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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 histori

cally 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. In flexible structures, wind induced motion may 

cause occupant discomfort if not anticipated during the design phase. 

Techniques have been developed 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 inten

sity and distribution of the pressures on the structure permits adequate 

but economical selection of cladding strength to meet selected maximum 

design winds and overall wind loads for the design of the frame for 

flexural control. 
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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 refer-

ences (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 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. To accomplish this the air velocity in the 

wind tunnel would have to be as large as the model scale factor times 

the prototype wind velocity, a velocity which would introduce unaccept-

able compressibility effects. However, for sufficiently high Reynolds 

numbers (>2xl04) the pressure coefficient at any location on the struc-

ture will be essentially constant for a large range of Reynolds numbers. 

. 7 8 5 6 Typ1cal values encountered are 10 -10 for the full-scale and 10 -10 

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

achieved without precise Reynolds number equality. 

Modeling of the building's dynamic response required that aeroelas-

tic tests of the structure be performed. A three degrees-of-freedom 
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model was assumed and scaled for the wind-tunnel conditions. Require-

ments for similarity between model and full-scale building are discussed 

in references (3), (4), and (5). Generally, for the three degrees-of

freedom of interest, the ratio between the aerodynamic, inertia, damping 

and elastic forces should be the same for the model and the prototype. 

To simulate the building motion, a rigid model was elastically supported 

by springs at its base. The base permits rotation of the model around 

two orthogonal axes located in the horizontal plane, and about a verti

cal axis. The spring stiffnesses and mass moments of inertia of the 

model about these axes were selected to provide a ratio of the frequen

cies (for the assumed degrees-of-freedom) equivalent to the full scale 

while providing for a convenient range of wind-tunnel velocities to 

ensure equivalence of the reduced velocity between model and full scale. 

The model is provided with a damping mechanism to apply a range of damp

ing to the model. 

1.2 The Wind-Tunnel Test 

The wind engineering study was performed on a building group 

modeled at a scale of 1:400. The rigid building model for pressure data 

acquisition was constructed of clear plastic fastened together with 

screws. The structure was modeled in detail to provide accurate flow 

patterns in the wind passing over the building surfaces. To achieve 

similarity in wind effects the area surrounding the test building was 

also modeled. A flow visualization study was 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. 
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The test model, equipped with pressure or "piezometer" taps, was 

exposed to an appropriately modeled atmospheric wind in the wind tunnel 

and the fluctuating pressure at each tap measured electronically. The 

model, and the modeled area, were rotated 10 degrees and another set of 

data recorded for each pressure tap. 

Data were recorded, analyzed and processed by an on-line computer

ized data-acquisition system. Pressure coefficients of several types 

were calculated by the computer for each reading on each piezometer tap 

and were printed in tabular form as computer readout. Using wind data 

applicable to the building site, representative wind velocities were 

selected for combination with measured pressures on the building model. 

Integration of test data with wind data results in prediction of peak 

local wind pressures for design of glass or cladding. Also included are 

overall mean forces and moments on the structure obtained by integrating 

the mean pressures over the building's surface. Pressure contours were 

drawn on the developed building surfaces showing the intensity and dis

tribution 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. 

Based on the visualization (smoke) tests and on a knowledge of 

heavy pedestrian use areas, locations were chosen at the base of the 

building where wind velocities were measured to determine 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 building area is better or worse than the environment 

a block or so away in an undisturbed area. 
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The dynamic response of the building was evaluated using the aero

elastic model, which was instrumented to sense base moments and 

accelerations at the top of the building. These measurements were made 

at one value of damping and approach wind velocity for each of 36 wind 

directions to determine building response sensitivity to different wind 

directions. Four wind directions, where response was large, were 

selected for further study. Response measurements were made at these 

directions for a range of reduced velocities and damping values. 

The following pages discuss in greater detail the procedures fol

lowed and the equipment and data collecting and processing methods used. 

In addition, the data presentation format is explained and the implica

tions of the data are discussed. 
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2. EXPERIMENTAL CONFIGURATION 

2 .1 Wind Tunne 1 

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. The tunnel has a flexible roof 

adjustable in height to maintain a zero pressure gradient along the test 

section. The mean velocity can be adjusted continuously in the tunnel 

to the maximum velocity available. 

2.2 Pressure 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 blockage in the wind-tunnel test section. The 

models are constructed of 1/2 in. (1.3 em) thick acrylic plastic and 

fastened together with metal screws. Significant variations in the 

building surface, such as mullions, are machined into the plastic sur

face. Piezometer taps (1/16 in. (1.6 mm) diameter) 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 for 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 pres

sure 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 pres

sure tap numbers are shown adjacent to the taps. 
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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 build

ing 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. 

2.3 Aeroelastic Model 

The aeroelastic model was made from a thin aluminum sheet formed to 

the external shape of the structure and screwed to a light, rigid alumi

num framework as shown in Figure 4. The model was mounted on an elas

tic, strain-gaged base system providing three degrees-of-freedom--two 

fundamental rectilinear modes in bending and a torsional mode. Details 

of the mounting are shown in Figure 5. The model was scaled according 

to the procedure outlined in reference (5). These results are summar-

ized in Table 8, which gives numerical values 

properties-moment of inertia, natural frequency, and 

for the dynamic 

stiffness-of both 

the prototype and model. For each of these properties, the ratio of the 

(as built) model value to the prototype value determines the dimension

less scale A, which is also shown in Table 8. 

Determination of the remaining scale factors is summarized in Table 

9. The first group of scales in this table are selected prior to, and 

are independent of, the design of the model. The "aeroelastic moment of 

inertia" AJA is the ideal moment of inertia of the model; i.e. it would 

result in model displacements in proper scale to the prototype displace

ments (according to the length scale A
1
). 
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The second group of scales are those determined by the dynamic 

properties of the model, and are taken from Table 8. Note that the 

actual moment of inertia scale is slightly lower than the ideal aero

elastic value. The reason for this is that it is important to maintain 

a constant freqency scale for all three components of motion, so that 

the resulting velocity scale is the same for all components. As long as 

the moment of inertia scale is reasonably close to the ideal "aero

elastic" value, the frequency requirement is given precedence, and is 

achieved by adjusting small "tuning" weights within the model. 

The third group of scales are the principal ones required to inter

pret the model test results. Note that the rotation scale is slightly 

greater than unity, owing to the moment of inertia scale being slightly 

less than ideal. The rotation scale is considered a principal scale 

because both the deflection and acceleration scales are directly depen

dent on it, as shown in the fourth ("supplemental") scale group. Using 

the individual deflection and acceleration scales for each component of 

motion when reducing the model test results corrects for the discrepancy 

between the ideal and actual moments of inertia. 

Three miniature accelerometers were installed at an elevation 

corresponding to the building's top floor to measure accelerations in 

each of two principal building axes and acceleration corresponding to 

the building response in torsion. Additional details of this system are 

given in Appendix B. 

2.4 Model Environment 

A circular area of 1600 ft. (490 m) in radius surrounding the 

building was modeled in detail. Structures within the modeled region 

were made from styrofoam and cut to the individual building geometries. 

The model and its surroundings were mounted on a turntable (Figure 2) 
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near the downwind end of the test section. Any significant buildings or 

terrain features which did not fit on the turntable were placed on 

removable pieces and placed upwind of the turntable for appropriate wind 

directions. A plan view of the building and its surroundings is shown 

in Figure 6. This environment was used for both the pressure model and 

the aeroelastic model. 

The region upstream from the modeled area was covered with a ran

domized roughness constructed using various sized cubes placed on the 

floor of the wind tunnel. Spires were installed at the test-section 

entrance to provide a thicker boundary layer than would otherwise be 

available. The thicker boundary layer permitted a somewhat larger scale 

model than would otherwise be possible. The spires were approximately 

triangularly-shaped pieces of 1/2 in. (1.3 em) thick plywood 6 in. (15 

em) wide at the base and 1 in. (2.5 em) wide at the top, extending from 

the floor to the top of the test section. They were placed so that the 

broad side intercepted the flow. A barrier approximately 8 in. (20 em) 

high was 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 4ft. (1.2 m), a velocity profile power-law exponent simi

lar 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 7. The wind-tunnel ceiling is adjusted after 

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

section. 
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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 prob

lem. 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 pos

sible 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 36 wind directions, 

rotating the entire model assembly in a complete circle. Up to 184 

pieces of 1/16 in. I.D. plastic tubing are used to connect 184 pressure 

ports at a time to four 48 tap pressure switches mounted underneath the 

model. The switches were designed to minimize the attenuation of pres

sure fluctuation across the switch. Each of the 184 measurement ports 

was directed in turn by the switch to one of four pressure transducers 

mounted close to the switch. Four pressure input ports not used for 

transmitting building surface pressures were connected to a common tube 

leading to a pitot tube mounted inside the wind tunnel which provided a 

means of automatically monitoring the tunnel speed. The switch was 

operated under control of the data acquisition system. The other four 

input ports were used for monitoring of the transducer zero. 

The pressure transducers used are Setra differential transducers 

(Model 237) with a 0.10 psid (690 Pad) range. Reference pressures were 
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obtained by connecting the reference sides of the four transducers, 

using plastic tubing, to the static side of a pitot-static tube mounted 

in the wind tunnel free stream above the model building. In this way 

the transducer measured the instantaneous difference between the local 

pressures on the surface of the building and the static pressure in the 

free stream above the model. 

Output from the pressure transducers was fed to an on-line data 

acquisition system consisting of a Hewlett-Packard 21 MX computer, disk 

unit, card reader, printer, Digi-Data digital tape drive and a Preston 

Scientific analog-to-digital converter. The data were processed immedi

ately into pressure coefficient form as described in Section 4.3 and 

stored for printout or further analysis. 

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 (root-mean

square) pressures and to determine the overall accuracy of the pressure 

data acquisition system is shown in Figure 8. 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 coeffi

cient 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 Wind Velocity 

Mean velocity and turbulence intensity profiles were measured 

upstream of the model, using a hot-film anemometer, to confirm that an 

approach boundary-layer flow appropriate to the site had been esta-

blished. Tests were made at one wind velocity in the tunnel. This 
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velocity was well above that required to satisfy Reynolds number simi-

larity between the model and the prototype as discussed in Section 1.1. 

In addition, mean velocity and turbulence intensity measurements 

were made 5 to 7 ft. (1.5 to 2.1 m)(prototype) above the surface at a 

dozen or more locations near the building for 16 wind directions. The 

measurement locations are shown on Figure 6. The surface measurements 

are indicative of the wind environment to which a pedestrian at the 

measurement location should be subjected. The locations were 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. Two reference pedestrian positions, 

located away from the building, were also tested. These data are help

ful in evaluating the degree of pedestrian comfort or discomfort in the 

proposed plaza area in terms of the undisturbed environment in the 

immediate vicinity. 

These pedestrian-level measurements were made with a single hot-

film anemometer mounted with its axis vertical. The instrumentation 

used is a Thermo Systems constant temperature anemometer (Model 1050) 

with a 0.001 in. (0.025 mm) diameter platinum film sensing element 

0.020 in. (0.508 mm) long. Output is directed to the on-line data 

acquisition system for analysis. 

Calibration of the hot-film anemometer was performed by comparing 

output with the pitot-static tube in the wind tunnel. The calibration 

data were fit to a variable exponent King's Law relationship of the form 

E2 = A + BUn 
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where E is the hot-film 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 

(root-mean-square velocity) was obtained from 

2 E E 
u rms = 

rms 
B n un-l 

in the form U rms 

where E is the root-mean-square voltage output from the anemometer. rms 

For interpretation all turbulence measurements for pedestrian winds were 

divided by the mean velocity outside the boundary-layer U00 • Turbulence 

intensity in velocity profile measurements, however, used the local mean 

velocity as a reference. 

3.4 Base Moments 

The strain gages monitoring the state of stress in the springs at 

the base of the aeroelastic model were formed into three bridge 

networks--one for each of the three degrees-of-freedom of the building 

motion. These bridges were conditioned and monitored by Honeywell Accu-

data 118 Gage Control/Amplifier units which provided excitation to the 

bridge and amplification of the bridge output. These signals were pro-

cessed through the on-line data-acquisition system described earlier. 

The model spring stiffness was calibrated statically. A known static 

moment was applied to the model and its deflection was measured. 

Interactions between channels--e.g., voltage in channel y due to load 

in direction x, were determined to be negligible. The response of the 

force balance was therefore considered uncoupled for each of the three 

degrees-of-freedom. 

During test runs data were taken at a sample rate of 300 samples 

per second on each channel. The sample duration time was selected on 
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the basis of repeatability of sampling runs made early in the testing 

phase, and corresponds to about 1 hour at full scale. The data were 

processed immediately to determine mean, rms, and peak loads. The data 

were also stored on digital tape for further analysis. 

3.5 Building Acceleration 

The accelerometers used in the study were Vibra-Metrics Model 

1001A, weighing 1.9 grams each. Prior to installation on the model, 

each accelerometer was calibrated on a shaker table with known frequency 

and amplitude. During each data run the outputs from the three 

accelerometers were directed to an analog processing circuit which pro

vided three output signals corresponding to the three degrees-of-freedom 

of the model. These signals were continuously monitored by the data

acquisition system; mean, rms, and peak acceleration levels for each of 

the three components were determined by the on-line computer. Further 

details regarding the processing of acceleration data are given in 

Appendix B. 

For all aeroelastic tests, the velocity in the wind tunnel was set 

to the value required by reduced velocity similarity using a pitot

static tube connected to a pressure transducer. Output from the trans

ducer was directed to the on-line data-acquisition system for immediate 

calculation of tunnel velocity. 
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4. RESULTS 

4.1 Flow Visualization 

A film is included as part of this report showing the characteris-

tics 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 struc-

tures, 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 pos-

sible high-wind load areas and pedestrian comfort is given in Section 

5.1. 

4.2 Velocity 

Velocity and turbulence profiles are shown in Figure 9. Profiles 

were taken upstream from the model which are characteristic of the boun-

dary layer approaching the model and sometimes at the building site with 

building removed. The boundary-layer thickness, o, is shown in Figure 

9. The corresponding prototype value of o for this study is also shown 

in the figure. This value was established as a reasonable height for 

this study. The mean velocity profile approaching the modeled area has 

the form 

u -= 

The exponent n for the approach flow established for this study is 

shown in Figure 9. 

Profiles of longitudinal turbulence intensity in the flow approach-

ing the modeled area are also shown in Figure 9. The turbulence inten-

sities are appropriate for the approach mean velocity profile selected. 

