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Abstract

A 1:10 scale model building previously tested in the NRCC 9 x 9 windd
tunnel was reproduced with a more exaggerated seale of 1:100 in a smaller wind
tunnel and tested. Also tested was o half of the building cut along the line of

symmetry and with various heights. The purpose of the testing was

1) to examine the repeatability of the roof pressure patterns with @ more

exaggerated scaling factors. and

2) to explore the feasibility of using a portion of the building for the testing

of structural details against wind action.

It was confirmed that the proposed simulation of only a half or even less
portion of the building at various scaling factors can be a useful wind tunnel
testing method which can reproduce the previously established full building
test results as long as the parapet height ratio is kept constant and the wind

tunnel blockage ratio is kept minimal.
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Notation

Various symbols and abreviations used frequently in this work are sunimarized
below. All notation is fully defined where it first arises in the text.

Symbols

U Mean wind speed

U. Reference wind speed

U! Wind speed fluctuation
C; Mcean pressure cocfficient

h, Parapet height

h Building height

I,/ Parapct ratio

B Width of the building

L Length of the building

S Model area normal to the flow

C Wind tunnel cross-sectional arca

S/C Blockage ratio

Abreviations

NRCC National Rescarch Council Canada

ANSI American National Standards Institute

x1



Chapter 1

Introduction

A flat roof surface often experiences very high suction induced by the pair
of vortices from the upstream corner against the diagonal wind | 1,;‘2 ]. Since
this phenomenon can cause serious dislocation of the roofing system such as
insulation boards or concrete pavers, it is cncouraged to mechanically fasten
them to the roof deck rather than leaving them loose-laid | 3 ]. However, once
they are firmly connccted to the roof deck, there still remains a possibility of
inflation of the roof deck itself or even structural damages due to it because
the building cannot be completely airtight and tends to allow air infiltration

underneath the roof to allow this deformation [ 4,5 |.

Wind tunnel testing of this situation is difficult with a scaled model be-
cause the structural details can hardly be modelled both mechanically and
geometrically in reduced scale. Wind tunnel testing of a full scale building, on

thie other hand, would be nearly impossible.



A proposal has been made to manipulate this situation sugeesting the
possibility of wind tunnel testing only @ half or even smaller portion of the
building which is still kept in neady full seale using exceptionally farge wiind
tunnel facilitics. An important question here is whether or not we really have
a good simulation of the reality in this way: fe. the realization of extremely
high suction due to wind when only 2 portion of the structure is nrodelled.
Figs. 1.1 and 1.2 illustrate the iden of this testing method indicating the
increase of the model scale when only a halffmodel with the same vortices

developed in larger seale is tested.

What is presented here is a pilot study towards this interesting problem.
A1/ 10-scaled model of the building previously tested in the NRCC 9m x 9
wind tunnel was constructed with a further reduction in scale to 1/100 iu a
smaller wind tunnel (the NRCC 0.9m x 0.9m wind tunnel which is a 1/10
-scaled model of the 9m x m tunnel ) and was tested, first of all, to make sure
that the same pressure pattern can be reproduced. Then the same model was
reduced its configuration from a full building to only a half of it to exumine if
the wind induced pressure pattern in the critical arca of the roof would remuin
the same. Finally this portion of the roof was reproduced in much larger scales
( 1/37.5 and 1/21 ) to occupy larger arca of the wind tunnel to sce if test

results remain the same.
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Figure 1.2: Concept of a Half-Model in Wind Tunnel



The purpose of this series of testing is very simple. The idea is that if the
final stage of the test would still give the same experimental results, a very
large building model with the linear seale of 1/2 or even 1/1 can be installed in
the O x 9 wind tunnel, which makes it casier to examine the cffectiveness

of the structural details against the anticipated strong wind action.

Even when the building model is constructed in such a scale, the building
height cannot be simulated with the same linear scale because the wind tunnel
blockage becomes too excessive. However if the building height is reduced,
the resulted roof pressure may not be the same and a correction is needed for

height cffect and/or blockage effect.

Another question related to this, is the height of the parapet. It has been
known that the parapet height has an important influence on the roof pressure
simulation [ 6 ]. These additional three factors i.e parapet effect, height effect

and blockage cffect, arc also considered in this study.

[



Chapter 2

Literature Review

Wind induced pressure can cause various types of problems on building
structures. In particular it has been recognized for a long time that a flat roof
is subjected to very high suction caused by vortices generated at the upstremm

corner [ 1,2 ].

These vortices are most severe with diagonal wind of 45° direction where
strong vortices form along both diagonal edges of the rooftop which amplify the
wind speed and then area under the vortices is subjected to large acrodynamic
uplift [ 3, ]. This phenomenon has caused serious damages. Despite of some
attempts made in the past to solve this problem, more concern should be paid

to the wind effect in the design of flat roof buildings.



2.1 Full Scale Observations

According to the recent development of the research towards this prob-

lem, these damages are mainly deseribed as follows:

¢ Gravel scour from the rooftop and the damage on ncighboring buildings
and cars caused by flying gravel missiles. Fig. 2.1 shows the roof gravel

scour on building roofs [ 7.5 ].

* Serious dislocation of roofing system such as insulation boards and con-
crete pavers. The loss of roofing material can further cause damages on
interiors of the property . Fig. 2.2 shows damage to an architectural

metal roof [ 7 ].

2.2 Wind Tunnel Tests

2.2.1 Suction on Flat Roofs in General

In modern roofing systems, clements. as insulation boards or concrete
pavers are usually placed on the impermeable membrane of the roof. Usually,
these slabs are loose-laid and are not, mechanically fastened to the roof deck.
Such clements can be dislocated by strong wind, as proved by experiments [
3 ], at wind direction of 45° where strong vortices are created. Those vortices

cause the critical situation at the upwind corner where highly spatial variations

-1



of static pressure occur.

