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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 lights and cladding to wind damage and larger
total building deflections. In addition, increased use of pedestrian
plazas has brought about a need to consider wind and gustiness in the
design of these areas. 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 wind environment about
the building. Knowledge of pressures on the structure permits adequate
but economical selection of window strength to meet selected maximum
design winds and overall wind loads for design of frame for flexural
control. Information on sidewalk-level gustiness allows plaza areas
to be protected by design changes before the structure is constructed,

Modeling the aerodynamic loading on a structure requires special
consideration of flow conditions in order to guarantee similitude be-
tween 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 scaled in geometry, 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 quantity 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. Wind velocity in the wind

tunnel would have to be the model scale factor times the prototype

wind. However, for sufficiently high Reynolds number (> 105) a pressure
coefficient at any location on the structure will be essentially con-
stant with Reynolds number. Typical values encountered are 108 for

the full-scale and 106 for the wind tunnel model. Thus acceptable

flow similarity is achieved without precise Reynolds number equality.

1.2 The Merchants Plaza Building

A wind engineering study was performed for the proposed Merchants
Plaza building in Indianapolis, Indiana. The 220 ft high building was
modeled (Frontispiece) at a 1:192 scale. The objectives of the wind
engineering study were to obtain mean and fluctuating pressures on
the building, integrated forces and moments acting on the structure,
and wind velocity and gustiness in the area adjacent to the struc-
ture. In addition, a flow visualizaéion study was performed to define
overall flow patterns and regions where local flow features might cause
difficulties in panel loading or pedestrian discomfort.

The Merchants Plaza building will be located in downtown
Indianapolis, Indiana between Washington and Maryland streets on the
north and south and between Illinois and Capitol streets on the east
and west (Figure 1). The area surrounding the proposed location is
generally flat and has numerous buildings of comparable height. Some

wind approach directions are densely covered with buildings while others

have relatively few structures.



2. EXPERIMENTAL CONFIGURATION

2.1 Wind Tunnel

The wind-engineering study was performed in the Industrial
Aerodynamics Wind Tunnel located in the Fluid Dynamics and Diffusion
Laboratory at Colorado State University (Figure 2). The tunnel is a
closed circuit facility driven by a 75 hp variable-pitch propeller.
The test section is nominally 6 feet square and 62 feet long fed
through a 4-to-1 contraction ratio. The roof is adjustable to maintain
a zero pressure gradient along the test section. The mean velocity can

be adjusted continuously from 1 to 65 fps.

2.2 Model

In order to obtain an accurate assessment of local pressures
using piezometer taps, the model was constructed to the largest scale
that would not produce serious blockage in the wind tummnel, A 1:192
scale model of the Merchants Plaza Building was constructed from 3/4 in.
Lucite plastic. Window recesses were modeled in order to ensure
proper surface roughness on the model.

Piezometer taps (1/16 in. dia) were drilled normal to the exterior
surface at 272 locations on the building and plaza. The location of
the taps on the structure is shown in Figures 3a to 3g.

An area of 1170 ft radius surrounding the building site was
modeled in detail. Structures within the modeled region were made
from styrofoam cut to the individual building geometries. The
Merchants Plaza building was mounted on a 63 in. dia turntable centered
55 ft from the test-section entrance. The turntable indicated azi-

muthal orientation to + 0.1 degree.



The region upstream from the modeled area was covered with a
randomized roughness constructed from 1 in. cubes. Spires at the test
section entrance provided a thicker boundary layer than would otherwise
be available. The distribution of 1 in. roughness was designed to
provide a boundary-layer thickness of approximately 4 ft, a velocity
profile power-law exponent similar to that for the Indianapolis area,
and a logarithmic velocity profile with a realistic roughness length.
A photograph of the complete model is shown in Figure 4. The wind-
tunnel ceiling was 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

Visualization of the flow in the vicinity of the model is helpful
in understanding and interpreting mean and fluctuating pressures, in
defining zones of separated flow and reattachment where pressure
coefficients may be expected to be high, and in indicating areas where
pedestrian discomfort may be a problem. Titanium tetrachloride smoke
was released from sources on and near the model and motion picture
records made. Conclusions obtained from these smoke studies are

discussed in section 4.1.

