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FOREWORD

The development of recommendations for a design basis tornado and
stryctural design criteria for use in evaluating critical facilities
at the Site 300 was conducted under Purchase Qrder No, 5062405 with
Lawrence Livermore Laboratory, University of California. Mr, Robert C.
Murray of the Structural Mechanics Group, LiL, served as the technical
representative for monitoring the project. Dr, James R. McDonald
represented the consulting firm of McOonald, Mehta and Minor as
principal investigator, Dr. Richard E. Peterson, a meteorologist, also

contributed to the technical effort.
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I. INTRODUCTION

The purpose of this document 15 to prescribe criteria and to pro-
vide guidance for professional personnel who are involved with the
evalyation of existing buildings and facilities at Site 300 near
Livermore, California, It is intended that this document be used in
the evaluation of critical facilities to resist the possible effects of
extreme winds and tornadoes. The document contains two major Sections:
{1} development of parameters for the effects of tornadoes and axtreme
winds and (2) guidelines for evaluation and design of structures,

The raport presents a summary of the investigations conducted and |
contains discussions of the techniques used for arriving at the combined
tornado and extreme wind risk model. The guidelines for structural
design methods for celculating pressure distributions on walls and roofs
of structures and methods for accommadating impact loads from missiles are

also presented,
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11. DEVELOPMENT OF A DESIGN BASIS TORNADO

A. Meteorological Considerations

Ctimatic conditions in California range from subtropical to
alpine, A diverse blending of simpler climate types results from two
mjor weather controls acting over this region of great latituds
extent and range of altitudes. In Califomia, however, there is not
usually the colncidence of factars which, in the Midwest, are pre-
cursors of tornadic activity: a strong low-level flow of warm, moist
air; a dry middle-level current; surmounted by a more westerly strong
jet stream,

In the summer months, the central coastal regions of Califomia
are dominated by a northward extension of the North Pacific subtropical
high. ODepressions are usuaily deterred from impinging along the
California coast. furthenrare, the persistent anticyclonic subsidence
in combination with the upwelling of cold water along the coast pro-
duces a quite stable and widespread inversion. Convective activity {s
usually suppressed; most stations experience a rainless summer with
storminess confined to the period from October through May (Trewartha,
1961) "

Moisture flow from the west migrates southward during the winter
with the southward shift of the sybtropical high and the Pacific
cyclone beit. The greatest inflow, however, )ies north of 40°N lat,

(Rasmussen, 1967), At the surface, stations receive their greatest

L]
References may be found in the alphabetically arranged List of
References by referring first to author name and then to publication

date,




precipitation amounts in December through February. However, the rainfall
and storminess are rapidly attenuated infand across Successive ranges
of greater and lesser elevations,

Occasional strong thunderstorms may davelop with the destabilization
accompanying the passage of a cold upper level trough at any time cf
year. In winter, post-frontal fnstability showers can develop in the
cool air overlying the then relatively warm ocean. In either case,
tornadic activity may arise; however, the intensity would only rarely

be sufficient to overcome the topographic weakening of the storms.

B. Historical Records for California

The meteorological records testify to the temperateness of the
climate, Californfa encompasses a large area; nevertheless, the
number of recorded tornadoes has been relatively smail (NSSFC, 1974),
Early tornado incidence maps (Court, 1970) did not designate tornado-
srone reaions within California until 1930 (Day, 1930), At that time
a small frequency of occurrence was noted for the Southern California
and San Franciscn Bay regfons. This pattern has recurred on most
subsequent depictions with a gradua) extemsion of observad activity
into the San Joaguin Yalley (e.g., Pautz, 1969).

Analyzing United States records for 1880-1942, Showalter and
Fulks (1943) found that in California (based on a total of 15 tornade
days) a slight maximum of annual activity occurs in March and April.
More recent compilations for 1980-1971 (Smith and Mirabella, 1972)
bear out this earlier conclusion; for a total of 38 tormado days,
April and May lead with 9 and 8 days, respectively, followed by a

relative maximum in November with 6 days.




