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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.

Techniques have been developed for wind-tunnel modeling of proposed
structure which allow the prediction of wind pressures on cladding and
windows, ovevall 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.



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 ref-
erences (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 (>2x104) the pressure coefficient at any location on the struc-
ture will be essentially constant for a large range of Reynolds numbers.
Typical values encountered are 107-108 for the full-scale and 105-106
for the wind-tunnel model. In this range acceptable flow similarity is
achieved without precise Reynolds number equality.

1.2 The Wind-Tunnel Test

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

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



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

The test model, equipped with pressure taps (200 to 600 or more),
is exposed to an appropriately modeled atmospheric wind in the wind
tunnel and the fluctuating pressure at each tap measured electronically.
The model, and the modeled area, are rotated 10 or 15 degrees and
another set of data recorded for each pressure tap. Normally, 24 or 36
sets of data (360 degrees of turning) are taken; however, when flow
visualization or recorded data indicate high pressure regions of small
azimuthal extent, data is obtained in smaller azimuthal steps.

Data are recorded, analyzed and processed by an on-line
computerized data-acquisition system. Pressure coefficients of several
types are calculated by the computer for each reading on each piezometer
tap and are printed in tabular form as computer readout. Using wind
data applicable to the building site, representative wind velocities are
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 and may

include overall forces and moments on the structure (by floor if



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

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

The following pages discuss in greater detail the procedures
followed and the equipment and data collecting and processing methods
used. In addition, the data presentation format is explained and the

implications of the data are discussed.



2. EXPERIMENTAL CONFIGURATION

2.1 Wind Tunnel

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

2.2 Model

In order to obtain an accurate assessment of local pressures using
piezometer taps, models are constructed to the largest scale that does
not produce significant blockage in the wind-tunnel test section. The
models are constructed of 1/2-in., thick Lucite plastic and fastened
together with metal screws. Significant variations in the building
surface, such as mullions, are machined into the plastic surface.
Piezometer taps (1/16 in. 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

pressure taps for this study are shown in Figure 3. Dimensions are



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

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

A circular area 750 to 2000 ft in radius depending on model scale
and characteristics of the surrounding buildings and terrain is modeled
in detail. Structures within the modeled region are made from styrofoam
and cut to the individual building geometries. They are mounted on the
turntable in their proper locations. Significant terrain features are
included as needed. The model is mounted on a turntable (Figure 2) near
the downwind end of the test section. Any buildings or terrain features
which do not fit on the turntable are placed on removable pieces which
are placed upwind of the turntable for appropriate wind directions. A
plan view of the building and its surroundings is shown in Figure 4.
Geometric configurations are specified along with the data configuration
in Table 1. The turntable is calibrated to indicate azimuthal
orientation to 0.1 degree.

The region upstream from the modeled area is covered with a
randomized roughness constructed using various sized cubes placed on the
floor of the wind tunnel. Different roughness sizes may be used for

different wind directions. Spires are installed at the test-section



entrance to provide a thicker boundary layer than would otherwise be
available. The thicker boundary layer permits a somewhat larger scale
model than would otherwise be possible. The spires are approximately
triangularly shaped pieces of 1/2-in. thick plywood 6 in. wide at the
base and 1 in. wide at the top, extending from the floor to the top of
the test section. They are placed so that the broad side intercepts the
flow. A barrier approximately 8 in. high is placed on the test-section
floor downstream of the spires to aid in development of the boundary-
layer flow.

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

section.



3. INSTRUMENTATION AND DATA ACQUISITION

3.1 Flow Visualization

Making the air flow visible in the vicinity of the model is helpful
(a) in understanding and interpreting mean and fluctuating pressures,
(b) in defining zones of separated flow and reattachment and zones of
vortex formation where pressure coefficients may be expected to be high,
and (c) in indicating areas where pedestrian discomfort may be a 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
possible to obtain motion picture records of the tests. Conclusions
obtained from these smoke studies are discussed in Sections 4.1 and 5.1.
3.2 Pressures

Mean and fluctuating pressures are measured at each of the pressure
taps on the model structure, Data are obtained for 24 or 36 wind direc-
tions, rotating the entire model assembly in a complete circle.
Seventy-six pieces of 1/16 in. I.D. plastic tubing are used to connect
76 pressure ports at a time to an 80 tap pressure switch mounted inside
the model. The switch was designed and fabricated in the Fluid Dynamics
and Diffusion Laboratory to minimize the attenuation of pressure fluctu-
ations across the switch. Each of the 76 measurement ports is directed
in turn by the switch to one of four pressure transducers mounted close
to the switch. The four pressure input taps not used for transmitting
building surface pressures are connected to a common tube leading out-
side the wind tunnel. This arrangement provides both a means of
performing in-place calibration of the transducers and, by connecting
this tube to a pitot tube mounted inside the wind tunnel, a means of

automatically monitoring the tumnnel speed. The switch is operated by



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

The pressure transducers used are Setra differential transducers
(Model 237) with a 0.10 psid range. Reference pressures are 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
measures the instantaneous difference between the local pressures on the
surface of the building and the static pressure in the free stream above
the model.

Output from the pressure transducers is 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 are processed immedi-
ately into pressure coefficient form as described in Section 4.3 and
stored for printout or further analysis.

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

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

In addition, mean velocity and turbulence intensity measurements
are made 5 to 7 ft (prototype) above the surface at a dozen or more
locations on and near the building for 16 wind directions. The measure-
ment locations are shown on Figure 4. The surface measurements are
indicative of the wind environment to which a pedestrian at the measure-
ment location would be subjected. The locations are chosen to determine
the degree of pedestrian comfort or discomfort at the building corners
where relatively severe conditions frequently are found, near building
entrances and on adjacent sidewalks where pedestrian traffic is heavy,
and in open plaza areas, In most studies a reference pedestrian
position, located about a block away, is also tested. These data are
helpful in evaluating the degree of pedestrian comfort or discomfort in
the proposed plaza area in terms of the undisturbed environment in the
immediate vicinity.

Measurements are made with a single hot-wire anemometer mounted
with its axis vertical. The instrumentation used is a Thermo Systems
constant temperature anemometer (Model 1050) with a 0,001 in. diameter
platinum film sensing element 0.020 in. long. Output is directed to the
on-line data acquisition system for analysis,.

Calibration of the hot-wire anemometer is performed by comparing

output with the pitot-static tube in the wind tunnel. The calibration
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data are fit to a variable exponent King's Law relationship of the form

EZ = A + BU®

where E 1is the hot-wire output voltage, U the velocity and A, B,
and n are coefficients selected to fit the data. The above relation-
ship was used to determine the mean velocity at measurement points using
the measured mean Qoltage. The fluctuating velocity in the form Urms

(root-mean-square velocity) was obtained from

2 E Erms
U = Ims

rms B o Un—l
where Erms is the root-mean-square voltage output from the anemometer.
For interpretation all turbulence measurements for pedestrian winds were
divided by the mean velocity outside the boundary-layer U_. Turbulence

intensity in velocity profile measurements used the local mean velocity.
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4. RESULTS

4.1 TFlow Visualization

A film is included as part of this report showing the
characteristics of flow about the structure using smoke to make the flow
visible. Flow wvisualization experiments were conducted at selected
locations for various configurations. Several features can be noted
from the visualization. As with all large structures, wind approaching
the building is deflected down to the plaza level, up over the structure
and around the sides. A description of the smoke test results
emphasizing flow patterns of concern relative to possible high-wind load
areas and pedestrian comfort is given in Section 5.1.