For the velocity profiles, turbulence intensity is defined as the root-

mean-square about the mean of the longitudinal velocity fluctuations 
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divided by the local mean velocity U, 

u 
Tu=~ 

u 
Velocity data obtained at each of the pedestrian measurement loca-

tions shown in Figure 6 are listed in Table 2 as mean velocity U/U
00

, 

turbulence intensity U /U , and largest effective gust rms oo 
U + 3U rms 

uoo 

These data are plotted in polar form in Figure 10. Measurements were 

taken 5 to 7 ft. (1.5 to 2.1 m) 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 are combined with wind frequency and direction informa-

tion obtained at the local airport. Table 3 shows local wind frequency 

by direction and magnitude. These data, usually obtained at an eleva-

tion of about 30-40 ft. (9 to 12m), 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 11. 

Interpretation of Figure 11 is aided by a description of the 

effects of wind of various magnitudes on people. The earliest quantita-

tive description of wind effects was established by Sir Francis Beaufort 
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in 1806 for use at sea and is still in use today. Several recent inves-

tigators 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 (6) and Melbourne (7). The 

Beaufort scale (from re£.6), 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 (5.4 mps) are of minor con-

cern and that mean speeds above 24 mph (10.8 mps) are definitely incon-

venient. Quantitative criteria for acceptance from reference (7) are 

superimposed as dashed lines on Figure 11. The peak gust curves shown 

in Figure 11 are the percent of time during which a short gust of the 

stated magnitude could occur (say about one of these gust per hour). 

Implications of the data plotted in Figure 11 are presented in Section 

5.2. 

Because some pedestrian wind measuring positions are purposely 

chosen at sites where the smoke test 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 11. 

4.3 Pressures 

For each of the pressure taps examined at each wind direction, the 

data record was analyzed to obtain four separate pressure coefficients. 

The first is the mean pressure coefficient 

(p-poo)mean 

o.s P u2 c = 
pmean 

00 

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 
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building model, nondimensionalized by the dynamic pressure 

0.5 p u: 
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 veloc-

ity may be calculated. 

The magnitude of the fluctuating pressure is obtained by the rms 

pressure coefficient 

c 
Prms 

( ( p-p oo) - ( p-p oo) mean ) rm~. 

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 dis-

~tibution, no additional data would be required to predict the frequency 

with which any given pressure level would be observed. However, the 

pressure fluctuations do not, in general, 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: 

c 
Pmax 

(p-p ) 00 max 
2 0.5 p uoo 

( p-poo) . 
= m1.n 

~Pu: 
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The values of p-p00 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 dynamic 
Pmax pmin 

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 value of peak pressure coefficient. Table 6 provides these 

pressure coefficients and associated wind directions. Included in Sec-

tion 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 U
00

2 denominator. This value is 

the dynamic pressure associated with an hourly mean wind at the refer-

ence 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, transla-

tion of the velocity to an hourly mean wind at the reference velocity 
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location and conversion to a reference pressure. Selection of the 

design velocity can be made from statistical analysis of extreme wind 

data. 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 (9). 

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. 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 and 

are listed as peak pressures in that table. 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 clad

ding loads shown in Table 6 have been plotted on developed elevation 

views of the structure, Figure 12. For control of water infiltration 

from outside to inside, the largest positive (inward-acting) pressure of 

each tap location is tabulated in Table 6. 

For glass design pressures, a glass load factor is used to account 

for the different duration between measured peak pressures and the one 

minute loading commonly used in glass design charts. The design pres

sure used for glass is normally less than the peak pressures used for 

cladding design because of the static fatigue property of glass which 

can withstand higher pressures for short duration loads than for long 

duration loads. Recent research (10) indicates that the period of 

application of the peak pressures reported herein is about 5-10 seconds 
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or less. If a glass design is based on these peak-pressure values, then 

a glass strength associated with this duration load should be used. 

Because glass design charts are normally based on some alternate load 

duration--usually 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. 

Current glass selection charts showing glass strength as a function of 

load duration (11) and older references (12) indicate the following load 

reduction factors: 

ref 9 ref 10 

annealed float 0.80 0. 81 

heat strengthened 0.94 

tempered 0.97 0.98 

Loadings appropriate for glass design can be computed by multiplying the 

peak-pressure loads of Table 6 by these load factors. 

4.4 Forces and Moments 

4.4.1 Method of Analysis. The peak value of any fluctuating quan-

tity Q (which may be either a shear force or moment) may be expressed 

in two ways: 

(1) 

or 
Q = Q + k Q p rms \L} 

where Qp, Q, and Q are the peak, mean, rms and fluctuating root mean 

square of Q, respectively. These two equations may be interpreted as 

the defining relations for G, the "dynamic response factor," and k, 

the "peak factor." The forces and moments determined in this study make 
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use of both of these equations, and are based on data obtained from both 

the aeroelastic model and the pressure model. 

Equation (2) is directly applicable to the aeroelastic response 

measurements, which consist only of moments M , M, and M . , at the base 
p rms 

of the building. Thus the peak factor k can be determined for each 

wind direction. These peak factors are then averaged, and the resulting 

single value of k is used to recompute the peak moments M • 
p 

This 

smoothes out the variability inherent in the measurement of peak values. 

Peak shear forces, and the distribution of peak shears and moments 

through the height of the building, are computed according to Equation 

(1). This becomes 

V (z,a) = V(z,a)G(a) 
p 

M (z,a) 
p 

V(z,a)G(a) 

The mean shear and moment as a function of height and wind direction, 

- -
V(z,a) and M(z,a), are obtained from the pressure data. The dynamic 

response factor G(a) is obtained for each wind direction from the aero-

elastic data. It is computed as the ratio of measured peak base moment 

(after being smoothed as discussed above) to measured mean base moment. 

Details of this general procedure are given in the following two 

sections. 

4.4.2 Base Moments from Aeroelastic Response. Base moment meas-

urements on the aeroelastic model were taken in two groups. The first 

group includes all wind directions at 10 degree intervals, but at single 

constant values of wind velocity and structural damping. The hourly 

mean wind velocity at gradient height was 35.4 m/s, representing a mean 

return period of 100 years. The damping ratio (actual 

damping/critical damping) for motion about the three axes was ~x 
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.007, ~ = .008, ~ = .015. This represents a low (conservative) esti-
y z 

mate within the range normally assumed for tall steel-framed buildings. 

Mean base moments corresponding to about a 1 hour average are plot-

ted in Figure 15 as a function of wind direction, along with the mean 

base moments obtained from integrated pressure data (see following sec-

tion). The agreement is good, and confirms the scaling and calibration 

of the aeroelastic model. 

Measured mean, fluctuating rms, minimum and maximum base moments 

are plotted as a function of wind direction in Figure 16. In addition 

this figure indicates the corresponding deflection of the top floor com-

puted using the stiffness of the prototype building (see Table 9). Dis-

placements DX, DY, DZ corresponding to base moments MY, MX, MZ, respec-

tively, are defined in Figure 14. Note that DX and DY are linear dis-

placements, while DZ is the angular rotation about the z-axis in ra-

dians. 

These data were used to compute a peak factor k for each com-

ponent, using Equation (2). The peak factor is assumed to be indepen-

dent of wind direction; thus the individual observations of k were 

averaged over all wind directions to obtain a single value for each com-

ponent. These results are shown in Figure 17. Using Equation (2) again 

with the average peak factor for each component, "smoothed" values of 

the peak base moments were computed. These final results appear in Fig-

ure 18. 

The second group of aeroelastic base measurements was taken to 

study their dependence on wind velocity and structural damping. Four 

wind directions were selected for this study, based on the results of 

the group 1 measurements. At each direction, base moments were measured 
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at 5 different wind velocities and at two values of structural damping. 

A smoothed peak value was computed, as described above, for each one of 

these combinations. These results are presented in Figure 19. 

A functionally correct relationship between peak moment M , and 
p 

velocity u, and damping ratio ~' for a given wind direction, could be 

expressed, based on Equation (2), as 

Mp(u,~) = c
1
u2 + kC 2(~)ua.(~) 

It is much simpler, however, and nearly as accurate, to express the 

relationship as 

M (u, ~) = C( ~)ua.( ~). 
p 

The continuous curve appearing in each of the graphs in Figure 19 is a 

regression line representing a least-squares fit of a curve of this form 

to the plotted data points. 

All aeroelastic tests were conducted on Tower 1. The directional 

relationship between Tower 1 and Tower 2 is shown in Figure 3. 

4.4.3 Forces and Moments as a Function of Height. The mean shear 

and moment at each floor of the building were computed from the data of 

building surface pressure. The force coefficient method is used to 

integrate this data and scale the results to a given reference pressure, 

or wind velocity. 

Force coefficients were computed for each floor for each wind 

direction using the equations shown below. 

F 
CF = y y l\ 0.5 p u: 

Fx 
CF = ----~~---

X l\ 0.5 P u: 
Terms and symbols used in the equations are defined in the List of Sym-

bols and the axes are defined for the building in Figure 3. Force coef-

ficients CFX and CFY were computed for the horizontal forces acting 

along with X and Y axes using the mean pressure coefficient at each 
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pressure tap. ~ represents a constant reference area for nondimen

sionalization of the forces and moments. 

The total forces acting on the full-scale building for each floor 

and wind direction were computed by multiplying the above coefficients 

by the appropriate full-scale reference area, by the reference pressure 

of Table 5, and by a dynamic response factor corresponding to that wind 

direction. 

The dynamic response factor (G in Equation (1)) was obtained from 

the aeroelastic data shown graphically in Figure 18. For each wind 

direction, it is simply the ratio of peak response (the larger absolute 

value of maximum or minimum response) to the mean response. 

After applying these adjustment factors for wind velocity and 

dynamic response, the forces obtained at each floor were used to obtain 

load, shear, and moment diagrams for the building for each wind direc-

tion. Selected diagrams are given in Figure 13, and complete numerical 

results are in Table 7. The shear diagram, in KN, was obtained by alge

braic sum of all forces in each coordinate direction acting above the 

floor of interest. The load diagram, in Pa, was obtained by dividing 

the shear values by their contributing areas (listed in Table 7). The 

moment diagram, in MN-m, was obtained by integration of the shear values 

so that the moment due to forces acting above the floor level of 

interest was calculated. The sign of the moment was established by the 

right-hand rule about an X' , Y' axis through the floor of interest. 

Moments about the Z axis were calculated by considering the displace

ment of forces in the X and Y directions from the Z axis shown in 

Figure 3. Load, shear, and moment diagrams are shown in Figure 13 for 

several wind directions. 
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4.5 Accelerations 

Measurements of the top-floor acceleration were obtained directly 

from the aeroelastic model. In a manner similar to the base-moment 

study, measurements were first obtained over all wind directions at 10 

degree increments, at constant wind velocity and structural damping. 

Based on these results, four wind directions were identified at which 

the total (vector sum of all components) acceleration might be signifi

cant. For each of these directions, additional tests were conducted at 

3 wind velocities, ranging from approximately 13 mps to 26 mps (hourly 

mean at gradient height). The results of these tests are shown in Table 

10. 

The rms accelerations x, y, z were calculated by the on-line com

puter directly from accelerometer signals, as described in Section 3.4. 

The total rms acceleration is the square root of the sum of the squares 

of these three values; this relationship is derived in Appendix B. 
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5. DISCUSSION 

5.1 Flow Visualization 

Flow patterns identified with smoke showed that the highest pres-

sures would occur near the corners of the buildings, particularly near 

the building roof level and near ground level. These pressures are due 

to flow separation phenomena and, near the roof and ground, due to vor-

tex formation. Winds in the pedestrian environment about the base of 

the two buildings indicated that the highest winds were near the acute 

angle corners of each building. Wind speeds near building entrances 

appeared to be low. 

5.2 Pedestrian Winds 

Figure 4 shows the 21 locat1ons se1eccea for investigation of 

pedestrian wind comfort. Location 1 was selected as a reference loca-

tion which would remain essentially undisturbed by presence of the two 

Gateway Towers in the current project. Table 2 and Figure 10 show that 

the largest values of mean velocity were measured at locations 19, 16, 

8, 3 and 18 with values ranging from 73 to 79 percent of the mean velo-

city, U00 , at the boundary layer height. Four of these locations are at 

the acute-angle vertices of the two towers. For comparison, the largest 

mean velocity measured at reference location 1 was 59 percent of U00 ; an 

open-country environment might expect a mean velocity of 40 to 45 per-

The largest value of fluctuating velocity, U , was measured at rms 

location 5 with a value of 27 percent of U00 • All other locations had 

maximum values of 23 percent or less. An open-country environment might 

expect a value of 10-12 percent. Values up to 25 percent are common 

near tall buildings. The largest values of peak gust, represented by 

the mean plus three rms as discussed in Section 4.2, were measured at 
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locations 5, 8 and 21 with values ranging from 129 to 131 percent of U00 • 

for comparison, the largest value at reference location 1 was 115 per

cent of U00 while an open-country location might expect an effective peak 

gust of 75 to 85 percent of U00 • 

Velocity data of Table 2 integrated with local wind data listed in 

Table 3 are shown in Figure 11. Based on the data of this figure, the 

windiest locations are predicted to be locations 3, 16, 18, 19, and 20. 

Four of these five locations are at the acute-angle vertices of the two 

towers. The five locations are predicted to be uncomfortable for walk

ing less than 5 to 7 percent of the time. Other areas about the build

ings are generally less windy than the reference location 1. Wind 

speeds near the entrances to the towers (locations 6, 7, 12, 13) are 

predicted to be quite low. 

The results of the pedestrian wind analysis showed that the pedes

trian wind environment about the Gateway Towers should be generally 

acceptable and that wind speeds should be of minor concern to users of 

the building. 

5.3 Pressures 

Table 6 shows the largest peak pressure coefficients and 

corresponding loads measured on the building for each pressure tap loca

tion. Data identified as Configuration A in Table 6 and Appendix A 

represent data obtained at all tap locations for 36 wind directions. 

Configuration B represents data obtained at selected taps at 2-degree 

azimuthal increments near azimuths where large pressure peaks were 

observed in Configuration A to ensure that the largest peaks were 

obtained. The largest peak pressure coefficient measured on the build

ing was - 3.66 measured at tap 1229 near the acute-angle corner on the 
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west face of Tower 1. Other high-pressure taps were also located near 

the acute-angle corners on both towers. The largest pressure coeffi

cient represented, using the 50-year recurrence wind reference pressure 

of Table 5, corresponds to a peak cladding pressure of - 2820 Pa. Data 

of Configuration B showed that repeat measurements of three of the 

high-pressure taps resulted in higher pressure loadings than were meas

ured during the Configuration A data run. These differences were caused 

by the broad statistical distribution of the peak pressures and are 

within the natural variability to be expected in peak pressures near the 

acute-angle corners. 

Figure 10 shows that most areas of the two towers had peak negative 

pressures (outward-acting) in the 1000 to 2000 Pa range. Most peak 

positive pressures were less than 1000 Pa. These rather modest wind 

loads were due to the relatively low wind speed selected for the design 

wind. 

