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ABSTRACT: An experimental investigation of wind-induced pr'cs_surclloads acting on
two square-plan flat-roofed model structures (SOft and 225ft high in full sc_alc) is
described. Measurements of mean, peak, and root mean square pressurcs acting on
points and over larger roof areas have been made in turbulent boundary layer flow
simulating wind over urban and open country terrains. Area loads on the roofs have
been measured both by a pneumatic-averaging technique, and by using a large flush-
diaphragm transducer. Correlation coefficients and spectra of effective pressure loads
on various regions of the roofs are also presented. A significant overestimation of peak
loads may occur for larger areas if full correlation of the worst point pressures acting
over the area is assumed.
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InTRODUCTION

At any location on the exterior of a structure, the wind-induced pressures
(both positive and negative) are likely to be highly unsteady, and also to vary
significantly from point to point. This is due to turbulence in the flow, and
turbulence caused by flow separation from the sharp edges of the building.
The scale of the resulting pressure fluctuations must then depend on both the
building size and the size of the eddies in the oncoming wind. Since these
pressure variations are not necessarily well-correlated either in time or in space,
the peak loads affecting large areas would be expected to be less than the
sum of the peak loads acting at individual points within such areas. Point loads
are significant for the design of fasteners; however many other structural elements
have tributary areas of significant size and thus their design should recognize
this potential alleviation of load rather than conservatively assume full correlation
between the peak loads.

Numerous wind tunnel experiments on models have been carried out in the
past to determine appropriate design pressures, but until recently almost all
of them have been performed under uniform steady-flow conditions. Such
experiments often yield results considerably different from those observed in
full scale. Modern boundary layer flow simulations have led to results in
satisfactory agreement with full-scale measurements (see, e.g., Refs. 1 and 2);
however even among these recent studies, many have been mainly confined
to investigations of static wind forces.
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\ Rmfs:in particular are vulnerable to wind action, especially over local arcas
near windward edges and corners. Near these locations, darge local suctions
(negative pressures) may occur which tend to lift roofing elements. The dynamic
characteristics of these wind forces and their effects on roofs have not received
much attention, perhaps partially due to difficulties in measuring the fluctnating
loads.

This paper describes wind tunnel measurements of pressures on points and
on larger areas of fat-roofed buildings, and compares some of the results to
current practice. Special emphasis has been given to the dynamic characteristics
of the loading, as well as to the combined wind forces acting together on different
roof regions. A novel application of pneumatically averaging the unsteady
pressures acting on specific model areas has been used to define peak area
loads for different roof regions. Parallel measurements using large diaphragm
transducers set flush with the flat roof have verified this technique. Conventional
point pressure measurements have also been made. The comparison of these
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FIG. 1.—Sketch of Models: (a) With a Dense Grid of Pressure Holes; and (b) With
Openings for Flush-Diaphragm Transducer

various experimental data stress the significance of the tributary area of
assessment of the extreme wind loads acting on flat roofs. Furthermore,
correlation coefficients and spectra for different roof areas help to give a picture
of the development of the flow over the building, and therefore to determine
some further characteristics of the random pressure loads. This paper is based
on work reported in more detail in Ref. 10.

ExperiMENTAL MEASUREMENTS
All experiments were carried out at the University of Western Ontario’s

Boundary Layer Wind Tunnel Laboratory (BLWTL). The wind tunnel has a
working section approx 80 ft X 8 ft (24 m X 2.5 m) wide, and has an adjustable
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rool height averaging roughly 7 ft (2 m). Details of the wind tunncl are given
by the third writer and Isyumov (4).

Two plexiglas models were used as sketched in Fig. 1. The first model has
a regular distribution of pressure taps on the top for conventional measurements
using pressure transducers with or without pneumatic averaging. The sccond
model has a large-diameter, flush-diaphragm pressure transducer as part of the
roof surface. The diaphragm area approximates 1/16 of the roof surface
corresponding to the tributary area of ninc pressure holes on the first modecl.
The general arrangement of the measuring points was made so that, for wind
perpendicular or at an angle of 45° to an edge, all roof arcas could be investigated
by using symmetry of flow and models. When using the flush-diaphragm
transducer, only the inner roofl region could be investigated. Each model is
made of two parts. The top part includes the roof surface and can be used
by itself to represent a low-risc building. The bottom part is a frame which,
together with the top part, represents a taller building.

Vaus/Vg - LONGITUDINAL TURBULENCE INTENSITY (O}

0 .04 .08 a2 16 o4 on 42 6
Lo T T . T o r—

SMOOTH

T
BUILT -UP

2/ Z‘ - NORMALIZED HE:GHT
ZIZ“ ~NORMALIZED HEIGHT

L2
Vs Vg - NORMALIZED MEAN VELOCITY (0)

FIG. 2.—Vertical Profiles of Mean Velocity and Turbulence Intensity for Two Exposures

The models were mounted on the wind tunnel turntable which is located
80 ft (24 m) downstream {rom the bellmouth and 64 ft (19.5 m) away from
the beginning of a random homogeneous roughness distribution. Two types of
terrain were simulated. Open country terrain (the ‘‘smooth’’ case) was simulated
using a carpet. The urban environment (the ‘‘built-up” case) was represented
by a surface of approx 2-in. (50-mm) cubes distributed randomly. Typical velocity
profiles are shown in Fig. 2. The free stream or gradient velocity, V,, used
in the wind tunnel was approx 45 fps (13.7 m/s).

Point-pressure instrumentation includes four 1/2-in. (13-mm) diaphragm strain-
gage, differential-pressure transducers (Statham model PM 131TC) set in scani-
valves under the turntable of the wind tunnel. Tubes [24 in. (610 mm) long
and 1/16 in. (1.6 mm) in inside diameter] lead from the surface taps to the
scanivalves. These tubes include damping constructions to keep the frequency
response flat. The resulting system responds to pressure fluctuations on the
model of up to about 100 Hz with negligible attenuation or distortion. Higher
frequencies suffer increasing attenuation, although some response is obtained
for signals of several hundred Hertz. Pressure measurements can be made in
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parallel using several scanivalves, each of which is sampled at a rate of about

1,000 times/sec. Similar equipment, omitting the scanivalves, was also used.

to measure spatially-averaged pressures acting on roof areas, by interconnecting
pneumatically an array of pressure taps through special multi-input manifolds.
A detailed study of the response of these manifolds has been carried out (11).
The inherent frequency response of the manifolded systems is similar to that
of the component tubes, as presented in Ref. 11. For direct area measurements,
a flush-diaphragm pressure transducer of the inductance type (Validyne model
DP-104) mounted on the model was used. It has a resonance at 600 Hz, implying
that its response up to 100 Hz is essentially flat. In all cases, differences between
the pressure exerted on roof points or areas and the static pressure of the
free stream were measured.

Digitization of the pressure signals and analysis of the data using a PDP-8/1
digital computer on-line, gave the maximum, minimum, mean, and root mean
square (RMS) pressures over a 60-sec period. The dynamic pressure of the
flow above the boundary layer (1/2 p Vi) was measured similarly, and used
to determine pressure coefficients. Appropriate filtering and recording of the
pressure signals coming from the various roof segments were carried out in
order to allow correlation and spectral analysis of pressure loads, as detailed
further in Ref. 10.