4.2 Velocity

Velocity and turbulence profiles are shown in Figure 7. Profiles
were taken upstream from the model which are characteristic of the
boundary layer approaching the model and sometimes at the building site
with building removed. The boundary-layer thickness, 6, is shown in
Figure 7. The corresponding prototype value of § for this study is
also shown in the figure. This value was established as a reasonable
height for this study. The mean wvelocity profile approaching the
modeled area has the form

U _ ,z\n
s @
The exponent n for the approach flow established for this study is
shown in Figure 7.

Profiles of longitudinal turbulence intensity in the flow
approaching the modeled area are shown in Figure 7. The turbulence

intensities are appropriate for the approach mean velocity profile

selected. For the velocity profiles, turbulence intensity is defined
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as the root-mean-square about the mean of the longitudinal velocity

fluctuations divided by the local mean velocity U,

u
rms

U

Tu =

Velocity data obtained at each of the pedestrian measurement
locations shown in Figure 4 are listed in Table 2 as mean velocity U/Um,

turbulence intensity Urms/Um’ and largest effective gust

+
_ U 3Urms

Upk - U

Q0

These data are plotted in polar form in Figure 8. Measurements were
taken 5 to 7 ft above the ground surface. An analysis of these wind
data is given in Section 5.2.

To enable a quantitative assessment of the wind environment, the
wind-tunnel data were combined with wind frequency and direction infor-
mation obtained at the local airport. Table 3 shows wind frequency by
direction and magnitude obtained from summaries published by the
National Weather Service. These data, usually obtained at an elevation
of about 30-40 ft, were converted to velocities at the reference veloc-
ity 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 dif-
ferent directions with varying frequency). These results are plotted in

Figure 9.
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Interpretation of Figure 9 is aided by a description of the effects
of wind of various magnitudes on people. The earliest quantitative
description of wind effects was established by Sir Francis Beaufort in
1806 for use at sea and is still in use today. Several recent investi-
gators have added to the knowledge of wind effects on pedestrians.
These investigations along with suggested criteria for acceptance have
been summarized by Penwarden and Wise (4) and Melbourne (5). The
Beaufort scale (from ref. 4), based on mean velocity only, is reproduced
as Table 4 including qualitative descriptions of wind effects. Table 4
suggests that mean wind speeds below 12 mph are of minor concern and
that mean speeds above 24 mph are definitely inconvenient. Quantitative
criteria for acceptance from reference 5 are superimposed as dashed
lines on Figure 9. The peak gust curves shown in Figure 9 are the
percent of time during which a short gust of the stated magnitude could
occur (say about one of these gusts per hour). Implications of the data
plotted in Figure 9 are presented in Section 5.2.

Because some pedestrian wind measuring positions are purposely
chosen at sites where the smoke tests showed large velocities of small
spacial extent, the general wind environment about the structure may be
less severe than one might infer from a strict analysis of Table 2 and
Figure 9.

4.3 Pressures

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

data record is analyzed to obtain four separate pressure coefficients.

The first is the mean pressure coefficient

mean

2

(p-p,)
mean 0.5 p U,

c
P
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where the symbols are defined in the List of Symbols. It represents
the mean of the instantaneous pressure difference between the building
pressure tap and the static pressure in the wind tunnel above the
building model, nondimensionalized by the dynamic pressure

0.5 p U*

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

The magnitude of the fluctuating pressure is obtained by the rms

pressure coefficient

c ) ((p-pm) - (p-pm)mean)mS

Prms 0.5p Um2

in which the numerator is the root-mean-square of the instantaneous
pressure difference about the mean.

If the pressure fluctuations followed a Gaussian probability
distribution, no additional data would be required to predict the
frequency with which any given pressure level would be observed.
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:
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) (P~Pe) o

Pmax 0.5 p Um2

(PPl pin

Pnin 0.5 p Um2

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

max min

dynamic pressure.

The four pressure coefficients are calculated by the on-line data
acquisition system computer and tabulated along with the approach wind
azimuth in degrees from true north. The 1list 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 peak positive and peak negative pressure coefficients. Table 6
lists the larger values and associated wind directions. Included in
Section 5.3 is an analysis of the coefficients of Table 6 including the
maximum values obtained and where they occurred on the building.

The pressure coefficients of Table 6 can be converted to full-scale
loads by multiplication by a suitable reference pressure selected for

the field site. This reference pressure is represented in the equations

for pressure coefficients by the 0.5 p Um2 denominator. This value is
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the dynamic pressure associated with an hourly mean wind at the
reference velocity measurement position at the edge of the boundary
layer. In general, the method of arriving at a design reference
pressure for a particular site involves selection of a design wind
velocity, translation of the velocity to an hourly mean wind at the
reference velocity location and conversion to a reference pressure.
Selection of the design velocity can be made from statistical analysis
of extreme wind data or selected from wind maps contained in the pro-
posed wind loading code ANSI A58.1 of the American National Standards
Institute (6). 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 (7).

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 5 and
are listed as peak pressures in that table. The maximum psf loads given
at each tap location are the largest peak positive and peak negative
values found in the tests. For ease in visualizing the loads on the
structure, contours of equal peak pressures for cladding load shown in
Table 6 have been plotted on developed elevation views of the structure,
Figure 10. If a data point which is taken in the basic model configura-
tion is retaken in a resolution configuration, the data are averaged in
preparing Figure 10. For control of water infiltration from outside to
inside, the largest positive (inward acting) pressure at each tap

location is tabulated in Table 6.
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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 (8) indicates that the period of appli-
cation of the peak pressures reported herein is about 5-10 seconds 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 (9) and older references (10) indicate the following load

reductjon factors:
ref. ¢ 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 & by these load factors.

4.4 TForces and Moments

Force coefficients in the horizontal X and Y directions and
moment coefficients about the X, Y, and Z axes with the origin at
ground level at the base of the building with Z axis vertical may be

computed for all wind directions tested by integration of mean pressures
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on the building. Overall forces and moments acting on the full-scale
building due to wind loading which are useful in designing the struc-
tural framing of the proposed building may be obtained from use of these
coefficients.

Force coefficients were computed for each floor for each wind
direction using the equations shown below.