Figure 13 shows load, shear and moment distributions plotted from 

Table 1 for the largest loads in the X and Y directions. As is fre

quently the case, a base shear or moment maximum for one coordinate axis 

is accompanied by a substantial shear or moment for the orthogonal axis. 

5.4 Forces and Moments 

Base moments obtained from the aeroelastic model tests were 

presented in Figures 16, 18, and 19. The peak values in Figure 18 have 

been "smoothed" by removing the statistical variation inherent in the 

measurement of peak values (see Section 4.4). These data were obtained 

at a wind velocity corresponding to 35 m/s at full scale for all wind 

directions, and represent the best possible estimate of peak moments 

corresponding to this velocity. 



30 

To obtain the variation of moment and shear force with height, the 

integrated mean surface pressures were multiplied by dynamic response 

factors observed in the aeroelastic tests. This procedure was discussed 

in Section 4.4, and the results are given in Table 7. It must be noted 

that at certain wind directions the total mean force is near zero, and 

at these directions a large relative discrepancy may exist between the 

mean moment obtained by integrating the pressure data and that measured 

in the aeroelastic model. When the former is multiplied by an 

aeroelastically-determined 

estimated peak response, 

dynamic response factor to obtain an 

the same relative error exists between this 

estimated peak and aeroelastically-measured peak. Thus the estimated 

peak for these wind directions may be invalid and obviously misleading; 

such values have been lined out in the summary page of Table 7. 

All of the results discussed thus far have been based on a wind 

velocity of 35 m/s, and a moderately low, damping ratio. The influence 

of velocity and damping for selected wind directions was presented in 

Figure 19. 

Some general observations regarding the directional dependency of 

the building's dynamic response are of interest. It is a common pro

cedure in building codes to design a tall frame based on an equivalent 

static load, which is computed as the actual mean, or static, load mul

tiplied by a gust response factor. The mean load is by definition in a 

direction parallel to the wind, and the gust response factor is identi-
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governing condition; in fact, the cross-wind response of a tall building 

is sometimes greater than the along-wind response. 

For buildings not possessing radial symmetry, the maximum response 

both mean and dynamic - generally occurs at some intermediate wind 

direction. This is indeed the case for the Gateway Towers, as shown by 

the aeroelastic response data of Tower 1. 

Consider the response of Tower 1 about the x-axis (motion parallel 

to the short axis), referring to Figures 16 and 14. The maximum mean 

response occurs at wind direction (WD) 220°, and is generally largest 

from about 190° to 220°. This is nearly the along-wind direction, but 

is shifted counter-clockwise slightly so that the short oblique building 

face appears more nearly broadside. The fluctuating response is also 

fairly high at these wind directions due to gust buffetting, and the 

resulting peak moments represent governing conditions. Similar data 

would ordinarily be expected when the wind is exactly opposite this 

direction, i.e. 10° to 50°. Due to the shielding offered by Tower 2, 

however, which is directly upwind at these directions, the mean response 

is dramatically reduced. At WD 50°, in fact, Tower 1 lies directly in 

the wake of Tower 2, and is even drawn slightly towards Tower 2. The 

peak response is nearly as high as at WD 220°, however, in contrast to 

the mean; this is due to the large amount of turbulence in the wake. 

The net effect is that neither tower offers any real protection for the 

other; in fact the fluctuating response, and therefore acceleration, is 

maximum here. There is also a high fluctuating response at WD 270° to 

300°, which is essentially a cross-wind response. The mean response is 

displaced somewhat from zero, because the building's shape acts as an 

airfoil with positive lift. The shape is not entirely streamlined, how-
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ever, and the flow certainly separates from it as it rounds the left

hand corner. This results in an unstable lift force, an effect referred 

to as stall flutter in an airfoil. Thus the peak response, though not 

governing, is abnormally high at this wiad direction. 

Response about the y-axis is similar, as can be seen in Figure 16. 

The maximum response, both mean and peak, occurs near WD 0° or 180°, 

which is shifted away from the along-wind direction. This is entirely 

due to the shape of the building, which is relatively streamlined in the 

along-wind direction. The y-response is determined almost entirely by 

the pressure on the short oblique building faces, which would be maximum 

when the wind direction is perpendicular to these faces. This occurs at 

WD 5° and 185° • When Tower 2 is upstream, at WD 50° , the y-response is 

affected just as the x-response was: near zero mean, due to shielding, 

but very high fluctuations, due to turbulent wake buffetting. The peak 

response, in fact, is equal to that at 0° and 180°. 

The torsional response of Tower 1, shown in Figure 16, can be 

explained with the aid of Figure 20. Figure 20 {a) indicates the effect 

of a wind normally incident on a rectangular building. A zone of nega

tive pressure, indicated by arrows, exists in the region of separated 

flow immediately behind the two windward corners. If the wind is now 

shifted a small amount as indicated in (b), the pressure in these two 

areas becomes unbalanced, with the high negative pressure occurring on 

the lower side as shown. This inbalance results in a positive tortional 

moment ~· 

This negative pressure is a result of the flow's effort to "turn 

the corner"; the flow is separated and must eventually return to the 

building surface, or at least return to its original line of flow. It 
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is the negative pressure which causes the streamlines to bend and be 

drawn back towards the surface; in fact the magnitude of the pressure is 

proportional to the curvature of the streamlines. 

If the shape of the building were a parallelogram, as shown in (c), 

this effect would be much reduced. The shape is now more streamlined 

for this wind direction, and the degree of separation is much less. 

Instead, the phenomena is more dominant if the wind were in its original 

direction as in (d), i.e. more nearly perpendicular to the windward 

face. In (d) the actual wind directions as they apply to Tower 1 are 

indicated, and it can be seen that this effect would occur at WD 140° 

just as at 320°, and also at 90° or 270° in which case the induced tor

sional moment would be negative. Referring to Figure 16, this is pre

cisely what the data indicates. 

5.5 Accelerations 

It is generally agreed that acceleration provides the best measure 

of possible human discomfort due to motion in tall buildings; however, 

there is a very little data available by which this issue can be judged 

quantitatively. The best guidelines currently available are due to two 

research studies. Reed et al (15) measured the acceleration response of 

two buildings in two separate storms, and evaluated the corresponding 

human response through questionnaires and interviews with the building's 

occupants. Conclusions were drawn as to how often the measured levels 

of acceleration could occur with a given level of objection. In the 

second study, Chen and Robertson (16) simulated an office environment 

within a cubicle which could be moved horizontally. The intent of this 

program was to determine the minimum level of acceleration which could 

be sensed by humans. This "threshold. of perception" was found to vary 
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with many factors, including inherent variation from person to person, 

whether the person had been previously conditioned to the type of 

motion, and the frequency of motion. A procedure was presented by which 

any desired threshold level--in terms of percentage of an average cross 

section of people responding--can be estimated, as a function of fre

quency. 

To compare these results to the predicted motion levels of the 

Gateway Tower 1, the acceleration data of Table 10 has been plotted in 

Figure 21. These graphs show various levels of total rms acceleration 

on the top floor (as derived in Appendix B) plotted against the number 

of times per year that such a level is expected to occur, for four dif

ferent wind directions. Two plots are given, corresponding to two dif

ferent values of structural damping. The exact damping which will be 

present in the completed building cannot be predicted, but will almost 

certainly be between these two extreme values. 

The horizontal dashed lines in the lower right-hand corner 

represent acceleration levels, computed for the average natural fre

quency of the building, representing the lower limit of perception by 2 

percent and 10 percent of the average population. The figures indicate 

that, even at the lowest value of damping, 2 percent of the top floor 

occupants will be able to perceive the motion no more than one or two 

times per year. 

The solid data points so indicated represent suggested design cri

teria based on reference {15). They represent top-floor acceleration 

levels at which 2 or 10 percent of the occupants in the top one-third of 

the building would find "objectionable" {as ·opposed to perceivable) if 

it occurred at the frequency indicated. According to this criteria, the 
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building's motion is expected to be within comfortable limits. In an 

extreme situation, 2 percent of the top-floor occupants might detect 

motion about once per year for winds with an azimuth of approximately 

100 degrees. 

At very low frequencies of occurrence (i.e., high acceleration lev

els) no data are available by which to judge the human response issue. 

It is generally agreed, however, that performance-type criteria such as 

occupant comfort should be based on events which occur relatively fre

quently, say at least once per year. 

In conclusion, therefore, the building motion is expected to be 

generally acceptable, even at a very low value of damping. At a more 

probable value of damping, the motion level should be acceptable to more 

than 98 percent of the building's occupants. The motion should be per

ceivable, if at all, no more than once per year for 2 percent of the top 

floor occupants. Finally, it is cautioned that these conclusions are 

based on a very limited amount of research and field data, which 

nevertheless represent the best criteria available. It is expected that 

no problems should be experienced due to wind induced motion. 



36 

REFERENCES 

1. Cermak, J. E., "Laboratory Simulation of the Atmospheric Boundary 
Layer," AIAA Jl., Vol. 9, September 1981. 

2. Cermak, J. E., "Applications of Fluid Mechanics to Wind Engineer
ing," A Freeman Scholar Lecture, ASME Jl. of Fluids Engineering, 
Vol. 97, No.1, March 1975. 

3. Cermak, J. E., "Aerodynamics of Buildings," Annual Review of Fluid 
Mechanics, Vol. 8, 1976, pp. 75-106. 

4. Whitbread, R. E., "Model Simulation of Wind Effects on Structures," 
Proceedings of Symposium on Wind Effects on Buildings and Struc
tures, Teddington, pp. 281-302, 1963. 

5. Bienkiewicz, B., Cermak, J. E., and Peterka, J. A., "Scaling of 
Building Models for Wind-Tunnel Test," (to be published). 

6. Penwarden, A. D. and Wise, A. F. E., "Wind Environment Around 
Buildings," Building Research Establishment Report, HMSO, 1975. 

7. Melbourne, W. H., "Criteria for Enviromental Wind Conditions," Jl. 
Industrial Aerodynamics, Vol. 3, 1978, pp. 241-247. 

8. American National Standards Institute, "American National Standard 
Building Code Requirements for Minimum Design Loads in Buildings 
and Other Structures," ANSI Standard A58.1, 1972. 

9. Hollister, S. C., "The Engineering Interpretation of Weather Bureau 
Records for Wind Loading on Structures," Building Science Series 
30--Wind Loads on Buildings and Structures, National Bureau of 
Standards, 1970, pp. 151-164. 

10. Peterka, J. A. and Cermak, .J. E., "Peak-Pressure Duration in 
Separated Regions on a Structure," U.S.-Japan Research Seminar on 
Wind Effects on Structures, Kyoto, Japan, 9-13 September 1974; 
Report CEP74-75JAP-JEC8, Fluid Mechanics Program, Colorado State 
University, September 1974. 

11. PPG Glass Thickness Recommendations to Meet Architect's Specified 
1-Minute Wind Load, Pittsburgh Plate Glass Industries, April 1979. 

12. Shand, E. B., Glass Engineering Handbook, Second Edition, McGraw
Hill, New York, 1958, p. 51. 

13. Batts, M. E., "Hurricane Wind Speeds in the United States," Build
ing Science Series 124, National Bureau of Standards, 1980. 

14. Thom, H. C. S., "New Distributions of Extreme Winds in the Unit·ed 
States," Jl. of the Structural DivisiQn, ASCE, July 1968, pp. 
1787-1801. 



37 

15. Hanson, R. J., Reed, J. W., and Vanmarcke, E. H., "Human Response 
to Wind-Induced Motion of Buildings," J1. of the Structural Divi
sion, ASCE, Vol. 99, No. ST7, Proc. Paper 9868, July, 1973, pp. 
1589-1605. 

16. Chen, P. W. and Robertson, L. E., "Human Perception Thresholds of 
Horizontal Motion," Jl. of the Structural Division, ASCE, Vol. 98, 
No. ST8, Proc. Paper 9142, August, 1972, pp. 1681-1695. 



38 

FIGURES 



~----------------------------80------------------------------------~ 

I 

'I~ li 
a.. 

""' U) 

SMALL WIND 
TUNNEL 

JET 
FACILITY 

([::• 1 - a I I -iJ -1 1 III 

WIND TUNNEL-FLUME FACILITY 

INDUSTRIAL AERODYNAMICS WIND TUNNEL 

Figure 1. FLUID DYNAMICS AND DIFFUSION LABORATORY 
COLORADO STATE UNIVERSITY 

,... 
.... _,_ 

o:! wu 
~if w.,_ 
ccn 

"' .... 

z..J 2w 
~~ 
Q:;:, 
i:t
.,Q 
Zz c-a:• .... 

THERMAL STRATIFICATION 
WINO TUNNEL 

ALL DIMENSIONS lN rntlters 

It') 

U) , w 
\0 



,-
I 
I 
I : 

I 

~I 

L 

r 
I' 

I' , 
I' 

' ' ' \, 

I' Air Flow 

"~-
I' , 

I' , 

' " L_ 
' ' 

Screens 

28.04 

75 H.P 

18.29 
Test Section 

-
Upwind RouQhness Elements 

PLAN 

l 
' " 

en ,., 
c.O 

~~ 
. ,/ 

,/ 

,/ _..J 

BuildinQ Model Turn 

QS Up 

-----0 2 3 4 5 
Scale,m 

able 

ntable 

I' 7.30 ., 

~ "A!~~~~~-~'---~ a --,.,: 1' ~ :: 

_..._ ___ JIL ______ ....JIL---

0 
~ 

' t\1 ...: 

_.-~-_,__ 

All Dimensions an m 

ELEVATION 

INDUSTRIAL AERODYNAMICS WIND TUNNEL 

Figure 2. Wind-Tunnel Configuration 

,.J::--
0 



parapet width = (.15) 5.0 

Model seale = I I 400 
Dimensions in full scale feet 
and model inches. 

333.3 
(10.0} 

83.3 83.3 
(2.!5) (2.5} 

30.0 
(.9} 

w~~04~ 
(2.5) 83.3 

30.01(.9) 1908 I 
0 ---

m~R -~--~1 II (4.9}1163.3 TOWER 2 
0 

0 1901 

~/N 
2907 0 

1905 2905 
1909 ~II I 0 

2908 
0 

·~·r--' (.55) 118.3 -
{.90) 130.0 

'J v 

~ 
I 

Roof View 31.7 183 
( { Struc1urol Dimensions) (.95) 55) 

Figure 3a. Pressure Tap Locations 

(7.4) I 246.7 

~ 
1-' 



(IA)I46.7 

(1.1)136.7 

// oJf_ 
(2.0) 66.7 

20.0r6l 11.7(.35)m 
0 typ. 0 

Tow~ 2 °Jj~ 
~ 

0 
N 

0 II (1.8} 160.0 
66.71(2.0) 

Tower I 
0 

II 
~~ _,__ 

(.2) 6.7 II 0 

Roof View 
( Tap Dimensions) 

Figure 3b. Pressure Tap Locations 



Note a 
Top elevations ere the same 
for all views 

0 0 

1107 0 0 0 

1113 0 

43 

0 

0 

00 1106 

00 1112 

3.3(.1 
typ. 