For the period 1918-1960, Critchfield (1960} found a statewide
frequency of about 0,5 per year. Since that time, the annua) frequency
has inched upward: from almost } (USWB, 1962); to 2 (USB, 1965); to
past 3 (Pautz, 1969),

The tornado hazard then n Califomia is not great; however, as
Californians spread over all parts of their state, move of the
weaker storms will be detected. Amang those will be funnels and tornadoes
in the Livermore area; its location inland along with tha surrounding
hilliness will serve, though, to diminish the likelihood of very strong
or long-lasting activity,

Based on approximately 20 years of records, the mean dewpoint
temperature for Sacramento, Fresno, San Francisco ana Eureka is 46°F
(adjusted ta sea level). The highest monthly average at Sacramento is
53°F (U.S. Department of Commerce 1968). The average dewpoint temperatures
are at least marginal for thunderstorm activity. Charts presented by

Dodd (1965) show the standard deviation in addition to the mean monthly

values,

C. Tornado Records

The State of California has experienced relatively few tornadoes
when compared with states east of the Rocky Mountains., Only 17 events
were listed in the period 1892 through 1949, Forty-eight cases were
recorded in the 22 year pericd from 19501971 (Smith and Mirabella,
1972). Because of the general absence of conditions favorable for
tornado formation and because of the records, damage from tomadoes

in the State of California does not appear to be a significant threat.

4




Tornadoes occurring during the period 1959-1973 in Califormia
and the surrounding states of Arizona, fevada and Utah are sumarizad
in Table . Tornadoes occurring within a 3-degree square surrounding
Site 300 during the same period are Sumarized in Table II. Tomado
occurrence locations and relative windspeed intensities, presented
using Fujita's F-Scale {Fujita, 1971), are included in Figure 1. See
Appendix A for explanation of Fujita Scale.

D. Tormado and Extreme Wind Risk Mode)

The above reviews of the published literature and reviews of both
published and unpublished tomado occurvence vecords indicate that
tornadic vortices are uncommon in California due to the absence of
energy sources and strong wind shears needed to spawn severe tornadoes,

Design stindards that are incorporated into building codes do not
normally include the effects of tornadoes in their wind load criteria,
Some tornado risk models ignore the presence of nontornadic extreme
winds. The Titerature reviews and data evaluations suggest that design
basis extreme windspeeds and associated tornado effects for Site 300
shoyld be developed from available tornado records used in combination
with extreme wind data available elsewhere in the literature, Further-
more, the design basis extreme winds and tormado effects should be
develcped on a probabilistic basis which relates extreme windspeeds

with 3 probabflity of occurrence.

1. Methodology for Developing the Tormado Portion of the Risk Model

Since tornado intensities are expressed in terms of Fujita-

Pearson Scales (FPP-Scales), the tornado risk model was develvped on
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TABLE 1

TORNADO OCCURREKCES AND INTENSITIES IN FOUR STATE AREA
SURROUNDING SITE 300 (1959-1973)

[SOURCES: KOAA (Storm Data), NSSFC 1974]
Tornado Intersity (Fujita 1311)f

Sate RO R OB I
Arizona 23 20 18 4 65
California 18 n 4 - 3
Nevada 8 3 1 - 12
Utah 12 9 5 - 26
Total 6! 4 28 4 136

*
Ref$r to Appendix A for discussion of Fujita's Intensity
Scale,

TABLE I1

TORNADO OCCURRENCES IN 3-DEGREE REGION SURROUNDING SITE 300 (1959-1973)
[SOURCES: NOAA (Storm Data), NSSFC 1974)

Tornado Intensity (Fujita 1971)

_Sate R 8 R B IA
California 10 3 - - 13
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this basis. Four basic steps are involved:

(1) Determination of the mean area of tornado damage based
upon tornadoes which occurred in the four state area
surrounding Site 300,

{2) Determination of the average number of tornadoes per year
for each F-Scale intensity classification in a 3-degree
square surrounding Site 300,

(3} Calculation of the probability of occurrence of tornadoes
exceeding a threshold windspeed within a 3-degree square
area.

(4) Determination of the probability that windspeeds in
tornadoes will exceed the threshold value.

a. Mean Damage Area

There was an insufficient number of tornado occurrences in the
3-dagree square around Site 300 to make a statistically reliable predic-
tion of the mean damage areas for each F-Scale classification of
tornadoes. Although this procedure has been employed in other tornado
risk model developments (McDonald 1974, 1974a), a different procedure
was employed in the Site 300 study. In the modified procedure a larger
geographical region (consisting of the State of Nevada, and parts of the
States of Utah, Arizona, and California) was used to determine a single
average damage area for all tornadoes occurring in the four state area.
The NSSFC tape (NSSFC 1974) gives a Pearson path length (PL) and path
width (PN) for most tornadoes in the four state region for the three
year period 1971-1973. From the P, and P, ratings the damage area in
sauare miles was determined for these tornadoes using the median length
and width in each Pearson scale classification. The mean damage area

for tornadoes in the four state area was then computed from these data.




b. Average Number of Tornadoes Per Year

The number of tomadoes in the 3-degree square was obtained from
the master 1ist discussed above. These data are presented in Table Il
and in Figure 1. F-Scale ratings were assigned by the authors on the
basis of damage descriptions from Storm Data (NDAA), if they were not
provided by the NSSFC computer tape. In some instances the descriptions
in Storm Data were vague or non-existent, A conservative F-Scale
rating was assigned in these cases, Once these ratings had been made,
the average number of tornadoes axceeding any threshold windspeed was
determined for the region., The number of tornadoes exceeding the wind-
speed represented by each F-Scale rating was plotted or shown in
Figure 2. A regression analysis was perforwed to obtain the number of
tornadoes exceeding any threshold velocity. With this information,
the average number of tornadoes per year exceeding the threshold velocity
was found.