F F
CFy = . 2 CFy = : 7
Ag 0.5 p U, Ag 0.5 p U

Terms and symbols used in the equations are defined in the List of

Symbols and the axes are defined for the building in Figure 11. Force
coefficients CFx and CFY were computed for the horizontal forces
acting along the X and Y axes using the mean pressure coefficient at
each pressure tap. AR represents a constant reference area for
nondimensionalization 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 gust load factor selected for an appropriate wind
gust duration. The gust load factor, shown in Table 5, was selected to
increase the loads from an hourly mean load to that of a gust whose
duration would be sufficient for its effect to be fully felt by the
structure. A table of gust load factors for various gust durations is
incorporated in Table 5 so that force and moment data of Table 7 may be
adjusted to a different load duration if desired.

The forces obtained at each floor were used to obtain load, shear,
and moment diagrams for the building for each wind direction. The shear

diagram, in kips, was obtained by algebraic sum of all forces in each
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coordinate direction acting above the floor of interest. The load
diagram, in psf, was obtained by dividing the shear values by their
contributing areas (listed in Table 7). The moment diagram, in
1000 ft-kips, 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 2 axis were calculated by considering the displacement of forces
in the X and Y directions from the 2Z axis shown in Figure 11.
Eccentricities were computed such that the product of the Y force and
X eccentricity minus the product of the X force and Y eccentricity
equaled the Z moment. Load, shear, and moment diagrams are shown in

Figure 12 for several wind directions.



21

5. DISCUSSION

5.1 Flow Visualization

Flow patterns identified with smoke showed that largest pressures
would most likely be found near corners of the building. These pres-
sures are due to flow separation phenomena. Flow separation occurs when
the wind is unable to turn a sharp corner on the building and separates
from the surface. Elevated negative (outward acting) pressures are
often found under the separated flow near the point of separation. High
velocity and large curvature in the separated flow contribute to the
local elevated pressures. Flow visualization showed high velocity flow
separation at the building corners at several elevations along the
corners. Elevated pressures may thus be found anywhere along the
corners.

The building had the effect of deflecting higher velocity winds
from upper elevations on the building down to ground level. These high
winds at ground level impinged on the wrap-around building of the
Inpatient Replacement Building (IRB) for some wind directions. For this
reason, wind pressures on the lower wrap-around building may be higher
than those which would exist on the same structure if they were not in
the immediate wvicinity of the IRB. For some wind directions the
building was shielded by adjacent buildings and should have low wind
loads.

Winds in pedestrian areas at ground level were largest near corners
of the new and existing towers. These winds were due to the downward
deflection of higher velocity winds from near the tops of the towers.
Winds on pedestrian walks at the corners of taller buildings (e.g., IRB

on Eye and Ear Clinic Building (EECB) appeared high for some wind
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directions due to the deflected winds explained previously. At
location 23 (see Figure 4), a high velocity was observed for a range of
southerly through southeasterly wind directions due to wind flow
channeled between the new IRB and EECB which is immediately south of
location 23.

5.2 Pedestrian Winds

Figure 4b shows the 23 locations selected for investigation of
pedestrian wind comfort for the existing configuration, Figures 4a
through 4c show the 25 locations selected for the same purpose for the
new and revised configurations, respectively. Locations 1 through 12
were chosen as comparison locations whose wind should be only slightly
modified by the new Inpatient Hospital Building. Locations 22 and 23
were positioned under building overhangs,

Table 2 and Figure 8 show that the largest mean velocities were
measured at locations 4, 6 and 20 with values of 60 to 73 percent. of

u the velocity at gradient height of 1200 ft, for the existing con-

o?
figuration. With the presence of the new building the largest mean
velocities occurred at locations 20 and 23 with values of 68 to
86 percent of U . These velocities can be compared to 40 to 45 percent
which might be found in an open-country environment. The largest gust
velocities, represented by the mean plus 3 rms as discussed in
Section 4.2, were measured at locations 6, 23, 20, 25 and 4 with values
of 106 to 125 percent of U,. Values above about 120 percent are rather
large in comparison with values of 80 to 90 percent in an open-couniry
environment.

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

Table 3 are shown in Figure 9. Based on the data of this figure, the

windiest pedestrian locations are predicted to be 4, 6, 15 and 20 which
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exceed the published acceptability limit approximately 2 to 4 percent of
the time for the existing configuration. Gust winds at locations 19, 20
and 23 exceed the acceptable limit approximately 2 to 10 percent of the
time for the new configuration. At locations 4, 6, 15, 19 and 20, gust
winds are high but little affected by the presence of the new building
complex.

Table B summarizes gust velocities exceeded 1 percent of the time
for all locations for a gust defined as mean plus 1.5 rms. The Boston
Redevelopment Authority has an informal requirement that this gust speed
not exceed 31 mph for 1 percent of the time. Table § shows that five
locations (4, 6, 15, 16 and 20) exceeded the informal guideline of
31 mph in the existing configuration. The largest wind speed was 40 mph
at location 20. With the IRB complex in place, five locations (6, 16,
19, 20 and 23) exceeded the informal guidelines. Locations 4 and 15
decreased from 33 to 30 and 34 to 30 mph respectively. Locations 19 and
23 increased from 25 to 33 and 28 to 42 mph respectively. The windiest
location in the existing configuration, 20, increased from 40 to 43 mph.
Increased wind speeds at 19 and 23 were caused by the open passage
between the IRB and the EECB immediately to the south. Decreased wind
speeds at 23 can be accomplished by blocking wind access under the cover
by extending the cover east and southeast until contact is made with
other buildings or by providing a single narrow passage for automobiles
under the cover at the east or west edge of the cover. The small
increase in wind speeds at location 20 was caused by the addition of the
mass of the IRB to the block requiring more wind to be deflected around
the corner at 20. Additional foliage along Charles Street and Fruit
Street near location 20 would be beneficial in lowering wind speeds at

location 20.
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The overall conclusions obtained from the pedestrian wind analysis
are that the Inpatient Hospital Building 1) will slightly decrease wind
speeds in some areas of the existing complex such as locations 4, 15 and
18, and 2) will increase winds significantly only at locations 19 and
23 which will become about as windy as other locations in the existing
complex.

5.3 Wind Loads

Table 6 shows the largest peak pressure coefficients and
corresponding loads measured on the building for each pressure tap
location. Data configurations are identified in Table 1. Data are
identified by configuration in Table 6a and represent peak pressure and
corresponding azimuth angle obtained at each pressure tap location.
Table 6b tabulates the greatest pressure magnitudes and associated
pressure tap locations for different configurations. Pressure coeffi-
cient data for all configurations, taps, and wind directions are
contained in Appendix A. Only the highest pressure at each tap for
selected configurations are presented in Table 6.