Scaune

For measurements of pressure loads on a rigid model, correct scaling requires
the characteristics of the velocity profiles to be similar to full scale. Given
this, the ratio of any length from the boundary layer to a characteristic length
of the model determines the length scale. The velocity profiles of Fig. 2, taken
at the location of the models without the models in place, yield a number
of boundary layer characteristics for consideration. An exponential law 7/ v,
= (Z/Z,)°, in which ¥ = the mean velocity, at height Z; and a = an
experimentally-determined constant, fits very well with most of the measured
values. An alternate expression for the velocity profile near the surface is the
logarithmic law ¥/ V.= (1/x) C,In (Z/Z,). In this relationship, x = von
Karman's constant equal to 0.4; C, = a surface drag coefficient defined in
terms of the surface shear stress 7, as C: =n,/p V:; and Z_, = the roughness
length, i.e., a quantity which characterizes the surface roughness elements,
but is usually considerably smaller than their physical size. Typical values of
these parameters for different full-scale terrains, taken from Ref. 5, are compared
to those obtained from the measured velocity profiles in the wind tunnel in
Table 1. The data indicate that a 1:500-length scale is appropriate. The corres-
ponding full-scale dimensions of the models are shown in Table 2. Jensen and
Franck’s results (7) indicate that the experimental coefficients may well be
representative for other length scales as well, as long as h/Z_ is maintained
(h = the building height). Furthermore, their results indicate little sensitivity
to scale changes of the order of 2 or so.

There is some flexibility in the selection of the velocity scale and consequently
the time scale since t,/t,, = (Lp/L ¥ Vu/Ve), in which M and P signify
model and prototype, respectively. The wind tunnel speed is chosen to provide
acceptable signal to noise ratios. The velocity and time scales are then based
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on the ratio of this speed to the full-scale wind speed of interest. In this case,
this leads to velocity and time scales of about 3:10 and 1:150, respectively.
Consequently, the experimental sampling rate corresponds to about 7- sam-
ples/sec/channel in full scale, and pressure fluctuations with frequencxe.s up
to about 0.7 Hz in full scale can be detected without distortion or attenuation.

The choice of sampling period is determined to be sufficiently long to provide
statistically stable estimates of mean and RMS pressures and to ensure that
measured maximum and minimum pressures provide representative estimates
of peaks encountered during a full-scale interval of approx 1 h. The hqurly
average wind speed is a convenient, statistically-stable value which can straight-
forwardly be determined in full scale. The 60-sec sampling period used satisfies
these requirements.

TABLE 1.—Velocity Profile Parameters for Full-Scale and Simulated Terrains

Z,in | Z,in
Exposure feet inches a -
(1) {2) (3) (4) (5)
Full Scale
Open country 900 0.44 0.16 0.042
Forest, suburban areas i 1,300 1240 0.28 0.044
City centers 1,700 40-200 0.40 0.046
Model Scale
Smooth 1.83 0.01 0.16 0.042
Built-up 3.33 0.45 0.37 0.048

Note: 1 in. = 25.4 mm; and 1 ft = 305 mm.

TABLE 2.—Dimensions of Buildings in Wind Tunnel Experiments and in Full Scale

Model Scale, in inches |Full Scale (1:500), in feet h/Z,

Building | Height |Length | Width | Height | Length Width| Smooth | Built-up
M (2) 3) (4) (5) (6) (7 (8) (9)
Low 1.2 6.0 6.0 50 250 250 120.0 2.7
High 5.4 6.0 6.0 225 250 250 540.0 12.0

Note: 1 in. = 25.4 mm; and 1 ft = 305 mm.

Fastest-mile wind speeds are also often used as the reference speed for building
codes. The relationship between fastest mile and hourly speeds can be determined
as a function of the fastest-mile speed. For example Hollister (6) indicates
that, for open country conditions the fastest-mile wind speed =1.29 (hourly
mean speed) for wind speeds of design interest.

Pressure COEFFICIENTS

Th.e maximum, minimum, mean, and RMS pressure coefficients for each
individual roof point [see Fig. 1(a)] have been measured for the two different
exposures described, two model buildings (low and high), and two wind directions
(normal and oblique). The pressure coefficients are defined as
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inwhich py,« = the maximum instantaneous pressure measured over.the sampling
period; py = the minimum instantancous pressure measured over the sampling

period; p = the temporal mean pressure; ppys = the RMS pressure = V(p — p)?;
and g, = 1/2 p V3 = the dynamic head associated with the hourly mean
velocity at roof height ¥,. All pressures are differential pressures with respect
1o the static pressure at gradient height.
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FIG. 3.—Local Mean Pressure Coefficients

During the experiment, it was more conveniént to measure the pressure
coefficients with respect to the dynamic pressure at gradient height. The
conversion factors ¢g,/q, have been determined from the velocity profiles of
Fig. 2 and are included there.

Resutts: Local Pressure COEFFICIENTS

Contours of mean, peak, and RMS pressure coefficients for all parameter
combinations considered are shown in Figs. 3, 4, and 5. Considering the symmetry
of flow, contours are shown for each wind direction on half the roof only.
However, it should be noted that the contour pattern is not absolutely symmetrical
because of the random nature of the surface roughness, some local nonuniformity
of the flow, and the natural statistical variability associated with such measure-
ments.

Regarding mean pressure coefficients (see Fig. 3), it can be observed that
there is almost always suction all over the roof. Regardless of exposure, the
highest suction occurs near the windward edge of the roof and decreases from

ST2 FLAT ROOFS 287
there with increasing distance. There is some tendency for slightly higher suction
coefTicients for the smooth exposure in the case of 45° oblique wind flow.
This has also been reported by Jensen and Franck (7) and others.

The comparison of mean pressure contours for the normal wind betwecen
high and low roofs under smooth exposurc shows that reattachment of the
mean flow occurs further from the Icading edge for the higher roof. The result
is that the front part of the lower roof supports a stecper pressure gradient
and the rear half is under no substantial mean pressure load. The flow reattachment
length is approximately a constant number of building heights. The built-up
exposure results are similar, although local flow disturbances cloud the comparison
a little.
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FIG. 4.—Local Negative Peak Pressure Coefficients
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More severe pressure coefficients occur for wind directed towards the roof
corner. The edges near the corner (but not at the very corners), are more
heavily loaded than in the case of normal wind. This is consistent with the
formation of vortices along the leading edges, which has been commonly observed
by previous investigators.

The contours of uncorrelated negative peak instantaneous pressure coefficients
are shown in Fig. 4. The general pattern appears disorganized, particularly for
the built-up exposure. Although not shown, the peak positive pressure coefficients
present a similar pattern, with magnitudes of the order of 0.6-0.9 for the smooth
and 1.0-2.0 for the built-up exposure. The broad range of the peak fluctuations,
more pronounced on the low roof for both wind directions, is very characteristic.
Again, the most severe suctions are caused by the 45° oblique wind. Generally
speaking, the extreme pressure coefficients on the high roof are either equal
to or less severe than those on the low roof. (Keeping in mind, of course,
that reference velocity pressures are higher for the higher root).
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-and those for the local and pneumatically-averaged technique were taken from

experiments carried out several months apart under nominally the same conditions.