3.2 Pressures

Mean and fluctuating pressures were obtained at each of the 272
pressure ports on the wind-tunnel model. An 18 in. length of 1/16 in.
I.D. plastic tubing connected 68 pressure ports at a time to a 72 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 68 measurement ports was directed in turn by the switch to one of
the four pressure transducers mounted close to the switch. The switch
was operated manually by means of a shaft projecting through the floor
of the wind tunnel. A mechanical indexing feature locked the switch
into each of the 18 required positions while a potentiometer provided
an indication of the switch position on a digital voltmeter. The
four pressure switch input taps not used for transmitting building
PTessures were connected to a common tube leading outside the wind

tunnel. This arrangement provided both a means of performing in-place



calibration of the transducers and a means of automatically monitoring
the tunnel speed using this valve position.

The pressure transducers used were Statham differential strain-gage
transducers (Model PM283TC) with a 0.15 psid range. They were selected
for the stability and linearity in the working range required. The
resonant frequency of the transducers was approximately 2000 Hz so
that resonance effects could be ignored. A reference pressure was
obtained by connecting the reference side of the transducer with 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
measured the instantaneous difference between the local surface
pressure and the static pressure in the free stream above the model,

Each pressure transducer bridge was monitored by a Honeywell
Accudata 118 Gage Control/Amplifier unit which provided excitation to
the bridge and amplified the bridge output. These instruments are
characterized by a very stable excitation voltage and amplifier gain.
Output from the Honeywell signal conditioners was fed to an on-line 8
channel System Development, Inc., analog-to-digital conversion unit.

The data was processed onto digital tape for later data analysis by
computer. Resolution of conversion was * 0.0016 in pressure coeffi-
cient. All four transducers were 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
pressures and to determine overall accuracy of the pressure data
acquisition system is shown in Figure 5. A typical pressure port

record was integrated for a number of time periods to obtain the data

shown. Examination of a large number of pressure taps showed that the




overall accuracy for a 16 second average are, in pressure coefficient

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
Reduction of the raw data to usable form was performed on the

Colorado State University CDC 6400 computer as described in section 4.3.

3.3 Velocity

Velocity and turbulence intensity profiles were measured upstream
of the model and at the building location with the model removed but
with the surrounding buildings in place. In addition, mean velocity
and turbulence intensity measurements were made 0.4 in. (6 ft prototype)
above the surface at 10 locations on and near the building for 12 wind
directions (Figure 6). The surface measurements are indicative of
the environment to which a pedestrian in the plaza area would be
subjected.

Measurements were made with a single hot-wire anemometer mounted
with its axis vertical. The instrumentation used was a Thermo Systems
constant temperature anemometer (Model 1050) with a 0,001 in. dia
platinum film sensing element 0.020 in. long. Output was read from a
Hewlett-Packard integrating digital voltmeter (Model 2401C) for mean
voltage and a DISA RMS meter (Model 55D35) for rms voltage.

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

to a variable exponent King's Law relationship

EX = A+ B

where E is the hot-wire output voltage, U the approach velocity and

A, B, and n are coefficients selected to fit the data. The above



relationship was used to recover the mean velocity at measurement
points from the measured mean voltage. The fluctuating velocity in

the form Urms (root-mean-square velocity) was obtained from

2 EE
ms

Baut?

=
I

where Erms is the root-mean-square voltage output from the anemometer.
All turbulence measurements were divided by both local mean velocity

U and nmean velocity outside the boundary layer U_. Division by U
gives an indication of the relative unsteadiness at the location while
division by U_ permits easy determination of the actual magnitude of

rms velocity fluctuations at a point for various approach velocities.




4, RESULTS

4.1 Flow Visualization

A 680 ft, 19 minute film is included as part of the report
showing the characteristics of flow about the structure using smoke to
make the flow visible. A listing of 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 Merchants Plaza
building was deflected down to the plaza level, up over the structure
and around the sides. The tendency of a building to deflect oncoming
wind downward causing a reverse in wind direction at street level was
accentuated by the concave shape of the upwind building face for
northerly, southeasterly, westerly, and northwesterly winds. Conse-
quently, strong effects of the building were evident, at ground level,
for a larger distance upstream than is usual for a building. These
features served to make the flow about the corners of the building
near the base rather high in velocity (for example, measurement
location 3 for northerly and northwesterly winds). For most wind
directions, the wind in the proposed tennis court area was of low
velocity but was highly variable in direction with time. For
westerly winds, the winds at the surface were strong and somewhat
turbulent. The wind characteristics at building entrances were
generally moderate except at measurement locations 7 and 8 where

considerable swirl was noted for some wind directions.