The largest pressures obtained on IRB Phase I were -41 to -54 psf
on the west and east sides of the building. The largest pressures on
IRB Phase I cladding ranged up to -54 psf and were located near the
corners of the building. The greatest pressure magnitudes on IRB
Phase I were little affected by the presence of IRB Phase II and the
wrap-around, Phase III, building. The highest pressures on the revised
IRB Phases I and II ({(Configuration G) were slightly higher than
pressures on the originally designed IRB Phases I and III. For
Configuration G, the peak cladding load appeared on the east side and

roof of IRB Phase 1 with magnitudes ranging up to -55 and -60 psf.
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Figure 10 shows the distribution of peak negative and peak positive
pressures over the surface of IRB Phases I, II and III. Most of the
area of the three buildings had peak negative pressures less than
-30 psf with higher pressures restricted to limited areas. Typical peak
positive pressures were less than +20 psf with largest values extending
up to 25 psf for Configurations A and D and 35 psf for Configuration G.

The wind pressures shown in Table 6 and Figure 10 represent
external pressures. Internal pressures on buildings may be controlled
by the air handling system in combination with infiltration through the
curtainwall and any openings in the curtainwall associated with operable
doors or windows which are left open during a wind storm. Internal
pressures for this complex can reasonably be assumed to be controlled
primarily by infiltration and the air handling system. Values of %5 psf
are reasonable for internal pressures.

Figure 12 shows frame pressure, shear and moment distributions
plotted from Table 7 for the largest base shears in the x and ¥y
coordinate directions on IRB Phase I. The coordinate system is shown in
Figure 11. For wind direction 170 degrees where the x shear reached
its maximum, the y shear remained at a magnitude approximately
70 percent of the x shear regardless of the presence of IRB Phase II
or III.

The x shear for the revised configuration reached its maximum at
the same wind direction but increased the magnitude by approximately
10 percent from Configuration C. As shown on the summary page of
Table 7, the torsional moments were moderate but tended to be largest

simultaneously with large base shears.
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Figure 5. . Completed Model in Wind Tunnel
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Figure 5. Completed Model in Wind Tunnel
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TABLES



Configuration A:

Geometry

Pressures

Configuration B:

Geometry

Pressures

Configuration C:

Geometry

Pressures

Velocities

Configuration D:

Geometry

Pressures
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TABLE 1

DATA CONFIGURATIONS

Building No. 1 in place.

Data measured for 36 wind directions, in 10-degree
increments from 0, for all tap locations on Building
No. 1.

Building Nos. 1 and 2 in place.

Data measured for 36 wind directions, in 10-degree
increments from 0, for all tap locations on Building
No. 2 and selected tap locations on Building No. 1.

Building Nos. 1, 2 and 3 in place.

Data measured for 36 wind directions, in 10-degree
increments from 0, for all tap locaticns on Building
No. 3 and selected tap locations on Building Nos. 1
and 2.

Pedestrian winds measured for 16 wind directions, in
22.5~degree increments from 0, for locations 1-25
(Figure 4).

Building No. 1 in place (same as Configuration A).

Data measured in 2-degree increments to both sides of
selected wind directions for selected taps on Building
No. 1 where large pressure peaks were observed in
Configuration A. Taps were selected to obtain the
largest peak pressures on the structure.



Configuration E:

Geometry

Pressures

Configuration F:

Geometry

Velocities

Configuration G:

Geometry

Pressures

Configuration H:

Pressures

Configuration W:

Geometry

Pressures
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TABLE 1 (continued)

Building Nos. 1, 2 and 3 in place (same as Configu-
ration C).

Data measured in 2-degree increments to both sides of
selected wind directions for selected taps on Building
Nos. 1, 2 and 3 where large pressure peaks were
observed in Configuration €. Taps were selected to
obtain the largest peak pressures on the structure.

Building Nos. 1, 2 and 3 out, original block in place.

Pedestrian winds measured for 16 wind directions, in
22.5-degree increments from O, for locations 1-23
(Figure 4).

Building Nos. 1, 2 and 3 in place. Building Nos. 1
and 3 revised.

Data measured for 36 wind directions, in 10-degree
increments from 0, for all tap locations on Building
Nos. 1 and 3. Selected tap locations on Building
No. 2 were measured.

Data measured in 2-degree increments for selected taps
on Building Nos. 1, 2 and 3 where large pressure peaks
were observed in Configuration G. Taps were selected
to obtain the largest peak pressures on the
structures.

Same as Configurations A, B and C.

Worst case of all pressure taps on Building Nos. 1, 2
and 3.
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TABLE 2.

RMS

10,2
1.7
12.0
11.4
12,

12.4
11.2
20.3
15.4
11.°

H13.5RHE

102.8

LTI O R O -

-
&)

[ 2}
d

PEDESTRIAN WIND VELOCITIES AND TURBULENCE INTENSITIES

CONFIGURATION F

¥ GREATECT VALUES xx

URNS /UINI UHEAN13.SERHS/UINF
{FERCENT) {(FERCEHNT)
AZ HCAH RHC HI3.S5RHC Loc AZ HEAH RHE HM1Z.SRHC
157.5 47.9 20.4 111,2 6 202.5 45.5 19.0 122.8
22.3 S%.% 20.3 120.7 [ 224 S59.¢ 20.2 120,92
0.0 45.3 17.9 103.5 ¢ 157.5 4%.9 20.4 111.2
202,35 45.5 1%.0 122.¢ 4 337.5 59.5 15.4 105.7
225.0 44.1 180.5 101.4 5 0.0 45.8 1%.9 105.5
292, 40.5 17.¢ 3.3 20 TJ15.0 4B.Z2 11.9 102.,%
45.0 32.1 17.2 23.% 20 272.3 72.9 10.4 103.8
0.0 3IC.a 17.1 o7, 4 225.0 4L£.1 18,5 101.4
292.35 29.7 14,2 783.4 15 0.0 .9 15.7 101.1
135.0 32.3 1&.0 70.2 =0 157. 2.7 12.4 100.0

9Z1
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TABLE 2.
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CONFIGURATION C

BUILDINGS 1.2

PEDESTRIAN WIND VELOCITIES AND TURBULENCE INTENSITIES
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PEDESTRIAN WIND VELOCITIES AND TURBULENCE INTENSITIES

TABLE 2.
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PEDESTRIAN WIND VELOCITIES AND TURBULENCE INTENSITIES
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CONFIGURATION C

EUILDINGS 1,2

x
-

AND

10

LOCATION

17

LOCATIOH

3. 5¥RMS/UR
FERCENT)

u+
(

@
S=
i

T

UR
{PE

URHZ/UR
(FERCENT?}

U/uUrR
(PERCENT)

WIND
AZIMUTH

CHAON-NONHMOTOM

P I e
NN OTMOOIG N MM W
L TINMMEOEIAN QDN

@D AO LI wtar LI =
P I R N I R R S O
3??560}5‘53401901”——..—

- i -

O UNC I AT QwPI
PO Y
AWV CA IR CI T O =)
FIAC] P GO = P3O S T T O

COOCOCOCODOOOOSD
onoliIocIoNoIOoONoUIon
PO A
CHINOHHIN O INT O
AT I FILICIO O 47 IO e B

Tt el (OO OISR T

HPMMPIOMOMNM OO o
s e b s bmea b s
=PI LI CI o e -]
[p g lm et o I el IR R I T ]I