Furthermore, different weighting functions are inherent in the two methods,

the pneumatic technique being uniform, and the transducer being weighted
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FIG. 8—Comparison of Peak Suction Coefficients Derived from Local and Area
Measurements (Built-up Exposure)
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FIG. 9.—Spectra of Pressure Loads on All Roof Regions (Smooth Exposure, Normal
Wind)

ST2 ; FLAT ROOFS 291

according to the deflection shape of the diaphragm.

The pneumatic-averaging technique has been used to assess peak area loads
over a large part of the roof to illustrate the significance of the nonsimultaneous
effect of the peak point pressures. Measurements were made for both exposures,
both wind directions, and both models for all roof regions. Typical results are
shown in Fig. 8 for an oblique wind acting on both the high and low roof.
Both the local pressure coefficients, and the effective pressure coefficients for
the component areas shown, have been averaged over the four zones as indicated,
in the inset. Similar results are available (10) for the other wind direction / exposure
combinations. In almost all cases, both the average and extreme limits of the
noninstantaneous peak values given by the individual pressure taps are much
more severe than the true spatially-averaged peaks. In some cases, the whole
range of the spatially-averaged peaks is less than the range of individual extremes.
Thus, a significant overestimation of the peak total load occurs when point
pressures alone are used. The amount of overestimation increases with the
proximity of the zone to the edge and appears to depend on the location of
the roof area with regard to the wind direction.

It is interesting to note that Kim and Mehta (8) measured peak, mean, and
RMS loads on a flat roof in a full-scale experiment and determined a probabilistic
model for predicting the peak loads from the measured mean and RMS values.
They applied this model successfully using the results of the present study
(10); i.e., their measured peak pressure coefficients are predicted from the
measured mean and RMS pressure coefficients of the current study, despite
the different geometries of the present models and the full-scale building.

Seectra AND CorreiaTion Coerricients For Roor CompoNENT AREAS

Since this study was primarily aimed at the characteristics of the effective
pressures acting on roof areas rather than points, the pneumatic-averaging
technique has also been used to determine spectra of pressure loads affecting
the 16 equal-sized regions. Representative results are presented in Fig. 9. Each
power spectral density function of pressure load is drawn in the appropriate
area. All spectra are normalized by the variance, the values of which are also
indicated, in coefficient form, normalized by the square of the dynamic pressure
at roof height. The spectra can be classified into two different, although not
clearly separated regions, i.e., the windward region and the wake region.

The pressure spectra in the windward region of the roof are similar to the
spectrum of longitudinal turbulence which can be described by the universal
equation suggested by the third writer (3). According to this expression, the
maximum energy of the wind turbulence in full scale is associated with the
lower wave numbers (peak at f/ V=~ 4.6 x 10 *cycles/ft = 1.5 x 10 > cycles/m),
which corresponds to the low frequency peak, at about f/¥V = 1.4 x 107°
cycles/m, of the measured spectra in equivalent full-scale units. This accumula-
tion of enmergy at low frequencies is clearly shown in the windward regions
for all cases. It is interesting to compare these results with the information
given by Kramer and Gerhardt (9) for power spectral densities of pressure
loads on a flat roof. Although their geometry was not the same, the spectrum
given in Ref. 9 for normal wind agrees in shape and intensity to the spectra
obtained for the windward regions in this study, the main difference being
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that Kramer and Gerhardt's peak occurs at higher requencies centered on an
equivalent full-scale value of f/ ¥ = 3 x 107 cycles/m. Note, however, that
the spectra presented here correspond to area loading, whereas Kramer and
Gerhardt's are for point pressures. Furthermore, Kramer and Gerhardt's length
scaling within the boundary layer was somewhat relaxed and could account
for the apparent shift in the energy to higher frequencies. Fig. 9 also indicates
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FIG. 10.—Pressure Correlation Coefficients for Various Roof Regions

that two other energy peaks become more pronounced towards the downwind
side of the roof, reaching their maximum value in the wake region. The highest
of these energy peaks is centered on ~3 Hz (fh/ ¥ = 0.01) for the low and
~40 Hz (fh/ V ~ 0.45) for the high model (model scale frequencies). Whereas
the response to the gustiness of the wind can be seen over the entire roof
on the low model, it only affects the first windward zone of the high model.

ST2 FLAT ROOFS 293

This may be due to the greater displacement of the shear layer above the higher
model.

Since the cffective pressures acting on the subregions of the roof retain a
considerable amount of the dynamic nature of the point pressures, it is necessary
to define the cross corrclations or cross spectra between different roofl arcas
in order to determine the unsteady load acting on still larger parts of the structural
system of the roof extending over more than 1/16 of the area. The effectiveness
of the dynamic wind loads experienced by large structural elements is thus
further reduced. The loss of correlation between two points, which is beneficial
for the roof loading, depends on their position and the distance between them.

Correlation coefficients between the area loads on the different regions of
the low and high roof are shown in Fig. 10 for different exposures and normal
wind. Each zone of Fig. 10 gives the correlation coefficients belween. the
associated shaded area and all the others. The following observations can be
made:

1. The height of the roof and the roughness of the exposure are very important
factors in the development of high or low correlations. Negative correlation
coefficients have been found only in the case of the high model for the smooth
exposure wind and are small. Generally, the correlation coefficients change
more rapidly for the higher roof and more gradually for the built-up exposure.
This may be due to the larger components of roof load dependent on the wind
turbulence in the latter case, partially due to the more severe gustiness, and
partially due to the closer proximity of the shear layer to the roof.

2. Although the correlation coefficients are expected to decay with increasing
separation between the various subareas (the rate of decrease depending on
the position of the two subareas, as related to the wind flow direction), this
does not always happen. There are cases in which the correlation of the pressure
load is higher with a more remote zone of the roof than with a neighboring
region. No clear explanation is available; however in some cases it appears
to be associated with the reattachment of the separated shear layer.

3. With respect to the wind flow direction, the correlation coefficients (10)
appear higher fof regions located in the trace of the vortices developed over
the roof for the 45° obliquz wind direction.

Results of cross-spectral analysis show that, in most cases, the quad-spectra
are insignificant; this implies that the out-of-phase components of the pressure
load fluctations are negligible. The co-spectra given in Ref. 10 indicate that
the pressure load fluctuations are strongly correlated for small separations; thus
the co-spectral densities appear fairly comparable to the power spectral densities
for adjacent regions, particularly at low frequencies.

Assessment oF EFrective WinD Loaps on Larce Roor Suesections

The spectra of pressure loads acting on the 1/16 sections of the roof were
used to derive spectra of the total fluctuating wind force acting on larger sections
of the roofs. Results were obtained for sections made up of multiples of the
1/16-square areas under the various conditions of exposure, wind direction,
and height of roof (10). Typical cases for force spectra acting on a roof quarter
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for an oblique wind and different combinations of height and exposure are
presented in Fig. 11. Also shown are mean square effective pressure coefficients,
found by numerical integration. These coefficients are of the same form as
defined in Fig. 9.

In general, the variance coefficients are smaller for larger areas, although
they may be higher for the larger area than for some of their component areas
if the larger area includes components on the windward side of the roof. It
is also interesting to note that larger spectral peaks appear for the lower roof.
No clear explanation of this fact is available at present, but the observation
indicates that lower roofs may be more susceptible to resonant effects.