Replacing gravel by a layer of boards or pavers hias not solved the problem
entirely though the failure mechanisms have been proved to be very ditferent
in these cases. In the ease of gravel. there is airflow all around a given stone
so that acrodynamic forces can cause stone movement [ 3.9.10 ). In the case of
pavers or boards, on the other hand. they form o Hat surface and the airflow is
basically just over the top of this surface. Little acrodynamice lift force can be
developed to cause saltation for this case. However, recent studies have shown
that the dislocation of these pavers or boards can be cansed by the strong
suction on their exterior and underncath surfaces developed as a result of wind

action { 3.4,11 ].

The problem of dislocation of roofing systems and damages is still present.
whichever the cause is, and the damage can even be more severe in the case of
paving slabs or board displacement than in the case of gravel blowoff. R.J.Kind
and R.L.Wardlaw, after studying the failure mechanisms of loose-laid iusula-
tion systems, recommended to fasten them to the roofdeck rather than leaving
them loose-laid [ 3 ]. However, the experiments have shown that once they
are connected to the roofdeck, even the whole roof can be inflated and this, of
course, will cause structural damages since the system is not impermeable aned

the air infiltration will transmit the high suction wind pressure underncatl the

roof to allow this deformation[ 4,5 |.
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Damage to an architectural metal
roof during Hurricane Hugo {7]

Figure 2.2: Damage to a Metal Roof
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2.2.2 Effect of Parapets

Leutheusser (1964):

“The ellect of wall parapets on the roof pressure coeflicients of block
type and cylindrical structures™[ 12 ]

Parapets cause a drastic reduction of the high suction, particularly at the
corners and cdges of the roof. for oblique wind directions. Leutheusser sum-
marized his conelusions as follows :

It must be cmphasized that the only benefit with regard to roof wind loading
derivable from the use of parapets concerns their effect in making the roof
pressure distribution more uniform. Dotk the magnitude of the awverage roof
pressure cocfficient -the net uplifing force- and the pressure distribuizon over
the building side wells are affected by the presence of parapet. Thus pertinent
design information listed in the building codes for flat roofed structures without
parapels applies unchanged also to these buildings.

Fig. 2.3 shows results of his study.

Columbus (1972):

“The study of pressure coefficients on large flat roofs and the effects
of parapets on these coefficients” [ 13 ]

Columbus’s results obtained in uniform flow confirmed Leutheusser’s data but
tests in turbulent flow indicated that parapets do not cause any reduction of
mean pressure cocfficients.

Kind (1974):

11



“Gravels blown off rooftops™[ 1 ]

The critical wind speeds at which gravels are blown off rooftops inercase by
increasing the parapet heighr and decrease by inereasing the building height,
which implies that parapets reduce the pressure coctficients on the roof.

Davenport and Surry (1974):

“Effects of parapets on the wind loads of low-rise buildings™[ 1 ]
Low parapets on low buildings may lead to even more severe loeal suction than
that for a plain flat roof.

Kramer et al. (1978):

“Effect of parapets on the wind loads of flat roofs”[ 15 ]

Parapets change the pressure cocfficients siguificantly ouly on the corner re-
gions of the roof. Fig. 2.4 illustrates that for square buildings, only low para-
pets of low buildings may cause some increase on mean pressure cocfficients
acting on roof corners. Peak values of pressure cocfficients are always reduced

by parapets.

Sockel and Tancher (1980):

“Measurement of mean and extreme pressure coeflicients on points
close to the roof corner™[ 16 ]

A parapet height equal to approximately 2% of the height of the building re-
duces both mean and peak suction by as high as 50% in its magnitude.

Stathopoulos (1982):

“Effect of parapets on low buildings”[ 17}

As shown from Fig. 2.5 [ 34 ], the parapet ceuses a reduction of edge wind



loads but it increnses both mean and pealk suction on roof corners. In this
study it needs to note that only oue parapet height (1.2 m) was examined.

Lythe and Surry (1983):

“Model study in a simulated boundary layer in a wind tunnel™[ 18 ]
Peak pressures in the edge reglons are found to be reduced by parapets. Mean
pressures in the edge region are found to be increased by parapets on low roofs
and decrcased on high roofs. It should be noted that this study has its special
concern on relatively low buildings and only parapet height greater than 1.3
m in full scale were tested

Stathopoulos and Baskaran (1987-1988):

“Wind pressurés on flat roofs with parapets *[ 19 ]

“Turbulent wind loading of roofs with parapet configurations™[ 20 ]
Stathopoulos and Baskaran examined, the effect of wind on a variety of flat
roofs with and without parapets for a variety of wind directions and showed
that parapets generally reduce the high suction on roof edges and may slightly
increase the suction on the interior areas of the roof, the roof-corner suction,
however, was found to increases significantly for low parapet heights. This con-
tradicts the ANSI provisions for the effect of parapets on roof suction. This

point will be discussed again in later chapter.
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In conclusion, the use of parapets is sudd to result the followings :

o A drastic reduction of suctjon at the corners and edges.

¢ A reduction of suction in uniform flow but no reduction on mean pressure

coefficients in turbulent flow.
e Increase m suction with low parapet.
o A significant change only in the corner pressure cocfficient.
o Increase of roof corners mean pressure coefficient.
s A reduction of peak pressure coefficients.
¢ Reduction of both mean and peak suctions.
* A reduction on edges but an increase of suction on corners.
o A reduction of peak pressure in the edg;:.
* An increase of mean pressure in edges.
e Increase of both mean and peak suctions at corner region.

o A slight increase of suction on interior areas.

