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ABSTRACT

WIND PRESSURE COEFFICIENTS FOR

GABLE ROOFS OF INTERMEDIATE SLOPES

Kai Wang

The present study examines the suitability of the current wind provisions of the National
Building Code of Canada for design wind loads on gable roofs of intermediate roof
angles (10°-30°). The study is initiated by the discrepancies found in recent research

projects against the current design wind loading provisions for such roofs.

Five building models with roof angles of 10° 15°, 20°, 25° and 30° equipped with an
interchangeable roof slope panel have been tested in a typical open country exposure in
the boundary layer wind tunnel of the Centre for Building Studies at Concordia
University. The experimental settings satisfy the corresponding wind tunnel simulation

criteria specified in the wind load test standards of American Society of Civil Engineers.

Local and area-averaged roof pressure coefficients have been obtained from the wind
tunnel measurements. Extreme value analysis has been performed to establish the peak
pressure coefficient values. This thesis presents a comparative study based on the

experimental data, which consists of two parts. The first part includes the comparisons of

iii



the measured results with those from other researches. The comparisons show that the
present experimental results are appropriate and suitable for application to codification.
The second part of the study examines the suitability of the current wind provisions by
comparing the present results with those specified in the provisions. It appears that there
is underestimation of the extreme suctions in the current wind provisions, particularly

those on the ridge and edge regions of the roofs with intermediate slopes.

As a result of the present study, an alternative zoning and loading definition is attempted,
accompanied by a set of new curves. At the same time, the codal roof categories are re-
arranged. The proposed design roof wind pressure coefficients are somewhat higher than

the current design values.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

Low building gable roofs are heavily loaded during strong winds. Severe wind damage
on the roofs has often been reported. In order to minimize the wind damage, the National
Building Code of Canada (NBCC, 1995) and the American Wind Standard (ASCE-7,
1995), as well as many other national and international wind standards and codes of
practice, have specified detailed provisions for these low building roofs. However, with
the increasing use of fast-assembled and light-weighted st;uctural members and
components in roof design and construction, better berforrnance of roofs has necessitated
the continuous updating process of the wind standards and codes of practice, after

research findings from wind tunnel experimentation and full-scale investigation.

In addition to the valuable full-scale investigation, wind tunnel experimentation plays an
important role in the evaluation of design roof wind loads. However, an accurate wind

tunnel simulation for low building roofs remains hard to achieve because lots of factors



are involved in wind tunnel simulation. The variation in approach flow properties such as
the velocity profile, turbulence intensity and length scale, the variation in building size
and roof geometry, and the variation in terrain condition, building grouping etc. have
great influences on the roof wind loads (Stathopoulos, 1984a). It has been reported that
using different wind tunnel experimental simulations to measure wind loading on an
identical model might obtain different pressure coefficients sometimes over 40 percent
(Sill et al, 1992). The difficulty in accurate wind tunnel simulations was regarded as a
trademark for the low building wind loading tests and prevented most previous wind

tunnel experiments from codification usage.

Up-to-date achievement in accurate wind tunnel simulation comes out as the ASCE wind-
tunnel load-test standard (ASCE Draft, 1997), after research findings for more than two
decades. This standard sets criteria to regulate the wind tunnel experimental studies that

aim to be used for codification purposes.

The present study is to examine the suitability of the current wind provisions for gable
roofs of intermediate slopes of the National Building Code of Canada (NBCC, 1995).
This study consists of a comparative research based on experimental measurements
carried out in a wind tunnel. These experiments have been elaborately simulated,
following the ASCE wind loading test standard (ASCE Draft, 1997). This research is
justified by the discrepancies found in previous research findings against the current wind

provisions, which is focusing on the roofs in the intermediate roof range (10°-30°).



1.2 SCOPE AND OBJECTIVES

Wind standards and codes of practice have specified detailed provisions for gable roofs
of pitched slopes. However, recent research results have shown discrepancies from the
codal specifications for roofs of intermediate slopes. Therefore, there is a need to carry
out a detailed research study to examine the validity of the current wind provisions.
Generally speaking, the scope of the present study is to examine the suitability of the
current wind provisions of the National Building Code of Canada (NBCC, 1995),

specified for gable roofs of intermediate slopes (10°<6<30°).

As defined in the current wind provisions, a given gabled roof may fall into one out of
three roof ranges depending on its roof angle (8), namely quasi-flat roof (0°<6<10°),
intermediate roof (10°<6<30°), and high-pitched roof (30°<6<45°). In fact, the
intermediate slope is a common roof style for low-rise buildings. Primary reasons to
choose this roof style include prevention of rain and snow accumulation. Steeper roofs
are less prevalent, but they are constructed to achieve aesthetic appeal or also functional
use in extreme snowfall environments. The examination of the codal definition of the

roof angle range is one of the objectives of the present study.

In addition to roof slope categorization, the current wind provisions are also specified in
terms of pressure coefficients appropriate to provide design wind loads for roof elements
and components in various locations. A roof surface is made up of different roof regions

(eaves and ridge comers; eaves, apex and gable edges; ridge; and interior). These regions,



which may be different for each roof angle range, can be grouped into a set of pressure
zones, provided that the appropriate regions are governed by similar design pressure
coefficients. For these appropriate pressure zones, a set of design pressure coefficient
curves is provided. The assessment of suitability of pressure zones is another objective of

the present study.

In order to attain these objectives, a series of wind tunnel experiments have been
conducted in the present study. Five gable roof models of intermediate roof slopes (10°,
15°, 20°, 25° and 30°) have been tested in a simulated open country exposure in the
Building Aerodynamic Laboratory of the Centre for Building Studies at Concordia
University. The experiments rigidly followed the American Society of Civil Engineers
(ASCE) wind loading test standard (ASCE Draft, 1997). Detailed measurements have
been carried out in order to produce the required local and area-averaged wind pressure

coefficients.

The approach followed in the present research work consists of validating the
experimental results through comparisons with previous research findings; comparing
measured data with the current wind provisions; examining the appropriateness of roof
regions, pressure zoning and loading, as presently described in the Code. Finally, a new
set of provisions will be proposed, and its feasibility will be discussed. This will be
particularly important if design wind pressure coefficients are increased, since this will

have inference on the cost of roof and its construction.



1.3 THESIS ORGANIZATION

The next chapter discusses the previous work in this area. The justification of the need of

the present study is also elaborated.

Chapter 3 presents the atmospheric boundary layer wind tunnel experimental techniques
and describes the aerodynamic characteristics of the simulated upstream flow. Details of
the instrumentation, model configuration, and data acquisition and processing are
described. The current experimental settings are also compared with the respective
criteria specified in the ASCE standard (ASCE Draft, 1997). The comparison shows that
the present wind tunnel experiments satisfy the standard in terms of accurate simulation

and the present experimental results obtained could be suitable for codification purposes.

Chapter 4 presents the experimental results in terms of their variations with roof angle
and wind azimuth, compared with those from previous studies. The latter is for validation
purposes. The discussions provide global pictures on the local and area-averaged pressure
coefficients with their regional distributions. After that, these pressure coefficients are
formed into the codal format used by the current wind provisions for further codification

usage.

In Chapter 5, the examination of the suitability of the current wind provisions for the

intermediate roof range is conducted. Through detailed comparison of the present results



with the current wind provisions, it is found that there is underestimation of the peak
suctions in the current wind provisions, particularly for the corner and edge regions.
Modifications also seem necessary for the codal zoning and slope definition.
Consequently, new provisions are attempted and discussed from the feasibility point of

view.

Finally, conclusions and suggestions for further research on this topic are provided in

Chapter 6.



CHAPTER 2

LITERATURE REVIEW

2.1 DESCRIPTION OF PREVIOUS WORK

Wind tunnel studies on low building roof wind loading began in the mid-1960s,
accompanied with researches for improving techniques of accurate wind tunnel
simulation. Previous work has provided considerable insights into the turbulent action of

roof wind loads, and also provided reliable wind tunnel simulation techniques.

-The wind tunnel work of Barnaud et al (1974), as reviewed by Stathopoulos (1984a),
examined mean and root-mean-square (rms) pressures of three different roof angles,
namely 0°, 22.5° 45°. It was observed that high suctions appeared on 1’:he edges and
corners of flat roofs, decreased on 22.5° roof and disappeared on 45° roof. This work

described the roof loads as a function of roof angle and discussed the regional

characteristics of roof wind loads.



Vickery (1976), as reviewed by Stathopoulos (1984a), examined four gable roof
buildings with roof angles of 0° 6° 12° and 22°, the latter two of which fell into the
intermediate roof range. Roof pressure distributions were found essentially continuous
across the ridge in the cases of the 0°- and 6°-roofs. When approaching the 12°-roof, there
was a separation of the flow at the ridge accompanied by a remarkable change of the
wind loading magnitude. The pressure coefficient immediately behind the ridgeline was
similar to that at the leading edge but fell away rapidly towards the trailing edge. In the
case of the 22°-roof, the flow pattern and the load distribution are not far from those for
the 12°%roof except that pressure coefficients on the leeward roof slope were roughly

constant.