0 0 1118 

. 31.7 31.7 31.7 
(.g)) (.95) (.95) 

I? 00 1124 

1125 0 0 0 00 1130 

1131 0 0 0 00 1136 

0 0 

0 0 

0 1149 
-(.55)18.3 
0 0 

Tower I - North Elevation 

___ {14.4)480.0 
---{14.2)473.3 

---{12.2)406.7 

---(11.1)370.0 

(8.9)296.7 

(6.7) 223.3 

---(4.5) 150.0 

(2.3)76.7 

{1.2)40.0 

t7)23.3 
(.2)6.7 
0 

Figure 3c. Pressure Tap Lo~ations 



44 

1201 00 0 0 0 OCl 1207 

12 08 00 0 0 0 00 1214 

215 00 0 0 0 00 1221 

Kl ) 31.7 40.0 40.0 31.7 
~~ (,g;) (1.2) (1.2) (.95) 

222 00 0 0 0 00 1228 

229 00 0 0 0 0~ 1235 

236 00 0 0 0 00 1242 

243 00 0 0 0 00 1249 

250o 0 0 ol253 

254 00 0 0 0 oc 1260 

Tower 1- West Elevation 

Figure 3d. Pressure Tap Locations 



45 

116.7 1..-

(3.5) 

--~~?R ( 1.3) . ~ 

I 
( 1301 PO 0 ~0 0 0 oo 1 309 

1310 po 0 00 0 0 ool 318 

1319 00 0 00 0 0 ool 327 

10.0(.3) ~ ~" (.3) 10.0 

1328 00 0 00 0 0 oo I 336 

1337 po 0 00 00 ool 345 

1346 00 0 00 oo oo I 354 

I~ po 0 00 oo 001 363 

13640 0 0 0 ol 368 

I 1369 po 0 po 00 ool 377 

Tower I - South Elevation 

Figure 3e. Pressure Tap Locations 



46 

140100 0 0 0 0 Cl 1407 

1408 00 0 0 0 001414 

1415 00 0 0 0 OCl 1421 

1422 00 0 0 0 0 0 1428 

1429 00 0 0 0 0 0 1435 

1436 00 0 0 0 0 01442 

1443 00 0 0 0 0 Cl 1449 

14500 0 0 01453 

1454 00 0 0 0 ·11461 
note; tap 1461 also shown on the ~h E lavation 

Tower I - East Elevation 

Figure 3£. Pressure Tap Locations 



2101 po 0 

2107 p 0 0 

2113 0 0 0 

2119 0 0 0 

2125 0 0 0 

2131 00 0 

2137 00 0 

2143 0 0 

2150 00 0 

0 

0 

0 

0 

0 

0 

0 

0 

2147 0 

ol! 
T 

2254 

47 

00 2106 

00 2112 

oo 2118 

00 2124 

00 2130 

00 2136 

00 2142 

0 2146 

00 2149 

lo ol 2155 

Note: 
Tap locations and dim 
the same for tower 2 

Tower 2 - North Elevation 

Figure 3g. Pressure Tap Locations 



48 

2201 0 0 0 0 0 0 2206 

2208 0 0 0 0 0 0 c 2214 

2215 0 0 0 0 0 0 0 2221 

2222 0 0 0 0 0 0 0 2228 

2229 00 0 0 0 0 0 2235 

2236 00 0 0 0 0 0 2242 

2243 00 0 0 0 0 0 2249 

2250 0 0 0 0 2253 

2254 I· I 0 0 0 0 0 0 0 2261 
~------~-----u----------------------------~ 

note: top 2254 also shown on the North Elevation 

Tower 2 -West Elevation 

Figure 3h. Pressure Tap Locations 



2301 

2310 

2319 

2328 

2337 

2346 

2~ 

2364 

2369 

00 0 0 

00 0 0 

00 00 

00 0 0 

00 0 0 

00 0 0 

00 0 0 

0 0 0 

00 0 0 

49 

000 00 'Z309 

000 00 2318 

loo 0 00 2327 

looo 00 2336 

OCl 0 OCl 2345 

000 00 2354 

OCl 0 00 2363 

0 o2368 

OClO 00 2377 

To.ver 2 - South Elevation 

Figure 3i. Pressure Tap Locations 

( 

" 



50 

2401 00 0 0 0 0 2 

2408 00 0 0 0 0 221 3 

241!5 00 0 0 0 00 ~· 

2422 00 0 0 0 00 2 

2429 00 0 0 0 00 24 

Z436 00 0 0 0 00 2442 

2443 00 0 0 0 00 2 449 

2450 0 0 0 00 24 

a45l5 00 0 0 0 0 0 246 

Tower 2 - East Elevation 

Figure 3j. Pressure Tap Locations 



51 

N 

37.5m 

y 

Z up 

Tower One 

Z = 0 at ground floor 

Figure 3k. Pressure Tap Locations 



52 

X 

12.7m 

N 

37.5m 

y Z up 

Tower Two 

Z = 0 at grOllld floor 

Figure 31. Pressure Tap Locations 



53 

NOTE= ALL MATERIAL IS ALUMINUM 

0 

II 
II 
I I 
II 
II 
II 

{ II 
ALUMINUM ! I 

• SKIN (.006-.010) 
(2 PIECES)l I I 

J II 
II 
II 

0 

I 
ol 
I 

:I 
II 
II 
II 
II 
II 

I 
I 
10 
I 
I 
10 
I 
I 
I• 
I 
I 
J• 
I 
I 
I• 
I 
I 
I• 
I 
I r 
I 

----~~~-~~~~-1_·~ 

0 0 0 

0 

0 

0 

0 

0 

0 

0 

0 0 0 

VARIABLE TO ADJUST 
z- AXIS STIFFNESS 

EXISTING SPRING a BASE 

lt4 - 20x 20" STEEL ROD 

Figure 4. Aeroelastic Model 



ADJUSTABLE SPRING 
CLAMP FIXTURE 

ALUMINUM 
BASE PLATE 

BUll T- UP SURROUNDINGS 
0 

STEEL 
BASE RING 

54 

0 0 

0 0 

TOP VIEW 

BUILDING MODEL 

MODEL BASE DIAPHRAGM 

z {TORSIONAL ) SPRINGS 

x {BENDING ) SPRING 

OF WIND 
TUNNEL 

ADJUSTABLE SPRING 
CLAMPS 

ELEVATION 

y (BENDING ) SPRING 

BUILDING 
MODEL ABOVE 

Figure 5. Base Fixture for Aeroelastic Model 



Model Radius= 381m 

Figure 6. Building Location and Pedestrian Wind Velocity Measuring Positions 

V1 
V1 



Figure 7. Completed Model in Wind Tunnel 



57 

Figure 7. Completed Model in Wind Tunnel 
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Figure IOh. Mean Velocities and Turbulence Intensities 
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Figure IOj. Mean Velocities and Turbulence Intensities 
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Figure 20. Influence of Reduced Velocity and Damping 
on Building Response 



5 

(!)4 
E .. 
z 
0 

!i 
0::3 
w 
..J 
w 
(J 
(J 
<( 

~2 
a:: 
..J 

~ 
0 .,_ 

\ \ 

\ \ 
\ \ 
\ \ 
\ \ 
\ \ 
\ \ 
\ \ 

DAMPING RATIOS: 

Cx =0.014 

Cy =0.017 

Cz =0.024 

WIND DIRECTION: 

0 50° 

0 soo 
6 100° 

<> 330° 

FIELD DATA FROM REF (15) 

• 2 °/o OF PEOPLE OBJECTING \ \ 
\ \\ 

\ \ THRESHOLD OF 

• I 0°/o OF PEOPLE OBJECTING 

'. ----~----:~RCEPTIO~REF116]_ 
~ 'IO% 

"-, .,- 2°/o __________ £__ ________ _ 

0 . I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I r 

0. 0 I 0.1 1.0 I 0.0 100.0 

NO. OF EVENTS PER. YEAR 

Figure 2la. Top Floor Acceleration According to Frequency of Occurrence 

1--1 
1--1 
+:--



\ DAMPING RATIOS: WIND DIRECTION • \ Cx = 0.008 0 50° 

\ Cy = o.oo8 0 60° 

\ Cz = 0.016 6 100° 

(!)4 \ <> 330° 
E \ .. 

FIELD DATA FROM REF (15] z \ 0 
• 2°/o OF PEOPLE OBJECTING 1- \ 

~3 \ • 10°/o OF PEOPLE OBJECTING 
I.&J 
...J \ I.&J 
(.) \ THRESH OF 
(.) 

'\ PERCEPTION (16] ct 

~ 2 ---------,-. -------- !---' 
!---' 
VI 

0:: 10°/o 

...J " c_2°/o 

~ 
----- --------

0 
1-

O' I I I I I I I II I I I I I' Ill I I I I I I I II I I I I I I I II 

0.01 0.1 1.0 10.0 100 

NO. OF EVENTS PER YEAR 

Figure 2lb. Top Floor Acceleration According to Frequency of Occurrence 



116 

TABLES 



117 

Table 1 

MOTION PICTURE SCENE GUIDE 

1. Introduction 

2. Purposes for model testing 

3. Procedures for conducting tests 

4. Specific flow visualization scenes for Gateway Towers 

Run 

1 
2 
3 

High Pressure Areas 

Pressure Tap 

1229, 1244 
2260 
2260 

Azimuth, 0 

330 
130 
140 

High Pedestrian Wind Velocities 

Run 

4 
5 

Pedestrian Location 

19 
16, 8 

Azimuth, 0 

45 
202.5 



TABLE 2--PEOESTRJAH YJHO YELOCJTJES AHO TURBULENCE IHTEHSITIES 

GATEWAY PROJECT TOYERS 

LOCATION 1 lOCATION 2 

YIHD U"EAH/UIHF URftS/UIHF UftEAH+J•URMS/UIMF WlHD UMEAH/UIHF URMS/UIMF UMEAH+3*URMS/UINF 
AZIMUTH <PERCENT) <PERCENT) (PERCENT> AZIMUTH <PERCENT) <PERCENT> (PERCENT) 

0.00 ~H. 4 1 l . 3 88.3 0.00 15.2 6.1J 35.9 
22.50 ,7.2 1 0. 1 87.5 22.50 15.2 e .. 6 34.' 
45.00 40.6 13.0 79.7 45.00 17.3 7.3 3'L 1 

67. '0 19.0 9.3 47.0 67.50 17.8 e.~ 43.4 
90.00 1 '. 1 7.2 37.8 90 00 21 . ' 10.6 53.6 

11 2. 50 18. 1 9.8 4 7. 5 112.50 24.0 11 . 4 58.2 
135.00 16.3 7.5 38.7 13~.00 16.0 7.9 39.6 
157.~0 28.5 11 . 7 63.e 15 7. 5 c· 26.7 10.2 57.3 
180.00 48.£ 18.9 105.2 180 0., 34.6 12.6 72.5 
202.50 59. 1 18.6 115. 0 202.20 22.4 11 . 2 56.0 
225.00 45.6 1£.8 95.9 225.00 17.6 7.7 40.7 
247.50 24.9 12. 1 61. 2 247.50 26.5 11 . 1 59.7 
270.00 3£.3 1 1 . 1 69.7 270.00 22.1 9.9 51 . 9 
292. 50 28.4 10. 2 58.9 292.50 1'. f. 7.8 43.1 ....... 
315.00 43.0 13.7 84. 1 315.00 21 . 9 8.6 47.8 ....... 
337.50 50. 1 12. e 88.6 337.50 19. 1 8. 1 43.4 00 

LOCATION 3 LOCATION 4 

UIHD UMEAH/UJHF URftS/1.1 I HF UftEAH+3*URMS/UJHF WlHl> U" E AH /l! I HF UR,S/UIMF UMEAH+3*URMS/UJHF 
AZIMUTH ( PERCEtH > <PERCENT) (PERCENT) AZIMUTH (PERCENT :• (PERCENT) (PERCENT) 

0.00 42. 1 14.9 86.7 0.00 27.2 12. 1 63.!5 
22.~0 6~.f, 13.8 107. 1 22.~0 22.8 12.8 '1 . J 
45.0(1 77.9 12.£ 115.5 45.00 t2. 9 5.2 28.4 
67.~0 57.~ 15. e 10 ... 8 67.50 u ... 10.1 "'·e 
90.00 71.1 12.S 109.4 90.00 22.1 9.3 49.9 

112. ~0 70.6 11.2 104.2 112.~0 19.6 9.7 48.9 
13~. 00 44., 11.' 79.3 135.00 18.1 8.7 44.2 
1,7.50 32.2 14.3 75. I 157.50 31 .0 13.4 7 J • 1 
180 00 17.2 8.3 42. 1 180.00 13.6 5.5 30.1 

202. 50 22.9 10.5 54.5 202.50 18.9 9.3 46.8 
225.00 21.0 9.4 44Ji.O 225.00 32.1 14.1 74.5 
24 7. 50 48.8 13. 1 88.2 24 7. 50 21 . 0 7., 44.7 
270.00 59.8 10.7 91. 8 270.00 22.8 8.7 49.0 
292.50 54.9 10.0 .84.8 292.50 19.0 i.4 38.2 

31~.00 47.6 !3.3 87.7 31!5.00 20. 1 7.6 42.9 

337.50 HI. 1 8.5 43.t. 33 7. 5 y 27.2 11 . 2 60.8 



TABLE 2--PEOESTRJAN IJNO VELOCITIES AHO TURBULENCE INTENSITIES 

GATEWAY PROJECT TOWERS 

LOCATION 5 LOCATION ' 
lUND UNEAN/UIHF URNS/UIHF UftEAN+3•UR"S/UIHF WIHD UftE AH/U I NF UR"S/UIHF U"EAH+J•UR"S/UINF 

AZiftUTH <PERCENT> <PERCENT> <PERCE NT) AZ I ftU TH <PERCENT> <PERCENT> <PERCENT> 

0.00 19.8 7.5 42.4 0.00 28.9 l1 .6 63.8 
22.50 39.5 u .. 0 87.6 22.50 28.7 14.2 71.2 
45.00 32.3 17. 6 85.0 45.00 14.7 6.7 34.8 
67.50 31.3 15.8 78.6 67.50 19.6 10.0 49.7 
90.00 28.4 12.5 65.8 90.00 32.4 11 . 2 66.1 