Some of the above statements obviously contradict each other. It is partly
causced by the fact that not all of these studies specify all the parameters
clearly, or even if they are specific, the results may have been influenced by

interaction of parameters. This will be reviwed rzain in Chapt.5.



Chapter 3

Experimental Investigation

3.1 Facilities

The experiments were conducted at the 0.9mx0.9m wind tunnel of the
Low Speed Aerodynamics Laboratory. currently renamed as the Applied Aero-

dynamics Laboratory, National Rescarch Council Canada.

The air flow at the 2.2m test section of the wind tunnecl was sct to be o
turbulent boundary layer of about 0.38m deep with the power law exponent of
approximately 0.26. The profile of longitudinal turbulence intensity is shown

in Fig. 3.1.

This boundary layer was created by installing the spires of 35 cm high at
the upstream end of the test section in order to simulate the flow characteristics

of the assumed natural wind . The mean velocity profile is shown in Fig. 3.2

18
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3.2 Similitude Requirements

If the model tests are to be menningful. conditions must be such that the
model behavior is dynamically similar to that of the prototype [ 21 .
Dinensional analysis and similarity considerations indicate that this will be
achieved, if the wind approaching the model satisfactorily stmulates the natural
wind, if all model dimensions are correctly scaled and if the Reynolds number,
Froude number and density ratio have the same numerical values in both the

model and prototype situations.

Simulation requirements for this test can be summarized as follows :

3.2.1 Dynamic Simulation

Both Reynolds number (VL/v)and Froude number (V/VIG) are two
major factors for fluid dynamic simulation requirements, where V is the ref-
ercnce wind speed which is taken at roof top elevation for this test, L is the
reference length such as the building height, G is the gravitational acceleration

and v is the kinematic viscosity of the air.

Froude similitude leads to the following equation :

(V*/LG)s = (V3/LG)m = Vy = Ve ( L,/ Lm) (3.1)

Reynolds similitude leads to the following equation :



(VL/w)y = (VL/th = V= Vil Lo/ Lo/ 1) B

The suffixes “p” and “m” stand for “prototype”™ wnd “model™ respeetively.
These two cquations lead us to the conclusion that it is impractical to satisfy
both similitude requirements simultancously. Sinee the nature of the experi-
ment scems to be less dependent upon Revuolds nunber. the chiviee for this
case is to relax Reynolds number similitude requireinent. Fortunately, the pre-
vious tests [ 8,22 | have shown that the main characteristics of the low which
create the pressure pattern over the upwind corner of the flat roof of the huild-
ing can be obtained without satisfying the Rernolds number requirements.

Froude similitude is then considered to be the guide line.

3.2.2 Geometric Simulation

The prototype building of 24mx24mx4.5m with a parapet height of
0.15m referred to in the ref.[ 3 ] is again used as the prototype building in
this study. The linear scaling factors used for this study are 1/100, 1/37.5 s

1/21.

The scaling factor of 1/100 was chosen as 1/10 of the previously tested
model at the 9m X 9m wind tunnel since the wind tunnel used this time was
a 1/10 of the 9m x 9m tunnel. The middle scale, 1/37.5, was decided Ly
spreading the whole diagonal length of the building to cover the width of the
wind tunnel test section which is 0.90m.

22



Figure 3.3: Sketeli of the 1/100 AModel Building



The original choice of the largest model was to make an expanded model
of a half of the 1/37.5 scaled model to the maximum size the wind tuunel
can accommodate. By doing so. the most upstream tip of the building will
come right on the wind tunuel wall. Because of a consideration that there may
be thin boundary layers unintentionally developed on both walls of thie wind
tunnel, it was decided that the above mentioned situation should be avoided.
The last scaling factor of 1/21 was thus chosen tolocate the building tip slightly

away from the wall.

3.3 Models

The scales, dimensions and configuration of the models tested are sum-

marized in Table 3.1.

In naming the models, the first letter designates the model size; A for
small, B for medium and C for large. The sccond letter designates the height
of the model; L for low and H for high modecls. The third letter designates the
building configuration; W for a whole building and H for a half model of the
structure. For example, the model ALW is a small model (scale 1/100} of the

whole building with the lowest parapet equivalent to 15¢m in {ull scale.



Table 3.1: List of models tested

Symbols | Scale | Side | Height | Blockage | Parapet | Parapet | Configu-
length | (cm) (%) height ratio ration
(cm) (em)
full 24m 4.5m 15cm .0330
ALW 1/100 24 4.5 1.8 .15 .0330 whole
ALH 1/100 24 4.5 0.9 15 .0330 half
ALHP | 1/100 24 4.5 0.9 A5 .0330 half
AMW | 1/100 24 9.0 3.7 a5 0170 whole
AHW | 1/100 24 12.¢ 4.9 .15 0125 whole
"BHW |1/37.5| 64 12.0 13.0 .40 .0330 whole
BLW |1/37.5 64 4.5 4.9 .40 .0890 whole
BLHPL |1/37.5| 64 4.5 2.4 40 .0890 half
BLHPH | 1/37.5 64 4.5 2.4 .40 .0890 half
CL 1/21 115 4.5 4.9 T2 -1600 half
CH 1/21 | 115 | 216 24.0 T2 .0330 half




e The model ALW (Fig. 3.4) is a 1/100-model of the assumed prototype

building. It represents also a 1/10-model of what was previously tested at
the NRCC 9m x 9m wind tunnel [ 3 ] which itself is & 1/10-model of the
full scale building. Since both the model and wind tunnel are redueed in
this cxpérimcnt to 1/10 in lincar scale compared to the previous testing.
the measured pressure pattern is expected to be the same as the previous

one.

