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1. INTRODUCTION

1.1 General

A significant characteristic of modern building design is lighter
cladding and more flexible frames. These features produce an increased
vulnerability of glass and cladding to wind damage and result in larger
deflections of the building frame. In addition, increased use of pedes-
trian plazas at the base of the buildings has brought about a need to
consider the effects of wind and gustiness in the design of these areas.

The building geometry itself may increase or decrease wind loading
on the structure. Wind forces may be modified by nearby structures
which can produce beneficial shielding or adverse increases in loading.
Overestimating loads results in uneconomical design; underestimating may
result in cladding or window failures. Tall structures have historically
produced unpleasant wind and turbulence conditions at their bases. The
intensity and frequency of objectionable winds in pedestrian areas is
influenced both by the structure shape and by the shape and position of
adjacent structures.

Techniques have been developed during the past decade for wind
tunnel modeling of proposed structures which allow the prediction of
wind pressures on cladding and windows, overall structural loading, and
also wind velocities and gusts in pedestrian areas adjacent to the
building. Information on sidewalk-level gustiness allows plaza areas to
be protected by design changes before the structure is constructed.
Accurate knowledge of the intensity and distribution of the pressures on
the structure permits adequate but economical selection of window strength
to meet selected maximum design winds and overall wind loads for the

design of the frame for flexural control.



Modeling of the aerodynamic loading on a structure requires special
consideration of flow conditions in order to guarantee similitude between
model and prototype. A detailed discussion of the similarity requirements
and their wind tunnel implementation can be found in References (1),
(2), and (3). In general, the requirements are that the model and
prototype be geometrically similar, that the approach mean velocity at
the building site have a vertical profile shape similar to the full-
scale flow, that the turbulence characteristics of the flows be similar,
and that the Reynolds number for the model and prototype be equal.

These criteria are satisfied by constructing a scale model of the
structure and its surroundings and performing the wind tests in a wind
tunnel specifically designed to model atmospheric boundary-layer flows.
Reynolds number similarity requires that the quan£;ty UD/v be similar
for model and prototype. Since v , the kinematic viscosity of air, is
identical for both, Reynolds.numbers cannot be made precisely equal with
reasonable wind velocities. To accomplish this the air.yéipcity in the
wind tunnel would have to be as large as the model scale facpor times
the prototype wind velocity, a velocity which would introduce unacceptable
compressibility effects. However, for sufficiently high Reynolds numbers
(>2x104) the pressure coefficient at ény location on the structure will
be essentially constant for a large range of Reynolds numbers. Typical
values encountered are 107-108 for theé full-scale and 105—106 for the

wind-tunnel model. In this range acceptable flow similarity is achieved

without precise Reynolds number equality.

1.2 The Wind Tunnel Test

The wind-engineering study is performed on a building or building

group modeled at scales ranging from 1:150 to 1:400. The building model



is constructed of clear plastic fastened together with screws. The
structure is modeled in detail to provide accurate flow patterns in the
wind passing over the building surfaces. The building under test is
often located in a surrounding where nearby buildings or terrain may
provide beneficial shielding or adverse wind loading. To achieve
similarity in wind effects the area surrounding the test building is
also modeled. A flow visualization study is first made (smoke is used
to make the air currents visible) to define overall flow patterns and
identify regions where local flow features might cause difficulties in
building curtain-wall design or produce pedestrian discomfort.

The test model, equipped with pressure taps (200 to 600 or more),
is exposed to an appropriately modeled atmospheric wind in the wind
tunnel and the flu;tuating pressure at each tap measured electronically.
The model, and the modeled area, are rotated 15 degrees and another set
of data“recorded for each pressure tap. .Normally, 24 sets of data (360
degrees of“igrning) are taken; however, when flow visualization or
recordgd hata indicate high pressure regions of small azimuthal extent,
data islobtained in smaller azimuthal steps. i

Data are recorded, analyzed and processed by an on-line computerized
data-acquisition system. Pressure coefficients of several types are
calculated by the computer for each reading on.each piezometer tap and
are printed in tabular form as’ computer readout. Using wind data appli-
cable to the .building site, representative wind velocities are selected
for combination with measured pressures on the building model. Integra-
tion of test data with wind data results in prediction of peak local
wind pressures for design of glass or cladding and may‘include overall

forces and moments on the structure (by floor if. desired) for design of



the structural frame. Pressure contours are drawn on the developed
building surfaces showing the intensity and distribution of peak wind
loads on the building. These results may be used to divide the building
into zones where lighter or heavier cladding or glass may be desirable.

B?sed on the visualization (smoke) tests and on a knowledge of
heavy pedestrian use areas, a dozen or more locations may be chosen at
the base of the building where wind velocities can be measured to deter-
mine the relative comfort or discomfort of pedestrians in plaza areas,
near building entrances, near building corners, or on sidewalks.
Usually a reference pedestrian position is also tested to determine
whether the wind environment in the buiiding area is better or worse
than the environment a block or so away in an undisturbed area.

The following pages discuss in greater detail the procedures followed
and the equipment and data collecting and processing methods used. Iﬁ

addition, the data presentation format is explained and the implications

of the data are discussed.



2. EXPERIMENTAL CONFIGURATION

2.1 Wind Tunnel

Wind-engineering studies are performed in the Fluid Dynamics and
Diffusion Laboratory at Colorado State University (Figure 1). Three
large wind tunnels are available for wind loading studies depending on
the detailed requirements of the study. The wind tunnel used for this
investigation is shown in Figure 2. All tunnels have a flexible roof
adjustable in height to maintain a zero pressure gradient along the test
section. The mean velocity can be adjusted continuously in each tunnel

to the maximum velocity available.

2.2 Model

In order to obtain an accurate assessment of local pressures using
piezometer taps, models are constructed to the largest scale that does
not produce significant biockage in the wind-tunnel test section. The
models are constructed of 1/% in. thick Lucite plastic and fastened
together with metal screws. Significant variations in the building
surface, such as mullions, are machined into the plastic surface.
Piezometer taps (1/16 in. dia) are drilled normal to the exterior vertical
surfaces in rows at several or more elevations between the bottom and
top of the building. Similarly, taps are placed in the roof and on any
sloping, protruding, or otherwise distinctive features of the building
that might need investigation.

