (including two torsional load cases),
as shown in Figure 2.4 and Figure 2.5, respectively. Clearly, Cases 1 and 3 of the
Directional Procedure are similar to NBCC 2015, but a difference can easily be witnessed
in the torsional load cases (Cases 2 and 4). In these cases, the same approach as Cases B

and D (NBCC 2015) is used, except that a torsion Mris defined explicitly and the wind

22



pressure is distributed uniformly over the full tributary area of the building wall face. This

matter will be discussed more in Chapter 4. Torsion is defined as following:

{MT = 075(PWX + PLx)BXeX (Case 2) (2-21)
MT = 075(PWY + PLy)Byey (Case 2)

Mr = 0.563(Pyx + P.x)Bxex + 0.563(Pyy + P.y)Byey (Case 4) (2-22)
In terms of low-rise buildings, two additional torsional load cases are specified in the
Envelope Procedure besides two conventional load cases. In these cases, only 25% of the
full wind pressures are applied to half of the building wall, while the rest remain unchanged
comparing to conventional case, which in turn creates a greater amount of torsion

comparing to the Canadian provisions.

All ASCE/SEI 7-10 values have been multiplied by 1.53% due to the difference between
the 3-second and 1-hour wind speed used in NBCC 2015 and ASCE/SEI 7-10, respectively.
In particular, the wind speed in NBCC 2015, measured over a period of 1 hour, is 1.53
times smaller than that of ASCE/SEI 7-10, which is calculated over a period of 3 seconds

(Durst, 1960).
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Figure 2.4: Partial loading case for the Directional Procedure after ASCE/SEI 7-10.
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Figure 2.5: Partial loading cases for the Envelope Procedure after ASCE/SEI 7-10.

2.2.3. Review of Previous Studies

In this thesis, the results from wind tunnel tests are taken from four past studies for
comparing purpose. The results will be discussed in detail in Chapter 4. This section only
gives an overview about these studies in terms of experimental setups. Also, the definitions

of the normalized coefficients corresponding to each study are provided.
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2.2.3.1. The Study of Tamura et al. (2003)

Two buildings were chosen from the study of Tamura et al. (2003). These buildings were
examined using the wind tunnel tests. The horizontal dimensions of the two buildings are
LXBxH = 42.5mx30mx12.5m (low-rise building) and LXBXH = 50 mXx25 mxX
50 m (medium-rise building). The building models were made in a geometrical scale of
1/250. The low-rise building was tested on both urban and open terrains, while the medium-
rise building was tested on urban terrain only. The power law index of mean wind speed
was 1/4 for urban terrains and 1/6 for open terrain. The wind speed applied on building

models ranged from 10.9 to 14.1 m/s. The time scales were set from 1/109 to 1/178.

Wind was directed perpendicular toward the wall face. In this study, 154 and 110 samples
were tested from a time interval of 0.00128s over 10-minute long tests in both terrains for
low-rise buildings. The maximum wind forces and base torsional moments, obtained by

the integrated fluctuating pressures, were normalized as follows:

oV (2-23)
V' quylH
T (2-24)
T~ quLHR
(L? + BH)1/? (2-25)
=

2.2.3.2. The Study of Keast et al. (2011)

The experimental data was of a medium-rise rectangular building: LXBXH =
40 mx20 mx60 m. The geometrical scale of the study was 1/400, simulated in open

terrain. The experimental buildings configurations were 6 degree-of-freedom for a 10-hour
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full-scale equivalent time. Wind was blown on the buildings from different angles. The
angle increment was 15°. Further, the natural frequency of the buildings was set at a level

so that resonance can be avoided.

The maximum wind forces and base torsional moments, obtained by the integrated

fluctuating pressures, were normalized as follows:

o (LZ + 32)1/2 (2-26)
B 2
¢ = T (2-27)
qulL*H

2.2.3.3. The Study of Isyumov and Case (2000)

The study of Isyumov and Case (2000) was carried out to analyze the wind-induced
torsional loads and responses on buildings. The experimental results from the low-rise
building from this study were used for the current thesis. The building configuration is
LXBxH = 29.26 mx9.75 mx4.88 m, resulted from a model with the geometrical scale
of 1/100. The building was classified low-rise building with gable roof with a slope of 4/12.
The experiment simulated the wind in urban terrain, with the power index of mean wind
speed equal to 0.16. The wind was directed normal toward the building in both directions.
Only the torsional coefficient of the model was presented in this study. The torsional

coefficient was defined as:

T (2-28)
CT ==
quBLH
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2.2.3.4. The Study of Stathopoulos et al. (2013)

The wind tunnel tests from the study of Stathopoulos et al. (2013) were carried out in the
boundary layer wind tunnel of Concordia University (12.2 m X 1.80 m) on 3 flat-roof
buildings configurations with the same horizontal dimensions, but different building
heights. The buildings were selected for the current study as follows: LXBXH =
61 mx38 mx20m, LXBXH = 61 mx38 mXx30 mand LXBXH = 61 mXx38 mx40 m.
The geometric scale was 1/400. The models were tested under the wind velocity of 13.6
m/s and the power law index of the mean wind speed of 0.15. For a conservative approach,
the wind was simulated over an open terrain exposure. Restrictors were used in the tubing
for frequency corrections. Also, the sampling rate was 300 Hz over a 27- second period on
each channel.

The shears and torsions were computed by the product of the measured pressures at
pressure taps and their effective areas. Then, they are expressed in the non-dimensional

forms of shear and torsional coefficients:

o 1% (2-29)
v quB?

= T (2-30)
T~ quB2L

The coefficients from these four studies are used in this thesis to verify the wind load

provisions given in NBCC 2015 in Chapter 4.
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Chapter 3

EARTHQUAKE DESIGN

In this study, two sets of multi-storey CBF office buildings ranging from 4 storeys (14.8 m
height) to 12 storeys (43.6 m height), located in Montreal, Quebec, are considered. The 1%
set employs the building with plan “A” and the 2" set employs the building with plan “B”.
The building with plan “A” has the width-to-length ratio 1:4 and the buildings with plan
“B” has the width-to-length ratio 1:2. The 1% set is divided into two groups of buildings
G1.C and G1.B implying Site Class C and Site Class B, respectively. The G1.C group
contains five LD-CBF buildings with 4, 6, 8, 10 and 12 storeys and five MD-CBF with the
same height ranges. The G1.B group contains three LD-CBF and three MD-CBF buildings
with 8, 10 and 12 storeys. The 2" set contains three MD-CBF buildings of 8-storey, 10-
storey and 12-storey, located on Site Class C (G2.C group) and three MD-CBF buildings
with same heights on Site Class B (group G2.B). All studied buildings are listed in Table
3.1.

Firstly, all 22 buildings are designed for gravity load and earthquake load. The maximum
earthquake-induced shear forces in the studied CBF systems include shear caused by
notional lateral loads, torsional and the P-A effects. The shear force is computed in both
orthogonal directions (e.g. E-W and N-S). Due to design similarities, only the design of a
12-storey building is explicitly given in this chapter. The design of all other buildings is

summarized in Tables of Appendix A.
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Table 3.1: Selected buildings.

Buildings with Plan “A” Buildings with Plan “B”
Group G1.C Group G1.B Group G2.C Group G2.B
(Site Class C) (Site Class B) (Site Class C) (Site Class B)
LD-CBF MD-CBF LD-CBF MD-CBF MD-CBF MD-CBF
(R4=2) (Ra=3) (Ra=2) (R4=3) (Ra=3) (R4=3)
12-storey 12-storey 12-storey 12-storey 12-storey 12-storey
10-storey 10-storey 10-storey 10-storey 10-storey 10-storey
8-storey 8-storey 8-storey 8-storey 8-storey 8-storey

6-storey 6-storey

4-storey 4-storey

3.1. BUILDING DESCRIPTION

There are two building plans used in this study: plan “A” (where B = 38 mand L = 4B =
150.5m) and plan “B” (where B =38 mand L = 2B = 75.5m). It is noted that the
maximum length of the building versus its width was selected to comply with the upper
limit for the in-plan slenderness, which is 4.0 according to Eurocode 8 (e.g. for plan “A”
the ration L/B =~ 4). These building dimensions include the hanging of 250 mm on each
side of the floor, while the typical span is 7.5 m in both orthogonal directions. The building
height raises from 14.8 m to 43.6 m. The ground floor height is 4.0 m and that of typical
floor is 3.6 m. For building with plan “A” there are 8 CBFs placed in each orthogonal
direction. The location of each CBF was selected to provide symmetry. All studied
buildings are offices, located in Montreal, Quebec, Canada on both Site Class C and Site
Class B, and have two types of ductility factors: R; = 3 (MD-CBF) and R; = 2 (LD-
CBF). The building plans and elevations are given in Figure 3.1.

The design of the 12-storey LD-CBF building with plan “A”, located in Montreal on Site

Class C, is presented in Section 3.2.

30



150000

20 @ 7500

o =
| i
H T “Wn + W|U~.m_|.l.u..
| — | e
H | e + H—)
“61 46D _j =

—— &
H—T H H——T +H—E

el _\E 7 -

B -

“ r f—
p—dl h——ht- Sy )
i £ } __. ] _7 S
_.7. en T +H e “7 {2

= 1o

= ! H4

— H—7 0 (3
7 ‘ . 7 B
A L— A )
7 £l ddD [-€1 44} 7 h
77.‘ r T T 1 Hlm
TH I——T I _ﬂ &
7 T T T 7 =)
7 bt} _rn ..... 7 o
T H H ST+ (o

7\nf | —w _ -

! —_

i | —s=|—

iy + O ~
I‘_ .H\I|I_ It
===

r — }

o | | 5 =

= | [

B _.’,B — -
.ﬂ\ﬁmu ++ H oy .7.. =
7 -t a0 _ € 290 M
.7._ r T H T wi_ {3
H T T T T—Hi —
: | 00sLg = 00sL @s :

2 =& 9 © @ ®

- +43.60
- +40.00
& +36.40

J+32.80

<—+29.20

W UL 218 SUONEBAJ[D [[E 0N

<—+18.40
<—+14.80
<—+11.20
<4—+7.60

- +25.60
L +22.00

J+4.00

T

0096£=009¢D)1 1

Tooor !

N

)

N

®

F B-2

C

@

75000

H

®

10 @ 7500

H

Note: All dimensions in mm

Note: All dimensions in mm

a. Plan “A”
b. Plan “B”

I

! 00vS€=009€®)6 1 &
! 002ST=009€D)L Tooot 1
o2 A

00081=009€®@S

000t !

00801=009

7500

|

®
31

» 6 © o

o

c. CBF elevations
Building plans and CBF elevations.

Figure 3.1



3.2. GRAVITY AND EARTHQUAKE DESIGN OF THE 12-STOREY BUILDING
3.2.1. Gravity System Design

For gravity design, the most critical load combinations are: 1.4D, 1.25D + 1.5L + 1S,

and 1.25D + 1.5S5 + 1.0L. The load patterns are assumed as shown in Table 3.2.

All flooring, such as the main beams and secondary beams are designed for strength and
deflection requirements. Concerning the strength requirement, the size of beams was
selected such that My < M,., where My is the factored moment due to gravity load, and M,
is the moment resistance of the beam. All secondary beams placed in the E-W direction are
designed to resist distributed load while the main beams are designed to carry the reaction
of the secondary beams. These are also checked for deflection criterion, where the
maximum allowable deflection is [/360 (I is the beam span). Only the service live loads
are considered for the deflection verifications. All beams are made of W-shapes and are

pinned at their ends.

For the gravity column design, the live load reduction factor was considered. For the cases
where tributary area is greater than 20 m? and used for the purpose of office building when
the live load is lesser than 4.8 kPa, the live load reduction factor is:

0.3 +./9.8/B (3-1)

where B is the tributary area.

According to CSA S16-2014, the slenderness of the columns under design is limited to 200
for compressive members. All gravity columns should be at least Class 3, be continuum

over two floors, and be made of W-shapes.
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Table 3.2: Assumed load patterns.

Load type kPa
Dead load on roof
Roofing 0.3
Insulation and vapor barrier 0.2
CANAM composite steel deck 1.89
Roof framing 0.41
Mechanical and ceiling 0.5
Total 3.3
Dead load on typical floor
Partitions 1.0
Floor finishing 0.24
CANAM composite steel deck 1.86
Floor framing 0.4
Mechanical and ceiling 0.5
Total 4.0
Cladding 1.5
Live load on roof 1
Live load on typical floors 2.4
Snow on roof 2.48

3.2.2. Earthquake Design - General

The height of the 12-storey building is 43.6 m, hence less than 60 m and its location is in
area where IzF,;S,(0.2) = 0.595 > 0.35, while for Site Class C, F, is equal to F(0.2) =
1.0. Although the building height is lower than 60 m, its fundamental lateral period, T,
maybe higher than 2.0 s (e.g. 2T, = 0.05h; = 2.18s). In the case of T, > 2.0 s, the
Dynamic Analysis Procedure is required. However, for a preliminary design, the
Equivalent Static Force Procedure is applied.

All beam to column and brace to frame connections are pinned. Beams and columns are
made of W-shapes steel with F;, = 450 MPa and F, = 350 MPa. Braces are made of HSS

produced to ASTM A500 Grade C with F, = 345 MPa.
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3.2.2.1. Preliminary Design by the Equivalent Static Force Procedure

The earthquake loads are resisted by 8 LD-CBFs distributed in each orthogonal direction.
The ductility-related force modification factor and the overstrength-related force
modification factor are R; =2 and R, = 1.3, respectively. The earthquake loads
determined by the Equivalent Static Force Procedure are computed with Equation (2-1).
The importance factor, I, is 1.0 and the empirical fundamental period is:
T, = 0.025Xh,, = 0.025%43.6 = 1.09 s

However, NBCC allows a higher value for the natural period of building with an upper
limit of 2T, = 2x1.09 = 2.18 s, which is used for the preliminary design. The higher
mode factor, My, is equal to 1.0. The total dead load including 25% of snow load is W =
266125 kN. The base shear computed with Equation (2-1) is V = 6630 kN. This value is
slightly smaller than the minimum base shear provided in Equation (2-2):

V = 6630 kN < Vi, = 6960 kN

Therefore, in the first iteration, the base shear is determined as the minimum value: V =
6690 kN. The concentrated force applied at the roof level is F; = 0.07T,V = 974 kN.

Due to the building’s symmetry, the base shear, V, is equally distributed among the 8 LD-
CBFs. Then, the shear forces due to notional lateral loads, accidental torsion and P-A
effects are added. The distribution of shear forces on the current building is given in Table
3.3 and the distribution of shear forces on a braced frame in each orthogonal direction (e.g.
LD-CBF 3-1 in N-S direction and on the LD-CBF E-1 in E-W direction) are given in Table
3.4. It is noted that the notional lateral load, N, at each level is equal to 0.5% of the total

gravity load of that floor. To compute the notional lateral loads, the total gravity load
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transferred to all column, Cf,, is determined for each level separately. Particularly, this
value is equal to dead load, live load and snow load associated to the gravity components

of earthquake load combination 1D + 0.5L + 0.25S, where the live load reduction factor

1s used.

Table 3.3: Vertical distribution of earthquake loads along the 12-storey LD-CBF building

with plan “A”, Site Class C.

Story hy \ Fy/V Fx \
kN kN kN
12 43.6 23436 0.28 1936 1936
11 40 22052 0.12 830 2767
10 36.4 22052 0.11 756 3522
9 32.8 22052 0.1 681 4203
8 29.2 22052 0.09 606 4809
7 25.6 22052 0.08 531 5341
6 22 22052 0.07 457 5797
5 18.4 22052 0.05 382 6179
4 14.8 22052 0.04 307 6486
3 11.2 22052 0.03 232 6719
2 7.6 22052 0.02 158 6877
1 4 22165 0.01 83 6960
Total 266125 1 6960
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Table 3.4: Vertical distribution of earthquake shear including shears from notional lateral
loads and accidental torsion on LD-CBF 3-1 (N-S direction) and LD-CBF E-1 (E-W

direction) of the 12-st LD-CBF building with plan “A”, Site Class C.

Shear from
« VI NNy 1 Toutshead Shearom T po Shear/
LD-CBF LD-CBF CBF  LD-CBF LD-CBF (N-S)

2 242 14 256 5 261 107 363
11 346 31 377 7 384 153 530
10 440 43 488 9 497 195 633

9 55 65 590 I 601 233 823

8 601 82 683 13 696 266 949

7 668 99 767 14 780 296 1062

6 725 116 84 15 855 321 1161

5 772 132 904 16 921 342 1247

4 sl 149 960 17 977 359 1319

3 840 166 1006 18 1024 372 1378

2 860 183 1043 18 1061 381 1423

I 870 200 1070 18 1088 385 1455

To consider the P-A effects in design, the stability coefficient, 8, at each level is calculated
with Equation (2-8). If the stability coefficient, 8,, is greater than 0.1, the P-A effects are
taken into account by multiplying the earthquake shear of each floor level by the factor, U,
(Equation (2-9)). If the stability coefficient, 6,, is lesser than 0.1, the P-A effect is
neglected. For the first design iteration, the interstorey drift values A, are unknown and the
P-A effect is not considered.

As specified in CSA S16-2014, CBF systems with different ductility levels are designed in
accordance with capacity design principle. Thus, braces are considered to dissipate
earthquake energy through their plastic behaviors. All other components are designed to

withstand the effects resulted from this energy dissipation.
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The HSS cross-sections are chosen for braces as recommended in CSA S16-2014. Firstly,

braces are selected such that: Cf < (., and Ty <T, where Cr Ty are the factored

compressive and tensile forces, and C,, T, are the factored compressive and tensile
resistance of braces. Secondly, the slenderness ratio, kL/r, and local buckling

requirements, expressed as width-to-thickness ratio are verified. When the slenderness
ratio is < 200, the width-to-thickness ratio should be lower than or equal to 420 /\/F ,
which is more severe than Class 1. When KL/r < 100, for HSS braces, the maximum
width-to-thickness ratio is 330/ \/F , which corresponds to Class 1. When IzF;S,(0.2) >
0.75 or IgF,S,(1.0) > 0.3, the slenderness of HSS braces shall not be less than 70 to avoid
premature fracture under cyclic loading. The studied building is located in the earthquake
area with IzF,;S,(0.2) = 0.595 < 0.75.

The factored compressive resistance, C,., is computed by the following equation:

C, = QAE, (1 + 22)~/n (3-2)
where ¢ = 0.9 for steel structure, which accounts for the variation expected in the
properties of materials and section dimensions; n =1.34; 1 =,/E,/F,; F, = w’E/
(KL/r)?. The radius of gyration, r, is computed regarding the axis in which the brace bends
about. The F, is the specified minimum yield strength of the material, and F, accounts for

the possibility of torsional-flexural or torsional buckling of the cross-section of the brace

and A is the area of the brace cross-section.
According to the same provisions, the factored tension resistance of a brace, is:

T, = OAF,

Y (3-3)

37



All brace sections selected for the 12-storey LD-CBF located in E-W and N-S directions
are shown in Table 3.5 and Table 3.6, respectively, where the probable capacity of the
braces computed with Equations (2-11), (2-12) and (2-13) are also summarized.

For sizing all CBF beam and column members, the brace capacity resistance is considered

in the following two loading scenarios:

e The compression acting braces attaining their probable compression resistance, C,,, in
conjunction with the tension acting braces developing their probable tensile resistance,
Tua

e The compression acting braces attaining their probable post-buckling resistance, C',,,
in conjunction with the tension acting braces developing their probable tensile

resistance, Ty,.

Table 3.5: Brace sections, characteristics and probable resistances of the LD-CBF E-1 (E-

W) of the 12-storey building with plan “A”, Site Class C.

Ty Cu Cl
kKN kN kN
12 HSS114.3X114.3X6.4 2480 0.60 106.6 1112 523 222
11 HSS114.3X114.3X9.5 3540 0.76 110.3 1588 710 318
10 HSS114.3X114.3X9.5 3540 0.85 110.3 1588 710 318
9 HSS139.7X139.7X7.9 3770 0.78 87.3 1691 1034 338
HSS139.7X139.7X7.9 3770 0.81 87.3 1691 1034 338
HSS139.7X139.7X9.5 4440 0.85 88.6 1991 1196 398
HSS139.7X139.7X9.5 4440 0.87 88.6 1991 1196 398
HSS152.4X152.4X9.5 4890 0.81 80.8 2193 1464 439
HSS152.4X152.4X9.5 4890 0.81 80.8 2193 1464 439
HSS152.4X152.4X9.5 4890 0.9 80.8 2193 1464 439
HSS152.4X152.4X9.5 4890 0.88 80.8 2193 1464 439
1 HSS177.8X177.8X9.5 5790 0.76 722 2597 1942 519
*All sections are Class 1 and made of steel material ASTM A500 grade C (F, = 345MPa)

St. Brace sections” Ag C¢C: KL/

WKV |®
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Table 3.6: Brace sections, characteristics and probable resistances of the LD-CBF 3-1

(N-S) of the 12-storey building with plan “A”, Site Class C.