e The model ALH (Fig. 3.5) is a half-building configuration of ALW with

the same lincar scale. Since the model and flow conditions for ALW are
considered to be symmietric with respect to the wind tunnel centerline.,
and indeed the pressure results are known to be almost symumetric, it
was investigated if the same pressure pattern can be produced by having

only a half of the model.

o The model ALHP (Fig. 3.6) is the same as ALH except a vertical plate is

attached in longitudinal direction along the diagonal cut of the building

trying to better ensure the two-dimensionality of the flow.

o The model BHW (Fig. 3.7) is the same as ALW except the linear scale

is now 1/37.5 rather than 1/100. The model occupies the whole wind
tuanel width and the blockage ratio is incrcased to 13%. This rather
substantial blockage might influence the pressure distribution pattern on

the model.

e The model BLW (Fig. 3.8) is a reduced height model in order to rednee
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the problem of blockage. However, for this case. the ratio of parapet
Lieight to the building height is nearly trippeled which would certainly

imfluence the pressure results.

¢ The models BLHPL and BLHPH (Fig. 3.9 and 3.10) are half-building con-

figuration models similar to BLW with a low plate for BLHPL and a

higher plate for BLHPH placed in the saane way as in ALHP

e The model CH (Fig. 3.11) is & 1/21 model. The line of symmetry of the

model is far away from the wind tunnel centerline because of the shape
of the model. The blockage is as high as 24 % which is quite significant
and would influence significantly on the pressure results. Because of this
reason the mode] CL was introduced to lower the height and the blockage
ratio. However, as in the model BL, the building height and the parapet

ratlo arc not simulated .

Thes: distortions of the building height, the parapet ratio and the block-
age ratio will be analyzed in a later chapter where additional tests were

conducted for this purpose.

3.4 Instrumentation

The model was always placed in a 45° diagonal direction against wind
(Figs. 3.4-3.11) since this orientation represents the most critical situation that

gives the worst roof suction amplified by the vortices as mentioned.

(8]
-1



The upwind triangular corner (17em X 17er x 24em) of the modd] is made
of plexiglass and has been instrumented by 92 pressure taps as shown in Fig.
3.12, connected to Sytra differentinl pressure trausducers through Seannivalve
switches. The tubes connecting pressure taps to the transducers are about
18cm long which is short enouglt to avoid any complexity in distortion of
pressure signals due to acoustic resonance charncteristies though the pressure
results discussed in this thesis are all mean values anyway, The sampling rate
was 250 Hz for a period of 15 s for each run at the reference wind speed of
5.0m/s at the building height. For cach pressure tap, both the mean and the
root mean square pressure cocfficicnts plus the minimum and maxinuum values
occurring for each measurement were recorded. Examples of tabulated data is

shown in Appendix A

3.5 Data Analysis

For comparison of flow patterns, contour lines (Appendix C) of meann

dimensionless pressure cocflicients are used.

Pressure coefficient C, is defined as the ratio of the mean dynamic pressure
at the measured point (P — ) to the mean dynamic velocity pressure pV*:

_P-P,

= 3.3
CP %pvg ( )

where

P = the mean local pressure at the tapping point.
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P, = the stutie reference pressure.
V = the mewn veloeity at the roof height.

p = the deasity of air.



: Model ATW

Figure 3.4
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Figure 3.5: Model ALH



Figure 3.6: Modcl ALHP



Figure 3.7: Model BHW

33



Figure 3.8: Model BLW
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Figure 3.9: Model BLHPL



: Model BLHPH

Figure 3.10
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Model CH

-
-

Figure 3.11
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Chapter 4

Experimental Results and

Discussion

4.1 Comparison with Previous Studies

The pressure distribution on smooth roof areas depends mainly on the
flow field around the building and on the characteristics of the oncoming fiow.
Important building parameters influencing the pressure distributions are the
side length/width ratio (L/B). height/width ratio (h/B), the wind yaw angle
and the relative parapet height (2,/B) [ 23 ]. In other words, the building
shape. wind direction and parapet height are the major paramecters. If these
three parameters are kept constant, the distribution of dimensionless pressure

cocflicients are expected to be more or less invariant [ 11 1.

An important question, therefore, is whether or not the test results from
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the model ALW (1/100 model} are comparable to the previous 1710 moded test
results [ 3 ] regardless the ditference in Revnolds mumber and the turbulenee

used in the tests.

Fig. 4.1 shows the wind induced pressure contones over the eritical region
of the roof deck obtained from 1/100 and 1/10 sealed models. This direct
comparison shows the repeatability of the flow pattern over the Ligh suction
area and even the values of coefficients under different sealing factors are jite

similar as expected.

Overall, the present test results show a good agreement with the previous
ones and can be considered to be reliable as a pilot study for the futire tests

at the 9m x 9m wind tunnel.

4.2 Effect of Linear Scale

Through the present scries of wind tunnel tests. the same lnstrumented
portion of the model was used even when the size of the model was different,
It means that different proportions with respect to the model size were instriu-
mented for pressure measurement. This has to be taken into account when
comparing two test results in different lincar seales. Figs., 4.2 and 4.3 present
the results of three different models; ALW(scale 1/100), BHW(scule 1/37.5)
and CH(scale 1/21). Fig. 4.2 is a superposition of the results from ALW e

BHW. Fig. 4.3 is a superposition of all three sets of results having the scaling
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factors adjusted to he compared to the results of the model BHW.
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The reselts from ALW and BHW are very stmilar both qualitatively aud
quantitatively. It should be noted that the hnportant parameters, wind di-
rection, building configuration and parapet ratio are kept identical for these
two cascs. This observation confirms the statement made at the beglnning of
this chapter regarding three major parameters. However. the model CH which
also has these three parameters identical gives much Ligher suction coctlicients.
This is obviously caused by an aceclerated air flow due to high wind tunnel

blockage ratio (24%).