Pressure tap locations are chosen so that the entire surface of the
building can be investigated far pressure loading and at the same time
permit critical examination of areas where experience has shown that
maximum wind effects may be expected to occur. Locations of the pressure

taps for this study are shown in Figure 3. Dimensions are given both for



full-scale building (in ft) and for model (in in.). The pressure tap
numbers are shown adjacent to the taps.

The pressure tests are sometimes made in two stages. In the first
stage measurements are made on the initial distribution of pressure
taps. If it becomes apparent from the data that the loading on the
building is being influenced by some unsuspected geometry of the building
or adjacent structures, additional pressure taps are installed in the
critical areas. The locations of the taps are selected so that the
maximum loading can be detected and the area over which this loading is
acting can be defined. Any added taps are also shown in Figure 3.

A circular area 750 to 2000 ft in radius depending on model scale
and characteristics of the surrounding buildings and terrain is modeled
in detail, Structures within the modeled region are made from styrofoam
and cut to the individual building geometries. They are mounted on the
turntable in their proper locations. Significant terrain features are
included as needed. The model is mounted on a turntable (Figure 2) near
the downwind end of the test section. Any buildings or terrain features
which do not fit on the turntable are placed on preshaped pieces which
are placed upwind of the turntable for appropriate wind directions. A
plan view of the building and its surroundings is shown in Figure 4.
The turntable is calibrated to indicate azimuthal orientation to 0.1
degree.

The region upstream from the modeled area is covered with a randomized
roughness constructed using various sized cubes placed on the floor of
the wind tunnel. Different roughness sizes may be used for different
wind directions. Spires are installed at the test-section entrance to

provide a thicker boundary-layer than would otherwise be available. The



thicker boundary-layer permits a somewhat larger scale model than would
otherwise be possible. The spires are approximately triangularly shaped
pieces of 1/2 in. thick plywood 6 in. wide at the base and 1 in. wide at
the top, extending from the floor to the top of the test section. They

are placed so that the broad side intercepts the flow. A barrier approxi=-
mately 8 in. high is placed on the test-section floor downstream of the

spires to aid in development of the boundary-layer flow.

The distribution of the roughness cubes and the spires in the
roughened area was designed to provide a boundary-layer thickness of
approximately 4 ft, a velocity profilg power-law exponent similar to
that expected to occur in the region approaching the modeled area for
each wind direction (a number of wind directions may have the same -
approach roughness). A photograph of the completed model in the wind
tunnel is shown in Figure 5. The wind-tunnel ceiling is adjusted after

placement of the model to obtain a zero pressure gradient along the test

section.



3. INSTRUMENTATION AND DATA ACQUISITION

3.1 Flow Visualization

Making the air flow visible in the vicinity of the model is helpful
(a) in understanding and interpreting mean and fluctuating pressures,
(b) in defining zones of separated flow and reattachment and zones of
vortex formation where pressure coefficients may be expected to be high
and (c) in indicating areas where pedestrian discomfort may be a problem.
Titanium tetrachloride smoke is released from sources on and near the
model to make the flow lines visible to the eye and to make it possible
to obtain motion picture records of the tests. Conclusions obtained

from these smoke studies are discussed in Sections 4.1 and 5.1.

3.2 Pressures

Mean and fluctuating pressures are measured at each of the pressure
taps on the model structure. Data are obtained for 24 wind directions,
rotating the entire model assembly in a complete circle. Seventy-six
pieces of 1/16 in. I.D. plastic tubing each 18 in. long are used to
connect 76 pressure ports at a time to an 80 tap pressure switch mounted
inside the model. The switch was designed and fabricated in the Fluid
Dynamics and Diffusion Laboratory to minimize the attenuation of pressure
fluctuations across the switch. Each of the 76 measurement ports is
directed in turn by the switch to one of four pressure transducers
mounted close to the switch. The four pressure input taps not used for
transmitting building surface pressures are connected to a common tube
leading outside the wind tunnel. This arrangement provides both a means
of performing in-place calibration of the.transducers and, by connecting
this tube to a pitot tube mounted inside the wind tunnel, a means of

automatically monitoring the tunnel speed. The switch is operated by



means of a shaft projecting through the floor of the wind tunnel. A
computer-controlled stopping motor steps the switch into each of the 20
required positions. The computer keeps track of switch position but a
digital readout of position is provided at the wind tunnel.

The pressure transducers used are Statham differential strain gage
transducers (Model PM 283TC) with a 0.15 psid range. They were selected
because of their stability and linearity in the required working range.
The resonant frequency of the transducers is approximately 2,000 Hz.
This is sufficiently high that transducer resonance effects on the
measured pressures can be ignored. Reference pressures are obtained by
connecting the reference sides of the four transducers, using plastic
tubing, to the static side of a pitot tube mounted in the wind tunnel
free stream above the model building. In this way the transducer measures
the instantaneous difference between the local pressures on the surface
of the building and the static pressure in the free stream above the
model.

Each pressure transducer contains a built-in bridge similar to a
Wheatstone Bridge. The bridge is monitored by a Honeywell Accudata 118
Gage Control/Amplifier unit which provides excitation to the transducer
bridge and amplifies the bridge output. These instruments are charac-
terized by a very stable excitation voltage and amplifier gain. Output
from the Honeywell signal conditioners is fed to an on-line data acquisi-
tion system consisting of a Hewlett-Packard 21 MX computer, disk unit,
card reader, printer, Digi-Data digital tape drive and a Preston Scien-
tific analog-to-digital convertor. The data are processed immediately
into pressure coefficient form as described in Section 4.3 and stored

for printout or further analysis.
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All four transducers are recorded simultaneously for 16 seconds at
a 250 sample per second rate. The results of an experiment to determine
the length of record required to obtain stable mean and rms (root-mean-
square) pressures and to determine the overall accuracy of the pressure
data acquisition system is shown in Figure 6. A typical pressure port
record was integrated for a number of different time periods to obtain
the data shown. Examination of a large number of pressure taps showed
that the overall accuracy for a 16 second period is, in pressure coef-
ficient form, 0.03 for mean pressures, 0.1 for.peak pressures, and 0.01

for rms pressures. Pressure coefficients are defined in Section 4.3.

3.3 Velocity

Mean velocity and turbulence intensity pfofiles are measured upstream
of the model to determine that an approach boundary-layer flow appropriate
to the site has been established. Tests are made at one wind velocity
in the tunnel. This velocity is well above that required to produce
Reynolds number similarity between the model and the prototype as dis-
cussed in Section 1.1.