¢. Probability of Qccurrence

By having the mean damage path area and the average rate of
occurrence per year for any arbitrary threshold windspeed, the proba-
bility of occurrence of tornadoes having any arbitrary threshold wind-

speed could be determined by using the relationship

y;h
P'I ="i"| (”

where:

i is the average rate of tornado occurrence per year for the
threshold windspeed V; (tornadoes/year, from Figure 2)

K is the mean tornado damage path area in sq mi

A is the total area within the 3-degree square d
300 (sq mi), gree square surrounding Site
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d. Probability of Windspeeds Exceading a Threshold Value

The probability of winds exceeding a windspeed éorresponding tn
2 specific threshold value, V., is obtained by taking the cumulative
sum of the probabilities of the threshold values higher than the one

under consideration.
n
Pe = : P, (2)

where n 15 relatad to the largest thrashold velocity considered.
Table [{I contains a summary of the results of the study to determine
the tornado occurrence probability distribution,

2. Methodology for Determining the Straight Wind Portion of the
Risk Model”

The work of Thom (1968) is used to evaluate the prabability of
straight winds exceeding any threshold value of windspeed. Thom's data
specifically excludes tornadoes from the data set.

a. Windspeed Records

The probability distributions for straight winds developed by Thom
are based on records of extreme annual fastest wile windspeeds. The
records cover a 21 year period and were accumulated at 150 locations
in the contiquous United States.

b. Straight Windspeed Qistributian

Because winds are bounded at zero and are generally thought of a3
being unlimited above zero, Thom selected the Fisher-Tippet Type Il
distribution for straight winds. The data set of annual extreme
fastest mile windspeeds for each weather station, after being corrected
for elevation and terrain roughness, was fitted to the Fisher-Tippett
Type 11 probability distribution. The expression for the cumulative

11
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TABLE III

COMPUTATIONS: TORNADIC WIND OCCURRENCE PROBABILITY DISTRIBUTION

Threshold Windspeed (mph)

50

190

150 200 250 300

350

Number of tornadoes
exceeding threshold
windspeed 8.3

Bumber of tornadoes
in the th.eshold
interval 7.4

Number of tornadoes

per year, Y; ‘.’;.(Zl.s.‘l()_‘I

Mean damage area, A
{sq mi) 0.39

Geographic area, A
{sq mi) 34,100

Probability of occur-
rence of threshold -6
valuve, P, {per year) 5.6x10

Probability of ex-
ceeding threshold

value, Pp (per year) 6.3x1078

0.90

0.81
S.QXIO—Z
8.39

34,100

6.1x10"7

6.8x10"7

0.097 0.011 0.0012 0.00012

0.087  0.0095  0.0010 0.0001%
5.8x10°3  6.3x10°%  6.8x10°%  7.4x1070
0.39 0.39 0.39 0.39

34,100 34,100 34,100 34,100

6.6x10°8  7.2x10°%  7.7x107'0  B.axi0" V!

9 10

7.4x10"8  g.0x10”

8.7x10°19  a.ax0” 1!

0.000014

0.000014
a.0x10~7
0.39

34,100

1.0x10" 1!

1.0x10” 1}



probability per year of not exceeding a windspeed value ¥ is

F(V) = exp [- (V/8)™"] (3)

where 8 and y are chosen to fit the annual extreme fastest mile wind
data set for the geographical location under consideration. Thom con-
structed a special probability paper (See Fig. B1) on which the
Fisher-Tippett Type Il distribution plots as a straight line. A simple

logarithmic transformation of Equation 3 puts it in the form
y = a + bz, (4)

where 2 and b are parameters that define the straight line relationship.
A regression analysis then yields values of the parameters q and b for
the best fit straight line through the data points. The 2 and b terms
in Equation 3 are related to the valuec of ¢ and .. The distributions
were fitted to 150 stations to obtain data for the wind prabability

maps of the United States for mean recurrence intervels of 2, 10, 25,

50 and 100 years (Thom, 1968). The mean recurrence interval is given

by

o (5)
R transformation involving logarithms of the extreme windspeeds can be
made to obtain the Fisher-Tippett Type ! modeV. This is the mode) that
was actually used by Thom (1968) in his latest work. This mathematical
model is also known as the Frechet distribution function.