In terms of the acrodynamic simulation. the wind tunnel blockige is no
doubt a deficiency. However. even if the acrodynamic similitude requiremnents
are not properly satisfied with this model. this particular case has an interesting
application for engincering purposes. As it was briefly mentioned in Chapt.1.
one of the original purposes of this serics of wind tunnel tests was to exnmine
the effectivencss of structural details of roof structures agajust wind induced
high suction on flat roofs. Although the induced suction by wind an the modei
CH is not a good simulation of the original ¢nse, as long as the suction puttern
i1s more or less similar to the expected one. the high wind tunne blockage
can be even utilized to obtain the same pattern of pressure cocfficients with
exaggerated magnitude of suction. This model CH is then a reliable tool even
though pressure magnitude is exaggerated. More attention will be paid to the
model CH in the next chapter where the blockage cffect will be discussed in

more detail.
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The test results show that the difference of a linear scaling factor would
not change the churacteristics of the vortex induced high roof suction and
any linear scale is adequate to give the required information as long as other
significaut factors arc properly taken care of. This result is consistent with the

previous comparison in section 4.1.

4.3 Comparison of Full/Half Models

4.3.1 Concept of Symmetry

Pressurc distribution on the roof of the building due to wind action is
dependent on wind direction relative to the building. When the yaw angle is
chosen to be 43°, since this is found to be the most critical case, both sides of
the diagonal division line of the roof are under the same wind loading pattern
because of the symmetry. The vortices are gencrated along both edges of the
roof in the same manner because of the symmetry of the structure and of the
air flow characteristics about the wind tunnel centerline. This was illustrated
by many exXperimental results where different building shapes and sizes with

various parapet heights were tested [ 24 ].



4.3.2 Testing of Half Models

The testing of half models is to examine this concept. Fig. 4.4 shows
the results from ALW, ALH (the half model of ALW) and ALHD (ALH with
a vertical split plate). As it is obvious no significant difference is observed
between the results of ALH and ALW. The repeatability of the results of ALW
by ALH is in fact quite good. A slight inerease in suction can be observed. This
deviation can be estimated by calculating the arca covered by each contour line.

When the area is reduced that means an inerease in suction.

For C, = =2 and €, = 1.5 the arca is reduced to about half of the
area covered by the same contour lines in ALW. For €, = —1.0 the area is
reduced by about 25%. This deviation was probably caused by the change of

flow characteristics due to the loss of structural symmetry.

For the improvement of the similarity with the half model, a thin vertieal
split plate along the line of symmetry was placed in order to possibly enhance
the two dimensionality of the model/flow iuteraction. The model ALHP, the
half model of ALW with the split plate, is shown in Appendix B. The results
of this model are summarized in Appendix C. From Fig. 4.4 also; the results
fron. the model ALHP are improved. This can be observed by the fact that the
contour lines are closer to those of ALW but there is still 2 smaller deviation
estimated by an increase in suction by 25% for C, = —2.0 and about 15% for

C, = -1.5and - 1.0
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Similar results are lustrated i Figo 4.5 with models in larger scale:
BLW, BLHPL and BLHPH. BLHPL and BLHPH :re very similar half models
of BLW except two different heights of split plates are used; a lower plate in
BLHPL and a higher plate in BLHPH. The purpose was to examine how long
and how high should the plate be to give better simulation of the whole model
case. In BLHPL the plate is of the same height as the roof parapet whereas in
BLHPH the plate is about the building height higher than the building itself.
Both plates are sticking out of the windward corner of the model and have

sharp front edges to avoid acrodynamic interference.

As it is seen in Fig. 4.5, the results from BLHPL and BLHPH are not
significantly different but a little better agreement with the whole model, BLW,
scems to be given with the higher plate (BLHPH). Two cases would not be

really enough to decide a definite size of the most efficient plate.

What was proved here is that the results from half models show a good
agreement with the whole model results. Hence, the prediction of the high
suction on a flat roof of a building can be made from the test results of a half
model or possibly even of a smaller portion of the half model configuration
where the high suction is expected to occur, namely the upwind corner of the

roof.
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4.4 Pressure Distribution over Larger Area

The large model CH is the model that did not give good agrectnem
with ALW and BHW. though the model had the stune major parnmeters:
wind direction, parapet ratio h,/h and building configuration. However, there
was one obscurity in the comparison, which is the fact that o relatively small
portion of the model was instrumented with pressure taps wnd therefore when
the adjustment due scaling factor is needed this model covered a smaller portion

of the roof to be compared with others,

In order to improve this deficiency, an additional set of tests was performed
with wider distribution of pressure taps over the whole roof of the model. The

comparison with ALW can then be done direc:ly.

Fig. 4.6 shows the results from the model CH with larger area tested. If
Fig. 4.6 of CH and Fig. C. 1 (Appendix C) of ALW arc superimposed some
deviation is still present which can be most likely attributed to the blockage
effect since the blockage ratio is quite high. This point is again discussed in

the next chapter.

(3]
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Chapter 5

Effects of Other Parameters on

Pressure Distribution

5.1 General

In any parametric analysis, if the effect of one particular parameter is to
be examined precisely, all other parameters need to be kept invariant. Oth-
erwise, the joint effects of more than one paramecter can be reflected on the

results and one cannot identify the effect of cach parameter separntely.