In addition, mean velocity and turbulence intensity measurements
are made 5 to 7 feet (prototype) above the surface at a dozen or more
locations on and near the building for 16 wind directions. The measure-
ment locations are shown on Figure 4. The surface measurements are
indicative of the wind environment to which a pedestrian at the measure-
ment location would be subjected. The locations are chosen to determine
the degree of pedestrian comfort or discomfort at the building corners
where relatively severe conditions frequently are found, near building
entrances and on adjacent sidewalks where pedestrian traffic is heavy,

and in open plaza areas. In most studies a reference pedestrian position,
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located about a block away, is also tested. These data are helpful in
evaluating the degree of pedestrian comfort or discomfort in the proposed
plaza area in terms of the undisturbed environment in the immediate
vicinity.

Measurements are made with a single hot-wire anemometer mounted
with its axis vertical. The instrumentation used is a Therme Systems
constant temperature anemometer (Model 1050) with a 0.001 in. dia platinum
film sensing element 0.020 in. long. Output is read from a digital
voltmeter with a time;gonstant circuit for mean voltage and a DISA RMS
meter (Model 55035) for rms voltage.

Calibration of the hot-wire anemometer is performed using a Thermo
Systems calibrator (Model 1125). The calibration data are fit to a

variable exponent King's Law relationship of the form

2

ES = A + BU"

where E is the hot-wire output voltage, U the velocity and A, B,
and n are coefficients selected to fit the data. The above relationship
was used to determine the mean velocity at measurement points using the
measured mean voltage. The fluctuating velocity in the form Urms

(root-mean-square velocity) was obtained from

2EE
_ rms

U n=1

MS Bavyu

where Erms is the root-mean-square voltage output from the anemometer.
For interpretation all turbulence measurements were divided by both
local mean velocity U and mean velocity outside the boundary-layer
U,- Division by U gives an indication of the relative unsteadiness at

the location while division by U, permits an easy determination of the
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actual magnitude of rms velocity fluctuations at a point for various

approach velocities.
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4. RESULTS

4,1 Flow Visualization

A film is included as part of this report showing the characteristics
of flow about the structure using smoke to make the flow visible. A
listing of the contents of the film is shown in Table 1. Several features
can be noted from the visualization. As with all large structures, wind
approaching the building is deflected down to the plaza level, up over
the structure and around the sides. A description of the smoke test
results emphasizing flow patterns of concern relative to possible high-

wind load areas and pedestrian comfort is given in Sectiom 5.1.

4.2 Velocity

Velocity and turbulence profiles are shown in Figures 7a and 7b.
These profiles were taken upstream from the model and are characteristic
of the boundary-layer approaching the model. As shown in Figure 7a, the
boundary-layer thickness, &, was 50 in. The corresponsing prototype
value of 6 for this study is shown in Figure 7a. This value was
established as a reasonable height for this study. The mean velocity
profile has the form

L.

[+

The exponent n for the approach flow established for this study is
shown in Figure 7a. .

The profile of longitudinal turbulence intensity is shown in
Figure 7b. The turbulence intensities are appropriate for the approach
mean velocity profile selected. For the purpose of this report, turbu-
lence intensity is defined as the root-mean-square about the mean of the

longitudinal velocity fluctuations divided by the reference mean velocity
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U, at the outer edge of the boundary layer,

or as the rms velocity divided by the local mean velocity,

U
rms

2 U

Mean velocity U/U_, turbulence intensity Urms/U and '"gustiness"

o5
Urms/U at the pedestrian measuring positions shown in Figure 4 are
listed in Table 2 for 16 wind directions and are plotted in polar form
in Figures 8a, 8b, etc. Measurements were taken 5 to 7 ft above the
ground surface. A site map is superimposed on the polar plots to aid in
visualization of the effects of the nearby structures on the velocity
and turbulence magnitudes. An analysis of these wind data is given in
Section 5.2.

To enable a quantitative assessment of the wind environment, the
wind-tunnel data were combined with wind frequency and direction informa-
tion obtained at the local airport. Table 3 shows wind frequency by
direction and magnitude obtained from summaries published by the National
Weather Service. These data, usually obtained at an elevation of about
30 to 40 ft, were converted to velocities at the reference velocity
height for the wind tunnel measurements and combined with the wind
tunnel data to obtain cumulative probability distributions (percent time
a given velocity is exceeded) for wind velocity at each measuring location.
The percentage times were summed by wind direction to obtain a percent
time exceeded at each measuring position independent of wind direction
(but accounting for the fact that the wind blows from different directions
with varying frequency). These results are plotted in Figure 9a, 9b,

etc.
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Interpretation of Figure 9 is aided by a description of the effects
of wind of various magnitudes on people. The earliest quantitative
description of wind effects was established by Sir Francis Beaufort in
1806 for use at sea and is still in use today. Several recent investi-
gators have added to the knowledge of wind effects on pedestrians.
These investigations along with suggested criteria for acceptance have
been summarized by Penwarden and Wise (4). The Beaufort scale, based on
mean velocity only, is reproduced as Table 4 including qualitative
descriptions of wind effects. Table 4 suggests that mean wind speeds
below 12 mph are of minor concern and that mean speeds above 24 mph are
definitely inconvenient. Included in Section 5.2 is an analysis of the
percent of time that the 12 and 24 mph magnitude are exceeded by mean
winds and implications for pedestrian comfort.

The peak gust values require a somewhat different interpretation.
The peak gust curves shown in Figure.g are the percent of time during
which a short gust of the stated magnitude could occur (say less than
one of these gusts per hour). Evidence suggests that gusts greater than
about 35 mph in magnitude can be a major impediment to pedestrians,
particularly the elderly. Most measuring locations experience winds in
which gusts of 35 mph or higher occur much less frequently than the
24 mph mean winds. Implications of these data are presented in Section
5.2.

Because some pedestrian wind measuring positions are purposely
chosen at sites where the smoke tests showed large velocities of small
spacial extent, the general wind environment about the structure may be
less severe than one might infer from a strict analysis of Table 2 and

Figure 9.
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4.3 Pressures
For each of the pressure taps examined at each wind direction, the
data record is analyzed to obtain four separate pressure coefficients.