In this study, Vickery (1976) indicated that the pressure variation as a function of roof
slope was associated with the flow separation. On nearly flat roofs, the flow separated at
the leading edge, then reattached and remained attached over the ridgeline and through to
the trailing edge. When the roof angle approached 12°, the flow reattached on the
windward slope and then re-separated at the ridgeline before reattaching on the leeward
slope. When approaching 22°, the flow did not reattach after separation at the ridgeline
and the leeward roof was in a region of constant suction. Furthermore, this work implied
that the wind loads distributed on different roof areas could show similar pressure

coefficients, which is important for codification purposes.

Stathopoulos (1979) carried out a series of experimental studies on low-rise buildings

with gable roofs. Four slopes of flat (0°), 1:12 (4.8°), 4:12 (18.4°) and 12:12 (45°) were



selected for tests. This work systematically described the loads on low-rise buildings.
Based on the experimental results, the subsequent codification was made by
Stathopoulos, Surry and Davenport (1985). This work has become the theoretical and

experimental basis of the current wind provisions of NBCC and ASCE-7.

Holmes (1981) conducted experiments with a set of gable buildings with overhangs. The
roof angles were 10° 15° 20° and 30°. This work provided valuable experimental data
that are used in the present study. Holmes (1983) also described the variation of the flow
separation associated with the flow turbulence as illustrated in Figure 2.1. It was
indicated that the turbulence characteristics inherent in the flow have strong influence on

the roof wind loads.

SEPARATION “BUBBLE"

UPWIND VELOCITY VECTOR ﬁg}j\R LAYER T%S\‘,{,T’ONSZ
ih%%}é%%‘,%,‘&‘ MAGNITUDE \ ' 1;28ULENCE  TURBULENCE
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L E 2 \':\—_ ———a _
====T \STT FLUCTUATING
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Figure 2.1 Flow around a low-rise building — after Holmes (1983)

To provide information for design loads for agricultural and horticultural buildings in the
United Kingdom, Hoxey and Moran (1983) carried out a full-scale experimental program
to study the effects of low building geometries on wind loads. As part of the program, a

set of gable buildings with intermediate roof slopes (11°, 15°, 22° and 26°) were selected



for studying the wind loading effect of roof angle. Although the geometry of the model
buildings was not in consistent style, Hoxey and Moran (1983) concluded that there was
certain inadequacy of many national standards with respect to the prediction of wind

loads on low-rise buildings.

Saathoff and Melbourne (1989) studied the peak roof loading generation mechanism by
investigating the occurrence of the large pressures and the accompanying vortex
generation. The intermittent peaks were observed when the separated wind flow rolled up
to form a large vortex near the surface. The increase of wind flow turbulence reduced the
size of flow separation bubble. The magnitude of the peak was found to be strongly
dependent on the inherent turbulence intensity and turbulence length scale. This work is
important for accurate wind tunnel simulation for roof loading measurement, since this
study indicated that different simulations of wind turbulence in wind tunnel can bring

variation in roof pressure coefficient to certain extent.

Richardson, Robertson, Hoxey and Surry (1990) carried out a collaborative research
program called Silsoe Structure Building Project. The initial purpose of this project was
to improve the wind tunnel measurement techniques by comparison of the wind tunnel
data with full-scale data. The field test data were collected in England while the wind
tunnel results were measured on the scaled models in Canada. The roof angles of the
model buildings were 10° and 15°. The 10°-building had curved eaves that could be
modified into regular sharp ones. In these experiments, only the loads along the roof

central line across the ridgeline were measured. Richardson et al (1990), as well as

10



Savory, Dalley and Toy (1992), reported that the wind tunnel underestimated the peak
suctions while it overestimated rms pressures in comparison with the full-scale
measurements. However, the reason behind the discrepancies was not clearly explained

by the authors.

Stathopoulos and Saathoff (1991), Meecham, Surry and Davenport (1991) worked
separately on the wind loading distributions on gable models with identical roof slope,
which is 4:12 (18.4° roof angle). Some of their results were compared with the current

wind provisions specified for gable roofs of intermediate slopes.

The results of Stathopoulos and Saathoff (1991) indicated that for some cases the
measured peak negative coefficient was approximately 20 percent higher than that
indicated in the current wind provisions. For instance, a peak suction coefficient of -5.0 at
the region of ridge corner was derived from their experimental results, while the design

pressure coefficient is -4.1 as indicated in the current wind provisions.

Most critical local pressure coefficients measured by Meecham et al (1991) are shown on
the upper part of Figure 2.2. The bottom part of Figure 2.2 shows data extracted from the
current wind provisions by multiplying by 1.25 to eliminate the directionality factor,
which will be discussed in Chapter 4. Although the trend of the experimental result of
Meecham et al (1991) is similar with that of the current wind provisions, their
experimental results are indeed higher in many roof locations than those indicated in the

current wind provisions.
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Sill, Cook, and Fang (1992) reviewed the studies on the Aylesbury Comparative
Experiment. The Aylesbury Comparative Experiment project formulated an experimental
wind tunnel program with the objective of estimating tunnel-to-tunnel differences in the
pressure measurements in order to improve the current wind tunnel simulation
techniques. The experiment was based on the Building Research Establishment full-scale
experimental building, a low-rise building with gable roof at Aylesbury, England. Wind
tunnel results had been reported from seventeen wind tunnels world wide that were
carried out on the identical models at 1:100 scale. In general, the results indicated that the
lab-to-lab variation in mean pressure coefficients was above 40 percent. However, the
valuable databases obtained were very helpful to improve wind tunnel simulation

techniques.

Ginger and Letchford (1992) investigated the flow separation and vortex formation
mechanism on a set of canopy roofs with roof angles of 0°, 5°, 10°, 15°, 22.5° and 30°. A
flow visualization test was carried out using oil flow on the 22.5° roof. The results agreed
well with those of Saathoff and Melbourne (1989), demonstrating that the flow
separation, particularly the vortex formation, was the cause of the large peak roof loads.
Furthermore, it was reported that the peak loads on roof corners were accompanied by a

stable conical vortex for the whole set of the slopes tested under oblique wind attacks.

Mean and rms pressure coefficients at corner and edge regions of a flat rectangular roof

were measured by Tieleman, Surry and Lin (1994) under different wind profiles. The

measured results were compared with the field data obtained at Texas Tech University. It
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was emphasized that better simulation of the turbulence scale could reduce the
inaccuracies of the wind tunnel results. Furthermore, this work and Surry and Lin (1995)

stated that minor modification of roof geometry could affect roof loads to a large extent.

Separately, Tieleman, Surry and Lin (1994) and Kawai and Nishimura (1996) introduced
hypotheses of physical interpretation of the correlation of the flow characteristics in the
corner conical vortex with the roof surface pressure distribution directly beneath the
vortex. These studies also provided suggestions on how to improve the wind tunnel

measurement techniques.

In order to provide an empirical formula for estimating the design pressure coefficients
on gable roofs by using peak factor approach, Uematsu and Isyumov (1996) measured the
wind pressure coefficients on the leading edge and corner regions of a set of gabled-roof
buildings with the slope of 4:12 (18.4°). The time-space correlation of the pressure
distribution was investigated, based on the cross-spectra of the pressure fluctuations.
Effects of the spatial and time averages on the peak pressures were discussed. The work

was expected to contribute to the update of the Japanese wind standards.

2.2 JUSTIFICATION OF THE PRESENT STUDY

Previous studies have used three kinds of approaches to evaluate low-building roof loads,

namely wind tunnel experimentation, full-scale investigation and theoretical simulation.
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It can be found that the state of the art wind tunnel experimentation remains as the
practical approach in evaluation of roof wind loads, though the valuable theoretical
simulation and full-scale investigation have experienced developments recently, as
described in Hoxey and Moran (1983), Tieleman et al (1994) and Kawai and Nishimura
(1996). However,‘despite the reliability of wind tunnel experimentation, accurate wind
tunnel simulation appears difficult for the current wind tunnel measurement techniques,
as indicated by Richardson et al (1990) and Cook et al (1992). Errors in wind tunnel

experimental results should be seriously concerned.

Regardless of difficulty in accurate wind tunnel simulation, significant achievements in
determination of low-building design wind loads have been made (Stathopoulos et al,
1985), leading to the development of the current format of wind provisions for low-
building roofs adopted by NBCC and ASCE-7. A key component in this development
was the extensive experimental program carried out by Stathopoulos (1979) in which a
variety of low-rise buildings with different sizes, heights, roof slopes and upstream
exposures were examined.

Controversies have been presented in recent studies against the current wind provisions
of NBCC, with respect to the gable roofs of intermediate slopes. Examples include those
presented by Hoxey and Moran (1983), Meecham, Swrry and Davenport (1991) and
Stathopoulos and Saathoff (1991). However, there exist two reasons preventing those
research results from further codification usage. The first is that only few roof angles

were incorporated into these studies for the wind loading effect of roof angle, whose
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effect on roof wind loads is so strong as shown in the preceding literature review. In fact,
most experiments of these studies were carried out on various models but with the
identical roof slope of 4:12. A single roof angle might not be sufficient to represent the
total intermediate slope range. Another reason was that there were inconsistencies in

experimental wind tunnel simulation, which will be fully discussed in Chapter 4

In summary, the literature review shows that it is necessary to carry out a comparative
study to examine the suitability of the current wind provisions. The study should be built
on wind tunnel experimental results based on commonly recognized experimental criteria
in order to ensure consistency with full-scale data. Moreover, the tests should be able to
represent the intermediate slope as a whole range. Generally speaking, the present study
has incorporated these features so that it could be applied to the update of the current

wind provisions.