Companison oF LocaL Pressure Coerricient ResuLts with Copes aAND STANDARDS

Since pressure coefficients are determined with respect to different reference
speeds in various countries, it is very difficult to make comparisons directly
between coefficients. Instead, a simple illustrative comparison is made in terms
of pressure acting on the roofs of a low and a higher building, similar to those
used in this study, according to the specifications of the 1977 Commentary
to the National Building Code of Canada (NBCC) (simple method), the American
National Standard Institute (ANSI AS58.1-1972), and the present results. The
comparison in summarized in Fig. 12 which shows both the actual pressures,
and ratios normalized by the current experimental results. Ratios greater than
1.0 imply code conservatism. The wind speed considered corresponds to an
hourly average of 60 mph at 30 ft over an open country exposure. Considering
a similar storm system, i.e., the same gradient height speed over a densely
built-up urban environment, the corresponding hourly average speed at 30 ft
would be only 23 mph. Since the simple method of the NBCC does not recognize
any terrain differences, the same values are specified for both exposures.

The ANSI refers all pressure coefficients to the fastest mile speed at roof
height. Conversion of the hourly average of 60 mph to a fastest mile of 77
mph was made by using Hollister’s charts (6). Different values of velocity
pressures (which include gust effects) are specified for different exposures.

To determine the pressures from the present study, the wind speed at roof
height was calculated using the experimental velocity profiles of Fig. 2. The
pressure coefficients used from the experimental study are the worst peak suction
coefficients measured at any point in the area considered, and thus do not
include any alleviation associated with spatial averaging. This comparison was
adopted because the areas used in these experiments do not conveniently aline
with the divisions of roof areas considered in the NBCC or ANSI standard.

The comparison shows that the NBCC significantly overestimates the pressure
loads, in particular for the corner region, the built-up terrain, and the lower
building. The results suggest some adjustment should be made for the edge
and corner specified coefficients which are very high, and that allowance for
a rougher exposure in the simple method of the Canadian Code might be
worthwhile. The ANSI also significantly overestimates the negative pressures
on the perimeter zones; however the ANSI appears to underestimate some
of the local loads in the interior of the roof, particularly for the higher building
and the rougher terrain. This is likely to be compensated by spatial averaging
as per Figs. 6 and 8.
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Examination of the measured pressures reveals that generally the dynamic
component predominates. Codes usually overestimate the mean loads and
underestimate the gust factors. For example, the NBCC considerably overesti-
mates the mean (by factors of 1.5 and up), whereas the gust factors found
experimentally were typically in the range 2-7.5 compared to the value of 2.5
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FIG. 11.—Spectra of Pressure Loads Acting on a Roof Quarter

CAVEAT: PRESSURE VALUES DO NOT INCLUDE ANY RESONANT EFFECT

Peak Wind Pressures In psf and As Ratios of Those Found in (he Present Sluc;y
EXPOSURE = Smooth (NBCC: A; ANSI: C) Built-up (NBCC: C; ANSI: A)
REGION = R w C R w
psi’ ratio psl ratio .psf ratio psf ratio psf ratio psf ratio
NBCC Low -26.7 1,17 -53.2 1.87 =797 2,80 -26.7 | 268 <53 | . A02 STWT | 453
High 162 | 0ok |25t psrtaaonot] 1oet | 362 | 152 | aast] vert [awent]| a2t
ANST | Low -189 | 083 | 648 | 227 |-1350 | 4.74 7.0 | 071 | 240 136 | -500 | 284
High -25,2 0.68 -86.4 1.87 |-180.0 | 3.24 -13.3 | 0.56 456 | 1.6% 950 | 2.79
Present | Low -228 1.00 -28,5 1.00 -28.5 | 1.0C 99 1.00 -17.6 | 1.00 -|7-é 1.00
Study High -37.0 L.00 -46.2 1.00 -55.5 | 1.00 -23.8 | 1.00 -21.2 1.00 -34.0 | 1.00
Note: 1 psf = 47.9 N!mz
1 fe. = 305 H
rom t under the provisions of the
1980 NBCC, for tailer build-
=250 <4t 25 :# o TZSD'—T ~r—250'—f ings the coefficients specilied
T ¢ for C are reduced hy a factor
R 250" =W 22s° N o
ol 0.67 and (or W by a lactor
L < 425" | tso' o N
; i of 0.75. Similar reductions
4+ 50 Low HIGH "
B AN R HOSS SECTioN have also been effected for

low-rise buildings

FIG. 12.—NBCC, ANSI, and Comparative Experimental Values

specifieq by the Code. These large experimental gust factors may be particularly
significant if the structural response of all or part of the roof is susceptible
to dynamic effects. It should be noted that since the experimental coefficients
used in the aforementioned comparisons are local values, spatial averaging will
further reduce the loads appropriate for overall structural considerations. This
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Jis recognized in the NBCC for the design of primary structural systems only
(reduction of gust factor from 2.5 to 2.0), and in the ANSI for areas greater
than 200 sq ft (18.6 m?).

During the course of preparation of this paper, both the NBCC and ANSI
have been undergoing revision. The ANSI revised coefficients have not been
cxamined in detail, although they appear to be somewhat reduced while still
remaining conservative. Some indication of the 1980 NBCC changes have been
added to Fig. 12. For taller buildings, the roof corner and roof edge coefficients
have been reduced so that for a smooth exposure the experimental ratios quoted
are reduced to about 1.2-1.3. For low-rise buildings, the 1980 Code has introduced
significant changes. These include: the specification of peak coefficients (i.e.,
they inherently include a gust factor); revision of the coefficients to more closely
reflect the most recent experimental data (see Refs. 12, 13, and 14); reduction
in load coefficients for increasing tributary area; and specification of completely
separate coefficients appropriate to the design of the primary wind-resis_ting
structural system. The effect of terrain roughness has not been introduced into
the simple method of the Code; however the reference wind pressure now
reduces with height down to 6 m rather than the previous value of 10 m.

ConcLusions
The following conclusions can be made:

1. The wind-induced pressures acting on a flat roof have a major dynamic
component.

2. A significant overestimation of the wind load acting on roof areas occurs
when the lack of spatial correlation of gusts is not taken into account. This
overestimation is higher for areas more heavily loaded and increases with the
area size.