In fact in Chapt.4, some of the parameters were modified simultancously
with other parameters. For example, the change of the building height without,
changing the parapet height will modify, of course, the parapet height ratio
and both parameters, the parapet ratio and the building aspect ratio, wounld

probably influence on the test results.

T
(A%



In order to Drther study this point. e additional set of tests was con-
ducted in the same wind tunnel with almost the same characteristics. Several
models tested are deseribed in the nexe sections and the results of the new
experiment are believed to be as reliable as the previous ones. Fig. 5.1 shows
thie repeatability of the menn pressure coctiicient of the same model ALW mea-
sured 4 months apart. The agreement between them scems to be reasonably

good.

5.2 Effect of Parapets

One of the very common features of flat-roofed buildings is the existence

of parapets. which are low walls around the cdges of the roof.

Parapets are usually integral parts of the external walls of the building
and arc designed to provide positive anchorage of the roof to the structure |
25]. However, parapet may also be beneficial in reducing local extreme wind
suction by more or less equalizing the wind pressure distribution over the roof
surface [ 26 ].

Since the occurrence of extreme suction often causes wind induced damages to
the cladding and roofing system. parapets represent an architectural feature

as well as a safeguard against wind.
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Figure 5.1: Repeatability of C, of ALW in AL1 tested 4 months later



5.2.1 Previous Rescarch Results

As we observed through literature review in Chapt.2. the previous re-
scarch on parapet cffeets on pressure has shown that the use of parapets would

cause the following:

¢ A drastic reduction of suction at the corners and edges.

¢ A reduction of suction in uniform flow but no reduction on mean pressure

cocticicuts in turbulent How.

¢ Increase in suction with low parapet.

s A significant change only in the corner pressure cocfficient.

o Increase of roof corners mean pressure cocflicient.

¢ A reduction of peak pressure coefficicnes.

¢ Reduction of both mean and peak suction.

e A reduction on edges but an inercase of suction on corners.

¢ A reduction of peak pressure in the edge.

e An increase of mean pressure in edges.

e Increase of both menan and peak suction at corner region.

e A slight increase of suction on interior arcas.



These statements, as meationed before, are obvionsly somewhat contrae
dicting cach other. It can be at least partly attributed o the internetion with

other purameters,

5.2.2 Present Results

In order to examine the parzpet effeets on wind indueed pressure more
specifically. the small model previously defined as ALW was chosen s the basie
model so that the results are not contaminated by the wind tunuel blockuge
effect. The blockage for this case is less than 5 %.

The model ALW was modified with different purapet heights while all other
parameters were kept invariant. These modified models are summarized in
Table 5.1. AL1 is the same as ALW itsclf. In addition. both AMW and AHW

without parapets were tested. these are listed in Table 5.1 as AMO and AHO.

Fig. 3.2 gives —C, of ALO. AMO and AHO together with ALW. AN
and AHW to show the overall effect of parapets. With the exception of corner
areas, the overall effect of parapets is found to be @ reduction of the wind
loading, which confirms previous results of refs. 19 and 20. In all three plots
in Fig. 5.2 of three different models ALW. AMW and AHW the mnjority of
the points are slightly under the diagonal line of slope 1/1 with the exception

of some points which are located at the corner.

Nevertheless, the influence of the building hicight on the effect of i parapet



is also clenr, More reduction in the magnitude of pressure coefficient has been
observed for taller Duildingst AMW and AMO. ARW and AHO) rather than
for lower buildings{ ALW and ALO). The effectiveness of the parapet height
is Lenee related to the building height [ 6 ). When the dimensionless ratio of
the parapet height to building height 2,/ is used as a parameter. as it was

previously discussed in literature review, we do not have this problew.

Fiz. 5.3 illustrates the pattern of wind induced suction by the equi-

pressure conutour lines of the models ALO, ALL. AL2. AL3 and AL4.

When the parapet height ratio was increased from zero in ALO to 0.033
in AL1 and then to 0.067 in AL2. the arca surrounded by each contour line
for a given suction cocfficient becomes smaller which means a reduction in
total suction. However 53 and S4 show an incrcase in suction when h,/h is
increased. The rate of chiange of the arca under cuch contour line against the
change of I, /I is not constant. A plot of —C, against the area covered by each

contour line of a specific ~C,, is shown in Fig. 3.4.

In Fig. 5.4, if the cross-section of these curves at the same —C, value is
taken. the decrease and then increase of arca corresponding to a given —C;, are

observed here again with the increase of i,/

L]
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Table 5.1: Models tested for parapet offect

Model | Building height | Parapet height | Parapet ratio
No. it (em) I, (cm) I/
ALoO 4.50 0.00 .000
ALl 4.50 0.15 .033
AlL2 4.50 0.30 067
AL3 4.50 0.45 .100
AL4 4.50 0.G0 .133
AMO 9.00 0.00 .000
AHO 12.00 0.00 .000




AHO without paoropet
(c)

o9

- ]
@ 2.5 1
S ]
o
C J
5 2.0:
Q- ]
e 1.5 o
- 1 @
.- -
X 1.0 - 5=
-3 0.5+ boi
< ; o
0.0 I
0.0 0.5 1.0 1.% 2.0 2.5 3.0
ALO without poraopet
(a)
3.0
- . o
Q 2.5+
Q ]
E .
5 2.0-:
Q. : o)
< 1.5- o
e} :
. ] -
x> 1.0 o
= ] 5 °
= 0.5
T :
] (@]
0.0 F—————r——
0.0 a.s 1.0 1.5 2.0 2.5 3.0
AMO without paropet
(b)
3.0+
o ]
o 2.54
a ]
o ]
5 50
a o
5 @
.
=
=
=
o
6.0 E—r————————————————
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Figure 5.2; Overall Effect of Parapet



sonuer jaduTe  JUIIDYIP Y1m S[OPOJY U0 SHLIYID0)) DINSSOL ] ted[y g e oSty

wo o.._um O.w_ . c.m: o._m o
gel0 = ydy 010 = u/dy /90°0 = ydy ££0°0 = Wdy 0 = wdy