The first is the mean pressure coefficient

(P'pm)mean

Prean 0.5p Ui
where the symbols are as defined in the List of Symbols. It represents
the mean of the instantaneous pressure difference between the building
pressure tap and the static pressure in the wind tunnel above the

building model, nondimensionalized by the dynamic pressure

0.5 p Um2

at the reference velocity position. This relationship produces a dimen-
sionless coefficient which indicates that the mean pressure difference
between building and ambient wind at a given point on the structure is
some fraction less or some fraction greater than the undisturbed wind
dynamic pressure near the upper edge of the boundary layer. Using the
measured coefficient, prototype mean pressure values for any wind
velocity may then be calculated.

The magnitude of the fluctuating pressure is obtained by the rms

pressure coefficient

C = ((p'pm) ) (p-p;)mean)rms

Prms 0.5 p U,

in which the numerator is the root-mean-square of the instantaneous
pressure difference about the mean.
If the pressure fluctuations followed a Gaussian probability

distribution, no additional data would be required to predict the
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frequency with which any given pressure level would be observed. However,
the pressure fluctuations do not follow a Gaussian probability distribu-
tion so that additional information is required to show the extreme

values of pressure expected. The peak maximum and peak minimum pressure

coefficients are used to determine these values:

(p-pm)max

C = —
Ppax 0.5 p U,

2

C Ml
Pnin 0.5 p U,

The values of p-p, which were digitized at 250 samples per second for
16 seconds, representing about one hour of time in the full scale, are
examined individually by the computer to obtain the most positive and
most negative values during the 16 second period. These are converted

to C and C by nondimensionalizing with the free stream
P nax Bin

dynamic pressure.

The four pressure coefficients are calculated by the on-line data
acquisition system computer and tabulated along with the approach wind
azimuth in degrees from true north. The list of coefficients is included
as Appendix A. The pressure tap code numbers used in the appendix are
explained in Figure 3.

To determine the largest peak loads acting at any point on the
structure for cladding design purposes, the pressure coefficients for
all wind directions were searched to obtain, at each pressure tap, the
largest absolute value of peak pressure coefficient. Table 6 provides

these pressure coefficients and associated wind directions. Included in
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Section 5.3 is an analysis of the coefficients of Table 6 including the
maximum values obtained and where they occurred on the building.

The pressure coefficients of Table 6 can be converted to full-scale
loads by multiplication by a suitable reference pressure selected for
the field site. This reference pressure is represented in the equations
for pressure coefficients by the 0.5 p Ui denominator. This value is
the dynamic pressure associated with an hourly mean wind at the reference
velocity measurement position at the edge of the boundary layer. In
general, the method of arriving at a design reference pressure for a
particular site involves selection of a design wind velocity, translation
of the velocity to an hourly mean wind at the reference velocity location
and conversion to a reference pressure. Selection of the design velocity
can be made from statistical analysis of extreme wind data or selected
from wind maps contained in the proposed wind loading code ANSI A58.1 of
the American National Standards Institute (5). The calculation of
reference pressure for this study is shown in Table 5. The factor used
in Table 5 to reduce gust winds to hourly mean winds is given in reference
(6).

The reference pressure associated with the design hourly mean
velocity at the reference velocity location can be used directly with
the peak-pressure coefficients to obtain peak local design wind loads
for cladding design. For glass design pressures, a glass load factor is
used to account for the different duration of measured peak pressures
and the one minute loading used in glass design charts. Recent research
(6) indicates that the period of application of the peak pressures
reported herein is about 5-10 seconds or less. If a glass design is

based on these peak values, then a glass strength associated with this
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duration load is indicated. If the glass design is based on some alter-
nate load duration-~-say one minute--then some reduction in peak loads
should be made. An estimate of a load reduction factor can be obtained
from an empirical relation of glass strength as a function of load
duration (8). A glass load factor of 0.73 on the reference pressure was
used to convert the short 5-10 second pressure peaks to one minute loads
typically cited in glass selection charts.

Local, instantaneous peak loads on the full-scale building suitable
for cladding design were computed by multiplying the reference pressure
of Table 5 by the peak coefficients of Table 6. Loadings appropriate for
glass design were computed by multiplying the reference pressure by the
peak coefficients of Table 6 with application of the 0.73 load factor.
Table 6 shows both of these results. The maximum psf load given at each
tap location is the absolute value of the maximum value found in the
tests, irrespective of its algebraic sign. For ease in visualizing the
loads on the structure, contours of equal peak pressures for glass design
shown in Table 6 have been plotted on developed elevation views of the
structure, Figure 10. Loads appropriate for design of mullions or other
cladding elements can be obtained by using the loads of Table 6 or

multiplying the loads of Figure 10 by 1.37.
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4.4 Forces and Moments

Force coefficients in the horizontal X and Y directions and
moment coefficients about the X, Y and Z axes with the origin at
ground level at the base of the building with Z axis vertical may be
computed for the 24 wind directions tested by integration of mean pressures
on the building. Overall forces and moments acting on the full-scale
building due to wind loading may be obtained from use of these coefficients
which is useful in designing the structural framing of the proposed
building.

Force and moment coefficients were computed using the equations
shown below.

F M

_ X _ X
CFy = 7 CHy = 7
Ap 0.5p U, Aphp 0.5p Uy

F M

_ Y _ Y
. 0.5p U2 CMY_A 0.5p U2
Ag 0.5p U, RIR 0-5P U

M
t, = : 7
Aghe 0.5p U,

Terms and symbols used in the equations are defined in the List of
Symbols and the axes are defined for the building in Figure 3. Force

coefficients CF, and CF, were computed for the horizontal forces

X Y
acting along the X and Y axes, and moment coefficients CMX’ CMY

and CHZ were computed for moments Mx, MY and M, acting about the

Z

X, Y and Z axes. AR and HR represent a constant reference area
and reference length for nondimensionalization of the forces and moments.
L)

Values of AR and HR are given in Table 7. The signs on the moments

are determined by application of the right-hand rule. The force and
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moment coefficients were computed using the mean pressure coefficient at
each pressure tap. The resulting force and moment coefficients are
shown in Table 8 for the 24 wind directions tested in the wind tumnel.
Data are presented for the building as a whole and by floor if requested.
The total forces and moments acting on the building for each wind
direction may be computed by multiplying the above coefficients by the
reference pressure of Table 5 and a gust load factor selected for an
appropriate wind gust duration. The gust load factor, shown in Table 5,
was selected to increase the loads from an hourly mean load to that of a
gust whose duration would be sufficient for its effect to be fully felt
by the structure. Forces and moments calculated by application of the
reference pressure and load factor are shown in Table 7. A table of gust
load factors for various gust durations is incorporated in Table 5 so
that the data of Table 8 may be adjusted to a different load duration if

desired.
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5. DISCUSSION

5.1 Flow Visualization

Flow patterns about the III Allen Center building determined
from smoke visualization did not show any flows characteristic of
exceptionally high local pressures. It appeared that the influence of
the nearby II Allen Center was to provide protection from some wind
directions and to cause an accelerated flow between the two buildings
for a few wind directions. The accelerated flow might be expected to
slightly increase peak negative pressures near corners of III Allen
Center closest to the II Allen Center building.