. s Ty Co Cly
St. Brace sections Ag C¢/Cr kL N kN kN
12 HSS114.3X114.3X7.9 3020 0.7 1083 1354 623 271
11 HSS139.7X139.7X7.9 3770 0.82 87.3 1691 1034 338
10 HSS139.7X139.7X7.9 3770 0.8 87.3 1691 1034 338
9 HSSI152.4X152.4X9.5 4890 0.82 80.8 2193 1464 439
HSS152.4X152.4X9.5 4890 0.78 80.8 2193 1464 439
HSS177.8X177.8X9.5 5790 0.73 68.5 2597 2038 519
HSS177.8X177.8X9.5 5790 0.69 68.5 2597 2038 519
HSS177.8X177.8X9.5 5790 0.84 68.5 2597 2038 519
HSS177.8X177.8X9.5 5790 0.78 68.5 2597 2038 519
HSS177.8X177.8X9.5 5790 0.92 68.5 2597 2038 519
2  HSS177.8X177.8X12.7 7480 0.67 70 3355 2582 671
1 HSS177.8X177.8X12.7 7480 0.84 73.9 3355 2456 671
*All sections are Class 1 and made of steel material ASTM A500 grade C (F, = 345MPa)

Wl |0

Steel W-section is selected for all beams and columns. They are designed to resist the
effects from both gravity and lateral forces due to the probable forces from the braces.
These effects result in flexural and axial loads.

Frame members of Class 1 and Class 2 resisting both axial compressive force and bending
moment applied in one direction (e.g. x direction) need to satisfy the following equation:

Cr  0.85U;x Mg, <1 (3-4)

Cr My
The capacity of frame members subjected to axial compression and bending is examined
for: a) cross-sectional strength (CSS), which applies for members in braced frames only,
b) overall member strength (OMS), and c) lateral torsional buckling strength (LTBS). In
the case of CSS verification, the compressive strength, C,., is computed as prescribed in

Equation (3-2) with A = 0 and U;,, as shown below but not less than 1.0. In the case of
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OMS verification, C, is computed with Equation (3-2) and the calculation is based on the
axis of bending, while the computation for U;, is shown below. In the case of LTBS
verification, C, is computed based on the weak-axis of bending, while U;, should not be
lesser than 1.0. The moment resistance, M,., for laterally supported Class 1 and Class 2
members is:

M, = QZF, (3-5)
where @ = 0.9 and Z is the plastic section modulus.
The values of U, is determined as following:

(3-6)
!
Cr
G

U1=

where C, = m2EI/L? and w, is computed as:

e For members not subjected to transverse loads between support: w; = 0.6 — 0.4k >
0.4, where k is the ratio of the smaller to the larger factored moment at opposite ends
of the member length.

e For members subjected to distributed loads or a series of point loads between supports:
w; = 1.

e For members subjected to a concentrated load or moment between supports: w; =
0.85.

Members that withstand both axial tension and flexural loads need to satisfy the following

equation:
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Ty My (3-7)

where the factored tension resistance, T, of the member is computed with Equation (3-3).

The axial forces in a CBF beam result from two scenarios: 1) T, & C,, and 2) T, & C',,,
when the probable tensile and compressive strength of braces or the probable tensile and
post-buckling strength are projected on the beam axis. The class section of the CBF beams
can be either Class 1 or Class 2. The sizes of the CBF beams are given in Table 3.7.

Similar to the design of CBF beams, the CBF columns are designed to carry the gravity
loads together with the effects from brace forces associated with the aforementioned two
scenarios. In any case, the brace forces need not exceed those associated with a storey shear
corresponding to RzR, = 1.3. Columns are continuous over two storeys and have a
constant cross-section. In terms of gravity effects, live load reduction factors are used and
computed as shown in Equation (3-1). Here, the CBF column members are designed to
carry a bending moment of minimum 0.2M,, and the corresponding axial compressive

forces. All columns are selected to be minimum Class 2. Column sections are provided in

Table 3.8.
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Table 3.7: Beam sections of LD-CBF E-1 (E-W) and LD-CBF 3-1 (N-S) of the 12-storey

building with plan “A”, Site Class C.

E-W direction N-S direction
T, &C', T, &C',
St e A, OMs  LTBs oM, A, OMS __ LTBS
Eq(3-4) Eq(3-4) Eq(3-4) Eq(3-4)
12 W460X74 9480 0.25 0.89 W460X106 13500 0.35 0.92
11 W460X128 16300 0.58 0.68 W460X128 16300 0.57 0.64
10 W460X128 16300 0.29 0.6 W460X144 18400 0.39 0.73
9 W460X106 13500 0.24 0.3 W460X128 16300 0.74 0.86
8 W460X128 16300 0.3 0.63 W530X150 19200 0.39 0.73
7 W460X74 9480 0.48 0.79 W460X106 13500 0.59 0.89
6 W460X128 16300 0.34 0.73 W460X158 20100 0.45 0.93
5 W460X74 9480 0.37 0.56 W460X89 11400 0.33 0.33
4 W460X128 16300 0.36 0.8 W530X165 21000 0.4 0.74
3 W460X106 13500 0.25 0.3 W460X89 11400 0.33 0.33
2 W460X144 18400 0.32 0.68 W530X165 21000 0.43 0.83
1 W460X82 10500 0.94 1.0 W460X89 11400 0.44 0.35

*All beam sections are Class 1
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Table 3.8: Column sections of LD-CBF E-1 (E-W) and LD-CBF 3-1(N-S) of the 12-st building with plan “A”, Site Class C.

E-W direction N-S direction
T, & Cy T & Cy

dtorey - Colmn 4 TCMS  OMS  LTBS oM™ 4, CMS  OMS  LTBS
Eq(3-4) Eq(3-4) Eq(3-4) Eq(3-4) Eq(3-4) Eq(3-4)

2 _W310X60 7550 _ 037 _ 032 _ 0.50 __W310X60 7550 041 _ 036 _ 0.56
Il _W310X60 7550 049 _ 044 _ 069  W310X60 7550 053 048 0.75

10  W310X107 13600 0.62 0.57 0.70  W310X117 15000 0.68 0.64 0.77

9 W310X107 13600  0.68 0.64 0.78  W310X117 15000 0.73 0.69 0.84
8 W310X179 22700  0.69 0.65 0.79  W310X226 28800  0.69 0.65 0.78
7 W310X179 22700  0.73 0.69 0.83  W310X226 28800 0.72 0.68 0.81
6 W310X283 36100  0.69 0.64 0.77  W360X347 44200 0.71 0.66 0.76
5 W310X283 36100 0.71 0.67 0.80  W360X347 44200 0.73 0.68 0.78
4 W360X347 44200 0.76 0.72 0.82  W360X509 65200 0.69 0.63 0.73
3 W360X347 44200 0.78 0.73 0.84  W360X509 65200 0.7 0.65 0.74
2 W360X463 59000  0.75 0.70 0.80  W360X592 75500 0.76 0.7 0.8
1 W360X463 59000 0.77 0.72 0.83  W360X592 75500 0.77 0.72 0.83

*All column sections are Class 1
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3.2.2.2. Linear Elastic Analysis by the Modal Response Spectrum Method

The numerical model for the 12-storey LD-CBF building located on Site Class C in
Montreal is simulated in ETABS software to obtain the lateral deformations (interstorey
drift) of the building and to check if P-A effect is required. The spectrum used in the
analysis for Site Class C and Site Class B, as well as the peak ground acceleration, PGA

and peak ground velocity, PGV is given in Table 3.9.

Table 3.9: Design spectral acceleration values, S(T'), for Site Class C and Site Class B in

Montreal.
. Earthquake Data
Montreal (City Hall)
S(0.2) S§(0.5) S$(1.0) S(2.0) S(5.00 PGA PGV
Site Class C 0.595 0311 0.148 0.068 0.018
) 0.379 0.255
Site Class B 0.458 0202 0.093 0.043 0.0115

The dynamic base shear is computed separately for each orthogonal direction (e.g. N-S and
E-W) and the torsional effects due to accidental eccentricity of £0.1D,,, is added. After all
braced frame members were sized according to the Equivalent Static Force Procedure and
the size of gravity columns and beams were determined, the building was modelled in
ETABS software as a 3-D model. The natural periods found in two major directions are:
Tow-g =3.0sand T, y_s = 2.87 s. These values are higher than the upper limit given by
NBCC 2015 (2T, = 2.18 s), which was initially used for the earthquake design of this
building. From this analysis, the base shear is lower than V.. However, another

verification will be provided after the P-A effect is considered.

The interstorey drift computed from the 3-D model at any floor level under earthquake

loading is multiplied by R R, /I5. The interstorey drifts in both directions are provided in
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Table 3.10. In addition, in the same table the U> factor is given. As resulted, U> is greater
than 1.1, therefore the P-A effect should be considered in design. Meanwhile, U is lower

than 1.4 which means the structure is stable.

Table 3.10: Interstorey drift and U factor for the 12-storey LD-CBF building with plan

“A”, Site Class C.

N-S direction E-W direction
Storey Interstorey Interstorey U Interstorey Interstorey U
drift drift ’ drift drift ’
%hg mm %hg mm
12 1.06 38 1.116 0.69 25 1.076
11 0.97 35 1.160 0.69 25 1.114
10 1.03 37 1.202 0.69 25 1.136
9 1.00 36 1.220 0.67 24 1.147
8 1.03 37 1.246 0.67 24 1.160
7 0.86 31 1.222 0.64 23 1.165
6 0.89 32 1.245 0.67 24 1.183
5 0.78 28 1.228 0.53 19 1.155
4 0.81 29 1.251 0.56 20 1.173
3 0.67 24 1.220 0.42 15 1.138
2 0.69 25 1.244 0.44 16 1.156
1 0.45 18 1.168 0.39 14 1.131

After the P-A effect was added in the preliminary design by means of the Equivalent Static
Force Procedure, a few brace members required slightly larger cross-sections which are
provided in Table 3.11 and Table 3.12. The same cross-sections provided in Table 3.7 for
CBF beams and in Table 3.8 for CBF columns were used because they satisfied the

strength demand.
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Table 3.11: Increased brace sizes of LD-CBF E-1 (E-W) of the 12-st building with plan “A”, Site Class C and their characteristics.

St. Brace sections” Ag Cy/C:  kLir Ty Cu Ch

kN kN kN
12 HSS114.3X114.3X6.4 2480 0.64 106.6 1112 523 222
11 HSS114.3X114.3X9.5 3540 0.83 110.3 1588 710 318
10 HSS114.3X114.3X9.5 3540 0.96 110.3 1588 710 318
9 HSS139.7X139.7X9.5 4440 0.76 88.6 1991 1196 398
8 HSS139.7X139.7X9.5 4440 0.81 88.6 1991 1196 398
7 HSS152.4X152.4X9.5 4890 0.8 80.8 2193 1464 439
6 HSS152.4X152.4X9.5 4890 0.83 80.8 2193 1464 439
5 HSS152.4X152.4X9.5 4890 0.92 80.8 2193 1464 439
4 HSS152.4X152.4X9.5 4890 0.94 80.8 2193 1464 439
3 HSS177.8X177.8X9.5 5790 0.72 68.5 2597 2038 519
2 HSS177.8X177.8X9.5 5790 0.72 68.5 2597 2038 519
1 HSS177.8X177.8X9.5 5790 0.84 72.2 2597 1942 519
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Table 3.12: Increased brace sizes of LD-CBF E-1 (N-S) of the 12-st building with plan “A”, Site Class C and their characteristics.

St. Brace sections” Ag Cy/C:  kL/r Ty Cu Ch
kN kN kN

12 HSS114.3X114.3X7.9 3020 0.78 108.3 1354 623 271
11 HSS139.7X139.7X9.5 4440 0.79 88.6 1991 1196 398
10 HSS139.7X139.7X9.5 4440 0.82 88.6 1991 1196 398
9 HSS152.4X152.4X9.5 4890 0.97 80.8 2193 1464 439

8 HSS152.4X152.4X9.5 4890 0.97 80.8 2193 1464 439

7 HSS177.8X177.8X9.5 5790 0.87 68.5 2597 2038 519

6 HSS177.8X177.8X9.5 5790 0.85 68.5 2597 2038 519

5 HSS177.8X177.8X12.7 7480 0.79 70 3355 2582 671

4 HSS177.8X177.8X12.7 7480 0.77 70 3355 2582 671
3 HSS177.8X177.8X12.7 7480 0.86 70 3355 2582 671

2 HSS177.8X177.8X12.7 7480 0.82 70 3355 2582 671

1 HSS203.2X203.2X12.7 8710 0.72 63.9 3906 3245 781
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When the increased brace sections were used in the ETABS model, the periods of the
building in two orthogonal directions decrease to: Ty y_s = 2.38 s and Ty p_yy = 2.66 s.
However, these values of the first-mode period are larger than 2.0 s, while the associated
base shear is lower than V,;, computed for S(2.0). Therefore, according to Clause
4.1.8.12(8) of NBCC 2015, for a regular building, it is accepted that V;,, = 0.8V. In the
case that Vy,,, is less than 80% of the lateral earthquake force V' (e.g. in this case study,
V = Vinin), then Vg, shall be scaled up to 0.8V. In the case that the building is irregular,
Vayn shall be equal to V. Therefore, the next step is to verify if the building structure is
regular or irregular.

According to NBCC 2015, there are 9 types of structure irregularities. By visual inspection,
structure irregularity Types 3, 4, 5 and 8 can be verified. From building’s geometry, the
horizontal dimension of each CBF is constant over the building height. Therefore, structure
irregularity Type 3 (vertical geometric irregularity), Type 4 (In-plane discontinuity in
vertical lateral-force-resisting element irregularity) and Type 5 (Out-of-plane offsets) do
not occur. All CBFs are placed perpendicular to each other in both orthogonal directions,
which eliminates the Type 8 irregularity (Non-orthogonal systems). The other types of

structure irregularities 1, 2, 6, 7 and 9 need to be verified.

Type 1 or the vertical stiffness irregularity occurs when the lateral stiffness of LFRS at a
storey is less then 70% of the stiffness of any adjacent storey or less than 80% of the
average stiffness of three storeys above or below. The normalized storey stiffness to the
maximum storey stiffness is shown in Figure 3.2, which indicates that there is no Type 1

irregularity.
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Normalized stiffness of 12-st LD-CBF buiilding

(Site Class C)
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Figure 3.2: Normalized storey stiffness to max. storey stiffness in N-S and E-W directions

There is no Type 2 or mass irregularity because the mass of each floor is the same with the
exception of top floor. Regarding type 6 irregularity or “weak storey”, there is not a floor
where the shear strength of the floor above is larger than that of the floor below as
illustrated in Table 3.11 and Table 3.12. In addition, there is no gravity-induced

irregularity (Type 9) in the studied building.

To check irregularity Type 7 (Torsional sensitivity), the B, value is computed with
Equation (2-6). When B, is less than 1.7 at all floors and in both directions, there is no
irregularity Type 7.

The building is regular and the storey shear forces resulted from the ETABS output should
be scaled up to 0.87 which is 0.8x6960 = 5568 kN. The distribution of storey shear
forces associated to base shear V and 0.8V resulted from the Equivalent Static Force
Procedure as well as the shear forces resulted from the ETABS model in both directions

are provided in Figure 3.3. These shear forces do not include notional lateral loads, shear
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caused by torsion and shear due to P-A effect. In the N-S direction the resulted base shear
from ETABS is 6630 kN and in E-W direction is 5694 kN. Therefore, both values of base
shear resulted from ETABS are greater than 0.8V and lower than V. The main period from
ETABS is Ty_yy = 2.66 s and Ty_g = 2.38 s. As resulted from Figure 3.3, the dynamic
distribution of shear force along the building height is different than that from the
equivalent static force procedure. It is shown that the dynamic demand is lower in middle
floors than that resulted from the inverted-triangular distribution used with the Equivalent
Static Force Procedure.

Shear force distribution on 12-st LD-CBF
building with plan A, Site Class C

10

8 —vV
>
g
s 6 0.8V
95

4 Vd,E-W

2 VAN-S

0

0 2000 4000 6000 8000
Shear force (kN)

Figure 3.3: Storey shear distribution over the building height resulted for the 12-st LD-

CBF with plan “A”, Site Class C.
3.3. DESIGN OF THE OTHER BUILDINGS

The same gravity and earthquake design steps used in Section 3.2. are applied to design all

the other buildings listed in Table 3.1.
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In terms of gravity design, the gravity load for all buildings as shown in Table 3.2.

The structure irregularities are checked and all buildings are regular. In each main loading
direction, the CBF are designed for the maximum earthquake forces considering those
resulted from notional loads, torsional and P-A effects.

The sections of braced frame members are provided for all studied buildings given in Table
3.1 and their shears distributed along building height resulted from both Equivalent Static

Force Procedure and Dynamic Analysis Procedure as well as the corresponding

fundamental periods in both orthogonal directions are also provided in Appendix A.
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Chapter 4

WIND LOADING ISSUES

After all buildings have been designed and earthquake loads have been determined, wind
loads are computed. However, it is noted in Chapter 2 that the provisions given by NBCC
2015 are not clear enough to determine the wind loads in these buildings. Therefore, several
recommendations are provided in the current thesis to resolve these issues. The adequacy
of these methods is verified by comparisons with the ASCE/SEI 7-10 provisions and

previous wind tunnel test results.

The verification is carried out on buildings given in four past studies and five buildings
considered in the current thesis. To compute wind loads, building natural frequency needs
to be predetermined. Therefore, these buildings are designed (for gravity and earthquake
loads) before being analyzed to obtain their natural frequencies.

After having clarified the methodology given in NBCC 2015, final recommendations are
provided and will be used in Chapter 5 to compute wind loads on the buildings listed in

Table 3.1.
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4.1. WIND LOADING ISSUES AND POTENTIAL RECOMMENDATIONS - NBCC

2015

This section attempts to address and give a solution for the ambiguities addressed in
Chapter 2 in determining wind-induced torsions for medium-rise buildings and the

probable underestimation for low-rise buildings.

4.1.1. Medium-Rise Buildings

For medium-rise buildings, torsional effects are computed by considering Case B and Case
D. The tributary areas that could produce the maximum torsions are recommended by using
a mathematical method. The detailed illustration for Case D is shown in Figure 4.1

(Nguyen et al., 2017). The same approach can be adopted for Case B.
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Figure 4.1: Load Case D for medium-rise buildings analyzed in E-W and N-S directions.

As mentioned in Chapter 2, the tributary area of the uniformly distributed wind force acting
on a particular storey is given as: A = [Xh, where 4 is the height of the story under
consideration, and / is the horizontal distribution length of the wind load. However,
according to NBCC 2015, the horizontal distribution lengths (mentioned as a, b, c and d in

Figure 4.1) are unknown. These values need to be determined such that the corresponding
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wind forces create a maximum moment, A, which is the summation of the moments formed
in both orthogonal directions:

M=M,+M, (4-1)
Herein, M is maximum when M, and M, reach their highest values. The moment due to
wind load along N-S direction is given by:

M, = p,bhe, — pahe; (4-2)
where p; and p; are uniform wind forces acting on the wall faces in N-S direction; e; and
e2 are the eccentricities corresponding to p; and p», respectively; and a and b are the
horizontal distribution lengths of p; and p2, respectively. The eccentricities, e; and e,, are:
ee=L/2—a/2,e, =L/2—b/2, where a = L — b. By substituting these parameters in

Equation (4-2), one gets:
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M is a quadratic function of variable b. This function reaches its maximum value when its

differentiation with respect to b is equal to 0, i.e.:

M, = (p; — p2)bh + 0.5(p, —p1)Lh =0 (4-4)

S b= >
Therefore, the maximum wind-induced torsion along N-S direction occurs when b = a =
L/2. Similarly, M, is maximum when ¢ = d = B/2.

Applying the same procedure, torsion in Case B is maximum when pressures are applied
on half of the wall faces. In conclusion, it was found that by deducting wind load on half

of the wall face, one gets maximum torsions in Case B and Case D. This recommendation

will be verified in this chapter.
4.1.2. Low-Rise Buildings

In terms of low-rise buildings, only two cases, namely A and B, are present in NBCC, when
torsion is caused by a higher concentration of wind loads in each wall corner. As opposed
to partial loading cases for medium-rise buildings, the tributary areas of wind forces are
defined explicitly in the case of low-rise buildings (as exhibited in Figure 4.2). Torsion in

this case is computed by the following equation:

M = (py + pa)ei(L —y)h — (p1g + pag)eipyh (4-5)
where y is the width of the end zone computed as the greater of 6 m and 2z; z is the lesser
of 10% of the least horizontal dimension or 40% of height, H, but not less than 4% of the

least horizontal dimension or 1 m.
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According to a study of Stathopoulos et al. (2013), the wind-induced torsions resulted by
following this procedure may not be appropriate. Therefore, the adequacy of the current

procedure is to be verified in the following sections.
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End-zone width y should be the greater of 6m or 2z, where z is the gable wall end zone defined for Load Case B below.
Alternatively, for buildings with frames; the end zone y may be the distance between the end and the first interior frame

End-zone width z is the lesser of 10% of the least horizontal dimension or 40% of height, H, but not less than 4% of the
least horizontal dimension or 1m

Figure 4.2: Load cases for low-rise flat roof buildings - NBCC 2015.

4.2. RECOMMENDATION VERIFICATIONS

4.2.1. Shear and Torsional Coefficients

The adequacy of the procedures provided in Sections 4.1.1. and 4.1.2. are to be verified by
comparisons with the results from ASCE/SEI 7-10 standard and with wind tunnel test
results. Generally, four past studies for a variety of building configurations have been
chosen in the current thesis. The NBCC 2015 and ASCE/SEI 7-10 provisions are used to
compute two maximum wind-induced base shears in two orthogonal directions and the

greatest torsional moment in each building. These results are normalized in non-
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dimensional forms called: shear and torsional coefficients for comparing purpose with the
wind tunnel tests.

However, the definitions of the coefficients provided by four studies vary. For that reason,
shear and torsional coefficients are defined in the current thesis (Equations (4-6) and (4-7))
and the results from all other studies are transformed to the corresponding definitions so

that comparisons can be carried out.