As a matter of fact, the present study follows the criteria of the ASCE wind loading test
standard (1997). A set of five models with roof angles of 10°, 15°, 20°, 25° and 30° have
been constructed in order to represent the intermediate roof range; and wind loading
information has been intensively measured. Two types of comparison have been made:
first, the present results are compared with previous data; second, the present results are
compared with the current wind provisions. The first type is for validation purposes, and

the second is to examine the suitability of the current wind provisions.
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CHAPTER 3

EXPERIMENTAL METHODOLOGY

3.1 WIND TUNNEL AND ATMOSPHERIC BOUNDARY LAYER WIND

SIMULATION

The experiments have been carried out in the boundary layer wind tunnel of the Centre
for Building Studies at Concordia University. The working section of the wind tunnel is
12.2m long and 1.8m wide. It has an adjustable roof height around 1.8m to provide
negligible pressure gradient in the test section. More details about this wind tunnel are
given by Stathopoulos (1984b) and further information on wind tunnel can be obtained

Simiu and Scanlan (1986).

The boundary layer wind flow was simulated using triangular boards, a steel plate and
carpet roughness. Four boards of the same triangular shape were erected side by side on
the screen of the tunnel entrance and bound to the screen. The base and the height of each
of the boards are 190mm and 1200mm, respectively. The distance between the centre of

one of the two end boards to the tunnel wall is 350mm and the distance between the
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boards themselves is 365mm centre to centre. The steel plate of 150mm height was
placed on the floor at a distance of 750mm parallel to the screen. Carpet roughness was
placed on the tunnel floor. These settings are used to generate an appropriate wind

profile matching that in typical open country exposure.

For the experimental program, scaling factors of time, velocity and length were
determined at first. The length scale depended on the ratio of the thickness of the
simulated boundary layer to that in the real condition. The gradient height of 650mm
developed over the wind tunnel floor could approximately match 260m boundary layer
thickness in full-scale given the length scale as 1:400. The free-stream wind speed in the
wind tunnel was set at 12.5m/s given the assumption of the velocity scale as 1:4, to
simulate the full-scale velocity of 50m/s at the atmospheric boundary layer height.
Corresponding to the length scale of 1:400 and the velocity scale of 1:4, the time scale
was determined as 1:100. In this scale system, a 6-second sampling period matched an

equivalent 10-minute full-scale sampling period.

Figure 3.1 shows the longitudinal mean-velocity profile (V/V;) and turbulence-intensity-
profile (Vim/V), which were measured by a hot wire. In this figure, Z is a variable height
over the tunnel floor and Z; is the gradient height over the floor; V represents the wind
speed and V, is the tunnel wind speed at the gradient height, which was set at 12.5m/s.
Also in this figure, the theoretical simulation of the experimental mean-velocity profile
indicates that a power law simulation with an exponent of 0.14 is appropriate for the wind

tunnel simulation.
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Figure 3.2 shows the experimental and theoretical longitudinal power spectral densities of
the approaching flow at 25mm height over the tunnel floor (10m height above ground in
full-scale). The spectrum Sy is calculated from the experimental wind velocity, in the
wind tunnel. The scattered points presented in this figure come from the experimental
power spectral density and the smooth curve represents the spectral simulation using the

Von Karman equation, 1.e.

S, (Zn) 4n *L IV

O_Z 5/6
1+70.8(n L, /V)

where the longitudinal integral scale *Ly is 280mm as simulated from the experimental

(3.1)

data, which is equivalent to 112m in full-scale given the length scale as 1:400.
The properties of the simulated atmospheric boundary layer are summarized in Table 3.1,
accompanied by the criteria of the ASCE wind loading test standards (ASCE Draft,

1997). The experimental roughness length Z, is fitted by using the logarithmic law

equation in the form:

where Cq is regarded as a property of the terrain roughness.
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Table 3.1 Comparison of the experimental setting with the corresponding criteria of the
ASCE Standard for wind loading tests (ASCE Draft, 1997) - the current
geometrical scale is 1:400

Standard open country exposure Wind tunnel Equivalent full-
simulation scale values
Terrain Description Open flat terrain; grass; few Carpet -
isolated obstacles roughness
Roughness length z, 0.03 m 0.07 mm 0.028m
Gradient height Z, 274m 650mm 260m
Mean velocity power-law exponent a 0.14 0.14 0.14
Longitudinal turbulence-intensity at z 172 % 17.1 % 17.1%
= 10m in full-scale
Integral length scaleof | Z=10m 110m 280mm 112m
Turbulence *L.(m) Z=200m 510m - -
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Table 3.1 shows that the parameters of the present wind tunnel simulation generally
satisfy the criteria (ASCE Draft, 1997), which indicates that the results obtained from the
present wind tunnel experiments could be appropriate and suitable for codification usage

as far as accurate simulation is concerned.

3.2 MODEL CONFIGURATIONS

Five gable roof models with an interchangeable roof panel have been used for the wind
tunnel experiments. Figure 3.3 shows the original models in the wind tunnel. These
models had a set of roof angles of 10°, 15° 20° 25° and 30°, which were used to
represent the intermediate slope range. The dimensions of the models are shown in Figure
3.4. The interchangeable panel had an area of 150x52 mm?, which was equivalent to
60x20.8m? in full-scale. The five models had the same eaves height (h) of 27.5mm (11m
in full-scale) and the same long wall length (L) of 150 mm (60m in full-scale), but varied
mid-roof heights and varied building spans (B). Thus there is a variation of the ratio of
long wall length to building span (L/B). However, the difference of this ratio is not

considered significant in the present study.

The perspective view of these models is shown in Figure 3.5. It is indicated in this figure
that the wind azimuth (ct) started at 0° when the wind was normal to the ridgeline. It

increased in counter-clockwise direction.

23



ith the interchangeable roof panel

ical and a set of building models w

Figure 3.3 Atyp

24



——
Pri et |

-im—;«“—————-w e |
|
»

- L -
WIKND
0 L (m) B (m) h (m) H (m)
10° 60 40.8 11 12.8
15° 60 40.2 11 13.7
20° 60 39.1 11 14.6
25° 60 37.7 11 15.4
30° 60 36.0 11 16.2

Figure 3.4 Schematic illustration of the model buildings in full-scale

25




\= h \‘
~ .
v N ~
~
~ ™~
7 S \\
>~ e
. < N
Lo & N .
~. 7 ~.
1 ~ . ~
| ~. 25 >
i N &F L ~
| ~ - e ‘
i ~ -7 # 5 .
~ s & T~
N - d 4 o !
~ ~ o ,jf < Vo H
- 52 = B e i
b - =~ % = 37
~o ~. S5 F <o
S & e 2
~ P L < 7 as =
N ~ - o
S ~. T “~ w5 .
P e - ey . @
) ~. ~ v~ s B lo
- ~ /’\ RS ~
_ o S W9 e
: - ~ @ -
T bO/'J/I_.'. T v
P“ ,/‘ P \\ P -
- \\ ~ - -
s < | - -7
Lo~ ~. ~ i / D 6 C 4 O [}
/V// . ~\\ N ? .// P N ) - L)
- ~ > -
= ! ~ -
N ~
7 o~ / -

Figure 3.5 Illustration of the model buildings in full-scale

26

11



Forty-five pressure tappings were mounted on a half of the interchangeable roof panel.
Most of the pressure tappings were located on the corner and edge regions. By virtue of
symmetry, the 45 pressure tappings on a quartering part of a roof are effective as 180

tappings for the entire roof surface.

Figure 3.6 shows details of the pressure tappings on the interchangeable roof panel. The
pressure tappings were numbered as Tap 1 through Tap 45, beginning at the right bottom
corner and increasing leftwards and then upwards. The taps were mounted as close as
possible to the roof edges and ridge. The distance from each of the dashed lines to the
corresponding edge and ridge was 10 percent of the building width (B) of the 20° model,
equivalent to 3.9m approximately in full-scale, delimiting the seven code-defined
regions. It followed the current codal definition on roof region. This distance was
assumed as a constant for convenience purposes in the present study, though it varied
from 36.0m to 40.8m in full scale due to the variation of building width (B). The seven
roof regions are named in the present study as follows:

-Region A (Eaves corner)

-Region B (Ridge comer)

-Region C (Apex ridge)

-Region D (Eaves edge)

-Region E (Gable edge)

-Region F (Ridge)

-Region G (Interior)
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Figure 3.6 Schematic illustration of the tappings and the regions on the interchangeable
roof panel (unit: mm)

Table 3.2 Tapping combinations used in area-averaged pressure calculations

Area code Tapping Full-scale area(m®) | Area code Tapping Full-scale area(m~)
A-0 The worst local <0.1 E-0 The worst local <0.1
A-l 1,8 1.9 E-1 18,19 7.7
A-2 1,2 3.2 E-2 19,21 24
A3 8,11 2.2 E-3 18,19,20 6.4
A-4 1,8,11 33 E-4 18,19,20,21,22 275
A-5 1,8,9 5.8 E-5 18,19,20,21,22 519
A-6 1,8,9,11 9.6 26,27,28

A-7 1,2,8,9,10 9.6 F-0 The worst local <0.1
A-8 1,2,8,9,10,11,12 17.3 F-1 42,43 5.8
B-0 The worst local <0.1 F-2 32,42 8.6 .
B-1 36,39 23 F-3 32,33,42,43 36.8
B-2 36,37 4.1 F-4 32,33,34,42,43,44 73.6
B-3 39,40 4.8 F-3 32,33,34,35 99.8
B-4 36,37,39 6.9 42,43,44,45

B-3 36,37,38,39,40 11.6 G-0 The worst local <0.1
C-0 The worst local <0.1 G-1 23,24 11.5
C-1 31,41 17.3 G-2 23,2425 61.4
D-0 The worst local <0.1

D-1 3,13 10.0

D-2 3.4 5.1

D-3 3,4,13,14 26.6

D-4 3,4,5,13,14,15 433
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Table 3.2 presents the combinations of those pressure tappings for the calculations of the
most critical area-averaged pressure coefficients, accompanied by their corresponding
full-scale areas. These tapping combinations were presumed to expose to the most critical
area-averaged wind loads since the area-averaged loads here were merely the electrical

averages of the local loads that have been found to be the largest ones.