Iy —— e ———- 4\ A bW === v

10.0 Cm

€0



~CP

L3 '-
L2 .-
1.1 |-
1.0 :-

Q0.9 |-

0.7

9.8 b+

Q0.3

LEGEND

o= AL0 (hy/h = 0.000)
o=ALl (hyh = 0.033)
a=AL2 (hpfh = 0.067)
- AL3 (hpm = 0.100)
x - ALL (hpih = 0.133)

P L 1 2 H

3 4 ]

0.0

306.0 1000.0 1300.0 2000.0 2500.0 3000.0 3500.0
AREA (mm 2)

PARAPET EFFECT

Figure 5.4: Parapet Effeet.on Mean Pressure Coefficient

Gl

4000.0



~CP

_ LEGEND

ra b g=a=1000

| O =a=1500
a=¢a=2000

wl

e |

0.2

0.7

0.5 [ ] 1

0.00 0.05 0.10
PARAPET RATIO

PARAPET EFFECT

Figure 5.5: Parapet Effeet on Mean Pressure Coclficient



This observation is better explained in Figo 3.5 which is derived from
Fig. 5.4 aud presents the resnlts of —C), agadnst parapet ratio 2y /h for three
different areas. Fig. 5.5 can be used for the prediction of €, for any given

parapet ratio in this range.

It can be concluded from this section that the effect of parapet on wind
induced suction on flit roofs depends on the parapet height ratio. It can reduce
the magnitude of suction when the purapet ratio is less than a certain value,
0.07 for this case. However. the magnitude of roof suction increases if the
parapet ratio is higher than this value. This reverse of tendency is because
if the parapets are too high a creation of stronger vortices is probable and

therefore higher suction is registered.

5.3 Effects of the Building Height

The smail model ALW. was again chosen to further examine the cffects
of the model building height in this section so that no blockage effect would

be involved. Even with the tallest model, the blockage ratio was less than 5%.

Three models with different model heights keeping the parapet ratio con-
stant were used as shown in Table 5.2. The model ALkl is the same model as

ALW

When ALhl is compared with ALh2 in Fig. 5.6. the increase of suction is



observed Le the area under cach equi-pressure contour line is greater for ALL2,
The same tendeney is observed between ALL2 and ALLS. namely the inerease
of the building height gives inercase of the suction. This can be explained by
the fact that when the building is higher. the case considered as a building with
less exaggerated scale and only o portion of the building is tested. Therefore
the graph of this case should be compared to the corresponding portion of the
other cases. For example, using a medium lieight ALR2 as the reference. the
shorter model ALLI should be enlarged and the taller todel ALW3 should be

scaled down to the corresponding portion.

Figs. 5.7 and 5.8 present the snme results more quantitatively. For a
specific parapet ratio of 0.033. in Fig. 5.7 the €, 1s plotted against the area
under cach contour line for three different heights of the building. Fig. 3.3 is
derived from Fig. 5.7 prescating the results as C, plotted against the building
height for three different arcas. The conclusion is that the increase in building

height leads to higher suction. The change of €, as a function of building

height can easily be computed for a specific parapet Leight

G4



Table 3.2: Modecls tested for the height effect

Model | Building height | Parapet height | Parapet ratio
h (em) h,(mum) hyfh
ALh1 4.50 0.15 .033
ALh2 9.00 C.30 .033
ALhQ3 12.00 0.40 .033
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5.4 Blockage Effects

The knowledge of blockage cffeets in any measurements at closed wind tunnel
test sections s esseutial for making proper corrections for the results converted

to uncoustrained freestrean conditions |

The blockage corrections depend matnly on the ratio of the projected
model aren normal to the flow over wind tunnel cross-section area, S/C. which
reached up te 24% for the case of the model CH in our testing. The well known
Maskell's theory [ 27 ] has derived the following correction formula for the drag
foree

Aq/q¢=eCpS/C (3.1)
where Aq is the effective increase in dynamic pressure due to constraint. q
is the reference dynamic pressure,(= %:) in upstream, € is a blockage factor
coctlicient, Cp is the measured drag cocfficient(= drag/¢S),S is the model
reference arca and C is the cross-sectional arca of the closed wind tunnel test
section. Unfortunately, the blockage effects on pressure on three dimensicnal
bluff bodies are very complicated as reported by Melborne [ 28 |. Measurements
of peak pressure under reattaching shear layers, for example, are increasingly
required by designers of buildings to determine cladding/glazing loads. And
vet it is difficult to define proper blockage correction for this case. Melborne
also showed [ 29 ] that the corrections for isolated plates also applicable to

combinations of rectangular plates mounted side by side normal to the flow.
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Also it has been shown that the linear forn of Dlockage correction
AC, =C, - C..= KCpS/C (9.2

1s applicable for the majority of both two and three dimensional model con
Agurations. In Eq. 3.2 Cp is the measured drag coctlicient based on reference
area S. C is the wind tunnel cross-sectional nrea. € e 15 the pressure cocllicient
corrected to unbounded freestream conditions and N s o constant depending
on model/fow/wind tunnel configurations. The erupirical factor Iv is an fune-
tion of the building height over upstream width expressed as h/b. Listed in

Table 5.3 are some values of X for several /b ratios { 30 .