Pedestrian winds appeared in general to be moderate about the
base of III Allen Center. The highest velocities appeared to be under
the bridge to the II Allen Center and at the northern-most corner of

IT Allen Center.

5.2 Pedestrian Winds

Figure 4 shows the 21 pedestrian locations chosen for study.
Table 2 and Figure &.shpw that the largest values of mean velocity
were measured at location 16 where velocities were from 75 to 83
percent of thqlreference-velocity U°° at azimuths from 337 to
22 degrees. Locations 5 and 6 experienced mean velocities from 70 to

#

77 percent of U_ for winds from azimuth 337 and 0 degrees. Most

locations had moderately low mean velocities.

The largest values of fluctuating velocity, Urms’ were under
20 percent of ”Um with several locations below 12 to 15 percent.

The indication is that fluctuating velocities are generally lower
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than those normally found near tall buildings. The largest values of
"gustiness," Urms/U reached values of 55 to 60 percent. Values in
this range do not necessarily indicate uncomfortable conditions,
expecially when the mean velocity U is low.

Velocity data integrated with local wind data is shown in Figure 9.
Mean winds will be above 12 mph, the level where wind effects become
significant, for about 15 percent of the time at location 16 and about
10 percent of the time at locations 5 and 6. Other locations have
values of 5 percent or less. The largest percentage times when mean
winds will be above 24 mph, the limit of agreeable winds on land, is
1 to 2 percent for location 16 and 0.4 to 0.7 percent for locations
4 to 6. Other locations did not have percentage times large enough for
evaluation. The largest percent of time when peak gusts could reach
35 mph occurred at location 16 with about 2 percent. Locations 5 and 6
showed values above 1 percent. All other locations had values of

less than 1 percent.

The result of the pedestrian velocity analysis showed that the
pedestrian environment about the III Allen Center,will be mild in
general. Locations 16, 5, and 6 will be uncomfortabie for some
approach wind directions on higher wind days. The environgent at these

locations could be improved through use of trees and shrubs.
A

1
L4

5.3 Pressures

Table 6 shows the largest pressure coefficients and loads
measured on the buildings. The largest pressure coefficients
measured on the III Allen Center building was -2.51 at ta; 701 for

wind direction 210 with the IV Allen Center building in place. This
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corresponds to a glass load of 57 psf based on the reference pressure
calculated in Table 5 for a 50-year recurrence wind. The largest
pressure coefficients without the IV Allen Center model in place were
-2.34 and -2.33 at taps 820 and 822 for wind directions 180 and 195
respectively. Most peak pressure coefficients were below 2.0 in
magnitude.

Table 6 also includes the largest loads measured on the Meridien
Hotel. The largest pressure coefficient was -2.17 measured at tap 19
on the corner of the penthouse roof for a wind direction of 210 degrees.
The largest coefficient found on the sides of the building was -2.14
at tap 236 for a wind azimuth of 300 degrees. This value corresponds to
a glass load of 48 psf for a reference pressure corresponding to a
50-year recurrence wind. The majority of tap locations showed peak

pressure coefficients less than 1.5 in magnitude.
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Configuration A - Data on III Allen Center

24 wind directions
Meridien Hotel in place

IV Allen Center out .
L&

Configuration B - Data on III Allen Center

7 wind directions (Azimuth 135-225)
Meridien Hotel in place
IV Allen Center in place

Configuration C - Data on Meridien Hotel
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Figure 4b.

24 wind: directions
IITI Allen Center in place
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Building Location and Pedestrian Wind Velocity Measuring
Positions. »
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_Figure 5. Completed Model in Wind Tunnel.
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Figure 8g. Mean Velocities and Turbulence Intensities at Pedestrian
Locations 13 and 14, -
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Figure 8i.

Mean Velocities and Turbulence Intensities at Pedestrian
Locations 17 and 18.
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Locations 19 and 20.
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Figure 8k. Mean Velocities and Turbulence Intensities at Pedestrian
Location 21.
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TABLE 1. MOTION PICTURE SCENE GUIDE -- THREE ALLEN CENTER