4.2 Velocitz

Approach velocity 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. The boundary-layer
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thickness, 8, was 44 in. corresponding to a prototype value of 700 ft.
This is slightly smaller than expected for Indianapolis but should not
adversely affect the study results. In the form
U 17
g - L

oo

the velocity profile has an exponent n of 0.24 for the approach flow
which is an acceptable value for city environments such as Indianapolis
with moderate building heights. The velocity profiles measured at the
building site with the model removed for wind azimuths 45° and 225°
are shown in Figure 7a with the upstream profile. These profiles
illustrate the effect of the surrounding buildings on the velocity at
the building site. The upstream approach for wind azimuth 45° contains
numerous large buildings while the approach for wind azimuth 225°
contains fewer and lower buildings. The upstream profile plotted in
Figure 7b is shown in semilogarithmic form. The effective roughness
height Yo indicated by the zero velocity intercept of the best fit
line is 5.6 ft, which is reasonable for the site modeled.

Profiles of longitudinal turbulence intensity are shown in
Figure 8 for both the upstream and model removed conditions. Modifi-
cations to the profiles due to structures located upwind are evident.
For the purpose of this report, turbulence intensity is defined as the
root-mean-square of the longitudinal velocity fluctuations divided by
the reference mean velocity U at the outer edge of the boundary

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

Mean velocity and turbulence intensity at the pedestrian
locations 1-10 shown in Figure 6 for 24 wind directions are listed
in Table 2 and are plotted in Figures 9-18. Measurements were taken
0.4 in. (6 ft prototype) above the surface. A site map is super-
imposed on the polar plots to aid in visualization of the effects of
nearby structures on the results. The largest mean velocities were
recorded at measurement location 3 for wind azimuths of 240° and 345°.
The velocities were 60 and 53 percent of the reference velocity U_
at this point. The actual velocities expected in the prototype for
various return periods can be obtained by multiplying these percentage
numbers by the reference velocity U_ shown in Table 3. The largest
value of fluctuating velocity (urms/U¥) was 32 percent for measure-
ment location 3 at wind azimuth 345°, the same condition at which the
maximum mean velocity was found. The highest "gustiness" values
(UrmS/U) were 62 and 60 percent found at points 8, 7, and 3 for wind
azimuths 210, 60, and 345, respectively. Large values of gustiness
must be interpreted in terms of the magnitude of mean velocity since
a low local wind velocity can lead to large values as effectively as
large rms velocities. At measurement location 3, the combination of
high mean and fluctuating velocities for northerly and westerly winds
will frequently lead to an uncomfortable and possibly dangerous
pedestrian environment. It is recommended that some form of wind-

Screen be used to protect this area.
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4.3 Pressures
For each of the pressure ports examined (6,528 total), the data
record was analyzed to obtain four separate pressure coefficients.

The first was the mean pressure coefficient

(p-p,)
c . T mean

Phean 5P Uwz

where the symbols are as defined in the List of Symbols. It represents
the mean of the instantaneous pressure difference between building
pressure port and static pressure in the wind tunnel outside the
boundary layer nondimensionalized by the dynamic pressure %—p Um2
outside the boundary layer. The magnitude of the fluctuating pressure
was obtained by the rms pressure coefficient

2 i ((P'Pu) % (P—Pw)mean)rms

P 1 2
s ?pr

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
frequency with which any given pressure level would be observed. How-
ever, the pressure fluctuations do not follow a Gaussian probability
distribution 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:

2 ; (P-P.) pax

P -
max 7P U°°




The values of p-p_ = which were digitized at 250 samples per second for

16 seconds were examined individually by the computer to obtain the

most positive and most negative values during the 16 second period.

These were converted to C and C by nondimensionalizing with
max Prin

the free-stream dynamic pressure.

The four pressure coefficients were calculated by the Colorado
State University CDC 6400 computer and tabulated. The list of coef-
ficients for both structures is.included as Appendix A. The tap code
number in the Appendix is given in Figure 3. 1In addition the Appendix
includes the approach wind azimuth in degrees from true north.

In order to determine the largest loads acting at any point on the
structure, the data for all wind directions was searched to obtain, at
any pressure tap, the largest positive and negative mean values and
the largest positive and negative peak values. These values are
tabulated, with their associated peak and rms or mean and rms values,
in Tables 4-7. Table 4 provides pressure coefficients for the largest
positive means. Table 5 provides pressure coefficients for the
largest negative means. Table 6 provides pressure coefficients for
the largest positive peaks. Table 7 provides pressure coefficients
for the largest negative peaks. The largest positive values on the
Structure were between 1.0 and 1.05 and were distributed about the
building. The largest peak negaiive pressure coefficients were -2.06,
-1.87, and -1.85 for tap locations 11-1, 15-2, and 12-1, respectively.