3.3 DATA ACQUISITION AND PROCESSING

3.3.1 Data Acquisition System and Measurement Program Setting

Pressure tappings consisting of 10mm length steel tubes of 0.8 mm inside diameter were
mounted on the model roof panel, with flexible tubes 610mm length and 1.6mm interior-
diameter leading them to the pressure transducer. Restrictors were inserted within the
tubes at halfway of tube length, to provide a flat frequency response above 100 Hz.
Frequencies of pressure fluctuations at the tappings are expected to be well below this
value (Saathoff and Stathopoulos, 1992).

The 45 tubes were divided into 3 groups, 15 tubes each group. These 15 tubes of each
group could be in turn connected with the Scanivalve ZOC-14 electronic pressure
transducer that has altogether 16 pressure channels. Consequently, the 15 pressure
tappings of each group were connected to the 15 pressure channels on the pressure
transducer, while one pressure channel remained was left to be used by the pitot tube in

order to measure the reference free-stream velocity pressure.
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A Scanivalve HyScan-1000 system was used for the data acquisition. A 60-MHz 80486-
based PC-AT computer was utilized to host the HyScan-1000 system and to control the
data acquisition. The pressure scanning system was programmed to record the pressure
signals through an analog/digit converter with the frequency of 256Hz. The data were
streamed directly into the hard drive as time series. During the pressure acquisition runs,
the HyScan-1000 system provided the function of real-time visualization of the
magnitudes of the roof pressures. It is noteworthy that the measuring frequency response
of 256Hz is adequate in reducing the attenuation of wind peaks in wind tunnel

measurement (Holmes, 1984).

During the pressure signal acquisitions, every pressure tapping in each of the three
tapping groups was measured with six segments of pressure data in a given experimental
setting. Each data segment had a 6-second sampling time and in 256Hz sampling
frequency. Taking into account the time scale, the sampling time and frequency of each

segment were equivalent to approximate 10 minutes and 3Hz in full-scale, respectively.

The five models were investigated for all azimuths by virtue of the real-time visualization
function of the HyScan-1000 system, which could provide clear pictures of roof pressure
variations during data sampling. Thus some pressures in some wind azimuths which did
not appear critical were not saved into the hard disk space. Although the data samples
have been reduced in this way, 250MB hard disk space has been consumed at the final.
The detailed measurements were performed for the following eighteen wind azimuths: 0°

(wind direction normal to the ridgeline), 15° 30° 45 °, 55° 60° 65°, 70°, 90 ° (wind
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direction normal to the gable wall), 120° 130°, 135° 140° 150° 180°, 225° 270° and

315°. These wind azimuths appear either as critical azimuths or characteristic ones.

3.3.2 Data Processing System

Roof pressure signals have been collected in form of time series. Typical time series
obtained are illustrated in Figure 3.7. Data processing programs were developed by using
the FORTRAN77 programming language to calculate the local and area-averaged

pressure coefficients including their peaks.

Equations for the evaluation of the mean, minimum, maximum, and rms pressure

coefficients are presented as follows:

P

Mean pressure coefficient: Comean = %—- (3.3)

5P Ve

.. . P

Minimum pressure coefficient: C, . = I = (3.4)

5P Vi
. . P max “ =
Maximum pressure coefficient: C, . = I (3.3)

5P Va

n 2
\/Z(‘PI _Pmmn) /n
Rums. pressure coefficient: Cloms =—— : (3.6)
—2'/0 Ve
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where Vy is the reference wind velocity measured at the mid-roof height in accordance
with the codal definition; p is the air density. In order to obtain their peaks, the Type-I

extreme value analysis approach is used, which is described in detail in the next sections.

Extreme values of times series are important in determining the design wind loads.
Generally, the Type-I extreme value analysis approach is regarded suitable as far as low-
building roof loading predictions are concerned (Mayne and Cook, 1980); and the

working approach (Gumbel, 1958) is briefly introduced as follows.

Let X, be the random variable associated with the extreme value of the initial variable X.
The cumulative distribution function of the Type-I asymptotic form for the distribution of

Xm is as follows:
P(X,, <x)=exp(—exp(—(x—u)/s)) (3.7

where u corresponds to a characteristic largest value of the initial variable X (mode) and s
corresponds to a measure of dispersion of Xn. The extremal parameters s and u can be
estimated by using Gumbel’s plot by taking twice the logarithm on both sides of Equation

3.7, which becomes:

In[-In(P)] = —(i'si‘l (3.8)

The probability term P can be determined as follows: the observed extreme values, in

present case is 18 extreme values, evenly extracted from the 6x6-second pressure record
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time series (the 3 highest peaks from each segment), are sorted into ascending order of
magnitude, after which each is assigned a rank, r, where r = 1 for the smallest and r = Q
for the largest of Q values. An estimate of P corresponding to each extreme value can be

calculated from their ranks using the following equation:

r -

P= .9
01 (3.9)

The mode (u) and dispersion (s) can be determined from plotting Equation 3.8. Mode

corresponds to the x value when

y=In[-In(®)] (3.10)

is zero and the-dispersion is the slope of the line fitting the data.

The scheme for generating the area-averaged pressure coefficients has been presented in
Table 3.2: It is noteworthy that the electric averaging approach utilized for ;he present
study to measure the instantaneous spatially averaged pressure acting over a rectangular
area is different from the pneumatic averaging technique developed by Surry and

Stathopoulos (1978).
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3.4 REPEATABILITY OF MEASUREMENT RESULTS

Figure 3.8 shows the repeatability of the wind tunnel results. Two sets of Cpmean data have
been measured in the same experimental setting on two occasions, 30 days apart, on Taps
1 to 45 on the 15°roof under 60° wind azimuth. Such an agreement is typical for other
cases tested and it is quite encouraging for further application of the present experimental

results.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 GENERAL DESCRIPTIONS

The current wind provisions classify the low-building gable roofs into three categories in
terms of roof slope. The provisions also separate the roof into seven roof regions, based
on distributions of most critical local pressure coefficients on these roof regions. This is
shown in Figure 4.1, which will be intensively used in this and the following chapters.
Furthermore, the wind pressure coefficient specifications provide pressure zoning and
loading definitions for the roofs based on the similarities of their regional most-critical
pressure coefficients. These roof regions can be grouped into pressure zones, provided
that the regions grouped together have similarity in terms of their most critical regional
pressure coefficients. For the intermediate roofs, the pressure zones can be called as Zone
1 (Eaves and Ridge Corners), which includes Regions A and B, Zone 2 (Edges near
Apex), which includes Regions C and E, Zone 3 (Edge and Ridge), which includes

Region D and F, and Zone 4 (Interior), which includes Region G.
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Figure 4.1 Illustration of the seven code-defined roof regions
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In this chapter, the discussion on the present results is carried out with respect to roof
region, pressure zoning and loading and slope range, which are the major concerns of the
current wind provisions. The findings in this discussion will provide solid information for
the codification process carried out in the next chapter. Prior to the discussion, the
comparisons of the present results with those from previous studies are conducted at first

for the purpose of validating the present experimental results.

4.2 PREVIOUS DATA AND PRESENT RESULTS

In this section, the present wind pressure coefficients obtained from four wind azimuths
of 0° 60°, 90° and 135° are compared with the previous research findings. The zero wind
direction is a characteristic wind direction and the slope effect on flow separation and
attachment has been mostly investigated by previous studies in this wind direction. At the
same time, it has been found that most critical pressure coefficients are generally induced

by around 60°, 90° and 135° wind azimuths.

Figure 4.2 compares the experimental pressure coefficients measured at 0° wind azimuth
along the central lines of the roofs across ridge with those from previous studies. These
diagrams describe the relationship between the roof pressure distribution and the flow

separation, besides the validation of the results of the present study.
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The data incorporated in Figure 4.2 come from the previous wind tunnel and full-scale
research studies for comparison purposes, which include Holmes (1981), Hoxey and
Moran (1983) and Richardson and Surry (1991). It is noted that all of these previous data

available are mean pressure coefficients.