112. 50 30.8 12.6 68.6 112.50 19.6 9.3 47.4 
l35. 00 18.8 9. 1 46. 1 135.00 23.0 10.3 53.8 
157.50 49.0 27.2 130. 7 157.50 28.2 15.4 74.3 
180. 00 65.7 21. 5 130.3 180.00 12.6 5.7 29.8 
202.50 38.5 21.2 102.2 202.50 13.2 6.6 33.1 
225.00 24.4 12. s 60.7 225.00 26.4 14.' 70.3 
24 7. 50 35.0 19.3 93 0 1 247.5(1 34.6 13.5 75. 1 
270.00 42.0 17.0 92.9 270.00 20.7 8. 1 44 9 
292.50 34.9 15.3 80.8 292.50 28.8 9.0 55.7 

1--' 
315.00 34.7 16.3 83.5 315.00 29.6 9.5 58.1 1--' 
337.50 17.0 7.3 38.9 337.50 29.0 11.3 62.9 tO 

LOCATION 7 LOCATION 8 

WINO UJtEAN/UINF URftS/UINF UftEAN+3•UR"S/UINF IIHI> UHEAH/U I Nf UR"S/U I NF U"EAH+l*U~"S/UINF 
AZJftUTH (PERCENT) <PERCENT) <PERCENT> AZ I ftUTH <PERCENT> <PERCENT> <PERCENT> 

0.00 1!.8 5. 1 27.0 0.00 28.2 10.7 60.3 
22.50 15.0 6.8 35.4 22.!50 21 . 8 10.0 51 . ' 
45.00 8. t 2.8 16.:S 45.00 18.2 7.0 39.3 
67.50 12.2 5.6 28.9 67.5i) 27.5 14. I 69.7 
90.00 t 7. 1 7.9 40.8 90.00 19.2 9.7 48.3 

112. 50 10.7 4.4 24.0 112.50 22.8 11.' 58.5 
135. 00 12.0 5.8 29.2 135.00 42.2 15.7 89.3 
157.50 11.4 5.5 28.0 157.5Y 66. 1 9.4 94.2 
180.00 8.5 2.9 17.2 180.00 73.2 12.0 109.3 
202.50 7.5 2.9 16.2 202.50 79.8 16.6 128.7 
225.00 9.6 3.7 20.6 225.00 51 . 7 21 . 7 116.8 
247.50 25.4 11. 1 58.9 247.50 39.3 17.3 ". l 
270.00 24. 1 10.8 ,,,4 270.00 51.2 9.9 81.0 
292.50 23.6 9.6 52.3 292.:50 57.1 12.4 94.2 
315.00 21.0 8.6 46.8 315.00 46.0 12.4 83.1 
337.50 20.6 9.3 48.5 337.50 27.8 10.6 5,.7 



TABLE 2--PEDESTR!AH WIND VELOCITIES AND TURBULENCE INTENSITIES 

GATEWAY PROJECT TOYERS 

LOCATION 9 LOCATION 10 

WIND URERH/UINF URRS/U JNF UREAH+3•UR"S/UINF WIHD Uft£ AHIU I HF UR"S/UIHF UftEAH+l*UR"S/UIHF 
AZI"UTH <PERCENT) C PERCENT) CPERCEHT) AZ I ftUTH <PERCENT> <PERCENT> <PERCENT> 

0.00 43. 1 16.6 93.0 0.00 26., 13.4 66.6 
22.:50 44.4 17.0 95.3 22.50 2,.4 10.8 58.8 
45.00 26.8 14.0 68.8 45.00 38.4 13.5 78.9 
67.:50 29.4 13.6 70.2 67.50 26.8 t3 .0 65.8 
90.00 43.6 15.8 91.0 90.00 37.5 16.4 86.8 

112. :50 38.9 14.6 82.5 112.50 27.2 14.2 69.9 
135. 00 15.7 6.7 35.9 135.00 17.6 7.6 40.5 
157.50 24.8 12.2 '1. 3 157.50 22.4 11 .2 56.1 
180. 00 39.0 12.6 76.9 180.00 26.6 12.4 63.7 
202.50 2t.8 10.3 52.5 202.50 26.3 12.' £3.8 
225.00 22.3 ll. 4 56.4 225.00 24.3 11 . 1 57.6 
247.50 40.4 18.7 96.6 24 7. so 31 . 9 13.0 70.8 
270.00 52.7 17. 2 104.2 270.00 24.8 10.6 56.6 
292.50 :50. 1 16.2 98.7 292.50 25.3 12.7 63.4 ...... 
315.00 39.6 13.9 81.2 31S.OO 20.1 9.3 47.9 N 

337.50 33.9 12.7 7 J . 9 337.50 21 . 3 11 . 4 55.4 0 

LOCATI OH 1 1 I,.OCATIOH 12 

WIND UHERH/UJHF URHS/UIHF UHEAH+3•URHS/UINF WIND UfiEAH/U I NF UR"S/U I NF U"EAN+3•UR"S/UIHF 
AZUUTH <PERCENT> <PERCENT> <PERCEHT> AZ J RUTH <PERCENT) <PERCENT> <PERCENT l 

0.00 54.9 t 0.' 86.5 0.00 24.4 9.5 52.8 
22.50 52.7 13.4 92.9 22.50 25.2 9 . 1 52.£ 

45.00 20.3 9.2 47.9 45.00 25.6 t 1 . 1 59.0 
67.50 33.5 17.4 85.7 67.50 13.8 6.9 34.5 
90.00 71.9 11.5 106.4 90.00 9.3 3.2 ., . 0 

112. 50 66.5 10.6 98.4 1t 2. 50 10.4 4.5 23.9 
135.00 37.8 11.7 72.9 135.00 13.8 7.2 35.4 
157.50 18.7 8.2 43.3 157.50 12.4 5.5 29.0 
180.00 19.0 9.3 46.8 180.00 18.8 8.4 4ot.l 
202.50 15.5 7.1 36.7 202.50 15.3 6.4 34.5 
225.00 16.6 7.4 38.7 225.00 10.1 3.9 21 . 7 
247. so 25.9 t 0. 1 56.2 24 7. 50 12.8 '. t 31.0 
270.00 23.7 9.7 52.8 270.00 15.6 7.0 36~. 5 
292.50 35.9 12.7 74.0 292.50 23.6 9. 1 51.0 
315.00 36. 1 13.9 77.8 315.00 30.2 11 . 2 63.9 
337.50 45.0 11.3 78.8 337.50 22. t 8.4 47.1 



TABLE 2--PEDESTRIAN UIHD VElOCITIES AND TURBULENCE IHTEHSITJES 

GATEWAY PROJECT TOWERS 

LOCATl ON 13 LOCATION 14 

WINO UNEAN/UIHF URNS/UIHF UNEAN•J•URNS/UIHF lUND UfiiE AH/U I HF URfiiS /U I HF UNEAH•3•URNS/UIHF 
AZ IftUTH < P£ Rtf tH) <PERCENT) <PERCENT) AZ I ftUTH <PERCENT> <PERCENT> <PERCENT) 

0.00 22.4 7. 1 43.6 0.00 41.6 15.0 86.7 
22. ~0 28.4 10.4 ~··~ 

22.~0 44.3 20.8 106.' 
45.00 38.8 16.0 87.0 4~.00 23.1 10.7 55.1 
'7. 50 19.5 11 . 0 52.6 67.50 20.3 11 . 4 54.5 
90.00 10.4 4.3 23.4 90.0C) 41 . 4 21.6 106.3 

112. 50 24.7 15.5 71. 3 112.50 41.5 20.5 1 03. 1 
135. 00 26.7 12.0 62.6 135.00 11.8 7.9 41.5 
157. 50 16.4 7.6 39.0 157.50 25.3 12.2 62.1 
180.00 27.5 11.7 62.4 180.00 37.8 14.9 82.7 
202.50 23.7 8.6 49.6 202.50 23.2 10.5 54.7 
225.00 13.6 6. 1 31.' 225.00 U.l 9.4 47.2 
24 7. 50 22.8 11.6 57.5 247.50 45.5 18.0 99.5 
270.00 27.6 13.9 69. 1 270.00 22.4 10.1 52.7 
292.50 38.7 11. 0 71.8 292.50 21 . 3 9. 1 48.7 ...... 
315.00 34.8 10.9 67.5 315.00 29.0 13.3 68.8 ~ 

337.5~ 22.7 8.3 47.5 337.50 31. ~ 17.1 82.1 ...... 

LOCATJ ON 15 LOCATION 16 

WINO UNEAHIUJHF URNS/UIHF UfiiEAH+3•URNS/OJNF WIND UfiiEAN !U I NF URftS/OJNF UNEAN+l•URftS/UINF 

AZ IftUTH (PERCENT) (PERCE NT) <PERCENT) AZiftUTH (PERCENT> <PERCENT> <PERCENT> 

0.00 22.3 8.0 46.5 O.Ov 51.6 11 . 8 86.9 
22.50 23.3 8. 1 47.8 22.:51) 53.9 12.7 91. a 
45.00 30.2 12.4 67.4 45.00 29. 1 13.6 69.8 
67.50 19.5 9.0 46.5 67.50 21 . 1 10.4 52.4 
90.00 12.7 5.2 28.4 90.00 16.9 8.7 43.0 

112. 50 23.5 12.3 ,0.4 112.:50 31 . 0 13.9 72.8 
135.00 20.4 9.3 48.4 135.00 40.3 12.8 78.7 
157. 50 .,.8 8.0 40.9 157.:50 ,:5.2 11.5 99., 
180.00 21.3 '. 1 48.6 180.00 72.5 10.3 103.4 
202.50 20.8 8.4 45.9 202.50 79. 1 13.3 1 18.' 
22,.00 12.4 5.2 28.0 225.00 7-4.8 12.0 110.9 
247.50 18.0 8.7 44.3 247.50 63.7 12 . 1 100. 1 
270.00 32.7 15.0 77., 270.00 52.7 12.9 91.4 
292.50 32.4 11.:5 67.0 292.50 18.1 8.4 43.3 
315.00 27. 1 10.2 57.8 315.00 29.7 10.9 '-2.5 
337.50 20. 1 8.2 44.7 337.50 45.0 13.' 8,.8 



TABLE 2--PEDESTRIAN WIHD YElOCITIES AND TURBULENCE INTEHSITIES 

GATEWAY PROJECT TOWERS 

LOCATION 17 LOCATION lB 

WI HI> UftEAH/UIHF URftS/UIHF UftEAN+3•UR"S/UIHf IIIIHI) Uftf AH/U I HF URftS/U I HF UftEAH+3•URftS/UIHF 
AZiftUTH <PERCENT> <PERCENT> <PERCENT> AZiftUTH <PERCENT> <PERCENT> <PERCENT> 

0.00 15.4 6.5 34.9 0.00 62.8 10.7 95.0 
22.50 14.7 5.9 32.4 22.50 50.1 12.1 86.2 
45.00 17.4 8.6 4 3. 1 45.00 38.4 18.5 93.8 
67.50 18.7 10.0 48.8 67.50 42.9 15.3 88.7 
90.00 25.9 13.6 66.7 90.00 

£1 ·' 14 ·' 
105.4 

112. 50 53.0 11.6 87.9 1J 2. 50 29.2 10.4 60.4 
135.00 56.9 10.2 87.5 135.00 31 . 1 to .0 61 . 1 
157. 50 45.7 11.2 79. 1 157.50 57.0 1l. 2 90.6 
180.00 28.8 11 . 6 63.7 180.00 63.2 11.3 97.1 
202.50 22. 1 9.9 51.7 202.50 69.2 10.7 101.4 
225.00 30.2 9.2 57.8 225.00 74.9 11.3 108.7 
247.50 54.5 14.2 97.2 247.50 66.9 12.4 104.3 
270.00 64.6 12.3 101. 3 270.00 49.6 16.2 98.0 
292.50 68.6 11. 4 103.0 292.50 35.9 15.7 83.1 1-A 
315.00 55.4 12.5 92.8 315.00 26.6 8.8 53.0 N 

337.50 17.8 8.3 42.8 337.50 43.8 14.1 86.0 N 

lOCATI OH 19 LOCATION 20 

WINO UftEAN/UIHF URftS/UIHF UIIEAN+3•UR"S/UINF VIHI> UIIE AH/U I NF URIIS/UINF U"£AH+3•U«"S/UINF 
AZUUTH <PERCENT> (PERCENT> <PERCENT> AZ I IIUTH <PERCENT> <PERCENT> (PERCENT> 

0.00 41.9 18.3 97.0 0.00 67.3 12. 1 103.6 
22.50 56.3 15.6 103. 1 22.50 64.0 12.6 101 . 8 
45.00 79. 1 12.0 1 1 5. 1 45.00 56.3 12.2 93.0 
67.50 55.2 15.3 too. 9 67.50 33.4 16.5 82.9 
90.00 65. 1 11.9 100.6 90.00 22.9 9.8 52.4 

t 12. 50 55.7 11. 0 88.8 112.50 39.4 12.6 77.3 
135.00 41.4 12.5 78.9 135.00 59.1 10.8 91.4 
157.50 27.5 9. 1 54.9 157.50 63.2 10.6 94.9 
180.00 52.4 15.3 98.2 180.00 43.1 16.2 91.6 
202.50 52.2 15.0 97. 1 202.50 33.4 18. 1 87.7 
225.00 54.7 19.2 112.4 225.00 24.3 12.5 61.7 
247.40 39.1 14.0 81.1 247.50 13.8 5.6 30.' 
270.00 38.6 19.5 97. 1 270.00 17.8 7.5 40.3 
292.50 25.3 12.8 63.7 292.50 U.7 8.5 45.3 
315.00 13.9 6.7 33.9 315.00 32.2 16.9 82.8 
337.50 2£..0 12. 3 i2.CJ 337.:50 iS.O 11 . 9 100.7 



LOCATION 21 

WIND U"EAH/UINF 
AZI"UTH <PERCENT> 

0.00 22.5 
22 0 50 1808 
4~. 00 37.7 
67.50 54.4 
90.00 67.S 

112. 50 36.8 
135. 00 4 t. 2 
157050 45.6 
180000 56.8 
202.,0 65.2 
225.00 66.8 
247.50 2308 
270.00 2407 
292.,0 29.8 
31~.00 27.4 
337.,0 22.4 

TABLE 2--PEDESTRIAN YIHD VELOCITIES AHD TURBULENCE INTENSITIES 

GATEWAY PROJECT TOWERS 

UR"S/UINF U"ERH+3•UR"S/UINF 
<PERCENT> <PERCENT> 

8.9 49 0 1 
~.? 48 0 

22.7 105.7 
20.3 115. 4 
1S.3 113.4 
9.8 66.3 
8.3 66.0 

10.0 7506 
14.0 98.7 
15.3 11 t 0 0 
21. 2 13<>.3 
13.2 63.3 
e.? 50.9 
8.8 56.3 
8.4 S2.6 
9.2 49.9 

........ 
N 
w 



TABLE 2--PEDESTRTAH W!HD YELOCITIES AHO TURBULENCE IHTEHSlTtES 

GATEWAY PROJECT TOWEFS 

• • GREATEST VALUES ~ • 

UftERH/UI Hf URftS/UIHf UftEAH+3•RftS/UIHF 
<PERCENT> (PERCENT) <PERCENT> 

LOC AZ ftEAN RftS ft+3RftS LOC AZ ftEAN RftS ft+ZRftS LOC AZ ftEAH RftS ft+3RftS 
~ 

19 45.0 ?9.1 12.0 11 5. 1 5 157.5 49.0 27.2 130.? 5 157.5 49.0 27.2 130.? N 
..t:" 

16 202.5 79.1 13.3 118.9 21 45.0 37.7 ?? ., --.' 105.? 5 180.0 65.1 21.5 130.3 

8 202.5 78.8 16.6 128.7 8 225.0 51.7 21.? 116.8 21 225.0 66.8 21. 2 130.3 

3 45.0 77.9 12., 115.5 14 90.0 41 4 21 ' 106.3 8 202.5 78.8 16.6 128.? 