All other peak coefficients were less than -1.7 in magnitude.
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The pressure coefficients of Tables 4-7 can be converted to
full-scale loads by multiplication by a suitable reference pressure
selected for the field site, One method of arriving at a reference
interval was obtained for Atlanta from the proposed American National
Standards Institute code A58.1 [4]. The wind magnitude for a 50 year
return period in Indianapolis is 91 mph for a fastest-mile wind at 30 ft
elevation. A factor of 1,28 [5] was used to reduce this velocity to a
one-hour mean velocity--equivalent to the wind-tunnel mean velocity.
The resulting 71.1 mph was then translated to a prototype elevation
equivalent to the height of the reference wind-tunnel measurement
(872 ft) by means of a power-law velocity profile with a 0,16 exponent.
This exponent corresponds to the typical values near airports where the
50 year recurrence winds in the ANSI standard are appropriate. Th;
velocity of 872 ft was calculated as 122 mph. The appropriate reference
pressure based on this velocity is given by 0.00256 U2 from the ANSI
standard. For Indianapolis, the reference pressure becomes 38 psf. A
larger reference pressure would result if a larger recurrence interval
were used. Table 3 shows the variation of the reference pressure with
return period. Tables 8-10 give psf loadings on the full-scale struc-
ture which result from multiplication of the 38 psf reference pressure
by the peak coefficients of Tables 4-7,

For ease of visualizing the loads on the structure, contours of
equal peak pressures have been plotted on elevation views of the
structure (Figures 19a-19e). Contour values are the largest of the
peak maximum or peak minimum pressure coefficients from Tables 6 and 7.
Conversion to full-scale pressures is accomplished by multiplying by

the appropriate reference dynamic pressure.
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Recent research [6] indicates that the period of application of the
peak pressures reported herein is about 4-5 seconds. If a glass design
is based on these peak values, then a glass strength associated with
this duration load is indicated. If the glass design is based on some
alternate load duration--say 1 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. A relationship for annealed glass from Shand [7] indicates
that a load reduction factor of 0.82 would correspond to a load duration
change from 5 seconds to 60 seconds. Another relationship reported by
Stanworth [8] indicates a load reduction factor of 0.85. Using an
analytical approach based on empirical results given by Ishizaki [9], a

load reduction factor of 0.90 results.

4.4 Forces and Moments

Total horizontal forces and moments about the base were computed
for the entire structure and for each of the four sub-buildings consti-
tuting the Merchants Plaza complex (Figure 20). The four sub-buildings
were the two office buildings, A and B, and the two structures making
up the hotel, C and D. The purpose in computing total shearing force
and moments on the individual components of the complex was to permit
calculation by the design engineers of the deflection of the individual
buildings due to wind action. The deflections are necessary for
adequate design of the glass curtain wall connections between the
individual buildings. Forces and moments were calculated for each of
the 24 wind directions for which pressure measurements were obtained.

The forces and moments were computed by converting the measured

M€an pressure coefficient at each pressure tap to a full-scale pressure
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using the 38 psf reference pressure associated with a 50 year return
wind (section 4.3) and integrating the resulting pressures across each
face of the structure. The structure was divided into 17 individual
sides (Figures 2 and 20) for this integration. The mean pressures
provide a reasonable estimate of static loading. No attempt was made
to predict dynamic loading or dynamic structural response.

The forces in pounds acting on each building face are given in
Table 12 for each wind direction. Also given are the locations of
application of the forces on their faces so that moments acting on each
face can be computed if desired. The coordinate system for the force
application has its origin for each face at the lower left corner of
the face (ground level) as viewed facing the structure from the
outside. x is to the right and y 1is vertical. The data for face 5
are reported in two segments, upper and lower. The upper surface,
side 50, has its origin at the lower left-hand corner of the side which
is at elevation 112 ft. In many cases, positive and negative forces
of nearly the same size existed on a face, In these cases, the point
of application of the force lies off the face in order to obtain the
proper moment acting on that face, For faces which included a portion
of the face inside the structure (faces 4,6,8,9,10,11), a +1 psf
pressure was applied over that portion of the face which was interior
to some external wall. The influence of adjacent buildings can be
large., For example, for the force acting on side 3 for a 90° wind
(wind blowing directly on the face), a small outward-acting force
occurs instead of a large inward-acting force. Part of the face sees
positive pressures and part sees negative pressures which nearly

balance in magnitude.
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The total forces and moments acting over the entire Merchants
plaza structure for each wind direction are given in Table 13. The
coordinate system for application of these loads has origin at ground
level between sides 1 and 2 as shown in Figure 20. The signs on the
moments were determined by application of the right-hand rule.