While a strong wind flow separation occurs at the leading edge when 6 =10° and 15°, high
suctions are induced near the eaves and the ridge. When 6 =30°, a different flow pattern is
created with flow attaching onto the leading edge (positive mean) and accelerating or
even separating half way (negative mean) over the windward slope. In the latter case, the
maximum pressure coefficients over the windward slope exceed, in magnitude, the
minimum pressure coefficients. Furthermore, the other two circumstances (6 =20° and
25°) represent the transition of flow pattern, which is quite complex as indicated by the
variations in mean and fluctuating pressure coefficients. Except for the 10°roof, the
leeward slopes are exposed to similar negative pressures somewhat independent of the

roof angle due to the second separation from the ridgeline.

For the 10°roof, both the wind tunnel and full-scale data measured by Richardson and
Surry (1991) agree well with the present results. For the 15°-roof, the full-scale data from
Hoxey and Moran (1983) agree well with the wind-tunnel data from Richardson and
Surry (1991) but they have higher values than those measured in the present study.
Agreement is better among the results of Holmes (1981), the full-scale data of Richardson

and Surry (1991) and those of the present study. For the 20°- and 30°-roofs, only the
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pressure coefficients measured by Holmes (1981) are available, whose values are

comparably lower than those of the present study.

Generally speaking, in spite of some differences in terms of building dimension and flow
characteristics, these wind tunnel results appear to be in reasonable agreement. Some of
the differences in the pressure coefficients could be also due to differences in the
experimental settings. More details about the experimental settings used in the previous

studies, when available, are presented in the following comparisons.

Figure 4.3 presents mean pressure coefficient contours for the normal wind direction,
measured on the roofs of 15° 20° and 30° by Holmes (1994) and by the present study.
The agreement between these two studies is generally satisfactory, though the present
data measured for the corner regions are comparably larger than those of Holmes (1994).
The difference shown in the comparison may be attributed to the difference in the
geometrical ratio of eaves height to the long wall length (h/L), which is 0.2 for the present
study while that of Holmes (1994) is 07.4. Furthermore, it is noted that the eaves had

overhangs in the study of Holmes (1994).

In Figure 4.4a, the present data measured for the 20° roof are compared with those
measured by Meecham et al (1991) on a 18.4° roof (slope: 4:12). Both studies are carried

out on wind-tunnel open country exposures; however, the power-law exponent was equal
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to 0.14 in the present study as opposed to 0.19 in the research of Meecham et al (1991).
The comparison is in terms of most critical local pressure coefficients, with the present
results interpolated into the corresponding locations of those tested by Meecham et al
(1991). Figure 4.4b compares the same data in pressure coefficient contour form. The
data of Meecham et al (1991) seem to be somewhat higher than those of the present

study, particularly for those on the region of Eaves corner.

The discrepancies are likely due to the differences between the two studies in wind
simulation and model configuration. Since the terrain exposure of Meecham et al (1991)
is rougher than that of the present study and rougher terrain could induce higher peak
pressure coefficients (Holmes, 1983), the differences in the pressure coefficients are
reasonable. The difference could also be attributed to the difference in the roof slopes that

may strongly affect the roof wind loads as discussed before.

Figures 4.5 through 4.7 show the pressure coefficient contours from Uematsu and
Iysumov (1996) and the present study, both of which are based on the experimental mean
and minimum values. The magnitudes of the pressure coefficients of Uematsu and
Iysumov (1996) are higher than those of the present study. This is not surprising since the
terrain exposure simulated by Uematsu and Isyumov (1996) was rougher as indicated by
its power law exponent of 0.17. The roof angle tested by Uematsu and Isyumov (1996) is
the same as that of Meecham et al (1991) of 18.4° (slope: 4:12), which is also different

from the present 20°-roof taken into the comparisons.
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The present results so far have been compared with data from previous wind tunnel and
full-scale studies in terms of mean and minimum pressure coefficients. Although some
differences have been found through the comparisons, the agreement is generally

reasonable.

It is also to be noted that all of those experimental data from different studies are not far
from each other in terms of pressure magnitude. However, data from Meecham et al
(1991) and Uematsu and Isyumov (1996) are generally higher than the present results,
while the wind tunnel data of Holmes (1994) and the full-scale data from Richardson and
Surry (1991) are generally lower than the present ones. Moreover, the data from Holmes
(1981) agree well with the present results, for the particular configuration of 15° roof

angle.

Therefore, the present experimental results appear consistent with those of previous
studies for similar configurations. This validation process, along with the appropriate
wind tunnel simulation (see Table 3.1), shows that the results of the present study are

suitable for codification purposes.

4.3 LOCAL PRESSURE COEFFICIENTS

Roof structural components, such as bolts, fasteners and secondary structural members,

are directly exposed to local wind forces. Local suction seems to play a more important
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role for gable roofs of intermediate slopes. For simplicity, the term pressure used in this
thesis could be applied to both positive pressure and negative pressure (suction),
depending on the magnitudes of the respective pressure coefficients. The most critical
local pressure coefficients and their distributions are important for the codal definitions
on roof region and pressure zoning and loading. In this section, research findings on the
behaviour of the local pressure coefficients will be presented at first, followed with the
regional most critical local pressure coefficients and the conditions for their occurrences.

At the same time, the respective parts of the current wind provisions will be discussed.

The distributions of the most critical mean, minimum, maximum and rms local pressure
coefficients measured from all pressure tappings are presented in pressure contour forms
in Figures 4.8 through 4.12, and the distributions of those local pressures coefficients
under the wind azimuths of 60°, 90°, 135° are presented in Figures A-1.1 through A-1.20
in Appendix-1. These pressure contours provide global pictures for the local pressure
distributions. It is to be noted that all these pressure contours have taken advantage of the
symmetries of the roof models, thus the contours on a quartering part of a roof can reflect
those for the entire roof. In these figures, the dashed lines superimposed on these pressure
contours delimit the boundaries of the code-defined roof regions, which has been shown

in Figure 3.6.

It is found in these pressure contours that the regional characteristics of these local

pressure coefficients are distinctive, and the current codal definition on roof region seems
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appropriate. The most critical local pressure coefficients on most parts of the roof regions
near gable ends and ridgeline are very high, particularly for Ridge corner. These large
pressure coefficients are accompanied by the conical vortices just behind the ridge
(Kanda and Maruta, 1993). On the other hand, the most critical local pressure coefficients
on Eaves edge are relatively low. It shows that the wind loading effect of the first
separation of flow occurring at the leading edges is not so strong as that at ridge and
gable ends. Furthermore, the local most critical pressure coefficient distributions on Apex
edge (Region C) do not show distinctive characteristics by comparison with those

pressure coefficients on their neighbourhood.

Figure 4.13 shows the minimum local pressure coefficients measured at Taps 29, 36, 39,
40 and 41 that are located near Ridge corner. When the wind azimuth (o) is around 135°,
the peak suction appears with a coefficient of -5.1 on the 10°-roof, and of -6.6 on the 20°-
roof. Such peak suction decreases when the roof angle reaches 25°, and almost disappears
on the 30°-roof. The coefficient of —6.6 measured on the 20°-roof is the largest value of
the pressure coefficients measured in the whole experimental program. It is also found
that these local pressure coefficients are relatively low for most of the wind azimuths,
which shows that the directionality factor has to be considered in evaluation of the roof
wind loads. Furthermore, the local pressure coefficients measured on the 20°-roof are
generally higher than those measured on the other roofs for almost all these local
tappings, while the local pressure coefficients of the 30°-roof have considerable smaller

values.
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Variations of the mean, minimum, maximum and rms local pressure ccefficients on Taps
1,2,3,8,11, 29, 36, 39, 40 and 41 are presented as functions of wind azimuth in Figures
A-2.1 through A-2.10 in Appendix-2. Note that these pressure tappings are distributed
along the boundaries of the comer and edge regions-see Figure 3.5. Local pressure
coefficients on these pressure tappings were found generally higher than those on the

other tappings.

It is found Figures A-2.1 through A2.10 that the wind directions around 60°, 90° and 135°
induce very high local wind loads; however, they do not appear coherent. In other words,
their spatial correlation is not strong. It confirms that the directionality factor has to be
considered into roof design. It is also found that local pressure coefficients measured
around Ridge comer appear generally higher than those around Eaves corner for these
angles and this confirms the importance of the very large loads on Ridge corner in roof
design. Furthermore, it appears that local pressure coefficients on Gable edge are

generally higher than those on Eaves edge, but appear similar to those along the ridgeline.

Figure 4.14a displays the most critical local pressure coefficients as functions of roof
angle (8) for four gable end tappings. As discussed previously, the most critical local
pressure coefficients on the gable-end regions have been found to be higher than those on
the other roof regions. The tapping line consists of Taps 1, 19, 26 and 39 with the ratio
x/ of 0.036, where x is the distance between the tapping line and gable wall, and /% is the
eaves height. However, this value is not so satisfactory as compared with that of Surry

and Lin (1995) which has taken the advantage of larger model scale.
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The tapping line consisting of Taps 9, 18, 28 and 37 is the second closest tapping line to
the gable wall with the ratio x/A as 0.072. Figure 4.14b shows that the slope effect on the
most critical local pressure coefficients is less pronounced in some cases. Therefore, it
appears difficult to break down the intermediate slope range into more subsets in terms of
the most critical local pressure coefficients. However, the other cases show that the
behaviours of the most critical local pressure coefficients are not monotonic, which
appear to increase gradually from both ends of the roof slope range (10° and 30°), and
reach their peaks at the 20°. Therefore, for the intermediate slope range which is difficult
to separate, these peaks have to be considered as their representative values in

codification process.