¢. Windspeed Distribution for Site 300

Figure Bl in the Appendix shows information on windspeed distri-

butions for three cities (where data were available) in the general

13
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area around Site 300. These distributions are based on extreme fastest
mile windspeed data obtained from Environmental Data Service, Asheville,
North Carolina. The distributions are Fisher-Tippett Type I1. The

five points shown on Fibure B1 represent windspeeds obtained from the
mean recurrence interval maps of Thom (1968) for Site 300, A regression
analysis was performed using these five points to obtain a windspeed
distribution applicable to Site 300. Examination of this distribution
shows that it predicts unreasonably high windspeeds, especially at the
10'4 and 10'6 accurrence per year levels of risk. Since Thom did some
smocthing of the isotach lines, the distribution at Site 300 appears

to pe influenced by the windspeed distribution for Sacramento, The
distribution for Sacramento is unlike the distributions obtained for
other locations. The slope of the probability distribution Tine

(Fig. BT) is much flatter for Sacramento than for the other two
California cities, The slope is also much flatter when compared with other
lacations in Nevada, Kansas, Tennessee and Texas. Although there is

a difference in windspéed values for a given risk level the distri~
bution lines for Fresno and Red Bluff are essentially parailel. If

only the Tower four points from the Thom maps are used, the distribution
obtained is also essentially parallel to the ones for Fresnc and

Red Bluff, This distribution predicts windspeads of 110 and 185 mph

b risk levels. It is the authors' opinion that

for the 10™% and 10°
this distribution is consistent with conditions at Site 300 and that
designs based on these values wiil be consistent with the goals of
protecting public health and safety.

Although Thom's data is corrected for terrain roughness and elevation

of wind measuring instruments, locations near the mouths of valleys

1




and on the lee side of mountain ranges must be given special consideration.

Because of the chanmeling effects observed along Corral Hallow at Site

300, some increase in windspeeds above those predicted by the Fisher-Tippett

distribution can be expected. The technical literature is sparce or

the quantification of channeling effects, and measurements at the site for
comparison with nearby sites are not readily available. To account for
the channeling effect, it is recommended that the windspeeds abtained

from the Fisher-Tippett distributions (Fig. B1) be increased by 10

per cent, Thus the 110 and 185 mph values cited above should be in-
creased to 121 and 203 mph, respectively, to account for channeling.

The extrapolation of the straight wind curve into the 200 mph or
greater regime must be discussed in terms of confidence limits. There
is always some uncertainty as to the line of best fit through the data
points. Thus any value quoted from the wind model is the expected
value. The expected value is expected to be exceeded half the time and
not be exceeded half the time. Therefore, there is a band of confidence
{or band of uncertainty} associateu with any statement from the model.
If more data points are used (additional years of records) the band
of confidence narrows. However, since the expected value line is
extrapolated beyond the data points, as is dome in this study, the band

of confidence becomes extremely wide,

3. The Risk Model: Combined Effects of Straight Winds and Tornadoes

The combined probability distribution of both tornadees and
straight winds is approximately equal to the sum of the two distributions.
The probability of the union of two events is approximately equal to the
sum of the probabilities of the individual events, 1f the probability

of thefr intersection is small (Neville and Kennedy, 1966). Values for

15
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the straight wind (Fisher-Tippett Type II) distribution, the tornado

distribution and the combfred distribution are given in Table [V, and

are plotted in Figure 3.

occurrence is 5o small that it has no effect on the combined distribution,

It is clear that the probability of tormado

which allows for the possibility of tormadoes or extreme winds at the

Combined

Distribution

2
4

9.4 x 107
2.3x 107
6.4 x 1078
5.2 x 1077

site.
TABLE 1V
PROBABILITY DISTRIBUTIONS FOR SITE 300, CALIFORNIA
(STRAIGHT WINDS, TORNADOES, AND COMBINED)

Windspeed Ségzigl;ﬁu:l:gg Diszgmg?on

50 9.4x107% 635108

100 23x10%  saxw0’

150 6.4x10°  7.4x108

200 s2x107 goxi0”?