¢, = — (4-6)
Y quBL
- T (4-7)
T~ quB2L
qu = qCe (4-8)

where Cy and Crare shear and torsional coefficients; J and T are the base shear and torsion;
B and L are the shorter and longer horizontal dimensions of the building; g# is the mean
dynamic wind pressure at roof height H; ¢ is the reference velocity pressure based on the

mean hourly wind speed; and C. is the exposure factor.

4.2.2. Building Design and Wind Load Computations

All buildings are designed under gravity and earthquake loads as shown in Chapter 3. Due
to the lack of information in the chosen studies, some assumptions have been made in this
thesis. All buildings are assumed to be steel and enclosed structures using LD-CBF as
LFRS. According to NBCC 2015, the height limit for a building with the LD-CBF under
an earthquake region that has 0.35 < IzF,S,(0.2) < 0.75, is 60 m. Location of the
buildings is Montreal and they are on ground categorized as Site class C (firm soil), the

value IgF,S,(0.2) is equal to 0.55. At the same time, the tallest building among all studies
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is 60 m high, which satisfies this limit. This Chapter only shows and discusses the resulted
shear and torsional coefficients. The detailed wind design of these buildings is

demonstrated in Appendix B.
4.2.3. Comparisons Conducted
4.2.3.1. Comparisons of NBCC 2015 Provisions and Wind Tunnel Tests

In this section, the comparisons between the shear and torsional coefficients resulted from
wind tunnel tests and the corresponding code results are depicted in graphs where the
vertical axis shows shear or torsional coefficients from wind tunnel tests, while those from
NBCC 2015 are placed on the horizontal axis. Each pair of results (experimental and code-
based) is represented by a point. The closer the point is to the balance line (forming an
angle of 45° with the axes), the better the agreement between code provisions and

experimental results is.

Due to the diversity of coefficient definitions among the past studies, all coefficients given
have all been transformed to be consistent with those of the current study. The

transformation Equations used for each study are provided in Table 4.1.
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Table 4.1: Original and transformed definition of shear and torsional coefficients in previous studies.

Study Shear coefficient Torsion coefficient
(Experimental) Original definition Transformed definition Original definition Transformed definition
o = T o = T o H T
Isyumov and Case (2000) T— quBLH T = quBLH B~ quB2L
T HR T
Cr = X 57 = 7B
-V ooV H_V - T quLHR ~B*  quB°L
Tamura et al. (2003) v quLH v quLH B~ quBL T = quLHR
R = (B?+12)%%/2
\Y% \Y% H \Y% T T H? T
Keast et al. (2012) Cv = Cy = X == Gz Cr=—— Xz = ——
. quLH quLH B quBL T qul2H quH2L B quB2L
vV \Y% B \Y T T
Stathopoulos (2013) Cy = Cy = 2 X7 = Cr=—=— Cr= 2
\' qHBZ quB L guBL T qHBZL quB-L
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Figure 4.3 compares the torsional coefficients in two separate categories, namely low-rise
and medium-rise buildings. Clearly, NBCC 2015 greatly underestimates torsional effects
on low-rise buildings in all cases. Thus, all points shown in the graph for low-rise buildings
are at noticeable distances from the balance line (experimental results are 6 to 10 times
higher than those from NBCC 2015). The largest disagreement is found in the study of
Tamura et al. (2003).

Moreover, the underestimation in torsional effects of NBCC 2015 for low-rise buildings
can be witnessed through the case of the two buildings of Stathopoulos et al. (2013). These
two buildings are 20.0 m high (low-rise building) and 30.0 m high (medium-rise building)
and have the same horizontal dimensions and exposure conditions. According to the
Canadian code computations, the torsional coefficient increases tenfold from 0.024 (20.0
m — low-rise building) to 0.26 (30.0 m - medium-rise building). The values from the wind
tunnel tests are 0.15 and 0.27, correspondingly, making a smaller jump of about just 1.8

times.

For medium-rise buildings, all studies give similar results with the computations from
NBCC 2015, except for the case of the building of Tamura et al. (2003) in urban-terrain

arca.

In conclusion, torsional effects on low-rise buildings are not assessed properly by NBCC
2015. In contrast, good assessments have been shown in medium-rise buildings with the
application of partial loading. Therefore, it was decided to test the effectiveness of the
medium-rise building methodology for low-rise buildings although, according to NBCC
2015, partial loading cases are not required for them. Particularly, the wind pressure acting

on all low-rise buildings is computed as similar to that of the medium-rise buildings. After
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that, the partial loading cases are carried out. Here, only the torsional cases are considered.
Cases B and D are applied to all the low-rise buildings of the previous studies to obtain the
maximum torsions. The tributary area width of wind pressure in these cases is taken as half
of the wall face. The torsional coefficients resulted from this process are exhibited in
Figure 4.4. The abbreviation “PL” in the figure implies the results from the partial loading
Cases B and D. As can be seen, if partial loading cases are applied as for the case of
medium-rise buildings, the torsional effects on low-rise buildings can be evaluated more

appropriately, although somewhat underestimated.

Torsional coefficient - Low-rise Torsional coefficient - Medium-
buildings rise buildings
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Figure 4.3: Comparison of torsional coefficients for low-rise and medium-rise buildings

in NBCC 2015 with experimental results from previous studies.
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Torsional coefficient - Low buildings (following
partial loading cases for medium-rise buildings)
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Figure 4.4: Comparison of torsional coefficients for low-rise buildings in NBCC 2015

(following partial loading cases, PL) with experimental results from previous studies.

Figure 4.5 presents the comparisons between shear coefficients obtained from NBCC 2015
and wind tunnel tests. The shear coefficients are computed in two principal wind directions:
North-South (N-S) and East-West (E-W). In general, good similarities between the code
computations and the test results are present. For low-rise buildings, four out of six shear
coefficients computed from NBCC 2015 are nearly equal to the experimental coefficients.
However, an underestimating trend is demonstrated. Additionally, the shear coefficient
adequacy decreases in N-S direction (the longer wall face). For medium-rise buildings,
there is an excellent agreement in seven out of eight cases. The best agreement is found
with the results of Stathopoulos et al. (2013) for both terrains (only roughly 1% difference).

The largest difference found was approximately 16%, in the case of the 60.0 m high
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building in the study of Keast et al. (2012), which is also the highest building among all
studies.

In brief, apart from the underestimated torsional effects for low-rise buildings, NBCC 2015
seems to evaluate adequately the impact of wind loads on low-rise (shear effects) and
medium-rise buildings. Potential remedies can be taken in the case of torsional effects on
low-rise buildings by applying the partial loading cases, similar to the case of medium-rise

buildings.
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Figure 4.5: Comparison of shear coefficients for low-rise and medium-rise buildings in NBCC 2015 with experimental results from

previous studies.
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e Discussion on the discrepancies of results from NBCC 2015 and wind tunnel tests

The underestimation in torsion for low-rise buildings is due to the fact that the code does
not take partial loading into account. As can be seen in Figure 4.2, the higher wind
pressures (the factor that produces the torsional effects) are only placed in a small area yXxXh
in the building’s corners, where y is the maximum of 6 m or 2z. This value, in most cases,
is not comparable to half of the wall dimension perpendicular to wind directions to produce
the maximum torsion. This inappropriate pressure distribution also results in small shear

coefficients, as illustrated in Figure 4.3.

Discrepancies between shear and torsional coefficients in medium-rise buildings provided
by NBCC 2015, as shown in Figure 4.3 and Figure 4.5, may be attributed to the lowest
natural frequency of the building, f,,. Dynamic procedure was applied for all medium-rise
buildings. Wind loads determined by the dynamic procedure are controlled by the building
natural frequency, which may not be similar for buildings in the current study and those in
previous studies due to the differences in building materials and LFRS. The assumptions
made in the current study may result in different building material, LFRS and damping
ratios to those in the past studies. As a result, dissimilar natural frequencies between
buildings are resulted and directly affect the values of the size reduction factor s, and gust
energy ratio at the natural frequency of the structure F, and consequently the gust factor
Cy.

Computations with steel and concrete structures with different types of LFRS were carried
out to examine the differences between their wind-induced shears and torsions. The 30.0
m height building of Stathopoulos et al. (2013) is taken as an example. As mentioned

previously, this building was assumed to be a steel structure, with limited ductile braced-
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frames as lateral force-resisting systems. Two other cases were considered, as the buildings
were assumed to be moment resisting frame concrete structure and concrete building
without a lateral force-resisting system. These buildings were designed for gravity and
earthquake loads and a structural analysis software was used to determine their
fundamental frequencies.

The three buildings have different damping ratio values, ranging from 2% to 5%, and
natural frequencies ranging from 0.5 Hz to 1.0 Hz. Although they produce different gust
factors Cg, similar torsional coefficients were found for the steel braced-frame building,
the concrete building with moment resisting frame and the concrete building without lateral
force-resisting system (0.37, 0.369, and 0.35, respectively). In addition, the corresponding
shear coefficients computed in both directions were almost identical. Clearly, although
building material and LFRS directly affect the wind-induced shear and torsion of a

building, the differences they create are not significant.

4.2.3.2. Comparisons of ASCE/SEI 7-10 Provisions and Wind Tunnel Tests

This section presents similar comparisons with those illustrated previously in Figure 4.3
and Figure 4.5.

Figure 4.6 shows similar torsional coefficients between the past studies and ASCE/SEI 7-
10 standard. For low-rise buildings, the American standard has generated almost the same
results as the experimental values on three out of four studies. The study of Tamura et al.
(2003) is the only one that gives a considerable discrepancy - the code result is just half the

value of the experimental data.
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Figure 4.6: Comparison of torsional coefficients for low-rise and medium-rise buildings

in ASCE/SEI 7-10 with experimental results from previous studies.

Better agreement has been illustrated in the results for medium-rise buildings. The highest
difference is from the study of Stathopoulos et al. (2013), where an experimental
coefficient is found equal to 75% of that from the American provisions. Other findings are

very similar: experimental results are roughly 95% of the value of code computations.

Figure 4.7 compares shear coefficients on low-rise and medium-rise buildings obtained
using ASCE/SEI 7-10 provisions and the wind tunnel results. Generally, the discrepancies
induced in low-rise buildings are slightly higher than those in medium-rise buildings. All
points shown in the graph of medium-rise buildings almost overlap with the 45° line.
Stathopoulos et al. (2013) have again given identical values to those provided by the

American standard. This resemblance tendency has been previously identified in the case
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of NBCC 2015 (see Figure 4.5). Dissimilar results were found in the comparisons with
Tamura et al. (2003). Overall, ASCE/SEI 7-10 provisions have given analogous shear

results compared to the wind tunnel results.
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Figure 4.7: Comparison of shear coefficients for low-rise and medium-rise buildings in ASCE/SEI 7-10 with experimental results

from previous studies.
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4.2.3.3. Comparisons of NBCC 2015 and ASCE/SEI 7-10

In this section, the NBCC 2015 and ASCE/SEI 7-10 wind provisions are applied to the five
buildings of group G1.C on Site Class C (Table 3.1). It is interesting to study the changes
of shear and torsional coefficients when building heights increase. Also, the discrepancies
of results between a low-rise building and a medium-rise building, and between two
medium-rise buildings with the same height increment can be witnessed through this
comparison.

These buildings were designed under gravity and earthquake loads as described in Chapter
3. Based on these building configurations and natural frequencies, the wind static
procedure is applied for low-rise buildings and the dynamic procedure is applied for
medium-rise buildings, according to NBCC 2015. In terms of the American standard, the
Directional Procedure is applied for all buildings. The Envelope Procedure can only be
carried out for the low-rise buildings. The summary of computation procedures regarding

both standards is given in Table 4.2.

Table 4.2: Computation procedure for the buildings in the current study according to

NBCC and ASCE.
P
Study fn H/w H (m) rocedure
NBCC 2015 ASCE/SEI 7-10

1.25 0.39 14.8 Static Envelope/Directional
0.79 0.58 22 Dynamic Directional

Current : : ;

study 0.61 0.77 29.2 Dynamic Directional
0.49 0.96 36.4 Dynamic Directional
0.38 1.15 43.6 Dynamic Directional
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All partial loading cases are carried out to seek the highest wind-induced shears and

torsions provided by both codes. The results are shown in Figure 4.8.
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Figure 4.8: Shear and torsional coefficients according to NBCC 2015 & ASCE/SEI 7-10.

A very small torsional coefficient is produced for the low-rise building. The torsional
coefficient rises immensely when building class changes from low-rise to medium-rise
building (14.8 m to 22.0 m) and can be witnessed easily from the sudden change in the Cr
line’s alignment in Figure 4.8. Moreover, this jump seems to be noticeably high compared
to the average of 1.3 times different between the results according to the same height steps
of the other buildings. In terms of shear coefficients, the differences are apparently less
remarkable. The difference between the low-rise and medium-rise buildings is just slightly
greater than that between two consecutive medium-rise buildings in N-S direction and

decreases largely when it comes to E-W direction.
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Through the good agreement with experimental values (Figure 4.6 and Figure 4.7),
ASCE/SEI 7-10 wind provisions are believed to have successfully predicted the wind
effects in low- and medium-rise buildings and can be considered a good reference to
evaluate the adequacy of other codes. Therefore, the coefficients found in NBCC 2015 are
compared with the values provided by the ASCE/SEI 7-10 provisions on the same set of
buildings. Significant discrepancies are found regarding torsional coefficients, especially
in the case of the low-rise building. Firstly, the torsional coefficient of NBCC 2015 for
low-rise building is much smaller than that of ASCE/SEI 7-10, implying a significant
underestimation of NBCC 2015 in evaluating the wind-induced torsional effects on low-
rise buildings. Secondly, for medium-rise buildings, NBCC 2015 has created torsional
coefficients roughly 1.5 times higher than those of ASCE/SEI 7-10. This trend increases
with the building height and is greater than the 6% difference shown in Figure 4.3 and
Figure 4.6 where the same computations were made for smaller buildings. Indeed, the
longer horizontal dimension of the buildings in this section (150.5 m) is more than double
of the maximum building dimension from previous comparisons (61.0 m) with wind tunnel
test results, where NBCC 2015 has produced better results. Therefore, it can be concluded
that the recommended tributary area is conservative for determining the torsional effects
of large and high buildings.

In contrast, in terms of shear coefficients, Figure 4.8 shows that both codes have given
similar results regardless of building height. Thus, although the discrepancies fluctuate
with the ascending building heights, the two codes only give differences within 10%.
Excluding the results of low-rise buildings, all shear coefficients resulted from NBCC 2015

are higher than those from ASCE/SEI 7-10. It is also noticeable that the gap between the
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shear coefficients of the 14.8 m high building (low-rise) and the 22.0 m high building
(medium-rise) is significantly higher comparing to those between the other medium-rise
buildings. In particular, with the same increases in building height, while the shear
coefficients of the 14.8 m high building in two major directions are on average about 50%
of those of the 22.0 m high building, the average between the medium-rise buildings is
almost 80%. However, this difference does not imply any underestimation in shear
computations in low-rise building as a similar trend between code provisions and wind

tunnel test results has been found in the previous section.

4.3. RECOMMENDATIONS FOR WIND LOADING TO BE INCLUDED IN NBCC

In conclusion, although having a tendency of being conservative, the wind load assessment
given by NBCC 2015 for medium-rise buildings with the tributary area given in Equation
(4-4) is still considerably good. Therefore, this method is applied in this thesis to compute
wind loading on medium-rise buildings.

On the other hand, the wind-induced shears and torsions resulted are underestimated by the
procedure stipulated for low-rise buildings. It was thus decided that the methodology given

in ASCE/SEI 7-10 be used to compute wind loads on the set of low-rise buildings.
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Chapter 5

WIND DESIGN

In this chapter, the recommendations from Chapter 4 for the NBCC 2015 wind load
provisions are used to design wind load on the set of buildings listed in Table 3.1.

The wind-induced interstorey drifts are then obtained to see if P-A effects should be
examined. However, in all cases, P-A effects are not needed as all stability coefficients, 6,
are smaller than 0.1. The load combination (1.25D or 0.9D) + 1.4W + 0.5L or 0.5S is
used. The detailed wind calculation of the plan “A”, 12-storey, LD-CBF building on Site

Class C is illustrated in an example as follows.
5.1. DYNAMIC PROCEDURE

Based on modal analysis, the natural frequency of the building is f,, = 1/Tyyn, = 1/2.66 =
0.38 Hz. The height of the building is 43.6 m, which is lower than 60 m, and it has the ratio
1 < H/w=43.6/38 = 1.15 < 4. Therefore, the dynamic procedure is chosen for wind
design. Equation (2-14) is used to determine the wind external pressure. The design process
is similar to that shown for the building of Tamura et al. (2013) in Appendix B. The gust
factors, Cy4, are 2.47 and 1.94 in E-W direction and N-S direction, respectively. The
exposure factors and the external factors are computed considering open terrain, which

consequently yields the following values:
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Coww,e—w = 0.27X (15(; =t 2) = 0.62
42.
Cotmpw = —0.27% ( = 0.88) — —0.32

{Cp,WW,N—S =0.8
Cp,lW,N—S = —05

The wind-induced base shears of Case A are Wy p_y, = 1974/8 = 247 kN and Wy y_s =
8636/8 = 1079 kN. In Case C, the forces are equal to 75% of Case A, which are
Weg-w = 185 kN and W¢ y_s = 810 kN. Half of the wind load in Case A are reduced in
Case B, which are given as: Wp g = 130 kN and Wy y_s = 1137 kN. Regarding Case
D, the base shears are Wp g_y, = 183 kN and Wp y_s = 844 kN. The results of all 4

partial loading cases are reported in Table 5.1.
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Table 5.1: Wind computation following NBCC 2015 provisions for dynamic procedure —

12-storey LD-CBF building, plan “A”, Site Class C.

W-E direction N-S direction

1.4W 1.4W
St P Case Case Case Case P Case Case Case Case
A B C D A B C D

kKN/m* kN kN kN kKN  kN/m*> kN kN kN kN

12 1.52 13 7 10 10 1.68 57 60 43 44

11 148 38 20 29 28 1.64 168 177 126 131
10 144 63 33 47 47 1.60 276 291 207 216
1.40 87 46 65 65 1.55 381 401 286 298
136 110 58 83 82 1.50 482 508 362 377
1.31 133 70 99 98 1.45 580 611 435 453
1.25 154 81 116 114 1.39 674 710 505 527
1.19 174 92 131 130 1.32 763 804 572 597
1.12 194 102 145 144 1.24 847 893 635 662
1.04 211 111 159 157 1.15 925 974 694 723
1.01 229 120 171 170 1.11 1000 1054 750 782
1.01 247 130 185 183 1.11 1079 1137 810 844

— (N WA [ ON|Q|c0|\O

5.2. STATIC PROCEDURE

Although only the dynamic procedure is required, the Static Procedure is also applied for
comparative purposes. Equation (2-14) is also used for the Static Procedure. Except the
gust factor, C,, and the exposure factor, C,, the other parameters remain unchanged
comparing to the Dynamic Procedure. The gust factor is determined to be equal to 2
because the current building is considered as a whole. In terms of the exposure factor, the

following equation is used for open terrain:

h\%? (5-1)
= | — > 0.
=) 200

The resulted wind loads corresponding to all four Cases are shown in Table 5.2.
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Table 5.2: Wind computation following NBCC 2015 provisions for static procedure — 12-

storey LD-CBF building, plan “A”, Site Class C.

W-E direction N-S direction
1.4W 1.4W
St p Case Case Case Case p Case Case Case Case
A B C D A B C D
kN/m> kN kN kN kN kN/m? kN kN kN kN
12 1.05 9 5 7 7 1.47 50 52 37 39
11 1.04 27 14 20 21 1.44 147 155 110 115
10 1.02 44 23 33 35 1.41 243 256 182 189
9 0.99 61 32 46 48 1.38 337 355 253 262
8 0.97 78 41 58 61 1.35 428 452 321 334
7 0.95 94 49 70 74 1.32 518 546 388 403
6 092 110 58 82 86 1.28 604 637 453 471
5 0.89 125 66 94 98 1.23 688 725 516 536
4  0.85 139 73 104 110 1.18 768 809 576 598
3 0.80 153 80 115 120 1.12 843 889 633 657
2 0.74 166 87 124 130 1.03 913 963 685 712
1 0.71 178 94 134 140 0.98 984 1037 738 767

The differences between the two procedures can be illustrated after comparing Table 5.1
and Table 5.2. The maximum base shear per CBF is approximately 10% and 40% higher
in N-S and E-W directions, respectively. Therefore, it is important to determine the

appropriate wind computation procedure.

77



Chapter 6
COMPARISONS BETWEEN EARTHQUAKE- AND

WIND-INDUCED SHEAR AND TORSION

The maximum wind-induced and earthquake-induced shear forces in each CBF of the 22
buildings shown in Table 3.1 are compared to decide the type of lateral load that governs
the CBFs design. The lateral deflections resulted from each case is also verified.
Particularly, the interstorey drifts due to earthquake and wind loads are compared with the

limits given in NBCC 2015. The comparisons are conducted in both orthogonal directions.

6.1. COMPARISONS BETWEEN WIND FORCE AND EARTHQUAKE ELASTIC

FORCE AT THE BASE OF BUILDING STRUCTURE

In this section, the factored base shear force from earthquake load is compared to that from
factored wind load. In the earthquake load combination, the earthquake load factor is 1.0.
In the wind load combination, the wind load factor is 1.4. Furthermore, the CBF design for
wind loads needs to assure an elastic response while for earthquake load, inelastic response
is permitted when R; > 1.5. For comparison purposes, the inelastic base shear resulted
from earthquake load is transposed into elastic base shear computed with R;XR, = 1.