3. Even within the aforementioned conservative comparison, based entirely
on local pressure coefficients, the 1977 Commentary to the Canadian Code
overestimates the suctions acting on a flat roof, in particular for the lower
roof and the rougher exposure considered. The ANSI A58.1-1972 document
underestimates some of {he interior zone local loads (which may be compensated
by spatial averaging), but significantly overestimates the suctions on the roof
perimeter.
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Appenpix I.—NoTamion

The following symbols are used in this paper:

N b }\‘qnq SN
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~ > xn

= area of each elementary square region of the roof:
power law exponent;

square root of surface drag coefficient;
pressure coefficient;

frequency;

building height;

length;

pressure;

dynamic head at gradient height;

= dynamic head at height 4;

time;




298,

v S

s \q © x-.NaN NS
Il

FEBRUARY 1981

mean velocity;

mean wind velocity at gradient height;

height above ground;

roughness length;

gradient height;

von Karman’s constant;

air density;

RMS pressure acting on each square region; and
surface shear stress.
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16039 EFFECTIVE WIND LOADS ON FLAT ROOFS

KEY WORDS: Acrodynamics; Codes: Corrclation; Design; Pressure; Roofs;
Spectra; Tributarics; Wind loads

ABSTRACT: An experimental investigation of wind-induced pressure loads acting on
two square-plan Nat-roofed model structures (50t and 225ft high in [full sc'alc) is
deseribed. Measurements of mcan, peak, and root mcan square pressures acling on
points and over larger roof arcas have been made in turbulent boundary layer flow
simulating wind over urban and open country terrains. Arca loads on the roofs have
been measured both by a pncumatic-averaging technique, and by using a large flush-
diaphragm transducer. Correlation cocfficients and spectra of effective pressure loads
an various regions of the roofs are also presented. A significant overestimation of peak
loads may vecur for larger arcas if full correlation of the worst point pressures acting
over the area is assumed.

REFERENCE: Stathopoulos, Theodore, Surry, David, and Davenport, Alan G
“Eftective Wind Londs on Flat Rools,” Jaurnal of the Structural Division, ASCE, Vol.
107, No. ST2. Proc. Paper 16039, Fehruary, 1981, pp. 281-298
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and Alan G. l)nvcnpor(.“ M. ASCE

INTRODUCTION

At any location on the exterior of a structure, the wind-induced pressures
(both positive and negative) arc likely to be highly unsteady, and also to vary
significantly from point to point. This is due to turbulence in the flow, and
turbulence caused by [low separation from the sharp edges of the building.
The scale of the resulting pressure flucluations must then depend on both the
building size and the size of the cddies in the oncoming wind. Since these
pressure variations are not necessarily well-correlated either in time or in space,
the peak loads affecling large areas would be expected to be less than the
sum of the pecak loads acting at individual points within such areas. Point loads
are significant for the design of fasteners; however many other structural elements
have tributary areas of significant size and thus their design should recognize
this potential alleviation of load rather than conservatively assume full correlation
between the peak loads.

Numerous wind tunnel experiments on models have been carried out in the
past to determine appropriate design pressures, but until recently almost all
of them have becn performcd under uniform steady-flow conditions. Such
experiments often yield results considerably dilferent from those observed in
full scale. Modern boundary layer flow simulations have led to results in
satisfactory agreement with full-scale mecasurements (see, e.g., Refs. 1 and 2);
however even among these recent studies, many have been mainly confined
to investigations of static wind forces.

' Asst. Prof., Centre for Building Studies, Concordia Univ., Montreal, Qucbec, Canada.

?Assoc. Research Dir., Boundary Layer Wind Tunnel Lab., The Univ. of Weslern
Oatario, London, Ontario, Canada.

*Dir., Boundary Layer Wind Tunnel Lab., The Univ. of Western Ontario, London,
Ontario, Canada.

Note.—Discussion open until July 1, 1981. To extend the closing date onc month,
a wrilten reguest must be filed with the Manager of Technical and Professional Publications,
ASCE. Manuscript was submitted for review for possible publication on June 22, 1979.
This"paper is part of the Journal of the Structural Division, Proceedings of the American
Scciety of Civil Engincers, ©ASCE, Vol. 107, No. $T2, Fchruary, 1981. ISSN 0044-
8001 /81/0002-0281/501.00.
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. Roofls in particular are vulnerable to wind action, especially over local areas

near windward cdpes and corners. Near these locations, -large local suctions
(nepative pressures) may oceur which tend to 1ift roofing elements, The dynamic
characteristics of these wind lorces and their effeets on roofs have not received
much attention, perhaps partially due to difficultics in mcasuring the fuctnating
loads.

This paper ‘dcscrihcs wind tunnel mecasurcments of pressures on points and
on larger areas of Mat-roofed buildings, and compares some of the results to
current practice. Special emphasis has been given to the dynamic characteristics
of the loading, as well as to the combined wind forees acting together on different
rool regions. A novel application of pneumatically averaging the unsteady
pressures acting on specific model areas has been used to define peak area
loads lor dilferent roof regions. Parallel measurements using large diaphragm
transducers set flush with the flat rool” have verified this technique. Conventional
point pressure measurements have also been made. The comparison of these
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FIG. 1.—Sketch of Models: (a) With a Dense Grid of Pressure Holes; and (b) With
Openings for Flush-Diaphragm Transducer ’

various experimental data stress the significance of the tributary area of
assessment of the extreme wind loads actling on flat roofs. Furthermore,
correlation coefficients and spectra for different roof areas help to give a picture
of the development of the flow over the building, and therefore to determine
some further characteristics of the random pressure loads. This paper is based
on work reporled in more detail in Ref. 10,

ExpermentaL MeASUREMENTS
All experiments were carried out at the University of Western Ontario’s

Boun.dary Layer Wind Tunnel Laboratory (BLWTL). The wind tunnel has a
working scction approx 80 ft X 8 ft (24 m x 2.5 m) wide, and has an adjustable
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rool height averaging roughly 7 {t (2 m). Details of the wind tunncel are piven
by the third writer and Isyumov (4).

Two plexiglas models were used as sketched in Fig. 1. The first model has
a regnlar distribution of pressure taps on the top for conventional measurements
using pressure (ransducers with or without pneumatic averaging. The second
model has a large-diameter, flush-diaphragm pressure transducer as part ol the
roof surface. The diaphragm arca approximates 1/16 of the rool surlace
corresponding to the tributary arca of nine pressure holes on the first model.
The general arrangement of (he measuring points was made so that, for wind
perpendicular or at an angle of 45° to an edge. all rool arcas could be investigated
by using symmetry of flow and modcls. When using the Mush-diaphragm
transducer, only the inner roofl region could be investigated. Each model is
made of two parts. The top part includes the roof surface and can be used
by itself Lo represent a low-risc building. The bottom part is a frame which,
together with the top part, represents a taller building.
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FIG. 2.—Vertical Profiles of Mean Velocity and Turbulence Intensity for Two Exposures

The models were mounted on the wind tunnel turntable which is located
80 ft (24 m) downstream {rom the bellmouth and 64 ft (19.5 m) away from
the beginning of a random homogeneous roughness distribution. Two types of
terrain were simulated. Open country terrain (the “‘smooth’ case) was simulated
using a carpet. The urban cnvironment (the “‘built-up’ case) was represented
by a surface of approx 2-in. (50-mm) cubes distributed randomly. Typical velocity
profiles are shown in Fig. 2. The free stream or gradient velocity, V,, used
in the wind tunnel was approx 45 fps (13.7 m/s).