SOAF AT = G- P P10

R I I N N I N I

5.-054156w1=.-30:3ﬂ..ﬂ~°9nf
bl L]

(AT M D QP NS o P

J N
QTSI M T I 0
CAT Tt ol ol =t ot et 0 CAFIFIPICACE LY

QOGOOQLOOQOOCOoO0O
ORNONCNONMOKIGIOINOL
[ L T T R TR
QDO OLRI O T
Cie ORI QO Gl )
et 1 GO Y

131

20

LOCATIOH

19

LOCATION

MO oMU = STICIMD
R Y
WHNOOMOO YT~ DO
GO M OO -0

hatabako] Nt

V1A AMAR MO O OF- 0
R R AT
OIaGSHLHsl?_ﬂazw._lwu (=1 B2

T vt e v el v v v v

Tl PFIN OV et P O vl P e
P
ES QAT AP I O 40w €30~
Ll R R e R b B A L R0 N S |

OCOROO00ODAOOCO OOG
ONORONONOINOCINON
e e s et ataraYeroesw
QEHINRONNINOHIIOGINMN
LA PN NEI S Cd A T Oty

e CECAECA M Y

[ Pol=l ga byt aSu by F-T I o b - L T, |

P O

PN GO OF -

PO T NN IO CIFST
v vt v

NSO THOIOM OO
P R T T T
CIICOH QIO e NP ety

vl eyl vl vt ] vt vt v v o ]

Lol L=TRN S L, LT N SRR X, T O S
L A 2 T R R I
P OGP T O
CAPAITECE 1 = CHRICEINN T CUPI Y

0QO00OC OSSOSO
VNS NONONTINOROoN
. PP et Al
QCHAN O CHIMN G N O CbT N
e DG AN G AT i 1)
e ORI CIM



PEDESTRIAN WIND VELOCITIES AND TURBULENCE INTENSITIES
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180.0
157.,5
135.0
292.5
Z15.0
315.0

292.5

327.5
270.0
157.5

HEAH

85.6
82.7
81.2
78.3
73.2
72.3
£9.7
4%.35
49,1
47,1

TABLE 2.

7.9
12.46
12.3
10.8

-~
™

13.?
E.E
10.1
?.b
12.5

M+3.5RHE

115.3
120.4
118.0
110.8
101.1
113.4

TE+3

9.8

?7.9
104.5

Loc

CONFIGURATION C
BUILBIHGE 1:2 AND 3

¥% GREATELT VALUES *x

AZ HEAN RHC

22,5 §8.7 21.°%
202.3 45.%9 20.4
237.5 3a3.9 20.1
180.0 52.4 17.4
150.0 42,4 1B.4
270.0 44.7 17.%9
135.0 S5.8 17.4
157.5 &0.0 17.3

0.0 I?.4 17.2
157.5 41.7 146.2

Mi3.0RHE

124.4
108.1
104.3
110.3
27.4
"B.5
10C.1
112.9
*0.8
70.0

Loc

PEDESTRIAN WIND VELOCITIES AND TURBULENCE INTENSITIES

:¥4

22,5
157.5
135.0
130.0
315.0
157.9
292.3
130.0
135.0
202,55

58.7
82.7
81.2
85.6

-
7.2

60.0
7E.3
52.4
55.8
45.%9

RHS/UINF
NT)

RMS

21.9
12,4
12,3

7.9
12.7
17.3
10.¢
19.4
17.4
20.4

M+3.5RNS

124.4
120.4
118.90
115.3
11Z2. 4
112.0
110.8
110.5
108.1
108.1

7ET
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TABLE 3

PERCENTAGE FREQUENCIES OF WIND DIRECTION AND SPEED

GENERAL LOGAN INTERNATIONAL AIRPORT (1965-1974)
SEASON: ANNUAL NO. OF OBS. = 29206 HT. OF MEAS. = 22 FT

VELOCITY LEVELS IN MPH

DIRECTION 0O~4 5-7 8-12 13-19 20-24 25-31 32-38 39-45 U6 + TOTAL
N .30 1.5 3.00 2.20 .40 .10 .04 0.00 0.00 T4
NNE .20 .80 .90 .70 +20 .10 0.00 0.00 0.00 2.90
NE .20 .50 1.10 1,00 .30 .20 0.00 0.00 0.00 3.30
ENE .10 .70 1,20 1.10 .30 .10 0,00 0.00 0.00 3.50
E .30 1,00 2,40 2.30 .30 .10 .02 0.00 0.00 6.42
ESE .30 .90  1.90 1.90 .30 0.00 .02 0,00 0.00 5.32
SE .20 1.00 1,60 .60 0,00 0.00 0.00 0.00 0.00 3.40
SSE .20 .80  1.10 .40 0.00 o0.00 0.00 0.00 0.00 2.50
S .30 1.60 3.00 1.80 .20 .10 .02 0.00 0.00 T.02
SSW .10 .70 2.00 2.40 .60 .10 0.00 0.00 0.00 5.90
SW .10 .80 1,90 2.70 .60 .10 0,00 0.00 0.00 6.20
WSW .10 1.10 3.30 3.90 .70 .10 .04 0.00 0.00 9.24
L] .20 .90 2.70 5.00 1,50 .50 .10 .05 0.00 10.95
WHW 10 .70 2.70 4.70 1.60 .50 .10 .05 0.00 10.45
NW .10 .80 3.10 4,10 1.10 .30 .06 0.00 0.00 9.56
NNW .10 .70 2.20 2.20 .40 0.00 0.00 0.00 0.00 5.60
CALM .30 0.00 o0.00 0.00 0.00 0.00 0.00 0.00 0.00 .30
TOTAL 3.30 14.30 34,20 36.90 8.50 2.30 .40 .10 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 Speed
number {mph)
0,1 0-3
2 4-7
3 8-12
4 13-18
5 19-24
6 25-31
7 32-38
8 39-46
9 47-54

Effects
Calm, no noticeable wind
Wind felt on face

Wind extends light flag
Hair is disburbed
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

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

CALCULATION OF REFERENCE PRESSURE

1. Basic wind speed from statistical analysis of Boston fastest mile

and hourly winds*:

Largest 100-yr hourly mean wind at gradient = 101 mph from KE

900
1200

.24
Velocity at reference velocity location at 900 ft = 101(mww*) = 94 mph

Reference pressure at reference velocity location

= (0.00256) (94)% = 22.6 psf. Use 23 psf
2. Wind directionality factors for Boston:

Direction Load

100~yr Ratio Based on
Wind Gradient 26 psf Gradient
Direction Wind Speed Level from NE
N (0°) 82 0.66
NNE (22°) 91 0.81
NE (45°) 101 1.00
ENE (67°) 90 0.79
E (90°) 88 0.76
ESE (112°) 90 0.79
SE (135°) 91 0.81
SSE (157°) 95 0.88
S (180°) 100 0.98
SSW (202°) 9 0.87
SW  (225°) 92 0.83
WSW (247°) 89 0.78
W (270°) 85 0.71
WNW (292°) 85 0.71
NW  (315°) B8 0.76
NNW (337°) 86 0.73