Table 6.1 to Table 6.3 show the base shear forces computed for one CBF in N-S direction

and one CBF in E-W direction for all 22 buildings based on the following load cases:
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i.  The elastic base shear resulted from earthquake load when the Equivalent Static
Force Procedure was applied, V,;
ii.  The elastic base shear plus shear due to torsional effect, (V, + T);
iii.  The elastic base shear plus shear due to torsional effect, as well as shear due to
notional lateral load and P-A effect, expressed by U, factor, (V + N + T)XU,;
iv.  The factored wind base shear (1.4W) computed for 4 loading cases: Wy,
Wy, We, Wp and
v.  The maximum base shear value among the 4 wind loading cases plus the notional
lateral load per one CBF, (W4 + N).
It is noted that the elastic base shear computed from the equivalent static force procedure
corresponds to T, = 2X0.025h,,. The tables provide the fundamental period of studied
buildings in both orthogonal directions resulted from dynamic analysis by means of

acceleration response spectra using ETABS.
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Table 6.1: Maximum earthquake and wind base shear of LD- and MD-CBF with plan “A”, Site Class C.

Base Shear of 1 CBF (kN)

St. Dir Ty T 1.0 Earthquake 1.4 Wind Observation
no. o ‘ Ve Ve+T (Ve+THN)Uz Wa W We Wp  (WmaxtN) Ve /Wa
Plan “A”, Site Class C, R¢=2
12- E-W 2.66 )18 2262 2309 2767 345 182 259 257 529 6.56 E governs
st N-S 238 2262 3264 4759 1511 1591 1133 1182 1797 1.49 E governs
10- E-W 2.04 1.8 2287 2335 2683 244 128 183 184 433 9.36 E governs
st N-S 188 2287 3300 3815 1131 1198 848 879 1398 2.02 E governs
8_st E-W 1.65 146 2473 2525 2839 176 92 132 131 299 14.03 E governs
N-S 1.58 2473 3568 4076 772 818 579 600 950 3.20 E governs
6ost E-W 1.27 11 2342 2391 2617 116 60 87 85 217 20.19 E governs
N-S 1.14 2342 3379 3710 477 506 358 371 615 491 E governs
At E-W 0.80 0.74 2610 2665 2909 28 - - - 105 93.21 E governs
N-S 072 2610 3766 4065 121 - - - 198 21.57 E governs
Plan “A”, Site Class C, R¢=3
12- E-W 276 )18 2262 2309 2862 354 185 266 262 538 6.55 E governs
st N-S 251 2262 3264 4074 1514 1603 1135 1177 1800 1.49 E governs
10- E-W 2.09 182 2287 2299 2715 244 127 183 184 433 9.39 E governs
st N-S 203 2287 2546 3092 1134 1201 851 881 1402 2.01 E governs
8_st E-W 1.75 146 2473 2525 2914 177 93 133 131 300 13.96 E governs
N-S 1.63 2473 3568 4231 768 813 576 597 945 3.22 E governs
6ost E-W 1.27 11 2342 2391 2671 118 62 89 87 219 19.82 E governs
N-S 1.293 2342 3379 3809 484 513 363 377 622 4.84 E governs
Ast E-W 0.86 0.74 2610 2624 2812 28 - - - 105 93.21 E governs
N-S 0.77 2610 2899 3228 121 - - - 198 21.57 E governs
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Table 6.2: Maximum earthquake and wind base shear LD- and MD-CBF buildings with plan “A”, Site Class B.

Base Shear of 1 CBF (kN)
St. . 1.0 Earthquake 1.4 Wind Observation

no. DU Tam To 5 T N TN U, WA We We Wb (W N) Vo Wo
Plan “A”, Site Class B, Rq=2
E-W 2.92 1425 1455 1871 362 189 272 268 546 3.93 E governs
12-st 2.18 Ve Wa;
N-S 2.68 1425 2056 2668 1543 1637 1157 1201 1835 092 (VL +T)> Wp;
Check W & E
Lo EW_236 o 1441 1471 1802 255 133 191 191 443 5.66 E governs
N-S 2.16 1441 2079 2492 1150 1220 863 894 1421 1.25 E governs
oo EW 184 1558 1591 1873 180 94 135 133 303 8.66 E governs
N-S 1.63 7 1558 2248 2611 768 815 576 597 947 2.02 E governs
Plan “A”, Site Class B, R¢=3
E-W 2.90 1425 1455 2006 361 188 271 267 544 3.94 E governs
12-st 2.18 Ve Wa;
N-S 2.62 1425 2056 2723 1535 1628 1151 1194 1825 092 (L, +T)> W,
Check W & E
log EEW 238 1441 1471 1844 255 133 191 191 444 5.65 E governs
N-S 2.14 1441 2079 2551 1148 1218 861 893 1419 1.25 E governs
o EW 190 1558 1591 2012 182 95 136 134 304 8.57 E governs
N-S 1.75 0 71558 2248 2812 777 824 583 605 957 2.00 E governs
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Table 6.3: Maximum earthquake and wind base shear of MD-CBF buildings with plan “B”, on Site Class C and Site Class B.

Base Shear on 1 CBF (kN)

St. Dir Ty T 1.0 Earthquake 1.4 Wind Observation
no. "% Ve VetT (VetTHN)Uz Wa Wi We  Wo  (WuwtN) Ve /Wa
Plan “B”, Site Class C, Rq=3
12-st E-W 2.79 )18 2310 2591 3405 822 488 617 641 1009 2.81 E governs
N-S 2.63 2310 2806 3921 1706 1517 1280 1237 1907 1.35 E governs
10-st E-W 2.20 182 2335 2619 3271 576 342 432 454 768 4.05 E governs
N-S 2.01 2335 2836 3635 1249 1114 937 905 1453 1.87 E governs
8_st E-W 1.79 146 2524 2831 3364 388 230 291 305 513 6.51 E governs
N-S 1.63 2524 3066 3728 831 741 623 602 966 3.04 E governs
Plan “B”, Site Class B, R¢=3
E-W 2.92 1455 1553 2013 837 497 627 655 1024 1.74 E governs
12-st 2.18 Ve<Wa;
N-S 2.82 1455 1846 2655 1764 1573 1323 1279 1965 083 (VL +T)> Wpg;
Check W & E
10-st E-W 245 182 1471 1570 2131 598 355 449 472 791 2.46 E governs
N-S 230 1471 1866 2624 1308 1166 981 948 1512 1.12 E governs
8-t E-W 1.88 146 1590 1698 2156 399 237 299 314 540 3.99 E governs
N-S 1.83 1590 2017 2679 858 765 643 621 1008 1.85 E governs
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As can be seen from Table 6.1, earthquake load combination governs the design of
buildings with plan “A” located on Site Class C, regardless the type of CBF. As resulted
in the case of buildings designed with R; = 2, the dynamic fundamental period is about
10% larger than the static period computed from the empirical equation and about 20%
larger for buildings designed with R; = 3. When the direction of earthquake loading is
perpendicular to the building’s long dimension, larger shear force resulted due to torsional
effects (which increases shear force by 150%). The maximum wind force in a CBF in E-
W direction resulted from wind Case A, while Case B created the maximum values in N-

S direction.

For the plan “A”, LD-CBF, Site Class C, the 12-storey building (N-S direction) has the
ratio V, /W, = 1.41, while that for the 10-storey building is 1.91. Although the earthquake
combination governs the design, the wind load combination needs to be checked because
brace members are designed based on the inelastic earthquake-induced shear, which is
much lower than the elastic shear when the value R;XR,, increases. This matter will be

discussed further in this chapter.

When buildings are located on Site Class B (Table 6.2), wind load almost remains similar
in comparison with the case of Site Class C. However, with harder soil, earthquake load
decreases. For the 12-storey building with plan “A” located on Site Class B, having both
LD-CBF and MD-CBF (N-S direction calculation), the ratio V,/W, = 0.87 and 0.88,
while that for the similar 10-storey building and 8-storey building are > 1, respectively. As
resulted, for the 12-storey building, in the N-S direction, the wind load combination
governs the design when torsional effects are not considered. However, when the shear due

to earthquake plus shear due to torsion (V, + T) is checked, the earthquake controls the
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design (e.g. V,+T =2056kN > Wy = 1637 kN). Therefore, when designing
buildings higher than 10 storeys (36.4 m) on Site Class B, based on elastic earthquake-
induced shear, caution should be given to both earthquake and wind design.

When buildings with plan “B” (L/B = 2) are considered, the maximum wind load is
provided by wind Case A in all considered cases (Table 6.3). Again, for the CBF design
in the N-S direction, the 12-storey building on Site Class B presents V,/W, = 0.83.
However, when shear plus shear caused by torsion (V, + T) is checked against W, it is the
earthquake load combination that controls the design. Therefore, caution should be given
when designing buildings taller than 10 storeys in Montreal on stiffer Site Class (e.g. Site
Class B). A potential recommendation could be to choose LD-CBF over MD-CBF, which
results in small changes in member sizes when wind and earthquake demands are
considered.

In conclusion, when the factored elastic shear from earthquake load is compared with the
factored shear from wind load, attention should be given when verifying 12-storey

buildings on Site Class B (in Montreal), regardless of CBF’s ductility type.

6.2. COMPARISONS BETWEEN WIND AND EARTHQUAKE INDUCED SHEAR

AND TORSION AT DESIGN LEVEL

6.2.1. Shear Distributions Normalized to Braces’ Compressive and Tensile Resistance

In this study, both types of LFRS, which are LD-CBF and MD-CBF, are selected.
Following the Equivalent Static Load Procedure, the distribution of earthquake design
storey shear, V,;, (computed either with Ry XR, = 2X1.3 or R;XR, = 3X1.3), against the

distribution of wind load computed for each case, is shown in Figure 6.1 to Figure 6.22.
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In these figures, the distribution of only design base shear V,;; the V4 plus shear caused by
torsion, (V4 + T); and the total design shear including shear caused by notional load,
torsion and P-A effects, i.e. (V4 + N + T)XU,, are shown.

To compare the distribution of shear along the building height for all cases, shears are
normalized to brace members’ resistance, T;- and C,., projected to horizontal axis as follows:

|4 (6-1)
(G + T,)Xcosa

where V is either shear from earthquake or wind loads, C, and T, are brace compressive

and tensile resistance, « is the brace angle with a horizontal line.

Figure 6.1 to Figure 6.5 show the normalized shear force distribution on buildings with
plan “A”, R; = 2, located on Site Class C. In all cases but two, the ratio of normalized
shear force, V; to shear provided by brace resistance is always larger than that of the
normalized shear computed from wind load. The two exceptions are the 12-storey and 10-
storey buildings when the direction of loading is N-S. For the bottom two floors of the 10-
storey building, the normalized shear included shear from torsion almost equates the
normalized shear computed from wind Case B. Although these two buildings (12-storey
and 10-storey) are more sensitive to wind load cases, the ratio of normalized shear due to

wind load is < 1.0.
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Figure 6.1: Normalized shear force distribution of the 12-storey building with plan “A”,

R¢=2, Site Class C.
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Figure 6.2: Normalized shear force distribution of the 10-storey building with plan “A”

R¢=2, Site Class C.
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Figure 6.3: Normalized shear force distribution of the 8-storey building with plan “A”,

R¢=2, Site Class C.
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Figure 6.4: Normalized shear force distribution of the 6-storey building with plan “A”,

R¢=2, Site Class C.
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Figure 6.5: Normalized shear force distribution of the 4-storey building with plan “A”,
R¢=2, Site Class C.

From the figures above (Figure 6.1 to Figure 6.5), wind load has a tendency of exceeding
earthquake loads, especially for the 12-storey building. In the following figures (Figure
6.6 to Figure 6.10), it is interesting to observe the decrease in earthquake shear when MD-

CBF (R4 = 3) is considered instead of LD-CBF (R; = 2).
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Figure 6.6: Normalized shear force distribution of the 12-storey building with plan “A”,

R¢=3, Site Class C.
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Figure 6.7: Normalized shear force distribution of the 10-storey building with plan “A”,

R4=3, Site Class C.
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Figure 6.8: Normalized shear force distribution of the 8-storey building with plan “A”,

R¢=3, Site Class C.
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Figure 6.9: Normalized shear force distribution of the 6-storey building with plan “A”,

R¢=3, Site Class C.
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Figure 6.10: Normalized shear force distribution of the 4-storey building with plan “A”,
R4=3, Site Class C.

As shown in Figure 6.6 to Figure 6.10, the ratio of normalized shear force, V,; to shear
provided by braces resistance is greater than those due to wind load in the case of lower
buildings (e.g. 6-storey and 4-storey buildings). For the 8-storey building, in N-S direction,
at the ground floor, the ratio of normalized shear included shear from torsion exceeds the
normalized shear computed from wind Case B. However, no brace strength exceedance is
witnessed. At the lower half floors of the 12-storey building (N-S), the ratio of normalized
shear due to wind load Case B is larger than that of the normalized shear due to earthquake

load even when the shear is composed from pure shear, shear due to torsion, shear due to

notional lateral loads and P-A effect.

The normalized shear from earthquake and wind loads are also computed for the same

buildings with plan “A” located on Site Class B. Only the 12-storey, 10-storey and 8-storey
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buildings are considered herein because they are more sensitive to wind load. For buildings
with LD-CBEF, the results are illustrated in Figure 6.11 to Figure 6.13. As illustrated, due

to the reduction in earthquake demand, wind becomes more critical.
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Figure 6.11: Normalized shear force distribution of the 12-storey building with plan “A”,

R¢=2, Site Class B.
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Figure 6.12: Normalized shear force distribution of the 10-storey building with plan “A”,

R¢=2, Site Class B.
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Figure 6.13: Normalized shear force distribution of the 8-storey building with plan “A”

R¢=2, Site Class B.
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In all cases, earthquake loads are much higher than wind loads when acting perpendicular
to the shorter dimension of building (E-W direction). As illustrated in Figure 6.13, for the
8-storey building (N-S), at the bottom floor, the ratio of normalized wind shear exceeds the
ratio of normalized earthquake shear plus shear due to torsion (V; + T). In the case on 10-
storey building (N-S direction), wind loads are dominant at the bottom four storeys.
However, the ratio is still lesser than 1.0. This statement is also true for the 12-storey
building (N-S) even when the wind loads govern the bottom eight floors of the building as

shown in Figure 6.11.

Similarly, the same study is conducted for the 12-storey, 10-storey and 8-storey buildings
with plan “A” located on Site Class B and designed with higher ductility factor (R; = 3).
The results as illustrated in Figure 6.14 to Figure 6.16. In N-S direction, the ratio of
normalized shear due to wind is larger than that from earthquake design at almost all floors
of the 12-storey (Figure 6.14) and 10-storey building (Figure 6.15). However, for the 12-
storey building the ratio of normalized shear due to wind load exceeds 1.0 at the 2" floor
level. This case shows a significant increase in wind-induced demand and will be discussed

in detail in the next section.
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Figure 6.14: Normalized shear force distribution of the 12-storey building with plan “A”,

R¢=3, Site Class B.
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Figure 6.15: Normalized shear force distribution of the 10-storey building with plan “A”,

R¢=3, Site Class B.
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Figure 6.16: Normalized shear force distribution of the 8-storey building with plan “A”,

R¢=3, Site Class B.

The current study also presents the finding when a building with smaller floor area labelled
plan “B”, corresponding to L/B = 2, is investigated under the earthquake and wind load.
Herein, the 12-storey, 10-storey and 8-storey MD-CBF buildings located in Montreal on
Site Class C (Figure 6.17 to Figure 6.19) and Site Class B (Figure 6.20 to Figure 6.22)

are considered.

96



12-st (E-W), plan “B”, R =3,

Site Class C
12
10
8
>
£ 6
2
5]
4
2
0 o
0 0.2 04 0.6 0.8
Normalized shear force
\% V+T
(VAIN+D)*U2  ==e-- WA
----- WB —===-WC
WD = eee-. (Wmax+N)

12-st (N-S), plan “B”, R =3,

Site Class C
12 1
10
8
>
£6
=
95
4
2
0
0 0.2 0.4 0.6 0.8 1
Normalized shear force
\% V4T
(VIN+T)*U2 ====- WA
----- WB —e==-WC
WD eee=. (Wmax-+N)

Figure 6.17: Normalized shear force distribution of the 12-storey building with plan “B”,

R4=3, Site Class C.
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Figure 6.18: Normalized shear force distribution of the 10-storey building with plan “B”,

R¢=3, Site Class C.
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Figure 6.19: Normalized shear force distribution of the 8-storey building with plan “B”,

R¢=3, Site Class C.
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Figure 6.20: Normalized shear force distribution of the 12-storey building with plan “B”

R4¢=3, Site Class B.
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Figure 6.21: Normalized shear force distribution of the 10-storey building with plan “B”,

R¢=3, Site Class B.
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Figure 6.22: Normalized shear force distribution of the 8-storey building with plan “B”,

R¢=3, Site Class B.
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As illustrated in Figure 6.17 and Figure 6.18, the ratio of normalized shear caused by wind
loads is larger than that resulted from earthquake design in most of the floors. However,
the ratio is smaller than 1.0. The same conclusions are also true for the 10-storey building
located on Site Class B and illustrated in Figure 6.21. The most critical case is the 12-
storey building located on Site Class B (Figure 6.20) where the ratios are greater than 1 at
the bottom four floors. However, in the cases presented above, the normalized storey shear
force of a CBF with tension-compression braces to the horizontal projection of braces’
compressive and tensile resistances is not significant in the inelastic range after the buckled
braces lost their compression strength. Therefore, although the ratio is higher than 1, no
conclusions can be made about adjusting the cross-section of braces. This matter is

discussed in detail in the following section.
6.2.2. Shear Distributions Normalized to Braces’ Compressive Resistance

When ductility is considered in design and braces are sized to behave in tension-
compression, they should comply to the following criteria: Cr < C, and T < T,where C¢
and Tf are the factored compressive and tensile forces, respectively triggered in braces.
However, only the former is critical to the brace design. In this section, the shear force
resulted from earthquake design and wind load cases is normalized to the horizontal

projection of 2XC, as follows:

V (6-2)
2C.cosa

The earthquake shears are presented separately in terms of V,;; then Vy plus shear due to

notional lateral load, torsion and P-A as (V; + N) XU, and (Vd + T + N)XU,. Only the
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normalized shear due to wind load Cases A and B are provided as they are dominant wind
load cases. Braces are required to behave in elastic range under wind load, therefore, when
the ratio of normalized shear force is greater than 1, the corresponding brace’s cross-section

needs to be increased.

Figure 6.23 to Figure 6.27 show the comparisons between the normalized shear resulted
from earthquake and wind loads for the 12-storey, 10-storey, 8-storey, 6-storey and 4-
storey building with plan “A”, R; = 2, on Site Class C. In E-W direction, the earthquake
load governs the design. In N-S direction, wind-induced shear has approached that from
earthquake load in the 1* floor of the 12-storey building. However, no changes in brace
cross-sections are required to assure elastic behaviour under wind loads as in all cases, the

ratio is smaller than 1.
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Figure 6.23: Normalized shear force distribution of the 12-storey building with plan “A”,

R¢=2, Site Class C.
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Figure 6.24: Normalized shear force distribution of the 10-storey building with plan “A”,

R¢=2, Site Class C.
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Figure 6.25: Normalized shear force distribution of the 8-storey building with plan “A”,

R¢=2, Site Class C.
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Figure 6.26: Normalized shear force distribution of the 6-storey building with plan “A”,
R¢=2, Site Class C.
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Figure 6.27: Normalized shear force distribution of the 4-storey building with plan “A”,
R¢=2, Site Class C.

The same 12-storey, 10-storey, 8-storey, 6-storey and 4-storey buildings with moderately

ductile CBF (R; = 3) are considered and the normalized shear along the building height is
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showed in Figure 6.28 to Figure 6.32. In general, the wind demand increases comparing
to that of earthquake. However, no adjustment in brace sizes is needed for MD-CBF located
in E-W direction. For the N-S direction, the size of ground floor braces of the 12-storey
and 10-storey building need to be increased to assure elastic response under the wind load

(Figure 6.28 and Figure 6.29).
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Figure 6.28: Normalized shear force distribution of the 12-storey building with plan “A”,

R¢=3, Site Class C.
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Figure 6.29: Normalized shear force distribution of the 10-storey building with plan “A”,

R4=3, Site Class C.
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Figure 6.30: Normalized shear force distribution of the 8-storey building with plan “A”

R¢=3, Site Class C.
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Figure 6.31: Normalized shear force distribution of the 6-storey building with plan “A”,
R4=3, Site Class C.
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Figure 6.32: Normalized shear force distribution of the 4-storey building with plan “A”,
R¢=3, Site Class C.

The normalized shear force distribution of the 12-storey, 10-storey and 8-storey buildings

with plan “A”, R; = 2, located on Site Class B are exhibited in Figure 6.33, Figure 6.34

106



and Figure 6.35. The wind demand increases compared to the previous cases. Again, the
braces of LD-CBF in E-W direction behave in elastic range when subjected to wind load.
However, braces in the five bottom floors of the 12-storey buildings and three bottom
storeys of thel0-storey buildings, in N-S direction, need to be substantially increased to

behave elastically under the wind load.
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Figure 6.33: Normalized shear force distribution of the 12-storey building with plan “A”

R¢=2, Site Class B.
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Figure 6.34: Normalized shear force distribution of the 10-storey building with plan “A”,

R¢=2, Site Class B.
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Figure 6.35: Normalized shear force distribution of the 8-storey building with plan “A”,

R¢=2, Site Class B.