Point-pressure instrumentation includes four 1/2-in. (13-mm) diaphragm strain-
gage, differential-pressure transducers (Statham model PM I131TC) sel in scani-
valves under the turntable of the wind tunnel. Tubes [24 in. (610 mm) long
and 1/16 in. (1.6 mm) in inside diamcter] lead from the surface taps to the
scanivalves, These tubes include damping constructions to kecp the {requency
response flat. The resulting system responds to pressure fluctuations on the
model of up to about 100 Hz with negligible attenuation or distortion. Higher
frequencies suffer increasing altcnuation, although some response is obtained
for signals of several hundred Hertz. Pressure measurements can be made in
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parallel using scveral scanivalves, each of which is sampled at a rate of about

1000 times/sec. Similar equipment, omitting the scanivalves, was also used.

to measure spatially-averaged pressures acting on roof areas, by interconnectling
pncumatically an array of pressure taps through special multi-input manifolds.
A dctailed study of the response of these manifolds has been carried out (11).
The inherent frequency response of the manifolded systems is similar to that
of the component tubes, as presented in Ref. 1. For direct area measurcments,
a (lush-diaphragm pressure transducer of the inductance type (Validyne model
DP-104) mounted on the model was used. It has a resonance at 600 Hz, implying
that its response up to 100 Hz is essentially flal. In all cases, differences between
the pressure exerted on roof points or areas and the stalic pressure of the
frec strcam were measured.

Digitization of the pressure signals and analysis of the data using a PDP-8/1
digital computer on-line, gave the maximum, minimum, mean, and root mean
square (RMS) pressures over a 60-sec period. The dynamic pressure of the
flow above the boundary layer (1/2 p Vi) was measured similarly, and used
to determine pressure coefficients. Appropriate filtering and recording of the
pressure signals coming from the various rool segments were carried out in
order to allow correlation and spectral analysis of pressure loads, as detailed
further in Ref. 10.

Scaunes

For measurements of pressure loads on a rigid model, correct scaling requires
the characleristics of the velocity profiles to be similar to full scale. Given
this, the ratio of any length from the boundary layer to a characteristic length
of the model determines the length scale. The velocity profiles of Fig. 2, taken
at the location of the models without the models in place, yield a number
of boundary layer charasteristics for consideration. An exponential law ¥/ v,
= (Z/Z,)", in which ¥ = the mean velocity, at height Z; and a = an
experimentally-determined constant, fits very well with most of the measured
values. An alternate expression for the velocity profile near the surface is the
logarithmic law ¥/ Ve = (1/x) C.In (Z/Z,). In this relationship, x = von
Karman's constant equal to 0.4; C} = a surface drag coefficient defined in
terms of the surface shear stress v, as C; = 7,/p V'2; and Z, = the roughness
length, i.e., a quantity which characterizes the surface roughness elements,
but is usually considerably smaller than their physical size. Typical values of
these parameters for different full-scale terrains, taken from Ref. 5, are compared
to those obtained from the measured velocity profiles in the wind tunnel in
Table 1. The data indicate that a 1:500-length scale is appropriate. The corres-
ponding full-scale dimensions of the models are shown in Table 2. Jensen and
Franck’s results (7) indicate that the experimental coefficients may well be
representative for other length scales as well, as long as h/Z, is maintained
(A = the building height). Furthermore, their results indicate little sensitivity
to scale changes of the order of 2 or so.

There is some flexibility in the selection of the velocity scale and consequently
the time scale since #,/1,, = (Lv/LyXVy/Vs), in which M and P signify
modcl and prototype, respectively. The wind tunnel speed is chosen to provide
acceptable signal to noise ratios. The velocity and time scales are then based

| |
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on the ratio of this speed to the full-scale wind speed of interest. In this case,
this leads to velocity and time scales of about 3:10 and 1:150. respectively.
Consequently, the experimental sampling rate corresponds o about 7. sam-
ples/sec/channel in full scale, and pressure fluctuations with frcqucncn?s up
to about 0.7 Hz in [ull scale can be detected without distortion or attenuation.

The choice of sampling period is determined to be sufficiently long to provide
statistically stable estimates of mean and RMS pressures and to ensure that
measured maximum and minimum pressures provide representative estimales
of peaks encountered during a full-scale interval of approx | h. The hqurly
average wind speed is a convenient, statistically-stable value which can slr:}lghl-
forwardly be determined in full scale. The 60-sec sampling period used salisfies
these requirements.

TABLE 1.—Velocity Profile Parameters for Full-Scale and Simulated Terrains

Z_.in Z,,in r
Exposure feet inches a C,
(1) (2) (3) (4) (5)
Full Scale
Open country 900 0.4-4 0.16 0.042
Forest, suburban areas 1,300 12-40 0.28 0.044
City centers 1,700 40--200 0.40 0.046
Model Scale
Smooth 1.83 0.01 0.16 0.042
Built-up 3.33 0.45 0.37 0.048

Note: | in. = 25.4 mm; and | ft = 305 mm.

TABLE 2.—Dimensions of Buildings in Wind Tunnel Experiments and in Full Scale

Model Scale, in inches [Full Scale (1:500), in feet h/g.._

Building | Height |Length | Width | Height | Length | Width| Smooth | Built-up
(1) (2) (3) {4) (5) (6) {7 (8) (9)
Low _—1.2 6.0 6.0 50 250 250 120.0 27
High 5.4 6.0 6.0 225 250 250 540.0 120

Note: 1in. = 25.4 mm; and | {t = 305 mm.

Fastest-mile wind speeds are also often used as the reference speed for building
codes. The relationship between lastest mile and hourly speeds can be determined
as a funclion of the fastest-mile speed. For example Hollister (6) indicates
that, for oper country conditions the fastest-mile wind speed =1.29 (hourly
mean speed) for wind speeds of design interest.

Pressune COEFFICIENTS

Th.e maximum, minimum, mean, and RMS pressure coefficients for each
individual roof point [see Fig. I(a)] have been measured for the two different
exposures described, two model buildings (low and high), and two wind directions
(normal and obligne). The pressure coefficients are defined as
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inwhich py, = the maximum instantancous pressure measured over.the sampling
period; pygy = the minimum instantancous pressure measured over the sampling

period; - the lcm;luml MEAN pressure; py g = the RMS pressure = V(p — g)’:
and ¢, = 1/2 p V3 = the dynamic head associated with the hourly mean
velocity at roof height ¥, . All pressures are differential pressures with respect
to the static pressure at gradient height.
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FIG. 3.—Local Mean Pressure Coefficients

During the experiment, it was more convenient o measure the pressure
cocfficients with respect to the dynamic pressure at gradient height. The
conversion factors ¢,/q, have been determined from the velocity profiles of
Fig. 2 and are included there.

Resuits: LocaL Pressure CoOErFICIENTS

Contours of mean, peak, and RMS pressure coefficients for all parameter
combinations considered are shown in Figs. 3, 4, and 5, Considering the symmectry
of MMow, contours are shown for each wind direction on half the roof only.
However, it should be noted that the contour patlern is not absolutely symmetrical
because of the random nature of the surface roughness, some local nonuniformity
of the flow, and the natural statistical variability associated with such measure-
ments.