18 225.0 74.9 11.3 108.? 5 180.0 ,5.7 21 5 130.3 1' 202.5 79. 1 13.3 118 9 

16 225.0 74.8 12.0 110.9 5 202.5 38.5 21.2 102.2 8 225.0 51. 7 21 . ? 116.8 

8 180.0 73.2 12.0 109.3 21 225.0 ,,,8 21.2 130.3 3 45.0 ?7.9 12.6 115.5 

1' 180.0 72.5 10.3 103.4 14 22.5 44.3 20.8 106.6 21 ,7.5 54.4 20.3 tt 5. 4 

1 1 90.0 71. 9 1 t . 5 106.4 14 112.5 41. 5 20.5 t 0 3. 1 19 45 0 79. 1 12.0 11 5. 1 

3 90.0 71.1 12.8 109.4 21 67.5 54.4 ~·o. 2 115.4 1 2t.)2. 5 59. 1 18.& 1!5.0 



125 

TABLE 3 

PERCENTAGE FREQUENCY OF WIND DIRECTION AND SPEED 

SINGAPORE AIRPORT (1955-1964) 

SEASON: ANNUAL NO. OF OBS. = 29121 HT. OF MEAS. = 10 m. 

VELOCITY LEVELS IN MPS 

DIRECTION 0-3 3.5-8 8.5-14 14.5-
N 5.20 • 70 0.00 0.00 5.90 
NNE 6.00 2.40 0.00 0.00 8.40 
NE 4.40 3.10 .10 0.00 7.60 
ENE .90 .70 0.00 0.00 1.60 
E 1.20 .30 0.00 0.00 1.50 
ESE 1.20 .30 0.00 0.00 1.50 
SE 3.10 .60 0.00 0.00 3.70 
SSE 2.90 .60 0.00 0.00 3.50 
s 4.90 1.90 0.00 0.00 6.80 
ssw 1. 90 • 90 0.00 0.00 2.80 
sw 1. 90 .70 0.00 0.00 2.50 
WSW 1.20 .40 0.00 0.00 1.70 
w 2.00 • 70 0.00 0.00 2.60 
WNW .90 .20 0.00 0.00 1.10 
NW 1.50 .20 0.00 0.00 1.70 
NNW 1.10 .20 0.00 0.00 1.30 
CALM 45.60 0.00 0.00 0.00 45.60 
TOT 85.70 14.00 .20 0.00 100.00 
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TABLE 4 

SUMMARY OF WIND EFFECTS ON PEOPLE 

Calm, light air 

Light breeze 

Gentle breeze 

Moderate breeze 

Fresh breeze 

Strong breeze 

Near gale 

Gale 

Strong gale 

Beaufort 
Number 

0, 1 

2 

3 

4 

5 

6 

7 

8 

9 

Speed 
(mps) 

0-1.5 

1.6-3.3 

3.4-5.4 

5.5-7.9 

8.0-10.7 

10.8-13.8 

13.9-17.1 

17.2-20.7 

20.8-24.4 

Note: Table from Reference 4, p. 40. 

Effects 

Calm, no noticeable wind 

Wind felt on face 

Wind extends light flag 
Hair is disturbed 
Clothing flaps 

Raises dust, dry soil and 
loose paper 

Hair disarranged 

Force of wind felt on body 
Drifting snow becomes airborne 
Limit of agreeable wind on land 

Umbrellas used with difficulty 
Hair blown straight 
Difficult to walk steadily 
Wind noise on ears unpleasant 
Windborne snow above head 

height (blizzard) 

Inconvenience felt when walking 

Generally impedes progress 
Great difficulty with balance 

in gusts 

People blown over by gusts 
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TABLE 5 

CALCULATION OF REFERENCE PRESSURES 

1. Basic wind speed from local building officials*: 

fastest 3 second gust at 40 m = 40.2 mps 

Mean hourly wind speed = 1~6~ = 25.1 mps at 40 m 

Mean hourly gradient wind speed= 25.1 < 32~)· 17 = 35.4 mps 

Mean hourly wind at reference location = U
00 

= gradient wind = 35.4 mps 

Reference Pressure= 0.5 P u! = (.00256) (79.3) 2 = 16.1 psf 

(.615) (35.4) 2 = 771 N/m2 

2 Use 770 N/m 

2. Loads for a 36.7 mps 3 sec. gust at 40 m. 

Multiply loads by <!~:;) 2 
0.83 

3. Gust load factors to convert hourly mean integrated loads to various 
gust durations (see·Sect. 4.4): 

Gust Duration, sec Gust Load Factor 

10 - 15 (1.4) 2 = 1.96 

30 (1.32) 2 
= 1.74 

45 (1.26) 2 
= 1.59 

The 30 second gust load factor was used in Table 7. 

*Data supplied by T. Y. Lin International in a letter dated 17 
August 1981. Additional data in that letter which were obtained 
at the Fullerton building imply fastest 3 second gust speeds at 40 
m of 36.6 and 34.9 mps for a 100 year recurrence wind. Because 
the wind speed recommended by local officials is well below the 
minimum permissible level in the U.S. or United Kingdom, we do not 
recommend further reductions without a more extensive look at the 
Fullerton building data. Item 2 gives a load factor to reduce 
loads to a 36.6 mps fastest 3 second gust at 40 m if that is 
desired. 



TABLE 6A. PEAK LOADS FOR CONFIGURATION A : GATEWAY PROJECf TOilERS 
l~li'CEST VALUES OF CLADOIHC LOAf> REFERENCE PRESSURE • 770 PA 

T~P AZI- PRESS HEGATIYE POSITIYE TAP AZI- PRESS NEGATIVE POSITIVE TAP AZI- PRESS HECATIYE POSITIVE 
!1UTH COEFF PEAK PEAK MUTH COEFF PEAK PEAK MUTH COEFF PEAk PEAK 

PA PA PA 

1101 80 -1. 66 -1276.4 786.8 1149 270 -1. 37 -10,1.6 ,,7.4 1242 340 -1.49 -11,0.0 694.3 
11 () 2 90 -1. 27 -977.6 837.8 11 '0 240 -1. 31 -1012.2 673.8 1243 330 -2.85 -2193.7 :564.6 
I 1 (:. 3 60 -1. 24 -9,~.3 874.0 11 ~~ 120 -1. OS -807.2 805.1 1244 330 -3. '3 -2720.9 ~93.0 

11 (•4 70 -1. 4' -1121.1 808.3 1152 250 -1. 59 -1222.7 790.2 1245 330 -1. 58 -1220.1 545.8 
110~ 280 -1. 85 -1426.2 820.7 1153 250 -1.63 -1253.6 798.2 1246 350 -1. 62 -124:5.9 '70.1 
1! <H> 270 -2.49 -1916.3 841 .3 11,4 270 -2.27 -1744.7 597.2 1247 90 -1.63 -1252.0 640. 1 
11 (17 80 -1. '' -1194.5 713.2 1155 120 -2. 18 --1680.1 425.3 1248 140 -1.57 -1212.0 623.6 
11 C•S 80 -1.59 -1222.3 799.5 1201 330 -2.04 -1574.6 703.7 1249 140 -2.08 -1604.7 5,4.? 
11 0 c; 270 -1.35 -1043.1 937.5 1202 330 -2.26 -1743.2 599.8 1250 330 -2.56 -l'H,9.0 502.9 
11 1 0 270 -1. 31 -1009.2 859.2 1203 330 -1. 77 -1359.4 541.4 1251 350 -1. 56 -12~3.0 .,7.3 
11 11 270 -1.47 -1133.0 908.6 1204 340 -1.95 -1504.3 578.9 1252 130 ...;1.41 -1085.7 579. 1 
111 2 270 -1.66 -1282.0 886.1 1205 90 -1.86 -1429.1 572.8 1253 130 -1.68 -1296.8 467.0 
11 1 3 50 -1.44 -1100.3 603.5 1206 340 -1.64 -1265.1 526.7 1254 320 -1. 78 -1374.1 376.6 
11 1 4 50 -1. 42 -10t5.6 785.3 1207 150 -1. 99 -1529.2 562.4 1255 330 -1. 9' -1,34.5 501.5 
111 5 20 1. 27 -872. 1 974.9 1208 330 -2.28 -1757.4 834.5 1256 350 -2. 15 -16SE .. 8 615.5 
111 6 270 -1. 45 -1117.7 933.0 1209 330 -2. 12 -1636.1 1002.4 1257 350 -1. 18 -907.2 66 7. 1 
111 7 280 -1. 45 -1117.2 901.1 1210 330 -1. 71 -1314.1 896.1 1258 120 -1. 17 -9 0 1 . 1 746.4 
1118 '0 -1.46 -1127.4 889.1 1211 330 -1. '3 -12!5!5.3 867.7 12!59 140 -1. 94 -1494.9 £54.2 

111' 270 -1. 35 -1042.5 621.1 1212 340 -1. 21 -934.0 910.4 1260 130 -1. 59 -1220.9 612.4 
112(1 140 -1. 26 -971.' 735.8 1213 140 -1. 50 -1156.!5 830.7 1301 240 -1. 85 -1424.6 616.4 ~ 

1121 270 -1.25 -962. 1 781.2 1214 130 -1. 46 -1124.6 841.8 1302 £0 -1.60 -1230.4 614.0 N 

!122 270 -1. '' -1278.8 879.9 121!5 330 -2.79 -2145.0 883.2 1303 90 -1.32 -1012.9 592.4 00 

1123 280 -1. 91 -1472.2 809.8 1216 330 -2. 17 -1669.8 821.6 1304 90 -1.77 -1359.4 817.0 
1124 280 -1. 72 -1323.3 778.3 1217 320 -1.65 -1273.8 795.8 130!5 50 -1. 70 -1311.1 562.4 
1125 270 -1.34 -1033.3 601. 1 1218 340 -1. 21 -9 31. 0 844. l 1306 90 -1. 56 -1198.6 771. 3 
112f. 150 -1.21 -931.3 673.3 1219 140 -1. 20 -923.1 881.8 1307 50 -1. 55 -1192.0 620.6 
1127 270 -1.52 -1173.6 743.3 1220 160 -1.37 -1057.1 843.5 1308 90 -2.35 -1808.5 708.0 
1128 270 -2.14 -1644.2 809.9 1221 150 -1.43 -1104.5 851.0 1309 100 -3.36 -2586.8 805.3 
1129 280 -1. 81 -1397.4 847.5 1222 330 -2.91 -2244.5 752.3 1310 260 -1. 61 -1237.4 902.4 
1130 110 -1. 72 -1326., 958.9 1223 330 -2.85 -2192.9 851.7 1311 260 -1. 63 -1258.7 92f.. 7 
1131 270 -1.40 -1075.7 584.8 1224 330 -1.59 -1224.8 785.7 1312 t-OO -1. JO -998.2 800.9 
1132 280 -1.23 -950.4 732.:5 1225 330 -1. 45 -1114.4 818.5 1313 90 -1. 3:5 -1039.6 955.5 
1133 260 -1.43 -1103.3 769.9 1226 140 -1.43 -1100.8 902.9 1314 100 -1.53 -1175.8 903.4 
1134 270 -1.49 -1151.1 724.5 1227 340 -1.22 -940.5 761.6 1315 100 -1. 84 -1420.3 8' 1. 5 
1135 270 -2.37 -1828.2 735.7 1228 160 -1.49 -1US0.3 729.8 1316 100 -1. 88 -1448.1 920.9 
1136 270 -2.06 -1583.4 723.3 1229 330 -3.,6 -2815.2 775.1 1317 100 -2.02 -1551.7 822.1 
1137 270 -1. 30 -998.0 445.0 1230 330 -3.37 -2596.8 744.0 1318 t-OO -2.01 -1546.6 842.0 
1138 250 -1.42 -1093.8 648.7 1231 340 -1. 88 -1446.9 825.8 1319 250 -1. 3' -1047.0 8b9., 
1139 270 -1. 44 -1109.3 597.' 1232 340 -1. 54 -1187.1 718.1 1320 250 -1. 33 -102£.8 854.7 
1140 270 -1.85 -1422.0 '09.6 1233 140 -1. 43 -1103.8 693.8 1321 100 -1. 43 -1104.6 837.7 
1141 270 -1. 97 -1516.5 588.1 1234 150 -1.56 -1203.9 769.5 1322 100 -1.89 -1451.7 883.5 
1142 270 -1.77 -1359.2 '''·' 1235 140 -1. 51 -1163.9 790.4 1323 90 -1.45 -1115.3 758.4 
114 3 250 -1.39 -10?2.9 560.5 1236 330 -2.74 -2112.1 656.0 1324 90 -1. 64 -1264.7 915.8 
1144 250 -1. 47 -1135.7 .,,4 .1 1237 330 -3. 18 -2450.3 728.4 1325 90 -2.02 -1555.5 746.' 
1145 2E·O -1. 47 -1132.9 602.0 1238 330 -1.88 -1448.1 826.5 1326 100 -2.08 -1604.0 823.3 
114' 110 -1. 71 -1314.8 '48.0 1239 350 -1. '8 ... 1297.3 '63.8 1327 100 -1. 79 -1378.2 896.9 
1147 190 -1. 26 -970.2 473.3 1240 140 -1.34 -1033.1 639.8 1328 90 -1.82 -1398.0 774.7 
114 8 250 -1.30 -999.4 517.0 1241 140 -1.47 -1130.8 709.1 1329 260 -1.45 -1117.0 796.4 



TABLE 6A. PEAIC LOADS FOR COHF'ICURATIOH A : GATEWAY PROJ EC f TOWERS 
LA'-GEST YALUES Of CLADDING LOAD REFERENCE PRESSURE = 770 PA 