Run Wind Azimuth
1 00°
2 45°
3 90°
4 135°
5 180°
6 - 225°
7 270°

8 " 315°

Length = 470 ft

Running Time = 13 min




TABLE 2. PEDESTRIAN WIND VELOCLILES AND TURBULENCE INTENSITIES

ALLEN CENTER 11l HUUSTONs TEXAS

FOS L Lun 1 PUSIIIUN e
wlng U/ U LINE UHMS /U Livk URMS /U wlmND U/UINF URMS/UINF URMS/UL
AZiMuln (PEHCENT) (FERCENT) (FERCENI) alZImulh (FERCENT) (PERCENT) (PERCENT)
Vel Joel L1Ted 4fe9 Us UV 16,9 9.2 54,5
-y =11 36U 16sU 4446 22.50 20.3 10,0 49,1
49eUU clec 111 beeD 45,00 23.9 13.7 57.5
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SUe LU 2644 12e8 41a5 904,00 2lek 847 40,5
lleebu 13d.0 Tl bd,.l 1lce50 l18.2 B.5 4740
135.00 13.5 Tel See 135.uUv 2leb 9.8 45,5
15150 19s2 Sal SU. 1 19750 25.6 1le4 bbb
LU 0O clsb 13.3 465 18000 19.4 9.6 49,3
cUcebu gcel Yat 44 .4 202.5v 15.8 Be3 524
eéaslu 311 12e7 SUe0 225.uu 15.9 Te8 49.1
z4labu cHed 150 53.0 247 .50 lue2 5.1 50.1
clfvaluy r3-TL) 1.8 SU.3 Fa l4s4 Tet 51.5
£9cebU 16.4% Hdel 4.0 292.5V 370 13.7 7.1
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Bl IMUIH (FeRCenl) (FERLENI) (PERCENIT) ALIMUIH (FERCENT) (PERCENT) (PERCENT)
Vsl JE-2.] Y- 43.3 Jelv 62.8 12.0 2Uel
-1 13d.u bed bdad 22«95V 4H.1 12.5 26.0
42sUU c6ac LU«Y 4leHd 45,00 2446 lUeo 4240
R S-11] LbsU Bel SU.2 67.50 11.3 bol 4l.6
SusUUL 1da1l a6 4fots SU.00 Tets 3.1 4143
llcebu 1leu 5.9 49,7 112.5v 15,1 6.9 45,9
13oeVu 1Yy bed 49,1 135.0v 215 Tet 34,2
isflebu 168 Ye2 S4ab 15750 2840 Ba0 28,5
leveuu clet LUe9 Slel 18000 43.3 13.9 32.1
eleasbu 154 Hel Secel 2Uca5u 36.4 14,6 40,0
eeseslu 1de! fel Seol 225. v 2045 11.9 58.1
culabu lUec 4o Laeh Ly Es-1'] 63.3 13.2 20.8
cltusiv 15.4 fes 4847 elu. b 626 11.6 1845
€vcebu 430 L13e1d dual 292.50 158 9.5 600
315.uu Jb.d 103 Gugl 315,00 25e 1 1449 SH.l
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TABLE 2. PEDESTRIAN WIND VELOCITIES AND TURBULENCE INTENSITIES

ALLEN CENTER III HOUSTON, TEXAS

PQSITION 5 POSITION 6
WIND U/UINF URMS/ZU LNk UKMS /U Winu U/UINF URMS/UINF URMS/U
AZIMUTH (PERCENT) {(PERCENT) (PERCENT) AZIMUIH (PERCENT) (PERCENT) (PERCENT)
VeUU T4at 1o 1741 00U 69,9 10.6 15.2
2¢e50 59.1 1446 24aT 22450 6l.5 12,7 20.6
4900 36,14 la4aet 39.9 45,00 34.6 le,0 37.9
6ls50 184V 6.9 3b.3 6750V l6.8 8.9 52.8
SUalU Yets 4¢5 4645 90.00 8.2 4.5 5545
Lice5U 1T.¢ Bel SUb - 11250 119 6.9 58,1
lissuu 3l luesé 2lasl 135.00 39.5 9.5 24,0
15/7abu 4feh 1Ue6 2le4 157.50 467 10.3 22.0
18v.uu SU.3 last 2841 180400 31.1 10.5 33.6
2Ucevy JHe 12+4 32.0 202.50 15.3 Ted 46,8
Z2évslu c5e4 119 4h,.¢2 225,00 9.5 5.0 52.8
calebl Sled 14+3 %Y 247 +5V 171 105 6l.3
elvusu i bl.t 113 l8.3 270,00 35.1 11.6 33.0
29cebl 35.¢2 16U 45 .4 292.50 19.0 lUa4% 55,40
31500 42ed L8e4 43.5 315.00 43.9 18,5 42.1
3310 - (5ee 14.5 192 337.50 T6.8 12.8 16.7
POSITION 7 POSITION 8
w i N U/ U LNF URMS/U LNF URMS/U WiND UZUINF URMS/UINF URMS/U
ALLMUTH (PERLENT) (PERCENT) (PERCENT) AZImMUiH (PERCENT) (PERCENT) (PERCENT)
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135wy 30,0 11.9 39.0 135,00 19,1 Be5 44,3
157e5u 36.2 12+2 33,6 ) 157.5V 22T 1061 44,4
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dlbesul c6al 13.8 Sleb 315.00 34.06 15,7 45,3

337e5u g4l Yel 3lad 33Te5v 45,0 14,9 33.1
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TABLE 2. PEDESTRIAN WIND VELOCITIES AND TURBULENCE INTENSITIES
ALLEN CENTER III HOUSTONs TEXAS

POSITION 9 POSITION 10
WIND U/JINF URMS/ZUINF UHMS /U wlny U/UINF URMS/UINF URMS/U
AZIMUTH (PERCENT) (PERCENT) (PERCENT) ALIMUIH (PERCENT) (PERCENT) (PERCENT)
Veliu eHal 1340 46,3 DabU 204 1le1 5442
éceSU d2.U 13.8 4343 225V 248 13.5 S4.7
45400 5.0 1145 44,9 45,00 19.6 10.2 52.3
CYRE-1 134 6+l 4643 67.50 9.0 Tel T8.2
SUelU 1le6 Sel 44,3 90.0v Bed 440 475
Licebu Bel 4.H 555 112.50 1lel 5.9 53.1
13500 16,6 a8 T -] 135,00 19.3 8.6 44,5
1StebU L1.0 Yt 5343 157.50 €6.3 1.6 40,3
180U 19.¢ dett 55.1 18000 317 L4,0 44,0
clcebu 15.u Heli 53.3 20245V 39.8 157 39.5
ra3-ry] 1len Se8 Su.8 22b.00 53.4 19.6 36,6
c4lebu et 1bsb S51ak 247,55V 64.8 18,2 28.1
efvell 4.9 3.2 65,3 270.00 55.0 l6.4 29.8
c9cebdV 4U. 1 15.9 EL Y 292.5v 27«3 12.8 40,8
3losuu 299 19.9 53.0 315.0v 2641 14,0 53.7
33150 c¢3.3 lésd LTS ] 337.50 2leé 10.8 50.3
POSITION 11 POSITION 12
WIND U/ULNF URMS/UINF URMS/U wlnp U/UINF URMS/UINF URMS/U
AZIMUTH (PERCENI) (PERCENT) (PERCENT) ALIMUIH (PEHCENT) (PERCENT) (PERCENT)
ValU LU« 445 44,9 VeV 27.8 il.1 39.9
2cebu 1S.8 a9 491 225V 48.9 15.3 3l.3
40UV 1l.%9 Seb 4b.3 45.00 41.0 14,2 34,7
CRES-1'] (-] ced 3l 675V 1546 Ts6 49,0
Yus U Se9 csl 3b.3 YU.LU 9.l 3.6 400
liesbu el 3.9 4746 112,50 13.9 7.0 504
139.00 1Ueb 5.1 48,5 135,00 13.5 6.0 48,5
197e50 les bl Sla7 197+50 15.6 Te9 5045
18V UV 1545 H.5 54,6 l80.00 187 9.9 52.9
ZUcebU 11.% Sel 4leb 2u2,5v 205 10.7 S52.4
401 [T ] Bel SV U 2¢5. 0V 3l.1 la .8 4745
c41ebU cban 13e1 51,9 247 45V 2le5 11.5 53.4
élusllu cbau 104 3Y.8 clUa 00 4].8 13,3 31.8
LT3 -1'] 1341 Tel 517 292+50 35.2 17.2 4B.8
dlD.uu L1le% SeY 4948 315.00 38.9 18,9 48,5