Regarding mean pressure coeflficients (see Fig. 3), it can be observed that
there is almost always suction all over the roof. Regardless of exposure, the
hirhest suction occurs near the windward edge of the roof and decreases from
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there with increasing distance. There is some tendency for shghtly higher suction
coelficients for the smooth exposurc in the case of 45° oblique wind Tow.
This has also been reported by Jensen and Franck (7) and others,

The comparison of mean pressure contours for the normal wind between
high and low roofs under smooth exposure shows that reattachment ol the
mean flow occurs further from the leading edge lor the higher roof. The result
is that the front part of the lower roof supporls a steeper pressure gridient
and the rear half is under no substantial mean pressure load. The fTow reattachment
length is approximately a constant number of building heights. The built-up
exposurc results are similar, although local flow disturbances cloud the comparison
a little.
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FIG. 4.—Local Negative Peak Pressure Coefficients

More severe pressure coefficients occur for wind directed towards the roofl
corner. The edges near the corner (but not at the very corners), are more
heavily loaded than in the casc of normal wind. This is consistent with the
formation of vortices along the leading edges, which has been commonly obscrved
by previous investigators.

The contours of uncorrelated negative peak instantaneous pressure coelficients
are shown in Fig. 4. The gencral pattern appears disorganized, particularly for
the built-up exposure. Although not shown, the peak positive pressure coclficients
present a similar pattern, with magnitudes of the order of 0.6-0.9 for the smooth
and 1.0-2.0 for the built-up exposure. The broad range of the peak fuctuations,
more pronounced on the low roof for both wind directions, is very characteristic.
Again, the most severe suctions arc caused by the 45° oblique wind. Generally
speaking, the extreme pressure coclficients on the high roofl are cither equal
to or less severe than those on the low roof. (Keeping in mind, of course,
that reference velocity pressures arc higher for the higher root).
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Kramer and Gerhardt (9) prescat contours of pressure cocfficients for a 45°
wind acting on a cube-shaped building a little different from the high model
described here. Their results are similar (o the peak instantancous suction
cocfTficients shown in Fig. 4; however it is uncertain as to whether the coefficients
in the two cases are strictly comparable in terms of the reference pressure
and the relevant averaging times.
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FIG. 6.—Peak Suction Coefficients from Different Measurement Techniques

Fig. 5 shows the RMS pressure coefficient contours which provide a measure
of the spread of the pressure fluctuations around the mean value. As expected,
the RMS pressure coefficients have much larger values for the built-up exposire.
The larger RMS values occur close to the windward edges of the roof and
generally decrease downstream.
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ResuLts: SeatiaLty-Avenaceo Pressure COEFFICIENTS

In order to study the influence of the tributary area and the nonsimultancous
effect of the local peak pressures, experiments with (lush-diaphragm transducers
covering specific roof regions were carricd out. Measurcments were also made
by pneumatically averaging Lhe pressures from taps corresponding lo these
regions. For these group measurements the roof was divided into the 16 equal
square regions shown in Fig. 1(a). Each contains nine pressure taps. The round
flush-diaphragm transducer covers an area corresponding virtually to the circle
inscribed in each square arca. The fact that the corners ol each region are
not covered by the sensitive part of the instrument is not expected to introduce
significant errors, particularly for the interior regions where it was used.

Although nol shown here, mean pressure coefficicnts obtained from the
manifolding lechnique agree very well with those derived by averaging the mean
values from the individual pressure taps (10). For peak areas loads, Fig. 6
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FIG. 7.—Comparison of Spectra {from Different Measurement Techniques (Smooth
Exposure, Low Model, Oblique Wind, Inner Region)

compares minimum pressure cocfficients for inner roof regions obtained from
flush-diaphragm transducer measurements, the average of the individual local
peak measurements (assuming complete correlation), and the pneumatically-
averaged results. This comparison indicates that the pneumaticaily-averaged
results compare well with those of the direct area measurements of the flush-
diaphragm transducer although they are always high. This is due in part to
the overestimation of the high-frequency components, as shown by the compara-
tive spectra of Fig. 7. The overestimation physically arises when the area over
which the pressure fluctuations are coherent becomes much less than the tributary
area associated with a single tap in the grid. This phenomenon has been examined
by a simple heuristic analysis described in Ref. 10, and is subject to analytical
correction il required. Generally, the resulting overestimation is conservative.
Note that the differences apparent in Fig. 6 may not be solely due to this
high frequency effcct. They may arise from the fact that the data for the transducer
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“and those for the local and pnecumatically-averaged technique were taken from
cxperiments carried oul several months apart under nominally the same conditioqs.
Furthermore, different weighting functions are inherent in the two methods,
the pneumatic technique being uniform, and the transducer being weighted
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FIG. 8.—Comparison of Peak Suction Cosfficients Derived from Local and Area
Measurements (Built-up Exposura)
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Wind)
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according to the deflection shape of the diaphragm.

The pneumatic-averaging technique has been used to assess peak arca loads
over a Jarge part of the roof to illustrate the significance of the nonsimultancous
effect of the peak point pressures. Mcasurements were made for both exposures,
both wind directions, and both models for all roof regions. Typical results are
shown in Fig. 8 for an oblique wind acting on both the high and low roof.
Both the local pressure coefficients, and the cffective pressure coelficients for
the component arcas shown, have been averaged over the four zones as indicaled,
in the inset. Similar results are available (10) for the other wind direction /exposure
combinations. In almost all cases, both the average and extreme limits of the
noninstantaneous pcak values given by the individual pressure taps are much
more severe than the true spatially-averaged peaks. In some cases, the whole
range of the spatially-averaged peaks is less than the range of individual extremes.
Thus, a significant overestimation of the peak total load occurs when point
pressures alone are used. The amount of overestimation increases with the
proximity of the zone to the edge and appears to depend on the location of
the roof area with regard to the wind direction.

It is interesting to note that Kim and Mehta (8) measured peak, mean, and
RMS loads on a flat roof in a full-scale experiment and determined a probabilistic
model for predicting the peak loads from the measured mean and RMS values.
They applied this model successfully using the results of the present study
(10); i.e., their measured peak pressure coefficients are predicted from the
measured mean and RMS pressure coefficients of the current study, despite
the different geometries of the present models and the full-scale building.

Spectra aAND CorreLation Coerricients For Roor CompoNeNT AReAs

Since this study was primarily aimed at the characteristics of thc effective
pressures acting on roof areas rather than points, the pneumatic-averaging
technique has also been used to determine spectra of pressure loads affecting
the 16 equal-sized regions. Representative results are presented in Fig. 9. Each
power spectral density function of pressure load is drawn in the appropriate
area. All spectra are normalized by the variance, the values of which are also
indicated, in coefficient form, normalized by the square of the dynamic pressure
at roof height. The spectra can be classified into two different, although not
clearly separated regions, i.e., the windward region and the wake region.