TAP AZI- PRESS HE CAT lYE POSIT lYE TAP AZI- PRESS HEGATIYE POSIT lYE TAP AZI- PRESS HEGATIYE POSIT lYE 
ttUTH COEFF PEAK PEAIC ttUTH COEFF PEAK PEAK ttUTH COEFF PEAK PEAK 

PA PA PA 

1330 100 -1. '' -1227.6 772.9 1401 130 -2.06 -1585.2 916.5 1449 30 -1. 89 -1455.6 268.0 
1331 80 -1.93 -1489.2 807.6 1402 140 -1.97 -1518.9 762.1 1450 150 -2.35 -1807.8 644.3 
1332 90 -1.58 -1220.3 827.9 1403 30 -1. 49 -1149.4 743.8 1451 160 -2.08 -1605.1 408.8 
1333 100 -1. 80 -1388.4 876.9 1404 150 -1. 36 -1049.6 784.0 1452 190 -1.03 -793.8 228.8 

1334 100 -2.32 -1783.3 794.4 1405 290 -1.53 -1174.9 800.5 1453 50 -1. 74 -1343.3 271 . 0 
1335 110 -1.98 -1522.8 787.5 1406 50 -1. 29 -993.4 663.7 1454 160 -2.38 -1830.6 705.0 
1336 80 -1.99 -1535.0 847.6 1407 320 -1.68 -12,6.6 647.6 1455 150 -2.27 -1748.1 E·7 3. 9 
1337 90 -1. 6t -1242.6 690.2 1408 140 -1.63 -1256.8 1001.5 1456 150 -1.21 -930.5 408.5 
1338 90 -1.43 -1102.8 738.0 1409 140 -1.80 -1384.0 876.8 1457 170 -1.08 -833.9 268.0 
133, 90 -1. 61 -1242.0 734.3 1410 140 -1.62 -1244.8 537.6 1458 40 -1. 26 -9 73. 1 370.1 
1340 90 -1. 92 -1479.1 768.6 1411 150 -1.34 -1029.9 345.7 1459 190 -1.62 -1249.5 375.3 
1341 90 -1. 52 -1174.0 717.5 1412 160 -1. 41 -1088.4 376.2 1460 190 -1. 52 -1168.4 319.6 
1342 90 -1.76 -1354.4 834.6 1413 330 -1.75 -1346.6 517.8 1461 80 -1.37 -1056.0 671.4 
1343 80 -2.32 -1788.6 842.2 1414 330 -1.85 -1424.9 545.3 1901 90 -1.38 -1063.6 370.3 
1344 110 -2. 12 -1632.9 808.7 141~ 140 -2.22 -1707. 8 945.6 1902 140 -1. 16 -896.5 498.0 
1345 110 -2.34 -1798.~ 714.9 1416 140 -1.85 -1420.9 863.3 1903 340 -1. 54 -1189.2 308.4 
13 46 9('J -1. 42 -1096.7 632.8 1417 150 -1.48 -1137.4 496.7 1904 160 -1. 29 -995.9 450.9 
13 .. 7 90 -1. 30 -1001.8 664.9 1418 150 -1. 42 -1090.8 272.7 1905 150 -1. 34 -1033.9 483.3 
1348 90 -1. 53 -1180.1 622.8 1419 330 -1.59 -1225.5 368.4 1906 270 -1.42 -1091.4 705.4 
1349 90 -1. 79 -1382.0 672.1 1420 30 ·1.81 -1390.9 391.0 1907 190 -1. 49 -1149.6 585.8 ~ 

1350 90 -1.49 -1149.1 694.9 1421 30 -1.74 -1341.5 390.1 1908 l90 -1. 23 -947.9 678.1 N 

1351 100 -1.82 -1401.0 814.1 1422 140 -2. 19 -1,88.6 909.2 1909 90 -1. 18 -905.2 729.' lO 

1352 90 -2.74 -2108.0 751 .8 1423 140 -2. 15 -1657.4 917.7 1910 120 -1. 22 _, 37. 8 570.2 
1353 100 -2.33 -1790.3 659.4 1424 140 -1.74 -1338.9 475., 1911 120 -1.23 -949.7 630.9 
1354 100 -2.22 -1710.4 662.3 1425 150 -1. 5~ -1194.8 212.4 2101 0 -2.56 -1969.6 871.7 
1355 240 -1. 21 -928.4 582.2 1426 320 -1. 32 -1017.8 279.5 2102 0 -2.01 -1544.4 793.3 
135, 2&0 -1. 32 -10t3.9 544.8 1427 30 -1. 88 -1445.7 433.0 2103 220 -1. 39 -1069.8 813.9 
i3S7 9o -1. 51 -1159.3 569.4 1428 30 -1.95 -1500.3 333.8 2104 210 -1.62 -1248.1 764.8 

1358 1 00 -1. 92 -1476.9 '17.4 1429 50 -1. 79 -1377.4 887.6 2105 210 -1.43 -1102.' 906.' 
1359 90 -1.37 -1054.2 616.6 1430 140 -1. 87 -1437.7 936.7 2106 2~0 -2.09 -1600.1 !3,0.0 
1360 100 -1. '' -1278.3 605.6 1431 150 -2.02 -1557.8 433.0 2107 0 -1. 91 -1471.5 868.6 

1361 100 -2. 16 -1666.3 606.7 1432 160 - 1 . !55 -1197.0 183.1 2108 0 -1. 55 -1191.5 877.4 
t3o2 100 -2.47 -1902.3 64,.2 1433 300 -1. 39 -10,9.9 240., 2109 10 -1. 37 -1058.7 94 4. 1 
1363 100 -2.47 -1900.0 643.0 1434 30 -1. 69 -1297.6 291.2 2110 10 -1.51 -1162.7 979.5 
1364 280 -1. 17 -904.3 471.3 143~ 30 -1.86 -1429.6 215.5 2111 210 -1.49 -1147.9 886.6 
1365 90 -1.29 -99,.5 529.6 1436 150 -2. 18 -167,.9 804., 2112 220 -1. 39 -10,9.8 783.9 
1366 '() -1. 66 -1279.1 648.0 1437 1 :50 -2.34 -1804.6 757.1 2113 160 -1. 66 -1281.0 83~., 

13£7 90 -2. 12 -1,28.9 57,.1 1438 140 -1. 88 -1444.8 419.3 2114 0 -1. 71 -1314.2 at•. 1 
1368 50 -2. 13 -1i38.3 48,.3 1439 150 -1. 72 -1325.2 156.1 2115 10 -1. 56 -1202.2 849.7 
13 b~ 250 -1. 25 -961. 0 '12., 1440 300 -1. 51 -1166.2 235.4 2116 10 -1.27 -977. 1 924.1 
1370 280 -1.04 -803.4 647.2 1441 300 -1.70 -1312.7 294.1 2117 220 -1. 29 -991.0 832.4 
1371 90 -1. 20 -925.0 783.0 1442 30 -1. 75 -1344.9 322., 2118 10 -1. 60 -1234.8 672.3 
1372 9~ -1.85 -1.22.8 899.2 1443 50 -2.40 -1848.4 733.5 2119 220 -1. 67 -1289.2 768. 1 
1373 90 -1 .•• -1085.0 8,0,, 1444 150 -2.59 -1993.7 627.8 2120 0 -1. 71 -1313.2 772.5 
1374 90 -1.77 -1362.2 750.2 1445 150 -2.i5 -2043.7 3i3. 7 2121 10 -1. 55 -1190.8 805.0 
1375 100 -2.04 -15,8.0 7.t3.7 1446 160 -1.55 -1189.7 201.4 2122 10 -1. 40 -1077.3 921.0 
137£, 90 -2.43 -1873.1 614.0 1447 50 -1. 26 -971. 1 221.9 2123 20 -1. 55 -1193.6 714.5 
137? 6~ -2.34 -1801.2 4~9.6 1448 40 -1. ,, -1300.4 272.9 2124 10 -1. 94 -1496.2 611 . 4 



TABLE 6A. PEAK LOAO$ fOR COMflCURATlOM A I GATEWAY PRO.JECT TOYERS 
LARGEST VALUES OF CLADDING LOAD REFERENCE PRESSURE 770 PA 

TAP AZl- PRESS NEGATIVE POStTlYE TAP AZl- PRESS NEGATIVE POSITIVE TAP AZI- PRESS NEGATIVE POSIT lYE 
ftUTH COEFF PEAK PEAK ftUTH COEFF PEAK PEAK ftUTH COEFF PEAK PEAK 

PA PA PA 

2125 0 -1. 73 -1330.2 687.1 2218 130 -1.37 -1056.3 234J.8 2305 1 4)0 -1. 45 -1116.1 801 . 3 

21Z6 10 -1. 8S -1428.2 727.8 221' 130 - 1 . 60 -1233.2 480.3 2306 1 '0 -1. 68 -12,0.4 784. 1 
212.7 10 -1.£3 -1254.0 781.2 2220 140 -1. 74 -1340.3 873.0 2307 1 4)0 -1. 35 -1038.7 720.8 
2128 20 -1. 32 -1016.7 8,7.2 2221 220 -1. 78 -1370.1 '44.7 2308 20 -1. 48 -1141.4 761.7 
2129 20 -1. 24 -953.5 7,9.4 2222 250 -1.88 -1446.4 464.8 2309 30 -1. '' -1507.4 824.2 
213¢ 20 -1. 43 -1098.0 622.6 2223 250 -2.01 -1544.2 455.3 2310 1 '0 -2. 10 -1617.1 875.1 
2131 210 -1.95 -1502.6 £35.3 2224 330 -1.62 -1251.2 271.5 2311 190 -1. 77 -13£4.£ 843.6 
21JZ 10 -1. 85 -1427.3 683.5 2225 120 -1.58 -1220.2 210.3 2312 180 -1.54 -1188.8 908.6 
2133 20 -1. 84 -1418.£ 753.9 2226 130 -2.04 -1572.2 507.2 2313 190 - 1. 51 -11£1.3 1014.2 
2134 120 -1. 27 -976.0 703.8 2227 140 -2.80 -2155.3 896.7 2314 180 - 1. 37 -1056.7 901. 3 
2135 50 -1.23 -946.7 588.9 2228 140 -1.96 -1506.6 887.1 2315 180 -1. 41 -108£.0 859.£ 

213£ 10 -1.47 -1130.7 490.2 2229 250 -2.04 -1571.7 371.' 2316 190 -1. 37 -1056.9 869.5 
2137 10 -2.03 -1564.1 502.0 2230 250 -1.£5 -12£9.1 384.5 2317 20 -1.32 -1019.1 833.2 
2138 10 -2.08 -1600.8 552.3 2231 340 -1. 51 -1164.1 286.3 2318 20 -1. 62 -1244.8 871.7 
2139 20 -1.82 -1403.6 712.5 2232 130 -1.76 -1358.7 185.2 2319 190 -1. 87 -1443.2 855.5 
2140 20 -1. 33 -1023.8 681.3 2233 140 -2.28 -1756.9 445.5 2320 180 -2.30 -1770.6 909.3 
2141 30 -1. 22 -943.2 689.4 2234 130 -2. 14 -1648.2 780.1 2321 180 -2. 13 -1640.8 914.5 
2142 50 -1.58 -1217.7 589.7 2235 140 -1. 90 -1461.7 896.1 2322 1 80 -1. 68 -1294.8 921.9 
2143 20 -2.41 -1854.3 445.8 2236 2·5o -1. 77 -1363.8 332.2 2323 180 -1.37 -1054.0 921.8 
2144 1 70 -2. 12 -1633.8 654.9 2237 250 -1.77 -1362.2 336.2 2324 190 -1. 82 -1398.2 871. 7 ...... 
2145 160 -1. 37 -1053.4 646.6 2238 3 30 -1. 46 -1122.4 22£.3 2325 1 80 -1. 54 -1185.4 857.7 \J\1 

2146 60 -1.32 -1019.3 481.5 2239 130 -1. so -1155.8 142.6 232E· 190 -1. 34 -1033.4 884.0 0 

2147 160 -1. 36 -1045.0 678.4 2240 130 -2.06 -1S82.9 442.8 2327 30 -1.48 -1143.4 870.2 

2148 60 -1. 31 -1006.3 592.1 2241 130 -2.13 -1639.2 980.5 2328 1-80 -1. 86 -1433.5 825.0 
2149 40 -1.55 -1196.3 710.3 2242 130 -1.87 -1439.4 10,4.6 2324) 180 -2.03 -1563.2 836.8 
2150 10 -2. 12 -1629.3 481.9 2243 250 -1.70 -1308.1 274.7 2330 190 -2.22 -1710.0 864.0 
2151 10 -2.88 -2217.3 615.6 2244 340 -2. to -1617.3 303., 2331 180 -1. 75 -1351.3 850.8 
2152 10 -1. '' -1192.5 739.3 2245 120 -1 . 30 -997.3 20 1 . 1 2332 190 -1. 57 -1205.3 903.1 
2153 20 -1. 43 -1103.1 £96.2 224, 1 20 -1.54 -1184.1 133.7 2333 180 -2.10 -1614.9 806.3 
2154 270 1. 09 -779.8 838.0 2247 130 -1.89 -1453.2 423.£ 2334 t.80 -1. 63 -1256.6 798. 1 
2155 30 -1. ot -780.7 749.8 2248 1 40 -2.69 -2073.1 722.5 2335 30 -1. 45 -1114.2 884.£ 
2201 330 -1. 99 -1530.2 748.5 2249 140 -2.34 -1800.6 707.0 2336 190 -1. 65 -1271.1 795.6 
2202 90 -1.53 -1175.8 718.6 2250 80 -1.51 -11,3.5 292.5 2337 180 -2.23 -1718.2 763.4 
2203 210 -1.38 -1062.1 711.8 2251 110 -1. 11 -853.5 242.8 2338 180 -2.62 -2014.9 777.6 
2204 240 -1.41 -1088.4 750.0 2252 120 -1. 76 -1353.0 345.3 2339 190 -2.24 -1721.4 739. 1 
2205 130 -1.39 -1072.9 797.0 2253 140 -2. 10 -1616.6 686.5 2340 190 -2.02 -1558.7 792.4 
22¢' 140 -1.63 -1251.9 762.8 2254 170 -1.34 -1029.5 757.5 2341 190 -1. 54 -1188.8 794.1 
22(17 140 -1. 70 -1311.5 941.5 2255 80 -1. 73 -1334.6 470:8 2342 180 -1.84 -1418.5 751. 2 
22(\8 330 -2.22 -1711.3 502.8 2256 110 -1. 53 -1177.9 371.8 2343 190 -1. '7 -1287.4 ?91. 7 
2209 120 -1.65 -1272.2 555.3 2257 90 -1.20 -922.2 360.4 2344 190 -2. 00 -1542.5 665. 1 
221(t 120 -1.28 -987.8 398.3 2258 110 -1. 14 -8 7 7. 1 238.1 2345 190 -1. 79 -1381.4 '50.6 
2211 130 -1. 35 -1043.0 312.4 2259 l 00 -1. 18 -904.9 371.7 234, teo -2.42 -1865.6 77£.8 
2212 130 -1.44 -1112.5 455.5 2260 t 30 -3.46 -2,65.8 834.8 2347 180 -2.03 -15£0.1 6,8., 
2213 130 -1.57 -1209.9 890.9 22'1 130 -2.64 -2035.2 763. I 2348 180 -2.74 -2111.1 702.9 
2214 150 -1.79 -1374.8 987.5 2301 190 -2.44 -1875.6 770., 2349 180 -2. 11 -1624.6 744.4 
2215 310 -1. 73 -1331.0 383.6 2302 180 -1. 97 -1519.7 740.9 2350 1 80 -1.50 -1156.3 731 . 4 
2216 250 -1. 96 -1508.4 407.1 2303 180 -1. 44 -1108.3 838.2 2351 1 90 -1. 79 -1373.9 721.8 
2217 330 -1.25 -96,. 1 330.6 2304 190 -1.38 -1061.4 962.7 2352 190 - 1 . 50 -1151.8 737.7 