33 febu Geb 43 4b.6 337.5v 2646 13.9 S5c.l

£9



TABLE 2. PEDESTRIAN WIND VELOCITIES AND TURBULENCE INTENSLTIES

ALLEN CENTER I[1l1 HUUSTUNs TCAAS

POSITION 13 POSITION L4
WIND U/U LN URMS/ULNF UHMS/U wWinU U/UINF URMS/UINF URMS/U
AZIMUIR (PERCENT) (PERCEN1) (PERCENT) ALZLIMUIH (PERCENT) (PERCENT) (PERCENT)
Vel 3%.6 1.1 45.2 De0U 30.9 9.9 3.0
22«50 43.4 185 4ol 2250 22U 1045 477
45400 33.4 13.6 4U.6 45,00 24.8 12.4 50,0
6TebU 13.3 be6 49,4 6750 25.3 9.8 38.9
SUeUU 10.6 5.1 48,4 90,00 Teb 3.8 Sl.8
llce5u 12.6 6.0 4l.6 11290 205 6.7 32.7
13500 l8.8 HBa4 4445 135,00 31.0 Teb 245
15750 9.8 1l.2 4344 157.5v 35.0 9.7 eTs7
18veuu 33.4 l4.2 4.6 1800V 3444 1241 35.2
EUgebu 33.% 1543 4542 2025V 2748 10.9 39.3
2édelu 52«5 18.7 35.5 225. U0 3le4 l4.9 474
c4lebl 4449 191 LYY 24750 4440 17.8 40,3
E2lUslu I+ 11.9 46.2 270U 4H.5 9.9 204
£92e5U 42a.8 1646 8.7 292.50 52.0 11.3 2l.8
3l9e.Uu 4le5 19«0 497 315.00 b o b 12.8 28,8
33150 c9e 1 Lé4el 49,5 337.50 36.7 9.2 25.0
POSITION 15 POSITION 1lé&
WIND U/7U LINF URMS/UINF URMS/U Wilnb U/UINF URMS/UINF URMS/U
AZLIMUIR (PERCENI ) (FERCENI) (PEHCEWNT) AZIMUIH (PERCENT) (PERCENT) (PERCENT)
Ve lu 4l.9 11e4 2759 O.0U B2.5 11.8 14.3
-1 V.Y 1240 38,9 2.5V 753 L3.7 18,2
490U c4a5 lu.2 415 45,0V 65.1 16,6 224
N ES-1'] 15.3 Gal 4349 67,50 31.1 e b 30,0
SUeUU Te9 det 4b,.9 90.0U 104 5.7 55.2
llesSuU 13d.v 6.1 G140 112.50 16.3 Tet 45,7
139 UL c3«0 11lel LY Y4 135,00 32.8 10.4 3l.6
L5750 cbe6 131 494 157.50 42,8 11.6 27.2
l8vetu clab 1542 Sl 18L.0U 61,3 2.2 19.9
202ebu cbel 143 55.0 2l2.5v 54,0 1247 23.6
£€9eUU 33.4 19.3 Sd,.3 2e5. v 58.7 1044 177
c4lebu 13.5 6.9 S51e2 2647.5V 55.8 9.8 17.6
elveuu 164U Ted 49.¢2 270,00 40.7 9.8 242
2G5cebu gl lde2 55.¢ 292.9v 23,1 12.5 S4.2
312e0uU 3Uet 16.1 S5¢.l Jl5.lv 5446 1740 31.1

33750 3846 1542 39.5 337450 75.2 13.0 17.3

h9



TABLE 2. PEDESTRIAN WIND vELUCITIES AND TURBULENCE INTENSITIES

ALLEN CENTEWR LIT HUUSTONs TEAAS

POSITION 17 PUSITIunNn 18

w i U/ UL URMS /L Ik UHMS /U wlnu LU/ULNF JRMS /U INF URMS/U
ALLMU IR (PErCLw ) (FERCENT) (PERCENI) ALIMulA (PERCENT) (PERCENT) (PERCENT)

Veuvu iUea Y3 SUed UelV 2443 - 52.3
écedy 1lel 5.5 4946 2250 2843 15.4 54.5
4DesUU 154 Te5 49,3 454,00 175 Gl 53.6
aladU 1l.8 Sed 45443 67.50 Te3 29 40,1
Suasly Teu 3l 457 Yo.UU Te3 3.5 47el
LleeSu 1249 be 53a1 112.50 13.8 bed 46,5
L135.0u clec Yo 36.0 13%.0v l16.2 Ta3 45,4
15 /e50 clet G 3448 157.50 16.6 7+l 42.7
ldvaslu 19%e2 8.l 4lav l80.00L 171 Tal 44,9
ZUee 50U laa.1 B.3 bl F4 P -11] dl.1 14,06 4740
Eéoslu ccal 100 49.¢ eesh.uu 4fal 10,3 2117
e4ledU clee Bet EVEY:] 24le50 42ed 9.2 2la17
g2ivelu Ty Bad 3ee7 2lus0u 28.5 et 33.0
-1 clel Llel Scet 292+ 50 o4 T.8 475
31o. 00 18.Y 1Us5 5545 315.00 l4al 7.8 55.7
EEN-17] 1lev 9.5 b9.9 337.5v 15.6 114 Tes9
POSITION ]9 PUSITION 20

WIND usu e URMS/U LNF URMS/U winu U/UINF URMS/U I NF URMS/U
AZIMUTH {PERLENT) (PERCENT) (FERCENIT) AZIMUIH (PERCENT) (PERCENT) (PERCENT)