The examination of the measured local pressure coefficient trends shows that severe wind
loads cover most part of the gable end and ridge regions; most critical wind pressure
coefficients on Ridge corner are high, but those on the regions of Eaves edge and Interior
are comparably low. These trends are common for three models of 15°, 20° and 25° roof
angles. For both ends of the intermediate slope range (10° and 30°), there are exceptions.
For instance, the pressure gradient is relatively small across the ridge for the 10°-roof, as
has also been illustrated in the mean pressure variation shown in Figure 4.1, where the
pressure coefficient magnitude immediately downstream the ridgeline is approximately
equal to the pressure coefficient upstream the ridgeline. The characteristic of continuous
flow for quasi-flat roofs has been discussed in Chapter 2. Another exception is that the
most critical pressure coefficients for Ridge corner of the 30°-roof are small, which has

also been presented in Figure 4.13.

60



c c
5.0 T2 5.0 2 ]
—©—mean —E—max ! l+mean —HE—max
30 ¢ —2&—min —©—rms 30+ I—&%—min —©—rms
i ) I
| Ez/Ef
10— © © p -1.0 :- R N o o
S S > A—A——”&/ﬂ_—-’* |
501 504
7.0 7.0
10 15 20 25 30 10 15 20 25 30
9(%) 8(°)
Tap 9 Tap 18
37
28
18
g-
C
5.0 | : i 5.0 Cp
| 7%~ mean —S—max —o—mean —8—max
o1 min __—S—rms 30f =% —min —©—rms
L
1.0 a a i
® = ; 1.0

o Eg+_e/e/‘ ’\&___6/9—/>
q
g A

5.0+ 5.0 T
[
7.0 7.0
10 15 20 25 30 10 15 20 25 30
8(°) 8(%)
Tap 28 Tap 37

Figure 4.14b) Most critical local pressure coefficients near the roof gable end as functions
of roof angle (6)

61



The discussion on the most critical local pressure coefficients presented as functions of
roof angle may lead to some modifications to be proposed for the current wind provisions
in terms of the slope range, particularly related to the classification of both ends of the
slope range. The most critical local pressure coefficients, together with their occurrence
conditions in terms of roof angle and wind azimuth are presented in Table 4.1. These

information and discussion will be addressed in the following chapter.
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Table 4.1 Regional most critical local pressure coefficients
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Comin Occurrence location Comax | Occurrence location
Region A -4.9 T01-10-065 1.2 T11-30-030
Region B -6.6 T39-20-150 0.8 T30-30-000
Region C -4.5 T41-20-140 0.4 T31-30-030
Region D -2.9 T06-10-000 0.4 T17-20-000
Region E -4.5 T28-20-150 0.8 T19-25-030
Region F -3.8 T42-20-140 0.4 T45-25-090
Region G -2.6 T23-30-090 0.8 T23-30-030

Note: the acronym “T39-20-150" represents Tap39, 20° roof angle and 150° wind
azimuth
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4.4 AREA-AVERAGED PRESSURE COEFFICIENTS

In addition to local pressure coefficients, area-averaged pressure coefficients are very
significant. The wind loads acting on roof members and cladding are generally due to
area-averaged pressures. Most critical area-averaged pressure coefficients are important
in order to examine the suitability of the current wind provisions. In fact, the design wind
loads presented in the current wind provisions are made up of the most critical area-
averaged pressure coefficients specified as functions of tributary area. In this section,
variations of the most critical area-averaged pressure coefficients obtained in the present
study will be discussed as functions of roof angle and wind azimuth. Furthermore, the
most critical area-averaged pressure coefficients will be arranged as functions of tributary

area, in consistent with the current codal format.

Figures 4.15 through 4.17 display the area-averaged pressure coefficients as functions of
wind azimuth for Eaves corner, Ridge corner and Gable edge in their entire areas,
respectively. Recall that in the preceding section the local pressure coefficients measured
on these three regions are generally larger than those on the other roof regions. The most
critical suction coefficient of -3.2 occurs when wind azimuth a=90° and roof angle 6=25°
for Eaves corner. The most critical pressure coefficient of 1.1 occurs on the 30°-roof
under 30° wind azimuth. For Ridge corner, the most critical suction coefficient equals to
-4.7 on the 20°-roof at 140° wind direction; the most critical pressure coefficient equals to
0.3 on the 30°roof under 30° wind azimuth. For Gable edge, the minimum pressure

coefficient of -2.9 occurs when o is130° on the 15°roof, whereas the peak positive

pressure coefficient equals 0.8 occurring when o is 30° on the 30°-roof.
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As shown in Figures 4.15 through 4.17, the behaviours of these positive most critical
area-averaged pressure coefficients generally appear to be dominated by a quasi-cosine
law. They generally increase with roof angle, so that it has to be more considered for
design of the roofs of higher roof angles, particularly those near the high-pitched roof
range, which might be the 25° and 30° roofs. However, the full treatment will not be

carried out until the following chapter.

Also as shown in these figures, the behaviour of the most critical area-averaged suction
coefficients is more complicated; however, for those most critical area-averaged suction
The difficulty has been found to distinguish the pressure coefficients measured on each of
these roofs from the others, although the behaviour of those measured on the 30°-roof can
be distinguished out easier. Generally speaking, it appears hard to categorize these
pressure coefficients into more groups. It is an alternative way to say that the
intermediate slope range can not be split into more subsets in terms of area-averaged

suction coefficients.

The area-averaged mean, min, max and rms pressure coefficients as functions of roof
angle are shown in Figures 4.18a and 4.18b, for the seven roof regions in their entire
regional areas. Both minimum and maximum pressure coefficients are obtained as their
most critical values. The wind loading effect of roof angle on the most critical pressure
coefficients appears weak, with the exception of the suction on Ridge comner, which

appear higher on the 20°-roof than on the other roofs.
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The most critical area-averaged pressure coefficients that are associated with their
respective roof angles and wind azimuths for each of the seven roof regions are presented
in Table 4.2. These results, accompanied with those already shown in Table 4.1, may

have distinctive usage in the codification process.

The most critical area-averaged pressure coefficients for each of the seven regions as
functions of the tributary area are presented in Figures 4.19 and 4.20, in the same format
as that used by the current wind provisions. Figure 4.19 shows that the negative pressure
coefficients on Ridge comner are significantly higher than those in the other roof regions.
At the same time, it is also distinctive that the difference between the pressure
coefficients of the 10°roof and those of the other roofs is relatively small. Finally,
positive pressure coefficients are low with the exception of those for the 30°-roof. All

these information will be discussed in the following chapter.
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Table 4.2 Minima of the area-averaged most critical pressure coefficients for the seven
regions in their entire sizes, respectively
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region A -3.1 25-090 1.1 30-030
region B -4.7 20-140 0.3 30-030
region C -3.2 20-120 -0.1 30-030
region D -2.3 10-000 -0.4 20-000
region E -2.9 15-130 0.8 30-030
region F -2.8 20-140- -0.1 25-090
region G -2.0 30-090 0.5 30-000

Note: the acronym 25-090 represents: 25° roof angle and 90° wind azimuth
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CHAPTER 5
APPLICATION FOR STANDARDS AND CODES OF

PRACTICE

5.1 DETAILED DESCRIPTION OF THE CURRENT WIND PROVISIONS

The current wind provisions of NBCC (1995) have already been referred in this thesis.
The codification process arriving at the current codal format is briefly described as

follows. It is to be noted that the principle of simplicity goes throughout this process.

-As indicated in the previous chapters, the codal definition of roof region depends on the
distribution of the experimental most critical local and area-averaged pressure
coefficients. The roof areas where the local most critical pressure coefficients show
similar magnitudes are grouped into a set of regions respectively, namely Region A
(Eaves corner), Region B (Ridge corner), Region C (Apex ridge), Region D (Eaves
edge), Region E (Gable edge), Region F (Ridge) and Region G (Interior). The roof

regions where the regional most critical pressure coefficients show similar magnitudes
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are grouped into a set of pressure zones respectively, namely, Eaves and Ridge Corners,
Edges near Apex, Edges and Interior. Furthermore, roofs of different roof angles can be
grouped together, provided that the corresponding zones of these roofs show similarity in
terms of most critical pressure coefficients. The slope ranges are defined in the current
wind provisions as: the quasi-flat roof (0°<6<10°), the intermediate roof (10°<8<30°) and
the high-pitched roof (30°<6<45°). The format of the current wind provisions for gable

roofs of intermediate slopes and those for other roof ranges is illustrated in Figure 5.1.

It has to be noted that the design pressure coefficients in the current codal format are
arranged as functions of tributary area denoted as C,C, in accordance with the current
codal format for the design pressure coefficients of high-rise buildings. More explanation

on the notation has been provided by Davenport (1983).

In the current wind provisions, the most critical pressure coefficients measured in the
wind tunnel have been multiplied by a reduction factor of 0.8 to account for
directionality. This is based on the consideration of the unlikeliness of the extreme wind
speed coming from the most critical wind direction for each point on the roof
(Stathopoulos, 1979). In this chapter, the measured most critical pressure coefficients that
will be employed into the comparison with the codal values are multiplied by this 0.8
reduction factor. Further codal information on design wind loads of low-rise buildings

can be found in various standards and codes of practice.
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5.2 COMPARISONS WITH THE CURRENT WIND PROVISIONS

Local most critical pressure coefficients measured in this study are compared with design
wind pressure coefficients in Figure 5.2. The seven diagrams in this figure apply to the
seven code-defined regions. The top straight lines in these diagrams represent the design
suction coefficients for the smallest tributary area, while the bottom straight lines indicate

the design pressure coefficients.