3. Factor to convert 100-yr loads to 50-yr loads: Divide 100-yr loads
by 1.08 to obtain 50-yr loads.

*Data from National Climatic Center, Asheville, North Carolina.
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TABLE 5. (continued)

4. Gust load factors to convert hourly mean integrated load to mean
load for various gust durations (see Section 4.4):

Duration (sec) Gust Load Factor
10-15 1.40% = 1.96

30 1.32% = 1.74%%
45 1.28% = 1.64

**Thirty second factor was used in Table 7.
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TARLE 5B. FPEAK LOADS FOR t MASSACHUSETTS GEHERAL HOSPITAL IO
LARGEST VALUES OF CLADDRING LOAD 100-Y

Average of Configurations A and D

STOMN>IMASS.,
EAR RECURREHNCE INTERVAL

¥ % 15 GREATEST PREGSSURE MAGNITUDRES % %

TAF AZ1. FRESS NEGATIYE FOSITIVE
HUTH COEFF  FEAK FEAK
- PSF -m--
120% 150 2,83  -53.2 19,9
1206 170 2.2 S1.7 20,0
1210 150  2.47 50.1 19.1
228 1920 2,02 -A4S.4 8,2
1218 190 -2,00 A5.1 2,1
1214 190 - 1.,598 - 44.4 12.0
1224 190 .07 34.5 7.4
1201 150 2.10 12,4 16.9
1202 150 - 2,03 - Al.t 12,9
1532 150 2,03 11,0 1.5
1907 340 2,41 -A1.0 5.2
1902 40 1.72 39,7 1.1
1204 a0 1,70 20,1 18,7
1217 170 1,49 38,1 2.2
1407 170 1,48 37,9 14,9

5T



HACTACHUGET

3
*

PEAK LDADT FOR CONFIGURATION D

LARGEST VALUES OF CLADDING LOAD

SA,

TABRLE

142

~agd

PEAK

FSF

FRESS MHEBGATIVE FOEITIVE
FEAK

HUTH COEFF
1 '
3 .

AZI -

TaAP
1
[+}

(o= e |

* e

e
-~

FEAR

POSITIVE

PCF

(=T

2en
~acacd
<InH

FEAK

=N
rer

. 4

(1 ET

PRESS MEGATIVE

CDEFF

l=17]
e 1'shat
-

HUTH

-~00
Qe
[¢1n el
ot

TAF  AZI-

LTI
| e
PN
| it
_

<9
..
Uoeaedsa
tierin

o
(R ] a

P

— n_,m 4

COEFF

[ lo]yl
fretid
[ Lot

MUTH

Cimin
Moo
Lalgix]
(ol kol

& £ Configyrations A apd O
TAF SAz1- PRESS NEGATIVEC POSITIVE



23.0 FSF

AL » BOSTON

IT
URE

v MACTACHUSET

CURATIOH It

I
AD

COHF
LOA

*

e
.

8 GREATECT PREGZSURE MAGNITUDES

¥

FOSITIVE
FEAR

PSF

- -

MEGATIVL
FEAK

13.9

150 -~2.91 ~88.+9

210
1203

-

143

Z42

09
1907
1201

~2¢12 -42.¢

-1.814

148

19.6

1510 218

1220
1132

[

"1.?4

278



POSITIVE

FRESS NEGATIVE
MUTH COLFT FEAK

AZI-

CURRENCE INTERYAL
TAF

FRESS NEGATIVE FOSITIVE
MUTH COLrF PLCAK PaF FEAY
Mot BF e

AZI-

HASSACHUSETTS GENERAL HOSP
TAF

»
+

PEAL
<es POF w-ee

FEAK

G
PRESS HEGATIVE FOSITIVE

PEAY CLADDING LOAD3 FOR
COEFF

LA
CONFIGURATION
MUTH

TAPLE
TAF  AZI -

144

[ 3y T 83551302155397 AP OV e GO P 1002295528513024734 Crde
T?01326.p ?o CHUL00~T MIC ) NS D O O B 275&01.0090121111u G- Qe e
A TCICIC vt o P (vt vt e A (i rd v i v v v o S Clegei(vd

~ PO O MAUN T T UTAe MOMMNAS DN HOCI T G I e T O BT O
e T O . T I T T T T O e T T
CEH N O WO OO DO Nt O SN ONO T -l e O QT
CICACImCHCAT i A C I I it v U O i O e et et (N Do L Vv b 0 i
[T AT T T A R R AT S T T SN O T O TR O O I I O T i LI S TR T B |

PO O NPT T OIS -
536:&446w16.&61ﬂ—55510334

L R A )

P On O G o 4 A FIT v O T () 4 1 OG0 <360 O 0 G O G~
SO MMM SO0 QNI DONCO W
LS L . B T T T T SR SR R R S R )
™ e ] Y b et P Pt - t 11 vty
1 3 1 i I LI I I A |

COOOOOO0O0OOOQOQOOOOOCO0OQOQOQO0OO000O0LOO0O0000R00
PPNt TR ON QRTMOO M NN - O G IS O S o o 0 0 DN O
CIFY e e 0N I GNP G o lals |

GO MM N OO0 HMTIN OO OHNM TN OGO O (M Ol M 0
QOOOO Ar e rr e S =S A NGO UNHNANMMI N MMM ST Ao 00QoL 000
VNN NN N T NN WA DN NN 30N B3 NN 06 N0 IDN R W DRI 1 6 0 & 6~ 0 0- tn 0~ 0n
LT T T [ T I T I T L P T T L e T e T [y e T T T T T T T Ty [ T Ty T L S TR I Tl g T TR T T R T TS T T ]

NeiNO MG N MO O O I MMM COMMNAOGH{{OThTOMEOIM -
P T T
NGHPINGNAEONEIN= AN PO OCNHNINO A A At OIS NGO A = PIE A T O =N 0

v g vt vl vl v v el o v oSO YOI vt v vd vt e O IO

EN M N MM 8 ) N 0P 10 DO € G e - M O =N FT 1M SO MMM~ 00
L I T T T T I S I S S Y T P P
FICIMICCIM I P OO T I MO0 i O~ OO M O = I OM T NS MO N
1!1111111444233233222112222122112111111111113422

i 1 i i i 1 1 H i 1 1 [ 2 T T I L | ¥ [ T B 2 ) [ |

CINCQARNOCOINmOHmRNIIMNNOANOOTOONOTHieMNM- OO TOMNMCENIM RO
SNOPVUINSTEHNAOARM GOSN - M DHMN N0 00N SN NP T
L T R R I I N A N L N I T I S I S T T P U I I I I A L I
' ' L ORCEIC e Gt vt e vt [T e - e ¢ [ | A vt vt