VelU cecef 12+% =1 sV cUe8 1l.2 53.7
rLa-17 chad 1d.4 S54.7 22«50 cleT 9.1 "‘-2
45U clab 1lec 55.9 45,00 16.6 7.9 473
R S-1" tal 3ol 4d.0 6750 6.6 2¢3 34.5
5UsUU ilsD 2.6 4bee Qu.bLU Gt 4e5 48,0
Lleabu Leat Sed 45,9 112450 16.2 Tet 46,1
l3%.0u 195 feld 3Y.7 135,00 26.3 8.0 3u.2
15(s5U clsu lat 30.3 157450 et 8.1 25.17
levaeuu CUah By 43e0 1HUL LU 33.6 11.7 35.0
ZlesbU Llau de5 45,8 2u2.5v 13.6 7.0 51.5
el €443 Heh 3o.1 2250V 15.8 T2 45,4
c4lesU €St Hat 33.¢ 24TabU l16.8 Tel 42,6
cfusUl 19.1 He3 43486 efvabu cle4 .3 40,9
€5cebu 1led Hel SUeb 29250 1Veb 5.9 56.5
KNP leced bes SU.1l 315.0v 1le1 S.8 52.1
331,50 159 Hed 530 33750 16.9 8.7 51.5
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TABLE 2. PEDESTRIAN WIND VELOCITIES AND TURBULENCE INTENSITIES

ALLEN CENTER III HOUSTUNs TEXAS

POSITION 21

WIND U/UINF URMS/UTINF URMS/U
AZIMUTH (PERLENT) (PERCENT) (PERCENT)
VelU 3l.6 l4e4 49,5
2ce5U -] 1led 43.0
45400 3.1 lUa8 46e 1T
61e5U0 0.3 445 437
SUelLU Hel 4ol 45.2
lice5u 23.0 8.8 38.3
135.00 4let BeT 2U.9
1515u 46.0 Yeds 2lag
18Vsvu 4845 12.8 26 4
elced0 159 Gel 495
2Ebell l4asu 6e7 4745
2alsdu ) 14.9 Te9 5343
clValu e3e1 13.1 55,5
£9ce5V 4led 15.5 37.5
ENE- ] cted l4.4 SU.8

33750 17.5 9.3 53.1

99
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TABLE 3
ANNUAL PERCENTAGE FREQUENCIES OF WIND DIRECTION AND SPEED

Based on Summary of Hourly Observations
Houston International Airport
1951-1960
Anemometer Elevation = 40 ft above ground

Annual Hourly Observations of Wind Speed - Miles Per Hour

Direction 0-3 4-7 8-12 13-18 19-24 25-31 32-38 39-46 >47 Total

N 0.27 0.84 1.87 1.7z 0.65 0.10 0.01 0.02 5.46
NNE 0.20 0.95 1.51 1.44 0.54 0.10 0.05 4.80

NE 0.26 1.08 2.11 l.46 0.33 0.08 0.04 0.01 0.01 5.38

ENE 0.37 1.25 2.81 2.19 0.40 0.09 0.01 7.12
E 0.32 1.19 2.33 1.28  0.25 0.08 0.01 5.47
ESE 0.46 1.83 3.05 2.34 0.55 0.12 0.01 8.36
SE 0.38 1.33 3.81 3.23 1.22 0.27 0.06 0.06 10.36
SSE 0.39 1.64 4.37 4.66 2.23 0.49 0.07 0.06 13.92
S 0.32 1.47 3.21 2.99 0.99 0.19 0.04 9.21
SSW 0.32 1.10 2.20 1.73 0.51 0.11 0.03 5,99
SW 0.25 0.94 1.38 0.79 0.18 0.08 0.01 3.66
WSW 0.29 0.93 1.26 0.67 0.17 0.06 0.03 0.01 3.41
W 0.17 0.73 0.87 0.41 0.13 0.06 0.02 0.01 2.40

WNW 0.22 0.82 1.22 0.80 0.37 0.09 0.03 0.01 0.01 3.56
NW 0.18 0.79 1.36 0.93 0.47 0.09 0.04 0.03 0.01 3.89
NNW 0.19 0.82 1.68 1.85 0.74 0.30 0.30 0.05 0.04 5.70

CALM 1.30 1.33

TOTAL 5.97 17.73 35.25 28.26 9.67 2.29 0.50 0.26 0.07 100.00
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TABLE 4

SUMMARY OF WIND EFFECTS ON PEOPLE

Beaufort Speed
number (mph) Effects :
Calm, light air 0,1 0- 3 Calm, no noticeable wind
Light breeze 2 4- 1 Wind felt on face
Gentle breeze 3 8-12 Wind extends light flag
Hair is disturbed
Clothing flaps
Moderate breeze 4 13-18 Raises dust, dry soil and
loose paper
Hair disarranged
Fresh breeze 5 19-24 Force of wind felt on body
Drifting snow becomes airborne
Limit of agreeable wind on
land
Strong breeze 6 25-31 Umbrellas used with difficulty
Hair blown straight
Difficult to walk steadily
Wind noise on ears unpleasant
Windborne snow above head
height (blizzard)
Near gale 7 32-38 Inconvenience felt when
walking
Gale 8 39-46 Generally impedes progress
Great difficulty with balance
in gusts
Strong gale 9 47-54 People blown over by gusts

Note: Table from Reference 4, p. 40
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TABLE 5

CALCULATION OF REFERENCE PRESSURE

Basic wind speed from ANSI A58.1 (Ref. 5):

50-yr fastest mile at 30 ft = 77 mph

Mean hourly wind speed = 12%7 = 60.6 mph
1000 L
Mean hourly gradient wind speed = 60.6 C—gﬁ— = 110.0 mph

Mean hourly wind at reference location = U_ = gradient wind = 110.0 mph
Reference Pressure = 0.5 p Um2 = (.00256) (110)2 = 31.0 psf

Reduction of cladding peak pressures to 1 minute equivalent load

for glass: multiply by glass load factor = 0.73 (Ref. 8)

Loads for 100-yr recurrence wind:

100-yr fastest mile at 30 ft = 90 mph

Multiply 50-yr loads by (%% : = 1.37
Gust load factor (Ref. 6):
Gust Duration, sec Gust load factor
10 - 15 (1.4)% = 1.96
30 (1.32)% = 1.74

A gust load factor for a 10-15 second gust duration should be
adequate for strength calculations while a longer gust duration,

say 30 sec, should be adequate for serviceability analysis.
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APPENDIX A

PRESSURE DATA

Note: Pressure coefficients are defined in Section 4.3.

Pressure tap designation is explained in Figure 3.
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