As shown in this figure, the current wind provisions appear to have underestimated the
local peak suction on the regions of Ridge corner, Gable edge and Ridge. Also shown in
this figure, the wind loading effect of roof angle on the most critical local pressure

coefficients appears less pronounced.

The distributions of the most critical pressure coefficients in the positive domain are
almost uniform, though the most critical local pressure coefficients of the 30°-roof are

larger than those on the other roofs.

The most critical suction coefficients vary from region to region and reach their peaks on
the 20°-roof. These suction coefficient values decrease gradually towards both ends of the
intermediate slope range and reach their minima at either end. This shows the difficulty
to divide the interrnediate slope range into, say, two subsets. Any attempted division
would require three or more intervals and this would not be appropriate from the

simplicity viewpoint.
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The most critical pressure coefficients, both local and area-averaged obtained in the
present study, have been arranged into the same format of the current wind provisions
and compared with the current design wind pressure coefficients. The results are shown
in Figure 5.3. Four diagrams of this figure correspond to the four current defined pressure
zones, respectively. This figure is used to examine the agreement of the present
experimental results with those specified in the current wind provisions. Furthermore,
Figures A-3.1 through A-3.5 in Appendix-3 provide the same comparisons, although
separately for each individual roof angle tested in the present study in order to provide a

clearer view of the comparison results.

The differences between the present results and those from the current wind provisions
appear apparent, as shown in Figure 5.3. The most critical suction coefficients measured
in the present study of Zone 1(Eaves and Ridge Corners) and Zone 2 (Edge near Apex)
have exceeded the current design suction coefficients to certain extents, although for the
other two zones (Edge and Ridge, and Interior), the agreement of the present results and

the current wind provisions appears well.

A further examination of this figure indicates that the pressure coefficients obtained on
the 10°-roof show similarity with those for the other three roofs of 15° 20° and 25° in
magnitude. On the other hand, the pressure coefficients measured on the 30°-roof show

seem out of order of those measured on the other four roofs.
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Generally speaking, there is underestimation of peak suctions for the roof corner and
ridge regions in the current wind provisions, and the roof range definition seems not
suitable. As a result, some updating work needs to be done for the current wind
provisions; and some ideas have been invoked by the previous discussions. For instance,
the 10°-roof may be taken into the intermediate roof range. On the other hand, the 30°-
roof may be taken out of the intermediate roof range, and put into the high-pitched range,
if it is more appropriate. In addition, the 25°%roof should be examined to see whether its
loading definition would also be suitable for classification in the higher-pitched roof
range. Figures 5.4 through 5.6 will be used to examine whether these ideas are suitable or

not.

In Figure 5.4, the experimental results obtained on the 10°-roof for each of the seven roof
regions are combined into the three pressure zones defined in the current wind provisions
for the quasi-flat roof range (0°<6<10°). The current codal definition on pressure zoning
for the quasi-flat roof range can also be referred to Figure 5.1. The comparison in this
figure shows that it may not be suitable to place the 10%roof in the quasi-flat range. In
fact, by comparing Figure 5.4 with Figure 5.3, the 10°-roof appears quite clearly to

belong to the intermediate roof range.

In Figures 5.5 and 5.6, the experimental results obtained on the 25° and 30°roofs for
each of the seven roof regions are combined into four pressure zones in conformity with
the respective codal pressure zoning definition for the high slope range (30°<6<45°). The

definitions for these pressure zones have also been provided in Figure 5.1.
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Figure 5.5 shows that the distributions of the pressure coefficients on the 30°-roof agree
well with the definition of the current wind provisions on the high-pitched roof range. In
fact, the agreement is much better than that shown 1n Figure 5.3 for the intermediate
slope range. Therefore, it is better to take the 30°-roof out of the intermediate slope range
and classify it into the high-pitched roof range. However, this is not the case for the 25°-
roof as Figure 5.6 indicates. Clearly, it would have been desirable to examine this issue
for additional roof angles between 25° and 30°. However, in the interim and with respect
to the codal definition of the slope range, some modification in the slope definitions may
be proposed, namely, quasi-flat range (0°<6<10°), intermediate range (10°<8<30°) and

high-pitched range (30°<0<45°).

5.3 ALTERNATIVE CODE AND STANDARD PROVISIONS

The examination of the current wind provisions has been completed. The current codal
definition on slope range has been modified so that the 10°roof be taken out of the quasi-
flat roof range and put into the intermediate slope range. In the meantime, the 30°-roof
would be taken out of the intermediate slope range and relocated into the high-pitched
roof range. The attempted and current codal definition on slope range is shown in Table
5.1. From the attempted intermediate roof range, the current pressure zoning definition is
modified. The attempted zoning definition is shown in Table 5.2, in association with the
current definition. The attempted pressure zones can be called as Corner, Ridge and

Gable Edge-Zone 1, Ridge Corner -Zone 2, and Interior and Eaves Edge-Zone 3.
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Table 5.1 Comparison of proposed and current codal definition on slope range

Category Current definition Proposed definition
quasi-flat roof 0°<6 <10° 0°<8 <10°
intermediate roof 10°<6 < 30° 10°<6 < 30°
high-pitched roof 30°<8 < 45° 30°<8 < 45°

Table 5.2 Comparison of the proposed and current codal definition on pressure zoning

Proposed zoning Regions Current zoning Regions
Zone 1 Region B Zone 1 Regions A, B
Zone 2 Regions A,C,E, F Zone 2 Regions C, E
Zone 3 Regions D, G Zone 3 Regions D, F
Zone 4 Region G
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A new set of design wind pressure coefficients has been formulated with the principle of
simplification taken into account. The proposed design wind pressure coefficients are
presented in Figure 5.7 along with the current provisions corresponding to the most
critical areas of the new zones (Wu et al, 1998). The proposed curves quasi-envelope the
most critical local and area-averaged pressure coefficients obtained in the present
experimental study. There are several reasons for that, merely related to economics and
the acceptance of any new specifications for codes and standards not to fully envelope the
measured pressure coefficients. For instance, the variability of measured peak values is
such that it would be adequately claimed that small convenient reductions could be

tolerated for simplicity and economy.

Furthermore, the new set of local design wind pressure coefficients have been compared
with respect to available experimental data and the current wind provisions. The
comparison shows that the proposed provisions are generally compatible with the data
from previous studies, although they may be overall somewhat more expensive in their

implementation.
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Table 5.3 Comparison of the proposed wind design pressure coefficients with those from
the current wind provisions and those from previous experimental findings

Most-critical local suction coefficients for each region

A B C D E F G
Current wind provisions -4.1 4.1 -3.1 -2.0 -3.1 -2.0 -1.6
Meecham et al (1997) 4.4 -5.3 3.8 [ 26 |53 -34 ] -26
Holmes (1987) -3.1 -5.2 -3.3 181 -38 1 -34 | -27
Proposed wind provisions -3.7 -5.0 -3.7 2.3 | 3.7 | 3.7 | 2.3
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5.4 ASSESSMENT OF THE INCREASE OF DESIGN WIND LOADS BROUGHT

BY THE PROPOSED PROVISIONS

From the economics point of view, updating of the current wind provisions may have
large-scale effects on the cost of roof construction, since safety and economy always fight
against each other in engineering. Thus it is necessary to assess the feasibility of the
proposed provisions in terms of the increases of design wind loads in comparison to the

current ones.

A number of assumptions have been made for the comparison. Typical roof cases have
been selected. The roof gable wall length would be equal to or longer than 10m. The
ratios of roof length over roof width of these roofs have been considered as 1:1, 2:1 and
3:1. The notations of L and B, which have been applied for long wall length and gable
wall length, are now used for roof length and width, implying that the difference between
roof width with its horizontal projection is neglected. Moreover, for simplicity, only local
pressure coefficients, which can be applied for roof cladding with tributary area < 1m?,
have been considered since only a “feeling” of the potential increase is to be provided in
the present study. Furthermore, positive pressure coefficients have not been considered
here, albeit their values are smaller as indicated in Figure 5.7, simply because positive

wind loads are not generally dominant for the design of a roof.

Under the given assumptions, the weighting factor (F) of each pressure zone, which

represents the ratio of the zone’s size to the entire roof size, can be obtained for each of
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the three roof cases by considering the areas of their respective pressure zones, as

specified in Figure 5.7. These factors have been calculated and presented in Table 5.4.

With the weighting factors of Table 5.4, the comparison of the proposed provisions with
the current ones in terms of local suction coefficient values can be carried out by using

the equation:

3
(CoCo) o = Z, (C,C,). F, (5.1)

where (CpCog)roor 1 the expected or “average™ design local pressure coefficient, i denotes
the respective zone number and CpC, represent design local suction coefficient for the
proposed and current provisions, as specified in Figure 5.7. The results of this
comparison are shown in Table 5.5. Please not that this comparison is simplified since the
current provisions have applied to the new Zones 1, 2 and 3 in an approximate way. For
instance, design pressure coefficients on Zone 1 have considered the most critical roof

corner value, whereas respective current provisions for Zone 3 have adopted the

predominant interior roof suction coefficient.