The pressure spectra in the windward region of the roof are similar to the
spectrum of longitudinal turbulence which can be described by the universal
equation suggested by the third writer (3). According to this expression, the
maximum energy of the wind turbulence in full scale is associated with the
lower wave numbers (peak atf/ ¥=4.6 x 10 “cycles/ft = 1.5 x 10 > cycles/m),
which corresponds to the low frequency peak, at about f/¥ = 1.4 x 107’
cycles/m, of the measured spectra in equivalent full-scale units. This accumula-
tion of energy at low frequencies is clearly shown in the windward regions
for all cases. It is interesling to compare these results with the information
given by Kramer and Gerhardt (9) for power spectral densities of pressure
loads on a flat roof. Although their geometry was not the same, the spectrum
given in Ref. 9 for normal wind agrees in shape and intensity to the spectra
obtained for the windward regions in this study, the main differcnce being
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that Kramer and Gerhardts peak occurs at higher frequencies centered on an
cquivalent full-scale value of f/ V= 3% 10 'cycles/m. Note, however; that
the spectra presented here correspond o arca londing, whereas Kramer and
Gerhardt's are for point pressures. Furthermore, Kramer and Gerhardt's length
scaling within the boundary layer was somewhat relaxed and could account
for the apparent shilt in the energy to higher [requencies. Fig. 9 also indicates
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FIG. 10.—Pressure Correlation Cosfficients for Various Roof Regions

that two other energy pecaks become more pronounced towards the downwind
side of the roof, reaching their maximum value in the wake region. The highest
of these energy peaks is centered on ~3 Hz (/i/ ¥ = 0.01) for the low and
~40 Hz (fhi/ V ~ 0.45) for the high model (model scale frequencies). Whereas
the response to the gustiness of the wind can be seen over the entire roof
on the low model, it only a{[ccls the first windward zone of the high model.
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This may be duc to the greater displacement of the shear layer above the higher
model.

Since the ellcetive pressures acting on the subregions of the roof 1etain a
considérable amount of the dynamic nature of the point pressures, it is necessary
to define the cross correlntions or cross spectra between different roof areas
in order (o determine the unsteady load acting on still larger parts of the structural
system of the roof extending over more than 1/16 of the area. The effectiveness
of the dynamic wind loads cxpericnced by large structural clements is thus
further reduced. The loss of correlation between (wo points, which is beneficial
for the roof loading, depends on their position and the distance between them.

Corrclation coefficients between the arca loads on the differeat regions of
the low and high roofl arc shown in Fig. 10 for diffcrent exposures and normal
wind. Each zone of Fig. 10 gives the correlation coefficients between the
associated shaded area and all the others. The following observations can be
made:

1. The height of the roof and the roughness of the cxposure are very important
factors in the development of high or low correlations. Negative correlation
coefficients have been found only in the case of the high model for the smooth
exposure wind and are small. Generally, the correlation cocfficients change
more rapidly for the higher roof and more gradually for the built-up exposure.
This may be due to the larger components of roof load dependent on the wind
turbulence in the latter case, partially due to the more severe gustiness, and
partially due to the closer proximity of the shear layer to the roof.

2. Although the correlation coefficients are expected to decay with increasing
separation between the various subareas (the rate of decrease depending on
the position of the two subareas, as related to the wind flow direction). this
does not always happen. There are cases in which the correlation of the pressure
load is higher with a more remote zone of the roof than with a neighboring
region. No clear explanation is available; however in some cases it appears
to be associated with the reattachment of the separaled shear layer.

3. With respect to the wind flow direction, the correlation coefficients (10)
appear higher fof Ttegions located in the trace of the vortices developed over
the roof for the 45° obliqu- wind direction.

Results of cross-spectral analysis show that, in most cases, the quad-spectra
are insignificant; this implies that the out-of-phase components of the pressure
load fluctations are negligible. The co-spectra given in Ref. 10 indicate that
the pressure load fluctuations are strongly correlated for small separations; thus
the co-spectral densities appear fairly comparable to the power spectral densities
for adjacent regions, particularly at low frequencies.

Assessment of Errective Wino Loaps on Larce Roor Sussections

The spectra of pressure loads acting on the 1/16 sections of the roof were
used to derive spectra of the total fluctuating wind force acting on larger sections
of the roofs. Results were obtained for sections made up of multiples of the
1/16-square areas under the various conditions of exposure, wind direction,
and height of roof (10). Typical cases for force spectra acting on a roof quarter
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for an oblique wind and different combinations of height and exposure are
presented in Fig. 11, Also shown are mean square effective pressurc coefficients,
found by numerical integration. These cocflficients are of the same form as
defined in Iig. 9.

In general, the variance coefficients are smaller for larger areas, although
they may be higher for the larger area than for some of their component areas
if the larger arca includes components on the windward side of the roof. It
is also interesting to note that larger spectral peaks appear for the lower roof.
No clear explanation of this lact is available at present, but the observation
indicates that lower roofs may be more susceptible to resonant effects.

Comparison oF LocaL Pressure Coerricient Results with Copes AND STANDARDS

Since pressure coelTicients are determined with respect Lo different reference
spceds in various countries, it is very difficult to make comparisons directly
between coelficients. Instead, a simple illustrative comparison is made in terms
of pressure acting on the roofs of a low and a higher building, similar to those
used in this study, according to the specifications of the 1977 Commentary
to the National Building Code of Canada (NBCC) (simple method), the American
National Standard Institute (ANSI A58.1-1972), and the present results. The
comparison in summarized in Fig. 12 which shows both the actual pressures,
and ratios normalized by the current experimental results. Ratios greater than
1.0 imply code conservatism. The wind speed considered corresponds to an
hourly average of 60 mph at 30 ft over an open country exposure. Considering
a similar storm system, i.e., the same gradient height speed over a densely
built-up urban environment, the corresponding hourly average speed at 30 ft
would be only 23 mph. Since the simple method of the NBCC does nol recognize
any terrain differences, the same values are specified for both exposures.

The ANSI refers all pressure coefficients to the fastest mile speed al roof
height. Conversion of the hourly average of 60 mph to a fastest mile of 77
mph was made by using Hollister’s charts (6). Different values of velocity
pressures (which include gust effects) are specified for different exposures.

To determine the pressures from the present study, the wind speed at roof
height was calculated using the experimental velocity profiles of Fig. 2. The
pressure coefficients used from the experimental study are the worst peak suction
coelficients mcasured at any point in the area considered, and thus do not
include any allevialion associated with spatial averaging. This comparison was
adopted because the areas used in these experiments do not conveniently aline
with the divisions of roof areas considered in the NBCC or ANSI standard.

The comparison shows that the NBCC significanlly overestimates the pressure
loads, in particular for the corner region, the built-up lerrain, and the lower
building. The results suggest some adjustment should be made for the edge
and corner specified coefficients which are very high, and that allowance for
a rougher exposure in the simple method of the Canadian Code might be
worthwhile. The ANSI also significantly overestimates the negative pressures
on the perimeter zones; however the ANSI appears to underestimate some
of the local loads in the interior of the roof, particularly for the higher building
and the rougher terrain. This is likely to be compensated by spatial averaging
as per Figs 6 and §.

= I I
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Examination of the measured pressurcs reveals that generally the dynamic
componcat predominates. Codes usually overestimate the mean loads and
underestimate the gust factors. For example, the NBCC considerably overesti-
mates the mean (by faclors of 1.5 and up), whereas the gust factors found
experimentally were typically in the range 2-7.5 compared to the value of 2.5
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FIG. 11.—Spectra of Pressure Loads Acting on a Roof Quarter
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specifieq by the Code. These large experimental gust factors may be particularly
significant if the structural response of all or part of the roof is susceptible
to dynamic effects. It should be noted that since the experimental coefficients
used in the aforementioned comparisons are local values, spatial averaging will
further reduce the loads appropriate for overall structural considerations. This
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mcan velocity;

mean wind velocity at gradient height;

height above ground;

roughness length;

gradient height;

von Karman's constant;

air density;

RMS pressure acting on each square region; and
surface shear stress.