TABLE 6A. PERK LOADS FOR CONFICURATtOH A : GATEWAY PROJECT TOYERS 
LAfi'GEST YALliES OF CLAiiliiHC LOAD REfERENCE PRESSURE • 770 PA 

TAP AZI- PRESS HEGATIYE POSIT lYE TAP AZI- PRESS HEGATIYE POSITIVE TAP AZI- PRESS HEGATIYE POSIT lYE 
"UTH COEFF PEAK PEAK "UTH COEFF PEAK PEAK f!IUTH COEFF PEAK PEAK 

PA PA PA 

2353 190 -1. 4S -1113.2 609.2 2409 140 -1. 5S -1197.1 880.1 2441 330 -2. tO -1617.4 E-92.8 

2354 210 -1. 54 -1184.2 553.8 2410 310 -1.54 -1187.0 858.2 2442 320 -2.33 -1793.9 657.7 

2355 190 -3.34 -2573.5 633.1 2411 310 -1. 52 -1168.8 901.8 2443 220 -1. 56 -1204.2 441.6 

2356 180 -2.68 -2066.1 620.4 2412 320 -1. 62 -1250. 1 925.1 2444 200 -2.25 -1733.3 413.0 

2357 190 -2.73 -2102.8 679.6 2413 320 -2.60 -2001.2 830.3 2445 1. 50 -1. 59 -1221.3 541 . 5 

2358 190 -2.09 -1609.9 643.3 2414 320 -2. tO -1616.0 970.6 2446 290 -1. 58 -1219.6 570.2 

2359 180 -1. 56 -1204.9 660.6 2415 190 -1. 81 -1395.0 738.2 2447 310 -1. 8' -1427.7 527.6 

2360 180 -1.88 -1451.3 728.6 2416 310 -1. 59 -1226.1 762.9 2448 310 -1. 76 -1353.3 577.9 

2361 190 -1. 63 -1258.0 631.7 2417 140 -1. 25 -965.4 927.9 2449 310 -1. 61 -1240.6 f.O 7. 5 

2362 190 -1. 15 -882.1 627.3 2418 320 -1. 24 -956.9 906.4 2450 150 -1. 79 -13?6.5 419.9 

236;?: 190 -1. 23 -943.4 573.3 2419 310 -1. 74 -1339.2 899.9 2451 210 -1. 51 -1164.5 534.1 

2364 190 -2.23 -1715.9 562.8 2420 310 -1.80 -1387.8 842.1 2452 310 -2.20 -1693.3 577.8 ...... 
2365 190 -2.40 -18S1.8 555.9 2421 320 -1. 88 -1446.7 796.8 2453 310 -2.37 -1825.1 487.6 Vol 

2366 190 -1. 79 -1379.8 604.0 2422 140 -1. 52 -1171.2 611 . 1 2454 330 -2.05 -1576.9 457.7 ...... 

2367 190 -1. 31 -1009.6 652.3 2423 140 -1.54 -1186.0 620. 1 245\5 160 -1.87 -1438.1 460.7 

2368 20 -1.20 -924.6 457.7 2424 130 -1.23 -943. 4 717.5 2456 160 -1. 72 -1327.2 500.3 

2369 230 ·2.74 -2107.5 38,.0 242\5 310 -1.54 -1183.8 744.1 2457 300 -1. 30 -1001.7 E-,2.9 

2370 170 -2.75 -2119.2 637.0 2426 310 -1.95 -1498.0 759.0 2458 310 -1.70 -1307.1 804.4 

2371 180 -2.19 -1686.8 787., 2427 330 -1.92 -1475., 781.2 24\59 300 -1. 98 _.,26.2 759.7 

2372 180 -1.94 -1496.4 865.3 2428 330 -2.01 -1544.9 812.9 2460 310 -2.76 -2127.0 549.8 

2373 190 -1. 28 -985. 1 905.9 2429 310 -1.58 -1217.2 498.2 2461 310 -2.64 -20 34. 3 421.2 

2374 190 - 1. 51 -1160.8 905.1 2430 140 -1. 47 -1128.4 47?.1 2901 330 -1.57 -1208.~ 588.9 

2375 350 -1. 13 -872.5 749.8 2431 140 -1.42 -1090.5 662.2 2902 70 -1. 18 _,0 7. 1 775.7 

2376 350 -1. 12 -864.6 726.9 2432 310 -1. 39 -1072.8 733.4 2903 130 -1.19 -9 1 5. 1 669.4 

2377 340 -1.22 -940.4 634.1 2433 310 -1. 72 -1324.0 888.1 2904 70 -1. 36 -1050.4 524.9 

2401 130 ·2. 18 -1675.7 687.6 2434 320 -2.06 -1588.0 748.8 2905 260 -1. 31 -1011.4 535.7 

2402 140 -1.65 -1274.3 697.7 2435 320 -2.30 -1767.4 774.1 2906 10 -1. 26 -973.0 623.7 

2403 310 -1. 35 -1042.9 718.9 2436 190 -1. 92 -1482.1 563.0 2907 190 -1. 58 -1213.8 39 3. 5 

2404 150 -1. 44 -1105.2 631.4 2437 140 -1. 53 -1178.6 466.1 2908 80 -1. 23 -947.4 468.2 

2405 320 -1. 73 -1332.9 620.8 2438 140 -1. 41 -1084.9 602.0 2909 170 -1. 40 -1076.7 286.9 

240(. 210 -2.07 -1595.2 642.9 2439 310 -1.64 -1261.2 681.5 2910 1 '0 -1. 15 -884.8 522.0 
24(•7 320 -2.47 -1901.4 745.7 2440 310 -1. 65 -1273.0 692.5 2911 160 -1. 17 -9 0 3. 1 694.9 

2408 14G -1. 84 -1416.5 892.1 



TABLE 6A. PEAK lOADS FOR CONFIGURATION A 
LARGEST VALUES OF CLADDING LOAD 

GATEWAY PROJECT TOWERS 
REFERENCE PRESSURE = 770 PA 

* * 15 GREATEST PJ.£SSURE "AGNITUOES * * 

TAP 

1229 

1244 

2260 

1230 

1309 

2355 

1237 

1222 

2151 

1243 

1223 

2227 

1215 

2460 

237"0 

AZl
ftUTH 

330 

330 

130 

330 

PRESS NEGATIVE 
COEFF PEAK 

-3.66 -2815.2 

-3.53 -2720.9 

-3.46 -2665.8 

-3.37 -2596.8 

100 -3.36 -2586.8 

190 -3.34 -2573.5 

330 -3.18 -2450~3 

330 -2.91 -22f4.5 

10 -2.88 -2217.3 

330 -2.85 -2193.7 

330 -2.85 -2192.9 

140 -2.80 -2155.3 

330 -2.79 -~145.0 

310 -2.76 -2127.0 

170 -2.75 -2119.2 

POSITIVE 
PERK 

PA 

775. 1 

593.0 

834.8 

744.0 

805.3 

633.1 

728.4 

752.3 

615.6 

564.6 

851.7 

896.7 

883.2 

549.8 

637.0 



TABLE ,ft. PEAJC LOADS FOR COHFIGURATIOH 8 : CftTEWAV PRO~ECT TOWERS 
LARGEST YALUES OF ClftOOIHG LOttO REFERENCE PRESSURE • 770 PA 

TAP AZ-1- PRESS NEGttl'IYE POSIT lYE TAP AZI- PRESS HE GAT lYE POSIT lYE TAP AZI- PRESS NEGATIVE POSITIVE 
fi!UTH COEFF PEAK PEAK fi!UTH COEFF PEAK PEAK fi!UTH COEFF PEAK PEAK ........ 

PA PA PA \.N 
\.N 

1222 33, -3.71 -285'·' 383., 1237 33, -3.52 -2710.9 292.5 22,0 134 -3.31 -254€..8 803.6 
1229 332 -3.89 -2998.1 425.2 12.f4 33, -2.37 -1821.7 317.5 2355 178 -2.43 -1874.1 613.1 
1230 320 -3.84 -2957.9 300.3 1309 102 -3.20 -24,3.5 805.1 



TABLE 6A. PEAK LOADS FOR COHFIGURATIOH 8 
LARGEST YALUES· OF CLADDING LOAD 

• • 8 

TAP 

1229 

1230 

1222 

1237 

2260 

1309 

2355 

1244 

GATEWAY PROJECT TOWERS 
REFERENCE PRESSURE = 7?0 PA 

GREATEST PRESSURE "AGNITUDES • • 
AZl- PRESS HEGATIYE POSIT lYE 
"UTH COEFF PEAK PEAK 

PA 
332 -3.8' -2,98. 1 42~.2 ....... 

w 
320 -3.84 -2951.9 300.3 ~ 

336 -3.71 -2856.6 383.6 

336 -3.S2 -2710.9 292.5 

134 -3.31 -2546.8 803.6 

102 -3.20 -24,3.5 80..S. 1 

178 -2.43 -1874.1 613. 1 

336 -2.37 -1821.7 317.5 



TABLE 68. COPIPARlSON OF CONFIGURATIONS A AHO 8 : GATEWAY PROJECT TOWERS 
TAPS WHERE HEGATIYE· PEAK LOAD FOR COHFIG. 8 EXCEEDED THAT FOR COHFIG. A BY 200 PA 
REF. PRESSURE • 770 PA 

TAP 

1222 
1230 
1237 

AZI PlUTH 

330 
330 
330 

A COHFIG 
PA LOAD 

-22tt4.5 
-259i.8 
-2450.3 

AZiftUTH B COHFIG 
PA LOAD 

-285i., 
-2957.9 
-2710.9 



TABLE 7. BASE SHEAR AN C. MOMENT SUMMARY GATEWAY PROJECT TOWER ONE BASED ON AEROELASTIC !>ATA 

COHF IGURATI OH A REFERENCE PRESSURE 771 SQUARE ROOT OF 
AZIHUTH SHEAR (l(t4) I'IOI'IEHT <MH-11> ECCEH (") >YHAI'I IC RESPONSE FACTOR 

X y X y z X y X 'f z 
!) -4344 ~6:57 -729.7 -337.£ 81.1 7 3 1. 65 1. 49 1. 53 

10 -4585 11531 -888. 7 -358.2 83.0 ' 2 1. 78 1. 55 1. 63 
20 -4591 11~44 iiiili -3£1. 2 '1. (I 7 3 2. 14 1. £3 1 . 70 
3(• .. .1111,11 

~H. f. 8 4 2.50 1. 57 1 51 
40 iii -1 s 4.28 5. 79 2. 77 
5(• -~f. 0 iii -19 1 2. ~HI 3.H 4.57 
60 .. :5 0 4. 13 5. 00 3.£7 
70 -CJCJ.4 -8 -s 4 04 5. 00 2. 17 
so -63:5 7 -133.9 -14 -5 2.70 3. 13 1. 79 
~t· • •nu. -761 8 @ -163.6 -14 -6 2. 15 2.35 1 . 71 

100 10814 -832 3 -177.2 -12 -7 2. 15 3.45 1. 75 
110 %36 -·696. 7 -~-M 

-17 4 2.43 2.37 2. 15 
120 3123 iii .. 4 4 -2 2.97 1. 76 3. CJ5 
130 3(•35 230.3 13 . 14 -38 4 04 1. €.7 

1. ' ' 
140 34.03 265.9 14:5.5 -15 

_, 2.88 1. 73 1. 64 ...... 
150 4 1 11 -CJ504 697.£. 323.4 141. 6 -13 -5 1. 90 1. 72 1. 57 \.N 

160 4265 -10842 786.2 334.7 115.2 
_, 

-4 1 78 1. 58 1. 56 
0') 

t 7(• 4244 -10231 746 3 330.2 CJ4.6 -8 -3 1.61 1. 50 l. 5' 
180 4152 -1 t:l227 7£4.5 328.4 83.3 -7 -3 1. 51 1. 48 1. 64 
1 ~ 0 3?15 ~·11578 88'5. 1 312.4 

• 
-7 -2 1. 53 1. 48 1. 85 

200 3645 -11?9£ 909.2 289.' -7 -2 1. 50 1.48 2.28 
21¢ 3494 -12233 'H2.1 273.2 -73 -21 1. 51 1. 51 14.05 
220 3424 ~·12684 983.9 268.3 1 0 1.52 1. 52 2. 57 
23 (.t :?,249 -·113f.7 () 11. 5 25£.7 4 1 1. 62 1 . 7'3 2. 14 
240 :2438 -·1 0856 854.4 1,9.9 -77.0 7 2 1. 72. 2.0, 1. 58 
250 .I -<H25 726 3 18£.7 -106.4 to 3 1. 65 2.48 1. 5' 
260 -<.!1263 -Hi.4 -- -128.5 12 4 1. 82 3.03 1. 54 
270 -"94 79 5 -155.5 13 ' 1. 97 3.35 1 . 57 
2SiJ -9757 834.b -15£.£ 1£ 0 2.04 3.59 1. 75 
2~<'1 . .,. . -11189 ,,8.CJ -'*' 13 -2 2.36 1.95 2. 34 
3<H• -2356 iii 793 .. 0 -1?3.b , -2 2.4b 1. 70 4. 76 
31C! - 2t.E.7 .. -2(J 1. 0 -11 5 3.63 

1. '' 
2.15 

3:<.0 -2955 -232.0 121.5 13 5 2.95 1. b9 1.77 
33V -3443 9656 -281. c;. 145.0 13 5 2.21 1. 87 1. 85 
3•H -3784 102?0 -7,2.7 -299.8 109.5 9 l 1 90 1. b2 

1. ' ' 350 -425? 10€.50 -785.4 -333.5 ,,,8 e 3 1.79 1 .• , 1 5CJ 
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