Clearly, the proposed wind provisions appear to increase the design pressure coefficients
by approximately 15%, at least as far as local roof suction are concerned. This is not
excessive and may be well justified by considering the results of the present study and

previous findings as well.
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Table 5.4 Zone weighting factors (F) of three different roofs

Zoning Areas

Weighting tactors (F)

Roof geometry (L:B) | 1:1 2:1 3:1 11 2:1 31
Zone1 0.32B2 10528 [0.72B2 [0.32 0.26 0.24
Zone2 0.04B% [0.04BZ |[0.04B2 |0.04 0.02 0.01
Zone3 0.64B2 (1064B2 [224B2 [0.64 0.72 0.73
Total roof area 1B 2B 3B
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Table 5.5 Comparison of the proposed and current provisions in terms of expected values
of design local suction coefficients for three roof configurations

(1) Roof 1 (L:B=1:1)

Proposed provisions Current provisions
Zone F (CoCo)i (C.CoiFi (CoCy)i (C.CoiF;
1 0.32 3.7 1.18 4.1 1.31
2 0.04 50 0.20 41 0.16
3 0.64 23 1.47 1.7 1.09
(CoColroot 2.85 2.56
Proposed/Current 1.11
(2) Roof 2 (L:B=2:1)
Proposed provisions Current provisions
Zone Fi (Cng)i (Cng)iFl (Cng)i (Cng)iFi
1 0.26 3.7 0.96 41 1.07
2 0.02 5.0 0.10 41 0.08
3 0.72 2.3 1.66 1.7 1.22
{CoCo)roor 2.12 2.37
Proposed/Current 1.15
(3) Roof 3 (L:B=3:1)
Proposed provisions Current provisions
Zone Fi (CoCy); (C.Co)iF (CoCo)i (CoCo)iFi
1 0.24 3.7 0.89 | 4.1 0.98
2 0.013 5.0 0.067 | 4.1 0.06
3 0.73 2.3 1697 1.7 1.24
(CoCoroot 2.65 2.28
Proposed/Current 1.16
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 SUMMARY AND CONCLUSIONS OF THE PRESENT STUDY

A series of wind tunnel model tests have been carriéd out to examine the suitability of the
current wind provisions of NBCC (1995) for low buildings in the intermediate roof slope
range (10°<8<30°). Five gable roof models with roof angles of 10°, 15°, 20°, 25° and 30°
have been investigated in wind tunnel. These roof models were assumed to be
representative for gable roofs of intermediate slopes. This addresses the criticisms on the
current approach that low building roofs within the intermediate slope range are designed
by testing models with only one roof slope (18.4%). In order to provide an accurate wind
tunnel simulation, the experimental settings are designed to follow the respective criteria
requested in the ASCE wind loading test standard (ASCE Draft, 1997). An intensive set

of experimental results has been obtained and applied for codification process.

Prior to the application of the experimental results obtained, the present data were

compared with data from previous studies. Although there are some differences among
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these experimental studies, the comparisons seem satisfactory. This and the adequacy of
wind tunnel simulation confirm the suitability of the present experimental results for

codification purposes.

A series of comparisons have been carried out to examine the adequacy of the current
wind provisions in the National Building Code of Canada for the design of gable roofs
with angles lower or higher than 18.4°. The codal definitions of slope range, roof region
category, pressure zoning category and design wind pressure coefficients have been
discussed, respectively. Although the experimental results generally agree with the
current wind provisions, the latter clearly underestimate the peak suctions on corner and
edge regions. Moreover, the roof angles involved within the current slope category

definition may be somewhat changed.

An alternative set of provisions has been derived from these comparisons and
discussions. The current codal definition on the roof regions has been maintained but the
pressue zoning definition has been modified. For the proposed pressure zones, a new set
of design wind pressure coefficients has been formulated. Furthermore, the slope range

definition has also been somewhat modified.

For the proposed wind provisions, a preliminary assessment of the increase of the design
wind loads has been conducted. It appears that the proposed wind provisions may
increase the design local wind loads for gable roofs of intermediate slopes by an amount,

typically varying between 6 and 16 percent depending on the building’s geometry.
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6.2 RECOMMENDATIONS FOR FUTURE STUDY ON THIS TOPIC

A set of five gable roof models with roof angles in the intermediate slope range has been
tested and various interesting results have been found. The interval between these roof
angles was set at 5°, in order to sufficiently model the wind pressure distributions for the
entire intermediate slope range. This assumption was justified by comparison with the
experiments conducted in previous studies. However, the results obtained show that the
pressure distributions on the intermediate slope roof could be very sensitive to the roof
slope. Therefore, it would be of interest in a future study to model roofs with adjustable
roof angle to detect differences in the pressure distributions corresponding to a very small

variation of roof slope.

In the present study, several factors affecting the wind loads on low-building gable roofs
of intermediate slopes have not been taken into account, because only the suitability of
the current wind provisions is the major concern of the present study. For instance, the
variation of the upstream terrain exposure and the actual building configuration have not
been included in the scope of the present study. In order to better understand the

behaviour of wind pressures on roofs, these factors should be considered.

In fact, low-rise buildings with gable roofs may be located either in open country or in
suburban exposure. Besides the isolated case of the present study, such buildings could
also be in grouping or surrounded by other obstacles such as fences, trees. Moreover,

gable roofs often have overhangs and other decorative components. The roofs may be
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exposed not only to the boundary layer wind but also to other storm systems, for instance,
tornadoes. In order to protect low building gable roofs from wind damage, the wind
loading effects of the above-mentioned factors need further studies for future update of

the codes and standards of practice.
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Appendix-1

Roof Pressure Coefficient Contours for Typical Wind Azimuths
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Pressure field on the quartering roof of 10° slope at 60° wind azimuth
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Figure A-1.4 Pressure field on the quartering roof of 10° slope at 135° wind
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Figure A-1.6 Pressure field on the quartering roof of 15° slope at 60° wind azimuth
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Figure A-1.7 Pressure field on the quartering roof of 15° slope at 90° wind azimuth

Figure A-1.8 Pressure field on the quartering roof of 15° slope at 135° wind azimuth
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Figure A-1.12 Pressure field on the quartering roof of 20° slope at 135° wind
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Figure A-1.15 Pressure field on the quartering roof of 25° slope at 90° wind azimuth

Figure A-1.16 Pressure field on the quartering roof of 23° slope at 135° wind azimuth
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Appendix-2

Corner Wind Pressure Coefficients as Functions of Wind
Azimuth
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Figure A-2.7 Local pressure distribution on Eaves corner for 25° roof, all azimuths
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Figure A-2.8 Local pressure distribution on Ridge corner for 25° roof, all azimuths
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Appendix-3

Comparison of the Experimental Data Tested on each Slope with
the Current Design Wind Pressure Coefficients
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Figure A-3.1 Comparison of the experimental results obtained for the 10°-roof with the
current wind provisions specified for the whole10°-30° slope range

127



-CpCg

-CpCg

6.0 — 6.0 —

| Roof Angle §°! L
50 1 g 15 5.0 +
3 L
40— O -——NBCC 40 +
L _‘DD provisions L
30+ . 30— T
i i O oo
20 + a o 20+
Q
o Q.
1.0 + Q 1.0 -f—
{
T Eaves and Ridge Comner . Edge near Apex
1.0 = -10 +
204 204
If %
-3.0 = s o T Fo S -3.0 - : : : i
0.1 1 2 10 100 0.1 1 10 100
Area, m 2
Area, m
Zone 1 Zone 2
6.0 — 6.0 + -
5.0 + - 50 +
40 — 4.0 +
3.0 + 30 -
] ’ [
= oo 2.0
20— 9% 85 g
1041 7 104 =
- [
00 ————————— oo 0.0 2 o0&
B ]
-1.0 - Edge and Ridge -1.0 -[ Interior Roof
20+ 201
— :r
3.0 + ; -3.0 4 : . A
0.1 1 10 100 0.1 1 10 100|:
Area, m :
Area, m®
Zone 3 Zone 4

Figure A-3.2 Comparison of the experimental results obtained for the 15°roof with the
current wind provisions specified for the whole10°-30° slope range

128



6.0 - .
b Roof Angle (*)
50 A
- 2 a A 20
‘ A
40 <
! A ——NBCC
; provisions
3.0 -
20 - a o
‘ (5)
: S
1.0 - T
0.0 -
A AAAAAD
10 —_— Eaves and Ridge Comer _
L o
2.0 -
-3.0
0.1 1 2 10 100 o
Area, m
Zone |
6.0 -
5.0 -
40 -~
3.0A
A
- A AA
2.0 - @
. - 0
i ‘ g
1.0 + 2
0.0 -
A___//,A‘,A—Q—A——A
-1.0 - Edge and Ridge
2.0 - T
-3.0 .
0.1 1 10 1 ;
Area, m? oo -
Zone 3

6.0 —

50 -

- - Edge near Apex

6.0 ~

5.0 —~

10 100

Area, m?

Zone 2

1 10 100

2
Area, m

Zone 4
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Figure A-3.4 Comparison of the experimental results obtained for the 25°%roof with the
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Figure A-3.5 Comparison of the experimental results obtained for the 30°-roof with the
current wind provisions specified for the whole10°-30° slope range
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