[ |2 A L | I | 1

£

COOOQOQOVOOOGOGOOOQOOOGOOOQOLOOOGOOOORO0000CO000
nu7w115747ﬂ_454447347.2357457.9...:.48777.3..132305677549052
e ™ SR - - [ I e e o B L T R I PR ]

O G =PI OO G M F O DO et M (NN o U O F - = TR ST
<RINNNNNININOCOOOOQOOMAMEHmHOOOOO QO COMEHHHOO0OQOOOOO0
e A S H O I I I DI NG MMM MM MM MM MM o o e Ta s nininin
CHCEACI CATIO CH O CECE O E A O G IR N ERCI OO I A SO EI T G S O IO T T C I TN O

MO T TN YT CHHOO M- 0TR O CN A MA O OG- OaNNO
L N L R I S N T L I R R T R T R T R T IR IR T
M0 CNC e O M OO RO MM - NS OO M GC O 0l
il v v vl (1 v vl -l -t IS0 DGt 0 iy

LMNMOTOoINR N ON~T nONOMOO VOO Oafint-mAMei— NN O Y- ML
L I L T R T L R S BN T T T I R N I A A T I L TP
NEOOOMNAT OO N OO AN NN RO T NS T OO T OO
2222222332223121111111_1__b_32223222122221111111
[N [T I T T T I SN T T [ N I B T T O T B T O I I |

PSSR0 TNV - VOV GRTOMNFIAN It D ORI AN ONOAOC 00 w0 DOl
HNTOHHTQAN A Ot AN SN O AT ONO S NS TOOO0O O A S
LRI I T T T SRR L T I R I R N A T L. L LI TRV TR R I T
ol v e v vl | o L [ e e vt vl b T et
L2 T ST N T N O B | i1 LA | Pt 0%

[=l=l=lolv]ol-tolelololoTolofolalololalolelolrlelolrlolalalrlolrlolalole faloTolelaletoY vlolelalel
Blnsa._z..od.732445145525553259530563772454457&5477357
iy — o ™M ™ Miviemi el M e CoE I T ]

MO OGO HMTNON WO MU Qe M T NN OG- M S N SO (O
OGOOUQO OO e et e A OGN ONCNCI MMM MMM T e Y oo da T
9t et 9t et T e 1ttt 9 et v et vt vl v et et et i e 9 ] o et o e el o] 1 o ) e T e A el W e 9
CACICICICE LA CHCHCICI CACH CHOATI LS LI CH O OO 2 CECI IO I O CECE T I O A C A A A I 04 0

FRESSURES ACT IMNWARL.

FOSITIVE

MEGATIVE FRESSURES ACT OUTWARE:



100-YEAR RECURRENCE INTERVAL

FRESS NEGATIVE

MASSACHUSETTS GEMERAL HOSFITAL»ROSTON
COEFF

s
*

FEAK CLADDING LOADS FOR

CONFIGURATION 6

TABLE 6A.
TAF

POSITIVE

PRESS NEGATIVE
FEAK

COEFF

AZI-
MUTH

TAF

POSITIVE
FEAK
PSF -

FEAK

MUTH

TAP AZI-

FDSITIVE
FEAK

FRESS NEGATIVE
FEAK

MUTH COEFF

AZI~-

PSF

145

CrGCHE TN T ENOUe OGOV INOTMONAHON OGN YT A1 MHO N TR OO
G a t m ek T e w omh A a8 M et st A AT AT A SRS A e e e omon s o
MMUAMONTTOHYNOG N ONHOMNS NGO THONWN QN TOTISMEG GOSN T CaM
CNCICICICI CICIEACE A I O oA et AR LI A A G v A A oA S OO A A GG FICIC O & CICCI M S Y

Clrt OO MDA O DO P NOONMNOUMNONTCUMNMIUT OV EmO-0
L A R R R e e I R R A L R . T T R S T
ORI AN AMMNINMOARNOOORNNONNDNON TN S OO AN AN C - O
Lol L JePrL L. R T T T i T B R R B B E e B e L B L PR o R s I T P L o L T T T I R
LN TR S A A S N TN R N A A I A D A D T R R T A I U R R RN T R N N A O A |

VTt 1O N OO0 mMOO S GO NOOIITONLOAMNN—H 0O MDA O (10 G = (0 )
NOTOMHMOMNGAHAH SO A UM HA A0~ OMNNOCOMNOONOMMN NN T Sa T
F
L R T I LR e P e P R o P B ] - Pl Cd vt Ayt v vt A g O v
Py F 2 T R S T I A 1 td 30 | I T B |

QOOOOOOOROOOQOLOOOCOOOOOOOOQOIOOROLOLOOOOQOO00

DOOO0
. WIS o 9447347456?‘515753w}9667960’750’77546w:1169239.834
- -

N et et el O A O A N

MO OOHHM TNV O M NORN OO A M A M TNONOO-H M T
LCIHCIICINIC MMM MMM MMMt T oot TTNIINNNO OO0 OO O e m
CAEI I CICICI I CEN TN G I I I A G CEO I I CA I CECH CU OIS M YT MMM M M M )
T T T T T T T T T T T T T T T T T T TTTT T TTTTTTTTTTCTT

AN MO AT T oA ARNORNOONEMHO S AN DM AN NTNAHONCN MO OaCowm s~
I S P
WO-ONECVDOMNmOHOMHMOAMOYINMNMMOVYNCONOAMMOMNAINS P~ MmTHNM
TACICICI v vt CACE LI T I O I CI EACA N v v vt et o v et A A TG R OO A O C O A CICHCI I N I

W (IO D1 AN NGO OO O T Mt v ot TN IR P N C O I et 0 MO0 MIFS 048 P~ 00 0
P Sy
DOVOROrNACOTAQMRIHINMNMUNQ NGO ANMMIAQOINC U Tl adalhamM
122212133122252223222312111234443423352223332232
| [ I B I (O T T T T T I I R I ST B A I B T B A

M HPMOOCOORONS QNI A PIPN AN A1 Tt = N0 e MW O OO
O MHCDON HHINODM LN AMO VOO H R TRCNMAMOMAMATNINOTIIND
L I . L I R T I S N O L L I I S TP I S L I I R R I T T I A
Tt rtgdrt vt | (et vt A vt Cl ot At Cd vt vt vt ot o b ] ot ot O v vt vt vyt o vt o e v e v e ol v
i t i1 L L I I I } [ R I | L I I T O N A N O | i LI T T T I

[el=telot=loTl=lololotolotTotelololelololotololalelofeloYalololaloTolelaleloleloTotolololeToT ol
25n.—ﬂ4419n7047909264735210594775573554534936519336447
MMt SMICING] AN (0 AN - - CagfCd—

OO OAH{MTNIOMNACOAHHMTNYNOO =AM N OO M TN 00O
HAH A I N SCICICIM M P MRt T TO0 00000 QO v wt vl v (]
o v vt e ] vt v o v e e e ] e v e v o S OO S GO I I T O ST S TN I N
T g Tt Tt T T T TSI TTTCqT TS

a1 ONITINM A NSO - NOe N O r@MME TN T A H G
L N L I L N R T L N L I R T I R A B R T )
HEMTOAOVTRTONI AN OICMNRERNMUOANCNM OO ININRNO OO0 MM Mo
Pl Lo BT S BT 2 Far [t | o B P R P vt O e [ Ll I T T o Rl I R o]