Figure 6.36 to Figure 6.38 show the normalized shear distribution of the 12-storey, 10-

storey and 8-storey buildings with plan “A”, R; = 3, located on Site Class B. As illustrated
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in Figure 6.36, brace cross-sections of all floors but three top floors of the 12-storey
building (N-S) need to be increased due to wind load demand. Great attentions should be
given to bottom floor where wind load is almost double than the brace’s compressive
resistance. In the case of 10-storey building, in N-S direction, excepting the top three floors,
the brace sizes of all bottom floor levels need to be increased (Figure 6.37). For the 8-

storey building (N-S direction) only the brace of the 1% storey should be slightly increased.

12-st (E-W), plan “A”, R;=3, 12-st (N-S), plan “A”, R =3,
Site Class B Site Class B
12 — 12 :
L L | i ,
=l :
10 . [ | 10 i '
8 - -
> L, [ > 8 H
1) l 15) H
5 6 h I 5 6 et
2 : & L -
4 ki 4 o
2 '} { ) ..;'
=1 © C———
0 ! I 0 I :
0 0.2 0.4 0.6 0.8 1 0 02040608 1 121416 18 2
Normalized shear force Normalized shear force
(VIN)*U2 === (WA+N) (VAN)*U2  ====- (WA+N)
(V+N+T)*U2 (WB+N) (VHN+T)*U2 (WB+N)

Figure 6.36: Normalized shear force distribution of the 12-storey building with plan “A”,

R4=3, Site Class B.
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Figure 6.37: Normalized shear force distribution of the 10-storey building with plan “A”,

R¢=3, Site Class B.
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Figure 6.38: Normalized shear force distribution of the 8-storey building with plan “A”,

R¢=3, Site Class B.
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The normalized shear distribution of the 12-, 10- and 8-storey buildings with plan “B”,
R4 = 3, on Site Class C are illustrated in Figure 6.39 to Figure 6.41 and that resulted from

the same buildings located on Site Class B is given in Figure 6.42 to Figure 6.44.
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Figure 6.39: Normalized shear force distribution of the 12-storey building with plan “B”

R¢=3, Site Class C.
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Figure 6.40: Normalized shear force distribution of the 10-storey building with plan “B”,

R4=3, Site Class C.
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Figure 6.41: Normalized shear force distribution of the 8-storey building with plan “B”,

R¢=3, Site Class C.
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Figure 6.42: Normalized shear force distribution of the 12-storey building with plan “B”,

R¢=3, Site Class B.
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Figure 6.43: Normalized shear force distribution of the 10-storey building with plan “B”

R¢=3, Site Class B.

113

2



8-st (E-W), plan “B”, R =3, 8-st (N-S), plan “B”, R;=3,
Site Class B 8 7'Site Class B

8 —
! I ,
| =
6 !.-.' E 6 L
' _—
1y H g>f :
54 - c4 -
ﬁ ] wn !
- 11
'
2 = 2 'S
LI ! -
0 : 0 ]
0 0.2 04 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 1.2
Normalized shear force Normalized shear force
(VAIN)*¥U2 ===-—- (WA+N) (VAIN)*¥U2 —===-—- (WA+N)
(VANT)*U2 (WB+N) (VAN+T)*U2 (WB+N)

Figure 6.44: Normalized shear force distribution of the 8-storey building with plan “B”,
R¢=3, Site Class B.

In these figures (Figure 6.39 to Figure 6.44), there is no brace modifications needed in E-
W direction. In N-S direction, in the case of 12- and 10-storey buildings, the bottom floor
braces require larger size to behave elastically under wind load. The braces of the §-storey
building (N-S) respond adequately for both earthquake and wind loads. The trend observed
for these buildings is more pronounced when they are located on Site Class B.
Modifications of brace sizes at bottom floors are only required for 12-storey and 10-storey
CBFs placed in N-S direction. The most critical case are the braces of the 1% floor where
the wind-induced demand requires brace sizes double than brace’s compression resistance

resulted from earthquake design.
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6.3. DEFLECTION VERIFICATION UNDER EARTHQUAKE AND WIND

LOADS

After the strength criterion was verified, the verification of serviceability limit state,
expressed in terms of interstorey drift, is discussed herein. According to NBCC 2015,
buildings with ordinary occupancy type are restricted to interstorey drift less than 2.5%h,
where hg is the storey height, when subjected to earthquake load. Meanwhile, the
interstorey drift deflection under wind load is limited to hy/500. However, depending on
the facade’s material, this limit can decrease to hg/400 or 0.25%hg. As a result, the
acceptable lateral deflection is 10 times lower in the case of wind action than earthquake
action. It is noted that the importance factor for wind load, I, for serviceability limit state
is 0.75. All interstorey drift values resulted from ETABS output for earthquake design were

multiplied by R4R, /I to take into account the inelastic action.

In the following figures (Figure 6.45 to Figure 6.48), the identification of studied
buildings is abbreviated as follow: the type of load considered (e.g. wind or earthquake),
storey number, plan type, Site Class, type of CBF’s ductility level (e.g. Rq =2 or Rq = 3)
and the direction of loading. For example, the notation provided in the legend of Figure
6.45 (e.g. W,12-A-C-2,W-E) means the wind-induced interstorey drifts on the 12-storey
building with plan “A” located on Site Class C, which has LD-CBF (R; = 2) as lateral
load resisting system and the direction of loading is W-E.

The interstorey drift along the building height resulted under wind and earthquake loads
for the 12-storey buildings in both E-W and N-S directions is illustrated in Figure 6.45. As

shown in the figure, the peak interstorey drifts under earthquake load is about 1.6%hg (N-
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S direction) and 1.0%h, (E-W direction). These interstorey drift values resulted for the 12-
storey MD-CBF building with plan “A”, located on Site Class B. Under wind loads, all 12-
storey buildings yield the interstorey drifts that exceed the code limit in N-S direction by
20% to 40%. In the E-W direction, in all cases, the interstorey drift under wind load is

within the code limit of 0.25%h.

The interstorey drift for the 10-storey buildings is depicted in Figure 6.46, for the 8-storey
buildings in Figure 6.47 and for the 6- and 4-storey buildings in Figure 6.48. Except for
two 10-storey MD-CBF buildings with plan “B” on Site Class B and Site Class C, where
wind-induced interstorey drift exceeds the code limit in the middle floors, for all other
buildings, the interstorey drift under both wind and earthquake load is within the code limit.

As expected, the interstorey drift is larger in the N-S direction than in the E-W direction.

To summarize, buildings that are taller than 10 storeys, have smaller width-to-length ratio
and possess higher ductility tend to exhibit higher interstorey drifts. Taller steel buildings
are more flexible than low-rise buildings and undergo higher interstorey drift. Further,
wind-induced interstorey drift is very critical for the 12-storey buildings, especially in the
N-S direction, where the deflection criterion under wind load is not satisfied. For example,
as shown in Figure 6.23, the CBF braces of 12-storey LD-CBF building with plan “A”, on
Site Class C, pass the strength criterion. However, the drift criterion under wind load is not
satisfied and the stiffness of brace members has to increase at almost all floors. Designers
should be aware of verifying both strength and serviceability criteria when designing steel

braced frames in seismic areas and verifying them against wind load.
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Figure 6.45: Wind- and earthquake-induced interstorey drifts of 12-storey buildings.
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Figure 6.46: Wind- and earthquake-induced interstorey drifts of 10-storey buildings.
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Figure 6.47: Wind- and earthquake-induced interstorey drifts of 8-storey buildings.
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Figure 6.48: Wind- and earthquake-induced interstorey drifts of 4- and 6-storey buildings.
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Chapter 7

CONCLUSIONS AND FUTURE WORK

7.1. CONCLUSIONS

The current thesis has examined the differences between wind- and earthquake-induced
shear and torsion in low-rise and medium-rise buildings.

In this study, there were 22 steel buildings selected with heights ranging from 14.8 m (4-
storey low-rise building) to 43.6 m (12-storey medium-rise building). The impact from
building configurations was investigated by considering two width-to-length ratios: 1:4
(labelled plan “A”) and 1:2 (labelled plan “B”). Thus, the first set of buildings with plan
“A” comprises five buildings: 4-storey, 6-storey, 8-storey, 10-storey and 12-storey. The
second set of buildings with plan “B” comprises only medium-rise buildings with 8, 10,
and 12 storeys. In addition, two types of ductility levels were selected for concentrically
braced frames: Rs= 2 and Rs =3 together with two types of geotechnical profiles: Site Class
C (firm soil) and Site Class B (rock).

Firstly, all buildings studied herein are designed to resist earthquake loads. The notional
lateral loads, the torsion caused by accidental eccentricity and P-A effects are also
considered in design. According to the NBCC provisions, all buildings are analyzed using

the Equivalent Static Force Procedure and the Dynamic Analysis Procedure. The capacity
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design method is applied for earthquake design. The structural irregularities were verified

and all buildings are regular.

Accidental torsion, lateral notional load and P-A effects increase significantly the lateral
load demand in braced frames. As an example, in the case of 12-storey LD-CBF building
with plan “A” corresponding to length-to-width ratio 4:1 and located on Site Class C, the
shear due to accidental torsion increases about 150% and that including notional lateral
load, torsional and P-A effects increases about 210%. Shear caused by these effects is

reduced when the building’s length-to-width ratio decreases to 2:1.

Secondly, all low-rise and medium-rise steel buildings designed to resist earthquake loads
were verified against wind load.

Regarding the wind loading provisions given in NBCC 2015, some ambiguities were
found. It is concluded that, when partial wind loading Cases B and D are considered, the
maximum torsion can be obtained on medium-rise buildings when deducting the wind
pressures on half the building faces. When the same method is applied to low-rise
buildings, wind-induced torsion, which are underestimated significantly in the current
NBCC provisions, has been improved. However, the adequacy of wind-induced calculation
for low-rise buildings can be improved further by implementing the provisions of
ASCE/SEI 7-10.

The appropriate wind computing procedure plays an important role on determining wind
loads. For example, comparing between the dynamic procedure versus the static procedure
when computing the wind load on the larger facade of the 12-storey LD-CBF building with

plan “A” on Site Class C, the former increases the wind force demand by 140%.
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The comparison between shear provided by wind loads and earthquake loads has shown
that building’s configuration, ductility, location, geotechnical profile and loading direction
have strong impacts on the design of braced frames proportioned to respond in the elastic
range under wind load and in the inelastic range under earthquake load. Following are the

conclusions yielded:

e The wind demand may become dominant when applied on the larger facade of steel
braced frame buildings taller than 10 storeys, which possess larger ductility and are
located on stiff soil or rock. In the case that wind load governs the design, earthquake
loads may control the design of upper floor braces.

e The design of low-rise and some medium-rise buildings such as the 4-storey and 6-
storey is governed by the earthquake load. Also, the earthquake load controls the design
of braced frames parallel to the longer building dimension (e.g. the E-W direction).

e For an economic design of medium-rise steel braced frame buildings in Montreal area,
it is suggested that LD-CBF is a better solution in comparison with MD-CBF. When
LD-CBFs are selected to resist lateral loads, brace cross-sections designed for
earthquake loads are able to respond in elastic range to wind load.

e In general, taller buildings with larger ductility level and larger length-to-width ratio
tend to exhibit higher interstorey drifts under wind and earthquake loads. In all cases,
the interstorey drifts under earthquake load are within the code limit. When wind
applies perpendicular to the larger facade of the 12-storey MD-CBF building, it
generates larger interstorey drifts, which exceed the code limit of 1/400 storey height.

The exceedance found is approximately 30% to 40%. Therefore, in some cases, even
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when the braces strength is adequate under wind and earthquake load, their stiffness
need to be increased in order to satisfy the deflection criterion for wind loading.

e Therefore, special attention should be given to wind design when verifying both
strength and serviceability criteria. Significant increases of braces cross-sections may
be required when these braces were designed to respond in inelastic range under

earthquake load.

7.2. FUTURE WORK

The current study only focuses on buildings with two different length-to-width ratios and
two ductility levels of selected braced frame. It is believed that selecting other building sets
with a variety of plan configurations, taller heights and different LFRSs, more valuable
results can be witnessed. Also, it is recommended that more locations in Canada to be
selected in order to study the effects of wind versus earthquake load and to conclude which

one of the two lateral loads governs the members design.

In terms of wind loads, although this thesis has recommended and applied the methodology
to tackle the issues existed in NBCC 2015, it is strongly believed that if the wind tunnel

test results are applied, more reliable comparisons can be obtained.
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SUMMARY OF CBF DESIGNS OF STUDIED BUILDINGS

APPENDIX A

1. MEMBER CROSS-SECTIONS OF CBF OF STUDIED BUILDINGS

Table A.1: LD-CBF member cross-sections of the 10-st building, plan A, Site Class C.

E-W direction

N-S direction

Storey Braces Beams Columns Braces Beams Columns
10 HSS114.3X114.3X6.4 W460X74 W310X60 HSS114.3X114.3X7.9 W460X106 W310X60
9 HSS114.3X114.3X9.5 W460X128 W310X60 HSS139.7X139.7X7.9 W460X144 W310X60
8 HSS114.3X114.3X9.5 W460X144 W310X97 HSS139.7X139.7X9.5 W460X144 W310X117
7 HSS139.7X139.7X7.9 W460X82 W310X97 HSS152.4X152.4X9.5 W460X144 W310X117
6 HSS139.7X139.7X9.5 W460X128 W310X179 HSS152.4X152.4X9.5 W530X150 W310X226
5 HSS152.4X152.4X9.5 W460X82 W310X179 HSS177.8X177.8X9.5 W460X128 W310X226
4 HSS152.4X152.4X9.5 W460X128 W310X283 HSS177.8X177.8X9.5 W530X165 W360X347
3 HSS152.4X152.4X9.5 W460X82 W310X283 HSS177.8X177.8X9.5 W460X82 W360X347
2 HSS152.4X152.4X9.5 W460X144 W310X415 HSS177.8X177.8X9.5 W530X165 W360X509
1 HSS152.4X152.4X12.7 W460X82 W310X415 HSS177.8X177.8X12.7 W460X144 W360X509
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Table A.2: LD-CBF member cross-sections of the 8-st building, plan A, Site Class C.

E-W direction

N-S direction

Storey Braces Beams Columns Braces Beams Columns
8 HSS114.3X114.3X6.4 W460X74 W310X60 HSS114.3X114.3X7.9 W460X106 W310X60
7 HSS139.7X139.7X6.4 W460X128 W310X60 HSS139.7X139.7X9.5 W460X144 W310X60
6 HSS139.7X139.7X7.9 W460X128 W310X107 HSS152.4X152.4X7.9 W460X144 W310X129
5 HSS139.7X139.7X9.5 W460X82 W310X107 HSS152.4X152.4X12.7 W460X128 W310X129
4 HSS152.4X152.4X9.5 W460X128 W310X226 HSS152.4X152.4X12.7 W530X150 W310X253
3 HSS152.4X152.4X9.5 W460X82 W310X226 HSS177.8X177.8X9.5 W460X128 W310X253
2 HSS152.4X152.4X9.5 W460X128 W310X313 HSS177.8X177.8X9.5 W530X165 W310X415
1 HSS152.4X152.4X12.7 W460X82 W310X313 HSS177.8X177.8X12.7 W460X89 W310X415
Table A.3: LD-CBF member cross-sections of the 6-st building, plan A, Site Class C.
E-W direction N-S direction
Storey
Braces Beams Columns Braces Beams Columns
6 HSS114.3X114.3X6.4 W460X74 W310X60 HSS114.3X114.3X9.5 W460X128 W310X60
5 HSS114.3X114.3X12.7 W460X128 W310X60 HSS152.4X152.4X9.5 W530X150 W310X60
4 HSS139.7X139.7X7.9  W460X128 W310X117 HSS152.4X152.4X9.5 W460X144 W310X143
3 HSS152.4X152.4X7.9 W460X128 W310X117 HSS177.8X177.8X9.5 W460X128 W310X143
2 HSS152.4X152.4X7.9 W460X128 W310X226 HSS177.8X177.8X9.5 W530X150 W310X283
1 HSS177.8X177.8X7.9 W460X82 W310X226 HSS177.8X177.8X12.7 W460X128 W310X283
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Table A.4: LD-CBF member cross-sections of the 4-st building, plan A, Site Class C.

E-W direction

N-S direction

Storey Braces Beams Columns Braces Beams Columns
4 HSS114.3X114.3X9.5 W460X106 W310X60 HSS139.7X139.7X7.9 W460X128 W310X67
3 HSS152.4X152.4X7.9 W460X128 W310X60 HSS177.8X177.8X9.5 W530X165 W310X67
2 HSS152.4X152.4X9.5 W460X128 W310X143 HSS177.8X177.8X9.5 W530X150 W310X179
1 HSS177.8X177.8X9.5 W460X128 W310X143 HSS203.2X203.2X9.5 W460X128 W310X179
Table A.5: MD-CBF member cross-sections of the 12-st building, plan A, Site Class C.
E-W direction N-S direction
Storey
Braces Beams Columns Braces Beams Columns
12 HSS88.9X88.9X7.9 W460X74 W310X60 HSS114.3X114.3X6.4 W460X106 W310X60
11 HSS114.3X114.3X6.4 W460X82 W310X60 HSS114.3X114.3X9.5 W460X144 W310X60
10 HSS114.3X114.3X6.4 W460X128 W310X97 HSS114.3X114.3X9.5 W460X144 W310X117
9 HSS114.3X114.3X9.5 W460X106 W310X97 HSS139.7X139.7X9.5 W460X106 W310X117
8 HSS114.3X114.3X9.5 W460X128 W310X179 HSS139.7X139.7X9.5 W460X144 W310X226
7 HSS114.3X114.3X12.7 W460X74 W310X179 HSS152.4X152.4X9.5 W460X82 W310X226
6 HSS139.7X139.7X7.9 W460X128 W310X283 HSS152.4X152.4X9.5 W460X144 W360X347
5 HSS139.7X139.7X9.5 W460X74 W310X283 HSS152.4X152.4X12.7 W460X106 W360X347
4 HSS139.7X139.7X9.5 W460X128 W360X382 HSS152.4X152.4X12.7 W460X158 W360X509
3 HSS139.7X139.7X9.5 W460X74 W360X382 HSS152.4X152.4X12.7 W460X82 W360X509
2 HSS139.7X139.7X9.5 W460X128 W360X509 HSS152.4X152.4X12.7 W460X158 W360X592
1 HSS152.4X152.4X9.5 W460X82 W360X509 HSS177.8X177.8X9.5 W460X128 W360X592
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Table A.6: MD-CBF member cross-sections of the 10-st building, plan A, Site Class C.

Storey

E-W direction

N-S direction

Braces Beams Columns Braces Beams Columns
10 HSS88.9X88.9X7.9 W460X74 W310X60 HSS114.3X114.3X6.4 W460X106 W310X60
9 HSS114.3X114.3X6.4 W460X106 W310X60 HSS114.3X114.3X12.7 W460X144 W310X60
8 HSS114.3X114.3X7.9 W460X128 W310X107 HSS114.3X114.3X12.7 W460X144 W310X129
7 HSS114.3X114.3X9.5 W460X106 W310X107 HSS139.7X139.7X9.5 W460X106 W310X129
6 HSS114.3X114.3X12.7 W460X128 W310X202 HSS152.4X152.4X7.9 W460X144 W310X253
5 HSS139.7X139.7X7.9 W460X74 W310X202 HSS152.4X152.4X9.5 W460X106 W310X253
4 HSS139.7X139.7X7.9 W460X128 W310X283 HSS152.4X152.4X9.5 W460X144 W360X347
3 HSS139.7X139.7X9.5 W460X74 W310X283 HSS152.4X152.4X12.7 W460X82 W360X347
2 HSS139.7X139.7X9.5 W460X128 W310X415 HSS152.4X152.4X12.7 W460X158 W360X509
1 HSS152.4X152.4X9.5 W460X74 W310X415 HSS152.4X152.4X12.7 W460X106 W360X509
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Table A.7: MD-CBF member cross-sections of the 8-st building, plan A, Site Class C.

Storey

E-W direction

N-S direction

Braces Beams Columns Braces Beams Columns
8 HSS88.9X88.9X7.9 W460X74  W310X60 HSS114.3X114.3X6.4 W460X106 W310X60
7 HSS114.3X114.3X7.9 W460X106 W310X60 HSS139.7X139.7X7.9 W460X144 W310X60
6 HSS114.3X114.3X9.5 W460X128 W310X107 HSS139.7X139.7X7.9 W460X144 W310X143
5 HSS114.3X114.3X12.7 W460X74 W310X107 HSS152.4X152.4X9.5 W460X128 W310X143
4 HSS139.7X139.7X7.9 W460X128 W310X226 HSS152.4X152.4X9.5 W460X144 W310X253
3 HSS139.7X139.7X9.5 W460X74 W310X226 HSS177.8X177.8X7.9 W460X89 W310X253
2 HSS139.7X139.7X9.5 W460X128 W310X342 HSS177.8X177.8X7.9 W460X144 W310X415
1 HSS152.4X152.4X9.5 W460X74 W310X342 HSS177.8X177.8X9.5 W460X89 W310X415

Table A.8: MD-CBF member cross-sections of the 6-st building, plan A, Site Class C.
E-W direction N-S direction
Storey

Braces Beams Columns Braces Beams Columns
6 HSS114.3X114.3X6.4 W460X74 W310X60 HSS114.3X114.3X6.4 W460X106 W310X60
5 HSS114.3X114.3X9.5 W460X128 W310X60 HSS139.7X139.7X7.9 W460X144 W310X60
4 HSS114.3X114.3X9.5 W460X128 W310X117 HSS139.7X139.7X7.9 W460X128 W310X143
3 HSS139.7X139.7X7.9 W460X74 W310X117 HSS152.4X152.4X9.5 W460X128 W310X143
2 HSS139.7X139.7X7.9 W460X128 W310X226 HSS152.4X152.4X9.5 W460X144 W310X283
1 HSS152.4X152.4X7.9 W460X74 W310X226 HSS152.4X152.4X12.7 W460X106 W310X283
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Table A.9: MD-CBF member cross-sections of the 4-st building, plan A, Site Class C.