Table 5.3: Empirical values of K

/b | K
4 |21
2 119
1 |18

1/2 | 1.6

Unfortunately, no previous rescarch is available regarding the blockage of-
fects on the roof suction. However, blockage effect on side pressure is somehow
a little more advanced especially for two dimensional plates. An assumption to
extend the above mentioned blockage correction is needed for the roof suction

correction. The following models arc used for this analysis as shown in Table
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Table 3.4: AModels tested for wind tuunel blockage effect

Model | Model area | Blockage ratio | Parapet ratio
S(cm?) S/C (%) I/l
ALW 153 1.8 .033
BHW 1086 13.0 .033
CH 19G6 24.0 .033
CL 409 4.9 .033

The model CL is modified by changing the parapet ratio to 0.033 so that
it can be compared with CH to know the wind tunnel blockage cffect. Having
the blockage ratio parameter different. a big difference in the results of CH and
CL is observed which is a greater suction in CH of greater blockage as it is
obvious in Fig. 5.9. However this deviation in results is due to, not only the
blockage ratio effect but also to the scale proportionality caused by reducing
the height and not the other dimensions. Better cascs for this blockage analysis

arc ALW, BHW and CH.

ALW, BHW and CH correspond to three models of different scales of
the same prototype and as observed in Chapt.4, ALW and BHW gave similar
results but CH gave different results. This deviation can be considered as the
blockage effect since all other parameters were kept invariant. By expressing
this difference (AC,) by the correction formula. where K is given for a specific

h/b ratio. the only unknown is the drag force cocfficient Cp supposed to be
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measured. But sinee it was not the concern of this study, it can be cadenlated
by the formula and then the blockage correction of any model ean be computed,
The question remains whethier or not this correction formmla can be applicd for
this case. Even if it is applicable, there is another question which is to what

extent it can Le truc.

Fig. 5.11 presents the pressure coefficiont as a funetion of blockage ratio ns
derived from Fig. 5.10. What can be observed from this is that no significant
variation of the pressure cocfficient with blockage ratio observed up to about
the ratio of 15%. Right after this part of the curve, a big positive slope is
observed and the same tendeney is repeated in three curves. which means that

Cp can be expressed Dy the similar way as a function of $/C.
The closest function to what is plotted is an exponential expression:
K'sfc -
Cp = Cpcc * f (-)--3}

where I is a constant depending on the drag force coefficient and the ratio of

the building height to the upstream width. h/b.

After using a regression technique, I was found to be 0.02 {or all three
curves. For more details, consult Appendix D. The relationship between R

and other parameters is not known yet.
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Chapter 6

Conclusions and

Recommendations

A wind tunnel study for the determination of pressure distribution on

flat roofs duc to wind induced suction has been carried out.

Different building scales of various shapes of whole and half models have

been examined. Mean pressure cocfficients have been measured and analysed.

Furthermore, attempts have been made to better understand tlhie effect of
b
parapets, height of building and wind tunnel blockage by examining various

building heights for a variety of roof parapets.

The experimental results indicated that the wind tunnel test of a 1/10-
model of the previously tested building model in a 1/10-scaled wind tunnel

gave a good agreement in wind induced roof pressure results.
Pressure distributions measured on o half model and a whole model are
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comparable which identifies thar the simulation of @ sinall portion of the bhuld-

g can also stimulate the wind indueed pressure pattern on the roof deck.

Use of a plate along the hue of symmetry of the building during the testing

of a half model is recommendable.

Since the testing of a 1/10-scaled model inn the 9m x 9m wind tunnel and
testing of a 1/100 model in the 0.9m x 0.9/ win tunnel have been found to
give similar results, testing of 1/21 scale model in the small wind tunnel can
similarly predict the test results of a 1/2 scale model in the large wind tunnel.
The blockage cffect which can be as high as up to about 25% can be taken
into consideration. This will be a uscful information for the examination of
the mechanical characteristics of the structural details of the roof deck against

strong wind induced suction.

The results of testing on parapet cffect confirmed the previous studies at
an extent that the parapets generally reduce the high suction at the roof edges
and may slightly affect the loads acting on the internal arcas of the roof. Roof
corners, however, are affected differently. The suction at the corners increases
rather than decrcases. When the parapet height exceeds certain level, the
tendancy was found to reverse. It is recommended for future work to examine

this reversing cffect in more details.

Finally for more accurate blockage correction, for the pressure over the

flat roof deck of bulldings more work is needed in future.

-]
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Appendix B

Models in the wind tunnel
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Figure B.1: Model AMW



" Figure B.2: Model AHW
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Model CL

Figure B.3
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Appendix C

Contour lines of Cp
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Appendix D

Evaluation of the Exponential

Curve

In the section 5.4 of the blockage effect on pressure coefficient, 2 program

on HP 11C calculator was used to determine the best fitting curves.

The curve chosen was an exponential curve defined as y = ae’® to get the

closest curve pattern.

From the data points, a and b were determined.

z yl y2 y3
1.8 1.86 1.65 1.56

13.4 .92 1.70 1.60
24.0 3.00 2.75 2.70
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After a regression analysis, it was found thar -

yl = 176"

y2 —_ 1-SGCU.U'.‘J‘

y3 = 1.47¢%0¥

where z is the blockage ratio and y is the pressure coeflicient. The cocfficient
a of the cquation is very close to Cp, (the corrected value ) and the cocfficient
b was constant in all three curves and has the value of 0.02. The precision of
the curve fitting can be measured by the corrclation cocficient 72 found to be

0.77 in all cases which is quite good since 1t is close to 1.0.
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