PN OO O AT N ONTOCAMN TN HO N T ATCT N OR O
L R T T T T R I T L T T S
MPNOOYMEOMNOHTOO™MOHMRMOATwHFTOANOTHNOTHNNITITVMaT T U
3221212331.13221223121221212213211232323222222132
[ T T 2 T T T T T I O O O O I O O T O R O I D I O A A B

N OWr VOV HORHNIOMNIN T O Ciae TN R OO 0D A WDI DM @Ml
VE T NIMOYeOVCORNOSIVNONO-HMNOOMNT ONNOGMO T TaMMa T oM
LI N 2 R T L P B I S N IR S e I T L T O S O P A IR e
Pvlydvd 1 vl Al P L e e e

[ A

Hetv | o et |
[

| I T S SR T LI R T i [ I S T T T T A R B |

[elololelelelololelelolelolelelololol-l=tlolololelolololrllolololalelodal=lelelelalololetatat
YNNI ~SO NN N T ONMENMSNENNRONTODOMHOO P O NG
ey Ll vt vt Herl [ - e M M HA e M

DO OGO QMM NIOr 00O AN NP OO AT IO~ oO-eMT
OO A A S A H I CICIN NI MMM MMM ST 000 000 O Qv ™
OO NN N NN NN NN G O 0 OO OGN O OO TN O i e v o e e e e e
IO O I G CLOC CECIC S I S A CE N CI I S I TGN T T e ST T S T <

FRESSURES ACT INMWARD.
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MEGATIVE FRESSURES ACT OQUTWARD,
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PSF ~---

PEAK

aZl1- FRESS NEGATIVE POSITIVE
MUTH COEFF

CURRENCE INTERVAL
TAF

PEAK

PSF

R

MEGATIVE FPOSITIVE
PEAK

FRESS
COEFF

MASSACHUSETTS GENERAL HOSF

.
.

FOSITIVE
FEAK

FEAK

G
PRESS NEGATIVE

PEAK CLADDING LOADS FOR
COEFF

CONFIGURATION
AZI-
MUTH

TABLE &A.
TaP
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PRESSURES ACT INMWARD,

FOSITIVE

NEGATIVE PRESSURES ACT DUTWARD,



CURRENCE INTERVAL

N
E

MASSACHUSETTS GENERAL HOSP

.
H

PEAK CLADDING LOADS FOR

CONFIGURATION G

TABLE &A,

FOSITIVE

FOSITIVE
PEAK

FRESE NEGATIVE
FEAK

COEFF

AZY -
MUTH

TAFP

FOSITIVE
PEAK
FEF ~———-

FEAK

AZI~- FRESS NEGATIVE
HUTH COEFF

TAF
FEAK

PRESS NEGATIVE
FEAK

AZI-
HUTH COEFF

TAF

PSF -~--
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FRESSURES ACT INWARD.

PFOSITIVE

NEGATIVE FRESSURES ACT OUTWARD,



TARLE &B., PEAK LOADS FOR ! HASSACHUSETTS GENERAL HOSFITA
LARGEST VALUES OF CLADLRING LOAD 1

Configuration G

L.y BOSTON
00~YEAR RECURRENCE INTERVAL

¥ ¥% 13 GREATEST FRESSURE MAGNITUDES % X%

TAFP AZI- FRESS NEGATIVE POSITIVE
FF FEAK PEAK

MUTH COE PEAR  Lgp TEAK
4208 50 -2.57 ~5%.2 &.3
41210 40 ~2,39 ~54,9 25.7
4901 50 ~2.23 -53.46 5.7
4128 70 -2.89 ~30.3 22.5
4313 230 ~2.44% ~47.0 256.0
2202 150 ~-2.30 ~48,9 19.2
4227 40 -1.98 ~43.1 24.5
907 20 ~-2.,41 ~44,9 14.1
=201 140 -2.41 ~44.8 19,2
1230 40 -1.91 -43,9 22.4
4207 1720 -1.94 ~43,7 20.3
4202 5¢ -1.8B9 -42,5 18.7
4308 i%0 1.8¢9 ~33.0 42,5
2203 340 -2.52 -42.,% 13.2
2302 100 -2.41 -42.1 21.48

8%1



TABLE &A., FPEAK CLADDING LOADS FOR @
CONFIGURATION H

TAFP

3D

220
220
12

[ 1B 1)

REGATIVE

AZI- FRESS NEGATIVE FPOSITIVE

MUTH COEFF FEAK FEAK
148 -2.19 44,4 22,1
348 -2.93 -44.,%5 14,9

84 -2.96 51.7 23.4

FRESSURES ACT OUTWARD» FOSITIVE

HASSACHUSETTS GENERAL HOSFITAL,ROSTDN
100-YEAR RECURRENCE INTERVAL
TAP  p2I- FPRESS NEQATIVE FOSITIVE TAF AZI- FPRESS NEGATIVE FOSITIVE
MUTH COEF EAK FEAK HUTH COEFF  PEAK FEAR
B “==n  PSF -=--
4210 40 -2.,49 -62.0 2B.5 4905 o -2,53 ~3B.32 5.5
4306 116 ~1.95 -35.,5 18.4 4904 as -2.58 -59.3 3.0
4901 54 -2,a8 -57.0 .0

FRESSURES ACT INWARD.

6hT



TAEBLE &B. PEAK LOADRS FOR ! MASSACHUSETTS GENERAL HOSFITAL B TON
LARGEST VALUES OQF CLADDNING LOAD 10 AR RECURRENCE INTERVAL

Configuration H

L 8 GREATEST FRESSURE MAGHITUDBES % %

TaF AZl- FPRESS NEGATIUE POSITIVE
MUTH COEFF PE FPEAK

4210 40 -2.49 420 28.5
1704 44 -~2.58 -5%9.3 4.0
4501 54 ~-2.4¢ ~57.0 5.
12 4 2,76 ~51.7 23.4
2202 48 -2.932 ~44.5 13.9
"202 148 -2.19 -44.,4 23.1
4900 O -2.532 -Z8.2 5.5
4304 114 -1.95 -35.5 ig.4

0sT



POSITIVE
FEAK
PHF e

PEAK

PRESS MEGATIVE
CoCFrF

HUTH

TAP AZII-

T
0 Y R RCCURRCHCC INTCRVAL
PEAK

HACSACHUSETTS GCENERAL HOSPITAL:BOSTON
C 100-YCA
TaP  AZI- PRESC MEGATIVE POSITIVE
HUTH COtrr FLAK

FPEAK

PSF

FRESS NEBATIVE FOSITIVE
PEAK

HUTH COEFF

TAP AZI-
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