Storey

E-W direction

N-S direction

Braces Beams Columns Braces Beams Columns
4 HSS114.3X114.3X6.4 W460X82 W310X60 HSS114.3X114.3X7.9 W460X106 W310X67
3 HSS114.3X114.3X9.5 W460X128 W310X60 HSS139.7X139.7X9.5 W530X165 W310X67
2 HSS114.3X114.3X12.7 W460X128 W310X143 HSS152.4X152.4X7.9 W530X150 W310X179
1 HSS139.7X139.7X9.5 W460X128 W310X143 HSS177.8X177.8X7.9 W460X128 W310X179
Table A.10: LD-CBF member cross-sections of the 12-st building, plan A, Site Class B.
E-W direction N-S direction
Storey
Braces Beams Columns Braces Beams Columns
12 HSS88.9X88.9X7.9 W460X74 W200X46.1 HSS114.3X114.3X6.4 W460X97 W310X60
11 HSS114.3X114.3X6.4 W460X74 W200X46.1 HSS114.3X114.3X12.7 W460X144 W310X60
10 HSS114.3X114.3X6.4 W460X128 W310X86  HSS114.3X114.3X12.7 W460X128 W310X97
9 HSS114.3X114.3X9.5 W460X128 W310X86  HSS139.7X139.7X9.5 W460X144 W310X97
8 HSS114.3X114.3X12.7 W460X128 W310X158 HSS139.7X139.7X9.5 W460X144 W310X179
7 HSS114.3X114.3X12.7 W460X74 W310X158 HSS152.4X152.4X9.5 W460X82 W310X179
6 HSS114.3X114.3X12.7 W460X128 W310X226 HSS152.4X152.4X9.5 W460X158 W310X283
5 HSS139.7X139.7X7.9 W460X74 W310X226 HSS152.4X152.4X9.5 W460X128 W310X283
4 HSS139.7X139.7X7.9 W460X128 W310X283 HSS152.4X152.4X9.5 W530X150 W310X375
3 HSS152.4X152.4X7.9 W460X74 W310X283 HSS152.4X152.4X12.7 W460X82 W310X375
2 HSS152.4X152.4X7.9 W460X128 W310X415 HSS152.4X152.4X12.7 W460X144 W360X463
1 HSS152.4X152.4X9.5 W460X82 W310X415 HSS177.8X177.8X9.5 W460X97 W360X463
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Table A.11: LD-CBF member cross-sections of the 10-st building, plan A, Site Class B.

Storey

E-W direction

N-S direction

Braces Beams Columns Braces Beams Columns
10 HSS88.9X88.9X7.9 W460X74 W200X46.1 HSS114.3X114.3X4.8 W460X89 W200X46.1
9 HSS114.3X114.3X6.4 W460X82 W200X46.1 HSS139.7X139.7X6.4 W460X144 W200X46.1
8 HSS114.3X114.3X6.4 W460X128 W310X86  HSS139.7X139.7X6.4 W460X128 W310X107
7 HSS114.3X114.3X9.5 W460X128 W310X86  HSS139.7X139.7X9.5 W460X144 W310X107
6 HSS114.3X114.3X9.5 W460X128 W310X158 HSS139.7X139.7X9.5 W460X144 W310X179
5 HSS139.7X139.7X7.9 W460X82 W310X158 HSS152.4X152.4X9.5 W460X89 W310X179
4 HSS139.7X139.7X7.9 W460X128 W310X226 HSS152.4X152.4X7.9 W460X158 W310X283
3 HSS139.7X139.7X7.9 W460X82 W310X226 HSS152.4X152.4X9.5 W460X128 W310X283
2 HSS139.7X139.7X7.9 W460X128 W310X342 HSS152.4X152.4X9.5 W530X165 W310X375
1 HSS152.4X152.4X7.9 W460X82 W310X342 HSS152.4X152.4X12.7 W460X89 W310X375
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Table A.12: LD-CBF member cross-sections of the 8-st building, plan A, Site Class B.

Storey

E-W direction

N-S direction

Braces Beams Columns Braces Beams Columns
8 HSS88.9X88.9X7.9 W460X74 W200X46.1 HSS114.3X114.3X6.4 W460X106 W200X46.1
7 HSS114.3X114.3X7.9 W460X106 W200X46.1 HSS114.3X114.3X12.7 W460X144 W200X46.1
6 HSS114.3X114.3X7.9 W460X128 W310X97  HSS114.3X114.3X12.7 W460X144 W310X107
5 HSS114.3X114.3X12.7 W460X97 W310X97  HSS152.4X152.4X7.9 W460X128 W310X107
4 HSS114.3X114.3X12.7 W460X128 W310X158 HSS152.4X152.4X7.9 W530X150 W310X202
3 HSS139.7X139.7X7.9 W460X82 W310X158 HSS152.4X152.4X9.5 W460X128 W310X202
2 HSS139.7X139.7X7.9 W460X128 W310X253 HSS152.4X152.4X9.5 W530X165 W310X313
1 HSS139.7X139.7X9.5 W460X97 W310X253 HSS152.4X152.4X12.7 W460X89 W310X313
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Table A.13: MD-CBF member cross-sections of the 12-st building, plan A, Site Class B.

Storey

E-W direction

N-S direction

Braces Beams Columns Braces Beams Columns
12 HSS76.2X76.2X9.5 W460X74 W310X60 HSS88.9X88.9X7.9 W460X106 W310X60
11 HSS88.9X88.9X9.5 W460X74 W310X60 HSS114.3X114.3X7.9 W460X144 W310X60
10 HSS114.3X114.3X6.4 W460X128 W310X97 HSS114.3X114.3X7.9 W460X144 W310X107
9 HSS114.3X114.3X6.4 W460X82 W310X97 HSS114.3X114.3X12.7 W460X82 W310X107
8 HSS114.3X114.3X7.9 W460X128 W310X158 HSS114.3X114.3X12.7 W460X144 W310X202
7 HSS114.3X114.3X9.5 W460X82 W310X158 HSS139.7X139.7X9.5 W460X89 W310X202
6 HSS114.3X114.3X9.5 W460X128 W310X253 HSS139.7X139.7X9.5 W460X144 W310X313
5 HSS114.3X114.3X12.7 W460X74 W310X253 HSS152.4X152.4X7.9 W460X82 W310X313
4 HSS114.3X114.3X12.7 W460X128 W310X342 HSS152.4X152.4X7.9 W460X158 W310X454
3 HSS139.7X139.7X7.9 W460X74 W310X342 HSS152.4X152.4X9.5 W460X82 W310X454
2 HSS139.7X139.7X7.9 W460X128 W310X454 HSS152.4X152.4X9.5 W460X158 W360X509
1 HSS139.7X139.7X9.5 W460X89 W310X454 HSS152.4X152.4X9.5 W460X128 W360X509
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Table A.14: MD-CBF member cross-sections of the 10-st building, plan A, Site Class B.

Storey

E-W direction

N-S direction

Braces Beams Columns Braces Beams Columns
10 HSS76.2X76.2X7.9 W460X74 W200X46.1 HSS88.9X88.9X7.9 W460X106 W200X46.1
9 HSS88.9X88.9X9.5 W460X82  W200X46.1 HSS114.3X114.3X7.9 W460X144 W200X46.1
8 HSS114.3X114.3X6.4 W460X128 W310X97  HSS114.3X114.3X7.9 W460X144 W310X107
7 HSS114.3X114.3X6.4 W460X82 W310X97  HSS114.3X114.3X12.7 W460X82 W310X107
6 HSS114.3X114.3X7.9 W460X128 W310X158 HSS114.3X114.3X12.7 W460X144 W310X202
5 HSS114.3X114.3X9.5 W460X82 W310X158 HSS139.7X139.7X7.9 W460X106 W310X202
4 HSS114.3X114.3X9.5 W460X128 W310X253 HSS139.7X139.7X7.9 W460X144 W310X313
3 HSS114.3X114.3X12.7 W460X74 W310X253 HSS139.7X139.7X9.5 W460X82 W310X313
2 HSS114.3X114.3X12.7 W460X128 W310X342 HSS139.7X139.7X9.5 W460X144 W310X415
1 HSS139.7X139.7X7.9 W460X74 W310X342 HSS152.4X152.4X9.5 W460X82 W310X415
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Table A.15: MD-CBF member cross-sections of the 8-st building, plan A, Site Class B.

Storey

E-W direction

N-S direction

Braces Beams Columns Braces Beams Columns
8 HSS76.2X76.2X9.5 W460X74 W200X46.1 HSS88.9X88.9X7.9 W460X106 W200X46.1
7 HSS114.3X114.3X6.4 W460X82 W200X46.1 HSS114.3X114.3X9.5 W460X144 W200X46.1
6 HSS114.3X114.3X6.4 W460X128 W310X97  HSS114.3X114.3X9.5 W460X144 W310X107
5 HSS114.3X114.3X9.5 W460X128 W310X97  HSS139.7X139.7X7.9 W460X82 W310X107
4 HSS114.3X114.3X9.5 W460X128 W310X179 HSS139.7X139.7X7.9 W460X144 W310X202
3 HSS114.3X114.3X12.7 W460X82 W310X179 HSS139.7X139.7X9.5 W460X89 W310X202
2 HSS114.3X114.3X12.7 W460X128 W310X253 HSS139.7X139.7X9.5 W460X144 W310X342
1 HSS139.7X139.7X7.9 W460X74 W310X253 HSS152.4X152.4X9.5 W460X82 W310X342
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Table A.16: MD-CBF member cross-sections of the 12-st building, plan B, Site Class C.

Storey

E-W direction

N-S direction

Braces Beams Columns Braces Beams Columns
12 HSS88.9X88.9X7.9 W460X74 W310X60 HSS88.9X88.9X9.5 W460X106 W310X60
11 HSS114.3X114.3X6.4 W460X82 W310X60 HSS114.3X114.3X9.5 W460X144 W310X60
10 HSS114.3X114.3X7.9 W460X128 W310X97 HSS114.3X114.3X9.5 W460X144 W360X122
9 HSS139.7X139.7X6.4 W460X106 W310X97 HSS139.7X139.7X7.9 W460X106 W360X122
8 HSS139.7X139.7X6.4 W460X128 W310X179 HSS139.7X139.7X7.9 W460X144 W360X196
7 HSS139.7X139.7X7.9 W460X74 W310X179 HSS152.4X152.4X9.5 W460X89 W360X196
6 HSS139.7X139.7X7.9 W460X128 W310X283 HSS152.4X152.4X9.5 W460X144 W360X314
5 HSS139.7X139.7X9.5 W460X74 W310X283 HSS152.4X152.4X9.5 W460X106 W360X314
4 HSS139.7X139.7X9.5 W460X128 W360X382 HSS152.4X152.4X9.5 W460X158 W360X421
3 HSS152.4X152.4X9.5 W460X74 W360X382 HSS152.4X152.4X12.7 W460X82 W360X421
2 HSS152.4X152.4X9.5 W460X128 W360X509 HSS152.4X152.4X12.7 W460X158 W360X551
1 HSS152.4X152.4X9.5 W460X82 W360X509 HSS152.4X152.4X15.9 W460X106 W360X551
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Table A.17: MD-CBF member cross-sections of the 10-st building, plan B, Site Class C.

Storey

E-W direction

N-S direction

Braces Beams Columns Braces Beams Columns
10 HSS88.9X88.9X7.9 W460X74 W360X79 HSS88.9X88.9X9.5 W460X106 W360X79
9 HSS114.3X114.3X7.9 W460X106 W360X79 HSS114.3X114.3X12.7 W460X144 W360X79
8 HSS114.3X114.3X7.9 W460X128 W360X110 HSS114.3X114.3X12.7 W460X144 W360X122
7 HSS114.3X114.3X12.7 W460X106 W360X110 HSS139.7X139.7X9.5 W460X106 W360X122
6 HSS139.7X139.7X7.9 W460X128 W360X196 HSS139.7X139.7X9.5 W460X144 W360X216
5 HSS152.4X152.4X7.9 W460X74 W360X196 HSS152.4X152.4X9.5 W460X106 W360X216
4 HSS152.4X152.4X7.9 W460X128 W360X287 HSS152.4X152.4X9.5 W460X144 W360X347
3 HSS152.4X152.4X7.9 W460X74 W360X287 HSS152.4X152.4X9.5 W460X82 W360X347
2 HSS152.4X152.4X7.9 W460X128 W360X421 HSS152.4X152.4X9.5 W460X158 W360X509
1 HSS152.4X152.4X9.5 W460X74 W360X421 HSS152.4X152.4X12.7 W460X106 W360X509
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Table A.18: MD-CBF member cross-sections of the 8-st building, plan B, Site Class C.

Storey

E-W direction

N-S direction

Braces Beams Columns Braces Beams Columns
8 HSS114.3X114.3X6.4 W460X74 W310X60 HSS114.3X114.3X6.4 W460X106 W360X79
7 HSS114.3X114.3X7.9 W460X106 W310X60 HSS114.3X114.3X12.7 W460X144 W360X79
6 HSS114.3X114.3X9.5 W460X128 W310X107 HSS114.3X114.3X12.7 W460X144 W360X134
5 HSS139.7X139.7X7.9 W460X74 W310X107 HSS139.7X139.7X9.5 W460X128 W360X134
4 HSS139.7X139.7X7.9 W460X128 W310X226 HSS139.7X139.7X9.5 W460X144 W360X216
3 HSS139.7X139.7X9.5 W460X74 W310X226 HSS152.4X152.4X9.5 W460X89 W360X216
2 HSS152.4X152.4X7.9 W460X128 W310X342 HSS152.4X152.4X9.5 W460X144 W360X347
1 HSS152.4X152.4X9.5 W460X74 W310X342 HSS152.4X152.4X12.7 W460X89 W360X347
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Table A.19: MD-CBF member cross-sections of the 12-st building, plan B, Site Class B.

Storey

E-W direction

N-S direction

Braces Beams Columns Braces Beams Columns
12 HSS76.2X76.2X9.5 W460X74 W310X60 HSS76.2X76.2X9.5 W460X106 W310X60
11 HSS114.3X114.3X6.4 W460X74 W310X60 HSS114.3X114.3X7.9 W460X144 W310X60
10 HSS114.3X114.3X6.4 W460X128 W310X86 HSS114.3X114.3X7.9 W460X144 W360X101
9 HSS114.3X114.3X7.9 W460X82 W310X86 HSS114.3X114.3X12.7 W460X82 W360X101
8 HSS114.3X114.3X7.9 W460X128 W310X143 HSS114.3X114.3X12.7 W460X144 W360X162
7 HSS114.3X114.3X12.7 W460X82 W310X143 HSS139.7X139.7X7.9 W460X89 W360X162
6 HSS114.3X114.3X12.7 W460X128 W310X253 HSS139.7X139.7X7.9 W460X144 W360X237
5 HSS114.3X114.3X12.7 W460X74 W310X253 HSS139.7X139.7X9.5 W460X82 W360X237
4 HSS114.3X114.3X12.7 W460X128 W310X342 HSS139.7X139.7X9.5 W460X158 W360X347
3 HSS139.7X139.7X7.9 W460X74 W310X342 HSS139.7X139.7X9.5 W460X82 W360X347
2 HSS139.7X139.7X7.9 W460X128 W310X454 HSS139.7X139.7X9.5 W460X158 W360X463
1 HSS139.7X139.7X9.5 W460X89 W310X454 HSS152.4X152.4X9.5 W460X128 W360X463
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Table A.20: MD-CBF member cross-sections of the 10-st building, plan B, Site Class B.

Storey

E-W direction

N-S direction

Braces Beams Columns Braces Beams Columns
10 HSS76.2X76.2X9.5 W460X74 W200X46.1 HSS88.9X88.9X6.4 W460X106 W200X46.1
9 HSS114.3X114.3X6.4 W460X82 W200X46.1 HSS114.3X114.3X7.9 W460X144 W200X46.1
8 HSS114.3X114.3X6.4 W460X128 W310X86  HSS114.3X114.3X7.9 W460X144 W310X97
7 HSS114.3X114.3X7.9 W460X82 W310X86  HSS114.3X114.3X12.7 W460X82 W310X97
6 HSS114.3X114.3X7.9 W460X128 W310X158 HSS114.3X114.3X12.7 W460X144 W310X179
5 HSS114.3X114.3X12.7 W460X82 W310X158 HSS139.7X139.7X7.9 W460X106 W310X179
4 HSS114.3X114.3X12.7 W460X128 W310X226 HSS139.7X139.7X7.9 W460X144 W310X253
3 HSS139.7X139.7X7.9 W460X74 W310X226 HSS139.7X139.7X9.5 W460X82 W310X253
2 HSS139.7X139.7X7.9 W460X128 W310X342 HSS139.7X139.7X9.5 W460X144 W310X375
1 HSS139.7X139.7X9.5 W460X74 W310X342 HSS152.4X152.4X9.5 W460X82 W310X375
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Table A.21: MD-CBF member cross-sections of the 8-st building, plan B, Site Class B.

E-W direction

N-S direction

Storey Braces Beams Columns Braces Beams Columns
8 HSS76.2X76.2X9.5 W460X74 W200X46.1 HSS88.9X88.9X6.4 W460X106 W200X46.1
7 HSS114.3X114.3X6.4 W460X82 W200X46.1 HSS114.3X114.3X7.9 W460X144 W200X46.1
6 HSS114.3X114.3X6.4 W460X128 W310X97  HSS114.3X114.3X7.9 W460X144 W310X97
5 HSS114.3X114.3X9.5 W460X128 W310X97  HSS114.3X114.3X12.7 W460X82 W310X97
4 HSS114.3X114.3X9.5 W460X128 W310X179 HSS114.3X114.3X12.7 W460X144 W310X179
3 HSS114.3X114.3X12.7 W460X82 W310X179 HSS139.7X139.7X9.5 W460X89 W310X179
2 HSS114.3X114.3X12.7 W460X128 W310X253 HSS139.7X139.7X9.5 W460X144 W310X283
1 HSS139.7X139.7X7.9 W460X74 W310X253 HSS152.4X152.4X7.9 W460X82 W310X283
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2. EARTHQUAKE LOAD DISTRIBUTION AND FUNDAMENTAL PERIODS

FROM DYNAMIC ANALYSIS OF STUDIED BUILDINGS

Dynamic procedure is only required for buildings taller than 60 m and for those with 7; >
2.0 s. However, in this study, the dynamic analysis procedure was considered for all
buildings for comparison purpose.

For the 10-storey LD-CBF building, with plan “A”, on Site Class C, the periods in two
main orthogonal directions are: Tz_y, = 2.04 s and Ty_g = 1.88 s and the distribution of
shear force from the Equivalent Static Force Procedure and the Dynamic Analysis
Procedure is given in Figure A.la. Similarly, for the 8-storey LD-CBF building, the
periods are: Tg_y, = 1.65 s and Ty_g = 1.58 s. The shear distribution is shown in Figure
A.1b.

The periods of the 6-storey LD-CBF building, plan “A”, on Site Class C are: Tg_y, = 1.27
s and Ty_g = 1.14 s and those of the similar 4-storey building are: Tg_y, = 0.797 s and
Ty_s = 0.723 s. The shear distribution of these buildings is shown in Figure A.2a and
Figure A.2b. For these buildings with 77< 2.0 s, dynamic analysis is not required.

The periods of the 12-storey MD-CBF building, plan “A”, on Site Class C are: Tp_y, =

2.76 s and Ty_g = 2.51 s. The shear distribution is presented in Figure A.3.
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Figure A.1: Shear distribution over the building height: a) 10-storey LD-CBF building,

plan “A”, Site Class C, b) 8-storey LD-CBF building, plan “A”, Site Class C.

Shear on the 4-st LD-CBF
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Figure A.2: Shear distribution over the building height: a) 6-storey LD-CBF building, plan

“A”, Site Class C, b) 4-storey LD-CBF building, plan “A”, Site Class C.
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As resulted the shear in the E-W direction should be slightly increased to match 0.8V. The
periods of the 10-storey MD-CBF building, plan “A”, on Site Class C are: Tg_y, = 2.09 s
and Ty_g = 2.03 s. Those for the 8-storey one are: Ty_y, = 1.75 s and Ty_s = 1.63 s.

Shear force distribution of the plan A 12-storey
MD-CBEF building on Site Class C

12
10
5 O —_—V
S 6
o) 0.8V
wn
4 Vd,E-W
2 Vd,N-S
0
0 1000 2000 3000 4000 5000

Shear force (kN)

Figure A.3: Shear distribution over the building height: 12-st MD-CBF building, plan “A”,

Site Class C.

The periods of the 6- and 4-storey buildings are: Ty_y, = 1.27 s; Ty_s = 1.29s; Tp_yy =
0.86 s and Ty _s = 0.77 s, respectively. The shear distribution for these buildings is shown

in Figure A.4a; Figure A.4b; Figure A.5a and Figure A.5b.
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Shear on the 10-st MD-CBF Shear on the 8-st MD-CBF
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Figure A.4: Shear distribution over the building height: a) 10-storey MD-CBF building,

plan “A”, Site Class C, b) 8-storey MD-CBF building, plan “A”, Site Class C.
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Figure A.5: Shear distribution over the building height: a) 6-storey MD-CBF building,

plan “A”, Site Class C, b) 4-storey MD-CBF building, plan “A”, Site Class C.
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The shear in the E-W direction of the 4-st MD-CBF building needs to be slightly increased.
The periods of the 12-storey LD-CBF building, plan “A”, on Site Class B are: Tz_y, =

2.92 sand Ty_g = 2.68 s. Figure A.6 shows the shear distribution of this building.