The integrated forces and moments for each of the four buildings
A, B, C, and D are shown in Table 14 for each wind direction. The
coordinate system for each building is at ground level near the center
of each building as shown in Figure 20. The portion of each building
interior to the external wall had a +1 psf pressure acting on it.

The forces and moments in Tables 12-14 were calculated for the
mean pressures associated with the mean hourly wind which has a 50 year
recurrence interval. Depending on the dynamic response characteristics
of the structure, it could respond to pressures acting for only 15
seconds. This effect may be accounted for by multiplying the forces
in the tables by an appropriate gust factor. The appropriate gust
factors for 15, 30, and 60 second pressures are 1.93, 1.74, and 1,54,

respectively [5].
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5. CONCLUSIONS

A simulated atmospheric boundary-layer flow over a model of the
Merchants Plaza building was established whose characteristics compared
favorably with the expected flow over the Indianapolis area. Flow
visualization showed several areas of possible pedestrian discomfort.
No areas of suspected high pressure regions on the structure were
observed in the smoke-flow tests.

Measurements of fluctuating velocities near the surface showed an
area about measurement location 3 in which both mean and fluctuating
velocities were large for northerly, northwesterly, and westerly winds.
It is recommended that some type of wind screen be used to protect
pedestrians in this area. The area about measurement points 7 and 8
showed a relatively high gustiness which could be unpleasant for some
wind directions. The conditions there, however, were not as severe as
for location 3.

Pressure measurements on the structure supported the flow
visualization conclusions that no large pressures were evident. The
measured pressures were, in general, rather moderate. The largest peak
pressures were negative (outward acting) and were in the range from
-1.85 to -2.06 times the reference dynamic pressure. Most locations
had peak pressures less than 1.5 times the dynamic pressure.

Mean forces and moments acting on the structure were computed
for each side individually, for the entire structure, and for each of
the four structures in the complex. The influence of adjacent struc-
tures was significant in lowering overall wind forces and moments on

the structure,
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Table 1

MOTION PICTURE SCENE GUIDE

Wind Azimuth

000
045
090
135
180
225
270

315

Model wind velocity = 10 fps

Movie length:
Running time:

680 ft
19 min

Scene Content

Titles and general views

Smoke
Smoke
Smoke
Smoke
Smoke
Smoke

Smoke

at

at

at

at

at

at

at

Smoke at various

various
various
various
various
various
various

various

locations
locations
locations
locations
locations
locations
locations

locations
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Table 3

REFERENCE WINDS AND PRESSURES

The following table giveg the reference wind speeds, 1, and
reference pressures, 1/2 p U,.~, for various return periods for use with
the Merchants Plaza wind tunnel data. The U, listed is at 872 fr,
prototype elevation where the reference conditions were measured in
the wind tunnel.

Return Period U, 1/2 p Um2
yrs mph pst

1 61 10

2 70 13

5] 78 16

10 92 22

25 108 30

50 122 38

100 127 42
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APPENDIX A
PRESSURE DATA
Notes--
1. Pressure coefficients are defined in section 4.3.

Pressure tap designation is explained in Figure 3.
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Figure 1.

Merchants Plaza Building Location.
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Side 17 = Roof (I8)

Number of Taps per Side in Parentheses

Side Locations

Figure 3a, Pressure Tap Locations,
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Completed Model.

Figure 4.
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Figure 6. Plaza Velocity Measurement Locations. -
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Figure 7a, Mean Velocity Profiles Approaching the Model.
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Figure 8.

Urms/ U » (%)

Turbulence Intensity Profiles.
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Mean Velocity and Turbulence Intensity at Site 1.

Figure 9.
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Figure 10. Mean Velocity and Turbulence Intensity at Site 2.
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Figure 11, Mean Velocity and Turbulence Intensity at Site 3.
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Figure 12. Mean Velocity and Turbulence Intensity at Site 4.
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Figure 13. Mean Velocity and Turbulence Intensity at Site 5.
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Figure 14, Mean Velocity and Turbulence Intensity at Site 6.
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Figure 15. Mean Velocity and Turbulence Intensity at Site 7.
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Figure 16. Mean Velocity and Turbulence Intensity at Site 8.



180

Figure 17.

Mean Velocity and Turbulence Intensity at Site 9.
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Figure 18. Mean Velocity and Turbulence Intensity at Site 10.
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Figure 20. Sub-Structures and Coordinate Systems for Forces and Moments.
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