Shear force distribution of the plan A 12-storey
LD-CBF building on Site Class B
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Figure A.6: Shear distribution over the building height: 12-st LD-CBF building, plan “A”,
Site Class B.

The periods of the 10-storey LD-CBF building, plan “A”, on Site Class B are: Tp_y, =
2.37 sand Ty_g = 2.16 s. Those for the 8-storey building are: Tz_y, = 1.84 s and Ty_s =

1.63 s. The shear distribution of these buildings is shown in Figure A.7a and Figure A.7b.
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building, plan A, Site Class B building, plan A, Site Class B
10 \ 8 <
§ 6
> 6 |—V 5 | =V
g 54
A 4 |——08V 75 —0.8V
Vd,E-W 2 Vd,E-W
Vd,N-S ! Vd,N-S !
0 0
0 2000 4000 6000 0 2000 4000 6000
Shear force (kN) Shear force (kN)
a) b)

Figure A.7: Shear distribution over the building height: a) 10-storey LD-CBF building,

plan “A”, Site Class B, b) 8-storey LD-CBF building, plan “A”, Site Class B.

The periods of the 12-storey MD-CBF building, plan “A”, on Site Class B are: Ty_y, = 2.9

sand Ty_s = 2.62 s. Shear distribution of this building is presented in Figure A.8.

Shear force distribution of the plan “A” 12-
storey MD-CBF building on Site Class B
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Figure A.8: Shear distribution over the building height: 12-storey MD-CBF building, plan

“A”, Site Class B.
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The periods of the 10-storey LD-CBF building, plan “A”, on Site Class B are: Tp_y, =
2.37 s and Ty_s = 2.16 s. The results for the 8-storey building are: Tz_,, = 1.84 s and
Ty_s = 1.63 s. The shear distribution of these buildings is shown in Figure A.9a and
Figure A.9b.

The periods of the plan “A”, 10-storey MD-CBF building on Site Class B are T;_y, = 2.38

sand Ty_g = 2.14 s.

Shear on the 10-st MD-CBF Shear on the 8-st MD-CBF
building, plan A, Site Class B building, plan A, Site Class B
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Figure A.9: Shear distribution over the building height: a) 10-storey MD-CBF building,

plan “A”, Site Class B, b) 8-storey MD-CBF building, plan “A”, Site Class B.

The periods of the 12-storey MD-CBF building, plan “B”, on Site Class C are: Tp_y, =

2.79 s and Ty_g = 2.63 s. Shear distribution of this building is presented in Figure A.10.

The periods of the 10-storey are: Tg_y, = 2.2 s and Ty_g = 2.0 s. The results for the 8-
storey building are: Ty_yy = 1.72 s and Ty_s = 1.63 s. The shear distribution of these

buildings is shown in Figure A.11a and Figure A.11b.
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Shear force distribution of the plan B 12-storey
MD-CBF building on Site Class C
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Figure A.10: Storey shear distribution over the building height: 12-st MD-CBF building,

plan “B”, Site Class C.

The periods of the 12-storey MD-CBF building, plan “B”, on Site Class B are: Tz_y, =
2.92 s and Ty_g = 2.82 s. The periods of the 10-storey are: Tp_y, = 2.45 s and Ty_g =
2.30 s. The results for the 8-storey building are: Tz_y,, = 1.88 s and Ty_g = 1.83 s. The
shear distribution of these buildings is shown in Figure A.12, Figure A.13a and Figure

A.13b.
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Figure A.11: Shear distribution over the building height: a) 10-storey MD-CBF building,
plan “B”, Site Class C, b) 8-storey MD-CBF building, plan “B”, Site Class C.

The periods of the plan “B”, 12-storey MD-CBF building on Site Class B are T;_y, = 2.92
sand Ty_g = 2.82s.

Shear force distribution of the plan B 12-storey
MD-CBF building on Site Class B
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Figure A.12: Shear distribution over the building height: 12-storey MD-CBF building,

plan “B”, Site Class B.
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Shear on the 10-st MD-CBF Shear on the 8-st MD-CBF
building, plan B, Site Class B building, plan B, Site Class B
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Figure A.13: Shear distribution over the building height: a) 10-storey MD-CBF building,

plan “B”, Site Class B, b) 8-storey MD-CBF building, plan “B”, Site Class B.
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APPENDIX B

DETAILED WIND DESIGNS

Appendix B shows the detailed wind calculation as an example of two buildings in the

study of Tamura et al. (2003).
1. THE BUILDINGS OF TAMURA ET AL. (2003)

The dimension of the chosen buildings in the study of Tamura et al. (2003) is BXLXH =
30 mx42.5 mx12.5m and BXLXH = 20mx50 mX50 m. The former building is lower
than 20 m and has the ratio H/B = 12.5/30 < 1; therefore, it is categorized as low-rise
building. The latter is classified as a medium-rise building because: H > 20 mand H/B =
50/20 < 1.

The low-rise building is assumed to have 4 storeys: the height of the first storey is 3.5 m
and the typical storey height is 3 m. 2 CBFs are located in each major direction. The
medium-rise building is assumed to be a 12-story building with typical storey height of 3.6
m. The plans of the two buildings are shown in Figure B.1 and Figure B.5.

All beam to beam, beam to column, brace to beam and to column connections are pinned.
All beams and columns are made of CSA G.40.21-350W steel with F, = 450 MPa and

E, = 345 MPa.
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1.1. THE 50 M-HIGH BUILDING

This building is classified as a medium-rise office building. The typical floor plan and CBF
elevation are shown in Figure B.1. For gravity design, dead load, live load and snow load
remain the same as given in Table 3.2. The building is designed under gravity and

earthquake loads as shown in Chapter 3. The natural frequency of this building is: f,, =

0.29 Hz.
J*50.00
1 +46.50
1 +43.00
J*39.50
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S _*36.00
b €BF €BF
B
® = - . 43250
3 g g +29.00
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Figure B.1: Typical horizontal plan and CBF elevation of the 50 m high building.

1.1.1. NBCC 2015

By knowing the building configurations and its natural frequency, the appropriate wind
computing procedure can be determined following the flow chart in Figure 2.1. The current

building has:
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H=50m<60m

H_SO_2<4
w 25

fn=029Hz < 1Hz
Based on these conditions, the dynamic procedure is chosen. Equation (2-14) is used to
calculate the wind pressure. As given in the study, the building is located in the urban
terrain area. Therefore, the exposure factor, C,, is computed corresponding to Exposure B

as following:

= U. . < < .
Ce 0 ( . ) 01 0 = Ce = 2

The value of o/u, can be computed by the following formulas:

o K sF (B-3)
= e (3+7)
(B-4)
T 1 1
s==
3 8f,H 10f,w
1+ 3V, 1+ n/e
(1220f,/Vy)? (B-5)
1+ (1220f,/Vy)2]*/3
Vy =V.C.y (B-6)

(B-7)
_ 21,9
V= /TWCeH

where g, is the peak factor; K is a factor related to the surface roughness coefficient of the

terrain and is 0.1 for rough terrain; C.y is the exposure factor evaluated at the top of the
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building, which is C, = 0.5(50/12.7)%> = 0.99; B is the background turbulence factor,
which is found in Figure 4.1.7.8, NBCC 2015, to be 0.85 in E-W direction and 0.475 in N-
S direction; f, is the fundamental frequency, which is 0.28 Hz in E-W direction and 0.29
Hz in N-S direction; s is the size reduction factor, which is 0.85 in E-W direction and 0.475
in N-S direction; F is the gust energy ratio at the natural frequency of the structure, which
is 0.172 in E-W direction and 0.169 in N-S direction; £ is the critical damping ratio in the
along-wind direction, which is 0.01 for steel structure; H is the height of the building; V is
the reference wind speed at a height of 10 m in m/s, which is 25.39 m/s; V' is the mean
wind the speed at the top of the structure, which is 25.28 m/s; w is the effective width of
windward face of the building. Consequently, the gust factor, C, is found:

Cgw-g =1+ 3.71x0.525 = 2.95 in E — W direction

Cgn-s =1+ 3.72x0.387 = 2.44 in N — S direction

Topographic factor, C;, is taken as 1 as the building is not located on hills or escarpments

or there is no slope.
The external pressure, C,, is determined by following Figures A-4.1.7.5.(2) and (3), NBCC
2015. In windward walls, C,, is expressed by:

C, = 0.27(H/D +2) for 0.25 < H/D < 1

Cp, = 0.6 for H/D < 0.25
C,=08forH/D =1

In leeward walls, it is:

= —0.27(H/D + 0.88) for 0.25 < H/D < 1

Cp, =—03 for H/D < 0.25
Cp
C,=-05forH/D =1

158



Therefore, the fraction of building height over the along-wind dimension, H/D, is required

to determine Cp. In windward walls:

H 50 . :

D 50" 1 (E — W direction) - C, = 0.8
—_—= — = - - -
5= 5 ( irection) D

In leeward walls:

C, = —0.5 (E — W direction)
{Cp = —0.5 (N — S direction)

The value of reference velocity pressure, g, is determined for Montreal, which is 0.42 kPa.

Topographic factor, C;, is taken as 1. The importance factor, I, is 1 because the building

is grouped in normal importance category and ultimate limit state is used.

Table B.1 and Table B.2 summarize the calculations of parameters and the wind pressures

yielded in both orthogonal directions of the studied building.
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Table B.1: Parameters and wind pressure in E-W direction for the 50 m high building of

Tamura et al. (2003) according to Dynamic procedure (NBCC 2015).

Story 72 Cp-windward Cp-leeward C. C; Ci Iw —klcia kIl;a
14 50 0.80 -0.50 099 244 1 1 042 1.14
13 46.5 0.80 -0.50 096 244 1 1 042 1.10
12 43 0.80 -0.50 092 244 1 1 042 1.06
11 395 0.80 -0.50 0.88 244 1 1 042 1.01
10 36 0.80 -0.50 0.84 244 1 1 042 097
9 32.5 0.80 -0.50 0.80 244 1 1 042 092
8 29 0.80 -0.50 076 244 1 1 042 0.87
7 25.5 0.80 -0.50 071 244 1 1 042 0.82
6 22 0.80 -0.50 066 244 1 1 042 0.76
5 18.5 0.80 -0.50 060 244 1 1 042 0.69
4 15 0.80 -0.50 054 244 1 1 042 0.63
3 11.5 0.80 -0.50 050 244 1 1 042 0.58
2 8 0.80 -0.50 050 244 1 1 042 0.8
1 4.5 0.80 -0.50 050 244 1 1 042 0.58

Table B.2: Parameters and wind pressure in N-S direction for the 50 m high building of

Tamura et al. (2003) according to Dynamic procedure (NBCC 2015).

h C C q p
Story m wind\l;vard leewpard Co G G v kPa kPa
14 50 0.80 -050 099 295 1 1 042 1.28
13 46.5 0.80 -050 096 295 1 1 042 1.23
12 43 0.80 -050 092 295 1 1 042 1.19
11 39.5 0.80 -050 088 295 1 1 042 1.14
10 36 0.80 -050 084 295 1 1 042 1.09
9 32.5 0.80 -050 080 295 1 1 042 1.03
8 29 0.80 -050 076 295 1 1 042 097
7 25.5 0.80 -050 071 295 1 1 042 091
6 22 0.80 -050 066 295 1 1 042 0.85
5 18.5 0.80 -050 060 295 1 1 042 0.78
4 15 0.80 -050 054 295 1 1 042 0.70
3 11.5 0.80 -050 050 295 1 1 042 0.65
2 8 0.80 -050 050 295 1 1 042 0.65
1 4.5 0.80 -050 050 295 1 1 042 0.65
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As permitted in NBCC 2015 for medium-rise buildings, the most critical wind-induced
effects are determined by examining 4 partial loading cases. The wind pressure and the

corresponding tributary area of each load case are illustrated as following.

In Case A, the wind pressure is applied fully on all wall faces separately in each major
direction. To determine the tributary area, the tributary height and width are needed. The
former is equal to 100% the horizontal dimension perpendicular to the wind direction. The
tributary height is determined as shown in Figure B.2. In particular, the tributary areas of
the top story, the typical story and the first story in E-W direction are shown in the

following equations:

3.5 5 3.5 5
Atop,E—W = 7X25 =43.75m ;Atop,N—S = 7)(50 =87.5m

3.5+ 3.5 ) 3.54+3.5 "
Arypp-w = — X25=87.5m* ArypN-s = T><50 =175m

3.5+ 45 ) 3.5+ 45 5
Afirst,E—W = 2 X25 =100m ;Afirst,N—S = TXSO =200m
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Tributary height af Storey n Tributary height ~ Storey n
of Storey n p = & of Storey n p
Tributary height - E ) Tributary height N
of Storey n-1 r T Storey n-1 of Storey n-1 F - Storey n-1
Lo ) ~
\ =Y —t Storey 2 \ v Storey 2
Tributary height n - Tributary height h
of Storey 2 g o < of Storey 2 s
=
Tributary height P o —t Storey 1 Tributary height P Storey 1
of Storey 1 = = of Storey 1
L B [ P
1 1 T
> [
m| Pw ] R m
> [
> —> pw
L L 1 1
Case A L L |

Figure B.2: Tributary area for partial loading Case A — NBCC 2015.

The same procedure is applied for the N-S direction. After having determined the tributary
area, the wind load results from the product of wind pressure and the corresponding
tributary area. The wind pressure in Case A is equal to 100% of the values given in Table
B.2. For instance, the wind force applied on the 10" storey (a typical storey) is: Wioe-w =

1.36 kPax87.5m? = 118.79 kN.

Because the building is symmetrical, no torsion is created in Case A. The resulted wind
pressure, tributary area and the wind loads in both E-W and N-S directions for load Case

A are shown on Table B.3.
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Table B.3: Tributary areas and wind-induced storey shears for the 50 m high building of

Tamura et al. (2003) — Case A — according to Dynamic procedure (NBCC 2015).

Tributary area Wind load Wind base shear
Story P EW NS EW NS EW NS
kPa m? m’ kN kN kN kN
14 1.28 43.75 87.5 70.00  115.85 56 100
13 1.23 87.5 175 135.01 223.43 164 292
12 1.19 87.5 175 129.83  214.86 268 478
11 1.14 87.5 175 12443  205.93 367 655
10 1.09 87.5 175 118.79  196.60 462 825
9 1.03 87.5 175 112.87 186.80 553 986
8 0.97 87.5 175 106.62 176.45 638 1138
7 0.91 87.5 175 99.98  165.46 718 1280
6 0.85 87.5 175 92.86  153.69 792 1413
5 0.78 87.5 175 85.16  140.93 860 1534
4 0.70 87.5 175 76.68  126.90 922 1644
3 0.65 87.5 175 70.56  116.77 978 1745
2 0.65 87.5 175 70.56  116.77 1035 1845
1 0.65 100 200 80.64  133.45 1099 1960

The maximum shear in each direction is considered in shear coefficient computation.

) v v 1099 _ 211
VETW T quBL T qC,BL T 0.42x0.99%25x50 ~
% % 1960
=3.76

C _c = = =
VN-S = 0 BL _ qC,BL _ 0.42Xx0.99%X25x50

According to the recommendation in Chapter 4, the maximum torsions can be obtained in
Case B when the wind pressure is applied on half of the wall faces. Therefore, the tributary
area in E-W direction for Case B is taken as half of Case A. The tributary area in Case B
is described in Figure B.3.

35 25 ; 35 50 ,
Atop,E—W = 7)(7 =21.88m ;Atop,N—S = 7)(7 =43.75m
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35+35 25 , 3.5+35 50 ,
Atyp,E—W - T X 7 - 4‘3.75 m 'Atyp,N—S - T X 7 - 87-5 m
3.5+45 25 , 3.5+45 50 ,
AfiTSt,E—W :TXTZ SOm ;AfiTSt,N—S :TX7: 100 m
Tributary height —% Storey n Tributary height — Storey n
of Storey n P = of Storey n p =
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Tributary height D “ Tributary height o 2
of Storey 2 = of Storey 2 ) 9, =
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Case B e

Figure B.3: Tributary area for partial loading Case B.

Torsional effects are created from the unbalance of wind pressure:

T =Wxe
where W is the wind load and e is the eccentricity of wind load, which is equal to B/4 =
25/4 = 6.25m in E-W direction and L/4 = 50/4 = 12.5m in N-S direction. Torsions
are computed separately in each direction according to the definition of this load case. For
example, the wind force applied on the 10" storey (a typical storey) is: Wioe-w =
0.97 kPax43.75 m? = 42 kN. The torsion in the same storey is: Tyop_iy = 42 kN X

6.25 m = 263 kNm. The maximum wind-induced base shears and torsional moments
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found in this case are: Wg_y, = 550 kN; Wy_s =980 kN and T = 12734 kNm. The
corresponding shear and torsional coefficients are: Cy _y, = 1.32; Cy y_s = 2.18 and

T T 12734

T = UnB?L  qC.B?L  0.42x0.99x252x50

75% of the wind pressure is applied fully simultaneously on wall faces in Case C.
Therefore, the tributary area in this case is the same to Case A in both direction. No torsion
is created in this case. The maximum shear coefficients resulted from Case C is therefore

equal to 75% those of Case A: Cy gy = 1.58; Cy y_s = 2.82.

Half of the wind pressure from Case C is reduced from part of the projected area in Case
D (Figure B.4). The tributary areas of the deducted wind pressure is equal to Case B, which
are:

3.5 25 5
Atop,E-w,038p = Atop,E-w,075p = > X -5 21.88 m*%;

3.5 50 5
AtopN-5,038p = AtopN=5,0.75p = > X > =43.75m

3.54+35 25 5
Atyp,E-w,0.38p = Atyp,E-w,0.75p = 5 X o= 43.75 m*;

3.54+35 50 5

Atyp,N-s038p = Atyp,N-5075p = — 5 X > =875m

3.5+45 25 5
Afirst,E—W,0.38p = Afirst,E—w,0.75p = T X 7 = 50m*;
3.5+45 50 5

Afirstn-s,038p = AfirstN-s075p = — X - = 100 m
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Figure B.4: Tributary area for partial loading Case D.

The torsional moments are computed as:

T = Wg_wXeg_w + Wy_sXey_s
where Wy _y, and Wy_g are the wind loads in E-W and N-S directions, respectively; eg_y,
and ey _g are the corresponding eccentricities of the wind loads and equal to B/4 = 6.25m
in E-W direction and L/4 = 12.5m in N-S direction. Torsions from both orthogonal
directions are added together in this load case. For example, the shears and torsion due to
wind load on the 10™ storey are:

Wios—w = (0.75%1.36 kPa + 0.38x1.36 kPa)x43.75 m? = 66.82 kN

Wion-s = (0.75x1.12 kPa + 0.38x1.12 kPa)x87.5 m? = 110.59 kN
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Ty = 0.75X1.36 kPax43.75 m?x6.25 m + 0.75%1.12 kPax87.5 m?*x12.5m
—0.38%x1.36 kPax43.75 m?x6.25m

—0.38x1.12 kPax87.5m?x12.5 m = 599.98 kNm

The normalized shear and torsional coefficients in Case D are: Cyp_yy = 1.48; Cy y_s =
2.46; Cr = 0.53.

The shear and torsional coefficients are compared within all 4 partial loading cases and
only two highest base shears and the maximum base torsion are selected for the
comparisons shown in Chapter 4. Table B.4 summarizes the results from all cases and the

maximum results are bolded.

Table B.4: Maximum shear and torsions regarding the dynamic procedure NBCC 2015 in

E-W and N-S directions — 50 m high building of Tamura et al. (2003).

Base shear Base torsion Cv Cr

E-W N-S E-W N-S Combined E-W N-S E-W N-S Combined

kN KN KkNm kNm kNm

Case A 1099 1960 2.11 3.76

Case B 687 1137 3847 12735 1.32 218 0.30 0.98

Case C 824 1470 1.58 2.82

Case D 773 1279 6940 1.48 2.46 0.53

1.1.2. ASCE/SEI 7-10

As permitted by ASCE/SEI 7-10, the Directional Procedure can be used for building of all
heights. At the same time, the Envelope Procedure is limited only for low-rise buildings.
Therefore, the Directional Procedure, is chosen to compute wind loads of the current

building.
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To start, Equation (2-19) is used to compute the wind pressure. According to the
assumptions made previously, the current building is enclosed. As a result, the peak
internal pressure coefficient, (GCy;), is equal to 0. The gust factor, G, is determined
differently between flexible and rigid structures. The ASCE/SEI 7-10 stipulates that
buildings that have natural frequency greater than 1 Hz are considered flexible, while those
that are lesser than 1 Hz are rigid buildings. The natural frequency of this building is found
to be 0.285 Hz < 1 Hz. Consequently, the current structure is classified as flexible. For

flexible structures, the gust factor, G, is given, accordingly:

B-8
1+ 1.71; /ggQZ + ggRZ\ (B-8)

Gr = 0.925
s 1+ 1.7g,15

go and g,, are taken as 3.4 and gy, is calculated by

0.577 (B-9)

J21n(3600n,)

R is the resonant response factor and is given by:

Jr =+/21In(3600n,) +

1 (B-10)
R = ERnRhRB(O.SS + 0.47R;)
7.47Ny (B-11)
R, =
(1 + 10.3N,)5/3
_mlz (B-12)
1 VE
1 1 B-13
Rp=——=—0—-e"") forn>0 (B-13)

n 2n?
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Ry,=1forn=0 (B-14)
where the subscript £ can be taken as h, B and L, respectively.

n, is the fundamental natural frequencies of the building, which are 0.294 Hz and 0.285

Hz in E-W and N-S direction, respectively.
R, = Ry, setting = 4.6n,h/V5

R, = Ry settingn = 4.6n,B/V5

R, = R, setting n = 15.4n,L/V;

V5 is the mean hourly wind speed at height Z and is determined as

_ [z a (B-15)

where b and @ are constant listed in Table B.5. All values are taken for exposure B, which

corresponds to suburban terrain. V' is basic wind speed in m/s.

Table B.5: Parameters for open-terrain and urban-terrain exposures — ASCE/SEI 7-10.

Exposure ¢ Zg a b a b ¢ £(m) € Zpy,(m)
B 7 36576 1/7 084 1/4 045 03 97.54 1/3 9.14
C 9.5 27432 1/9.5 1 1/6.5 0.65 02 1524 1/5 4.57

All ASCE/SEI 7-10 values are multiplied by 1.53? due to the difference between the 3-
second and 1-hour wind speed used in ASCE/SEI 7-10 and NBCC 2015, respectively. The
reference wind velocity pressure in Montreal is determined to be 0.42 kPa or

0.42x1073 Pa. This pressure is equal to a wind speed of:
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2q 2%x0.42x1073Pa
= = 25.48m/s

VT e | T1.2929kg/m3

This wind speed is calculated over 1 hour and needs to be multiplied by 1.53 to obtain the
speed computed for 3 seconds as prescribed in ASCE/SEI 7-10.
V =vx1.53 = 25.48%x1.53 = 39.1m/s
Therefore, the wind velocity is considered 39.1 m/s for Montreal.
The gust factors were found to be 1.09 and 1.23 for E-W and N-S direction, respectively.

The velocity pressure, g, is evaluated at height z above the ground for windward walls, and
at height h for leeward walls. They are given as:
q=qw=q; =0.613K,K, K;V? (B-16)
q=q =qn=0.613K,K,K;V?> (B-17)
According to Figure 27.4-1 (ASCE/SEI 7-10), the external pressure coefficient, C,, is 0.8
for flat roof buildings in windward walls and —0.5 for leeward walls in E-W direction and
—0.3 in N-S direction. The topographic factor and the directionality factor are taken as 1

and 0.85, respectively. The velocity pressure exposure coefficient, K;, is determined

differently with different exposure terrains:

9.7m < z < z5:K, = 2.01( —

Equation (B-18) is specified for buildings that are higher than 9.7 m. Urban and suburban
areas, wooded areas, or areas with closely spaced obstructions are defined as Exposure B

in ASCE/SEI 7-10. At the same time, open terrain with scattered obstructions with height
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smaller than approximately 9.14 m is classified as Exposure C. The values of z, and a are

different for each category and are presented in Table B.5.
The summary of wind pressure computations following the Directional Procedure in
ASCE/SEI 7-10 is given in Table B.6 and Table B.7.

.Table B.6: Wind pressure E-W direction - 50 m high building of Tamura et al. (2003) —

according to Directional Procedure (ASCE/SEI 7-10).

K, K. \Y C C
Story  Ka windward leeward Ka G m/s wind\l))vard leewpard kga
14 0.85 1.14 1.14 1 1.09 39.1 0.8 -0.3 0.92
13 0.85 1.11 1.14 1 1.09 39.1 0.8 -0.3 0.91
12 0.85 1.09 1.14 1 1.09 39.1 0.8 -0.3 0.89
11  0.85 1.06 1.14 1 1.09 39.1 0.8 -0.3 0.88
10  0.85 1.04 1.14 1 1.09 39.1 0.8 -0.3 0.86
9 0.85 1.01 1.14 1 1.09 39.1 0.8 -0.3 0.84
8 0.85 0.97 1.14 1 1.09 39.1 0.8 -0.3 0.82
7 0.85 0.94 1.14 1 1.09 39.1 0.8 -0.3 0.80
6 0.85 0.90 1.14 1 1.09 39.1 0.8 -0.3 0.78
5 0.85 0.86 1.14 1 1.09 39.1 0.8 -0.3 0.76
4 0.85 0.81 1.14 1 1.09 39.1 0.8 -0.3 0.73
3 0.85 0.75 1.14 1 1.09 39.1 0.8 -0.3 0.69
2 0.85 0.67 1.14 1 1.09 39.1 0.8 -0.3 0.65
1 0.85 0.58 1.14 1 1.09 39.1 0.8 -0.3 0.59
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Table B.7: Wind pressure N-S direction- 50 m high building of Tamura et al. (2003) —

according to Directional Procedure (ASCE/SEI 7-10).

K, K, \4 C C
Story - Ka windward leeward Ka G m/s wind\ljvard leewpard kI}Za
14 0.85 1.14 1.14 1 1.01 39.1 0.8 -0.5 1.05
13 0.85 1.11 1.14 1 1.01 39.1 0.8 -0.5 1.04
12 0.85 1.09 1.14 1 1.01 39.1 0.8 -0.5 1.03
11 0.85 1.06 1.14 1 1.01 39.1 0.8 -0.5 1.01
10 0.85 1.04 1.14 1 1.01 39.1 0.8 -0.5 1.00
9 0.85 1.01 1.14 1 1.01 39.1 0.8 -0.5 098
8 0.85 0.97 1.14 1 1.01 39.1 0.8 -0.5 096
7 085 0.94 1.14 1 1.01 39.1 0.8 -0.5 094
6 0.85 0.90 1.14 1 1.01 39.1 0.8 -0.5 092
5 0.85 0.86 1.14 1 1.01 39.1 0.8 -0.5  0.89
4  0.85 0.81 1.14 1 1.01 39.1 0.8 -0.5  0.87
3 0.85 0.75 1.14 1 1.01 39.1 0.8 -0.5  0.83
2 0.85 0.67 1.14 1 1.01 39.1 0.8 -0.5  0.79
1 0.85 0.58 1.14 1 1.01 39.1 0.8 -0.5 0.73

4 wind loading cases are considered following the Directional procedure. For Case 1, for

example, the wind-induced shears in both directions of the 10" storey are:
WlO,E—W = 0.86 kPaX875 mz = 75 kN
WlO,N—S =1 kPaX175 mz = 175 kN

The shears are summed by adding the values of all 14 storeys at the base level. The
maximum shears are Wy_y, = 1108.46 kN and Wy_s = 2503.66 kN. These two shear

values are then normalized as following:

c Vv Wiy 940 =157
VE-W T G BL  qK,BL 0.42x1.14x25x50
v W 2208
_ Wn-s = 3.69

Corvoc = _ _
VNS = 0 BL  qK,BL 042x1.14X25x50
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Here, the exposure factor is defined as K, instead of C, as in the case of NBCC 2015.

In Case 2, the wind pressures are separately applied on wall faces in E-W and N-S
directions. According to Figure 2.4, the shear values in this case are 75% of the wind loads
given in Case 1. Therefore, the shear coefficients are Cy g_y = 1.39 and Cy y_s = 3.14.

There are two torsion values and they are computed as follows:

{ME—W = 0-75(PW,E—W + Pl,E—W)BE—WeE—W
My_s = 0.75(Py n-s + P ny—s)By-sen—s

where

eN_S = iO.lSBN_S = iOlSXSO = i75 m

Torsions of the 10" storey is computed as an example:

Migp-w = 0.75%0.86X3.5 mx25 mx+3.75m = £212 kNm
{ Mign-s = 0.75X1X3.5mX50 mXx+7.5m = £984 kNm

The maximum accumulated torsions at the base level are: Mg_,, = 2645 kNm and
My_s = 10025 kNm. The torsion created in N-S direction is the maximum base torsion
of Case 2 and it is chosen to determine the torsional coefficient:

oo T T _ 10025 _
T 7 quB?L~ qKuB2L  0.42x1.14x252x50

0.67

The shears in Case 3 are 75% of Case 1 that apply simultaneously in both directions.

Therefore, the shear coefficients are: Cy g_y, = 1.39 and Cy y_s = 3.14.

In Case 4, shears are taken as 56.3% of Case 1 at the same time in both directions. The

shear coefficients are taken accordingly as Cy gy = 0.563%1.57 = 0.89 and Cy y_s =

173



0.563x%3.69 = 2.08. The torsional moments and eccentricities are defined explicitly by
ASCE/SEI 7-10:

M =0.563(Pyg_w + Prg—w)Bg-wE — W0.563(Py, n_s + Piy_s)By—_sen—s
where

{eE_W = +0.15B;_,y = +0.15%25 = +3.75m
eN_S = iO.lSBN_S = i015X50 = i75 m

Again, torsion in the 10" storey is computed as an example:

Mg 5w = 0.563%0.86X3.5 mx25 mx+3.75 m + 0.563x1x3.5 mx50 mx+7.5 m

= 1£898 kNm

Table B.8: Maximum shear and torsions regarding the Directional Procedure ASCE/SEI

7-10 in E-W and N-S directions — 50 m high building of Tamura et al. (2003).

Base shear Base torsion Cv Cr
E-W N-S E-W N-S Combined E-W N-S E-W N-S Combined
kN kKN kNm kNm kNm

Casel 940 2208 1.57 3.69

Case2 831 1878 2645 10025 1.39 3.14 0.18 0.67

Case3 831 1878 1.39 3.19

Cased4 529 1243 9223 0.89 2.08 0.62

Table B.8 summarize the results of all 4 cases regarding the Directional Procedure. Only

the maximum values (bolded) are selected for the comparisons in Chapter 4.
1.2. THE 12.5 M-HIGH BUILDING

The 12.5 m building in the study of Tamura et al. (2003) is classified as a low-rise office

building. For gravity design, dead load, live load and snow load are remained the same as
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given in Table 3.2. The building is designed similar as described in Chapter 3. The natural

frequency of the building is 1.38 Hz.
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Figure B.5: Typical horizontal plan and CBF elevation of the 12.5 m high building.
1.2.1. NBCC 2015

Firstly, the appropriate procedure is determined so that the wind load computations can be

carried out by considering the following conditions:

H=125m<60m

H—12'5—042<4
w 30

fn=138Hz>1Hz
Therefore, the static procedure is chosen. Furthermore, the building under consideration is
classified as a low-rise building as building height is lower than 20 m and H/Dg < 1.

Consequently, the procedure stipulated for low-rise buildings is applied.

The wind pressure is computed following Equation (2-14). As explained in Chapter 2, two

load cases given in NBCC 2015 for low-rise buildings can be merged into one single load
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case. According to the study of Tamura et al. (2003), the building is tested under different
exposure conditions: open and urban-terrain. Therefore, the wind loads in the current study
will be calculated for both conditions. The exposure factor, C,, is computed as Equation

(B-19) for the open-terrain and as Equation (B-20) for the case of urban-terrain.

C, = max{(h/ég)"-z (B-19)
C. = max {0-7(h0/ ;2)"-3 (B-20)

The external peak values of C,,C; on low-rise building surfaces are determined regarding
Figure 4.1.7.6.-A NBCC 2015. The values of the current building are for the case of flat-
roof building (0° roof slope). The value of reference velocity pressure, q, is determined for
Montreal, where the building is assumed to locate in, which is 0.42 kPa. Topographic
factor, C;, is taken as 1 as the building is not located on hills or escarpments or there is no
slope. The importance factor, I, is 1 for a building of normal importance category under

ultimate limit state design. Wind pressures for each area are determined as following:
pe = 1wqCeCe(C1Co1E — CpagCyar) (B-21)
Pr = 1wqCeCe(C, Cg1 — Cpalya) (B-22)
Torsion is created by the unbalance between wind loads on corner and the rest of the
building wall. Equation (4-5) is used to compute wind-induced torsion in each floor in both

orthogonal directions. The maximum base shear in each direction and the maximum torsion

are selected to compute the shear and torsional coefficients.

The computed wind base shear and torsion is summarized in Table B.9 and Table B.10.
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Table B.9: Maximum shear and torsions in E-W and N-S directions — Urban-terrain — 12.5

m-high building of Tamura et al. (2003) — according to NBCC 2015.

Story We-w Te-w Wnis Tns Cvew Cuns Cr
kN kNm kN kNm
4 19.15 12.98 26.41 31.77
56.99 25.65 78.58 94.55
2 94.83 25.65 130.75 157.33
1 135.82 27.78 187.26 225.34 0.33 0.47 0.019

Table B.10: Maximum shear and torsions in E-W and N-S directions — Open-terrain — 12.5

m-high building of Tamura et al. (2013) — according to NBCC 2015.

Story WEe-w Te-w Wnis Tns Cvew  Cyns Cr
kN kNm kN kNm
4 28.26 19.16 38.97 46.89
3 81.76 36.27 112.73  135.65
2 131.35 33.61 181.11  217.93
1 184.06 3572 253.78 305.37 0.31 0.45 0.018

1.2.2. ASCE/SEI 7-10

For low-rise buildings, ASCE/SEI 7-10 stipulates that the wind loads can be computed

with the appliance of either the Envelope Procedure or the Directional Procedure.

Therefore, both procedures are used to determine wind loads. The results will be compared

and only the maximum values are selected for the comparisons in Chapter 4.

1.2.2.1. Envelope Procedure

Due to the assumption that the building is enclosed, the wind-induced internal pressure is

eliminated and Equation (2-20) becomes:

p = qn(GCpy) (B-23)
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qn 1s the velocity pressure evaluated at mean roof height h, and is computed as following
for SI:
q=qy=q; = 0.613K,K, K;V? (B-24)

The natural frequency of the building is required to determine its rigidity. Based on the
analysis ran on ETABS, the natural frequency of the building is 1.38 Hz > 1 Hz.
Therefore, the current building is classified as a rigid. The directionally factor for buildings
is K; = 0.85. The topographic factor for the building is taken as 1 and the wind velocity
is considered to be 39.1 m/s, as illustrated previously for the 50 m-high building. The

velocity pressure exposure coefficient, K, is determined by Equation (B-18).
The peak external pressure coefficient, (GCps), is determined from Figure 28.4-1

(ASCE/SEI 7-10). As similar to NBCC 2015, these values vary with the locations on wall

faces. They are reported in Table B.11.

After the wind pressure is known, it will be multiplied by the corresponding tributary area
to get the wind force. Wind force on each story is the summation of loads determined on

the wall corner and the other part of the wall face.

Table B.11: (GC,) values for buildings in open-terrain exposure — ASCE/SEI 7-10.

GCoti GGCorie  GCpm GCpuag
0.4 0.61 -0.29 -0.43

Two additional torsional load cases are added in ASCE/SEI 7-10 comparing to NBCC 2015
to take into account the effects of torsion in low-rise buildings (Figure 2.5). In these cases,

only 25% of wind pressure is placed on half of the building wall, which in turns create
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greater torsions comparing to the Canadian provisions. The computed maximum wind base

shear and torsion according to ASCE/SEI 7-10 are selected to calculate the shear and

torsional coefficients. Results are reported in Table B.12 and Table B.13.

Table B.12: Maximum shear and torsions - E-W and N-S directions — Urban-terrain — 12.5

m-high building of Tamura et al. (2003) — according to Envelope Procedure ( ASCE/SEI

7-10).
Story We.w Te-w Wnis Tns Cvew  Cyns Cr
kN kNm kN kNm
4 19.91 66.26 28.76  142.03
3 59.73 198.79  86.29  426.09
2 99.54 33132 143.82 710.15
1 142.68 47490 206.15 1017.88  0.35 0.52 0.091

Table B.13: Maximum shear and torsions - E-W and N-S directions — Open-terrain — 12.5

m-high building of Tamura et al. (2003) — according to Envelope Procedure ( ASCE/SEI

7-10).
Wew Te-w Whiis Tn-s Cviw Cvns Cr
Story
kN kNm kN kNm
4 27.26 90.75 39.39 194.50
3 81.79 27224 118.18 583.51
2 136.32 45374 196.96 972.52
1 195.39 650.35 282.31 1393.95 0.69 1.04 0.182

1.2.2.2. Directional Procedure

According to ASCE/SEI 7-10, the Directional Procedure can be applied to buildings of all

heights. Therefore, this procedure is also carried out and the corresponding coefficients

will be compared with those of the Envelope Procedure. Wind pressure computed
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following the Directional Procedure is carried out as shown in Equation (2-19). As
explained previously, because the building is enclosed, the effects from the peak internal
pressure coefficient, (GCp;), can be ignored. The velocity pressure, g, is evaluated at height
z above the ground for windward walls, and at height 4 for leeward walls. They are given

as following:
q=qy=q; = 0.613K,K, K;V? (B-25)
q=q; =qy=0613K,K, K;V?> (B-26)
The velocity pressure exposure, K,, is calculated differently in each equation. While in

windward walls, K, is constant in all floors as it is only computed with z equal to the height
of the building, it is different in each floor in leeward walls with z equal to the height of
the floor under consideration. According to Figure 27.4-1, the external pressure coefficient,

Cp, 1s 0.8 for flat roof buildings in windward walls and 0.416 for leeward walls. The value

in leeward walls is computed by linearly interpolating regarding the ratio L/B = 1.42 of
the current building in E-W direction. L and B are defined as the horizontal dimensions of
the building parallel and normal to wind direction, respectively. This value is —1.42 in N-
S direction. The gust factor, G, of this building is determined as 0.85 for rigid structures.
All other parameters are taken as similar to what is described in the Envelope Procedure.

Partial load cases of the Directional Procedure are carried out following Figure 2.4. Only
the maximum results from the Directional Procedure are reported in Table B.14,

considering urban-terrain area, and Table B.15 when the buildings are in open-terrain area.
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Table B.14: Maximum shear and torsions - E-W and N-S directions — Urban-terrain — 12.5

m-high building of Tamura et al. (2003) — according to. Directional Procedure - ASCE/SEI

7-10.
Story WEew Tew Wnis Tns Cvew Cyns Cr
kN kNm kN kNm
4 28.60 96.51 4247  203.07
3 82.95 279.97 123.47 590.35
2 133.74 451.36  199.51 953.89
1 185.57 626.31 277.46 1326.60 0.45 0.68 0.09

Table B.15: Maximum shear and torsions - E-W and N-S directions — Open-terrain — 12.5

m-high building of Tamura et al. (2003) — according to. Directional Procedure - ASCE/SEI

7-10.
Story WEe-w Tew Wnis Tns Cview Cvns Cr
kN kNm kN kNm
4 40.42 136.43 60.47 289.13
3 118.29 399.23 177.24 847.41
2 192.30 649.02 288.61 1379.91
1 268.96 907.74 404.33 1933.19 0.71 1.07 0.17

The maximum coefficients resulted from this procedure are compared with those from the

Envelope Procedure. Directional Procedure produces higher values and are considered.

Table B.16: Maximum shear and torsions coefficients -12.5 m-high building of Tamura et

al. (2003) — according to Directional and Envelope Procedure.

Cvew Cyns Cr

Urban-terrain

045 068 0.09

Open-terrain

0.71 1.07 0.17
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2. THE RESULTS OF THE OTHER STUDIES

Similar processes are carried out for all other studies. Based on the building natural
frequency, the wind computation procedures applied on these buildings according to
NBCC 2015 can be determined. In terms of ASCE/SEI 7-10, the Directional Procedure is
applied for all buildings, while the Envelope Procedure is used only for low-rise buildings.

The procedures used for these buildings are shown in Table B.17.

Table B.17: Wind computation procedure of experimental buildings.

Procedure

Stud fa H/ H

- v M) —Bcc 2013 ASCE/SEI 7-10
Isyumov & ' —
Case (2000) 4.1 0.5 4.88 Static Envelope/Directional
Keast et al. ' . ‘
(2012) 0.33 3 60 Dynamic Directional
Stath | 1 0.51 20 Dynamic Envelope/Directional

athopoulos : Per
ctal. (2013) 067 077 30 Dynamic Directional

0 1.02 40 Dynamic Directional

All wind partial loading cases are considered to study the most severe wind-induced effects
acting on these buildings. On each building, one maximum shear in each major direction
and the maximum torsion are selected to compute the shear and torsional coefficients.

These code-computed coefficients are presented in Table B.18.
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Table B.18: Shear and torsional coefficients from code computations and wind tunnel tests.

Building Cvew Cvns Cr
. . Exposure
Study dimension terrain  WIT NBCC  ASCE/SEI = NBCC  ASCE/SEI .. NBCC  ASCE/SEI
LxBxH (m) * 2015 7-10 2015 7-10 2015 7-10
42.5x30x12.5 Open 0375 0314 0.688 0.625  0.453 1.035 0.145 0018 0.182
(Tz%“f‘;;aetal' 42.5x30x12.5 Urban 0417  0.327 0.347 0521  0.473 0.519 0.181  0.019 0.091
50x25x50 Urban  2.000  2.117 1.572 4.000 3.762 3.693 0.671  0.980 0.671
61x39x20 Open 0511  0.352 0.543 0927  0.533 0.922 0.150  0.022 0.162
S:ﬁh‘zgg‘fg‘;s 61x39x30 Open 0767  0.756 0.766 1279 1215 1.471 0220 0.281 0.272
61x39x40 Open  1.023  1.188 1.174 1758 1.815 1.994 0250 0421 0.363
é%af;)et al. 40x20x60 Open 2250  2.581 2.562 6.000  5.021 6.034 1260  1.288 1.398
gz;e“z%d%) 29.25x9.75x4.88  Urban 0.395  0.071 0.384

*WTT: Wind tunnel test
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