250 1axw®  gyain

300 1510 gt

350 w8x0°  axn"

E. Tornado and Extreme Wind Parameters at Site 300

Determinations of specific tornado and extreme wind parameters

for any specific geographic Vocation must involve: (1) the tornada

and extreme wind risk model and (2} a definition of the acceptable

Yevel of risk for structures and facilities under consideration. The

16
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risk model involves the curves developed for Site 300, presented in
Figure 3. The latter, level of risk definition, is defined by the
responsible contractor organization acting in coordination with the
Energy Research and Development Agency (ERDA}. In the case of Site 300,
the responsible contractor organization (Lawrence Livermore Laboratory)
has advanced two levels of risk for evaluating existing facilities at

4 and 1 x 1076

Site 300. The levels of risk are stated as 1 x 10°
probability of occurrencé per year far design tornado and extreme wind
parameters.

With the risk model and accentable levels of risk having been
defined, it remains only to develop a listing of specific tornado and
extreme wind parameters. Reference te Figure 3 reveals that the maxi-
mum design windspeeds associated with the 1 x 10"I and 1 x 10'6 levels
of risk are 110 moh and 185 mph respectively. Note that the tornado
windspeeds associated with these levels of risk are negligible compared
with those for straight winds, This conclusion confirms the more general
observations made in the meteoroloyical discussion {Section 11), i.e.,
available data suggest that severe tornadoes are not a significant
threat in the area surrounding Site 300. Furthermore, this interpre-
tation of the risk model suqgests that extreme straight winds should
be the governing design parameter as the straight wind probability
curve dominates the combined tornado-straight wind curve (Ref. Fig. 3).

The above interpretations of the risk madel (for the levels of
risk selected) produce the recommendey wind parameters advanced in
Table V. For the selected level of risk, the straight wind parameters
dominate the design parameters. Atmospheric pressure change is thus

not a significant design parameter, The design pavameters reflect the

18




TABLE V
RECOMMENDED WIND PARAMETERS -- SITE 300

RISK: 1 x 10'6 accurrence/year

Haximum Windspeed” 185 mph
Effective Velocity Pressure 106 psf
Missiles: 4 x 12, 12 ft long timber, 90 mph (horizontal)

139 1bs, area 41.7 in.2 60 mph {vertical)
400 1b automobile 25 mph (tumbling on
ground)

Risk: 1 x 107 occurrence/year

Maximum Hindspeed* 110 mph

Effective Velacity Pressure 38 psf

Missile: 2 x 4. 12 £t loag timber, 70 mph (horizontal)
2

20 1b, area 5.9 in,

*Ihe design Dasis tornadoes associated with the 1 x 10'4 and 1 x 10
levels of risk will pose no threat to critical facilities designed to
withstand the maximum (straight) wind. Hence no parameters for
translational, rotational, tangential, radial, or vertical windspeeds,
for atmospheric pressure change, or for tornado-generated missiles
are advanced, The effective velocity pressure includes a 10 per cent
1ncre?se in windspeed because of the channeling effect of the wind at
the site,

19




effects of straight wind and the missiles which can be produced by
these windspeed values. '

The design basis missiles advanced in Table V were developed by
considering (1} the character of structures at Site 300 which might,
upon failure, contribute to the missile environment and (2) the tra-
Jjectory predicted by injecting the missiles into an analogous windfield.
A computer program developed at Texas Tech was used to determine the
expected accelerations, velocities and trajectories of potential missiles
injectad into the windfield, The following assumptions are made in the
computer program:

(1) Aerodynamic drag coefficients of 1.0 and 1.2 are used
for cylindrica? and parallelpipeds respectively

(2) The missiles assume a nontumbling mode with their
largest surface area normal to the relative wind
velocity vector

{3) A tornado windfie)d patterned after the Dallas
Tornade of 1957 (Hoecker, 1960) is used.

Assumptions 2 and 3 are both conservative, The missiles are likely to
tumble because of turbulence. Missiles are more 1ikely to be picked
up by tornadic winds than by straight winds.

Four different missiles were considered with the 185 mph wind-
speed (1 x 1079
(1) Timber plant 4 x 12, 12 ft long at 139 Ibs

occurrence/year):

(2) Steel pipe, Schedule 40, 3 in. dia., 10 Ft long at 76 1bs

(3) Utility pole, 13.5 in, dia., 35 ft long at 1490 lbs

(4} Automobile, 4000 Tbs.
Results from the computer program showed that only the 4 x 12 timber
plank would be sustained in the assumed windfield. The 3 in. dia. pipe
and the utility pole were thus ruled out as potential missiles. The
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automobile is not sustained in the windfield, but could roll or tuible
along the ground. Therefore, it was included as 2 p1husib}e missile.
This decision agrees with observations of windstorm damage in the
field (McDonald 1974, 1974a).

Hone of the four missiles would be suspended in the 110 mph

4

windfield (1 x 107" occurrence/year). As a minimum criterion, the

2 x &4 x 12 7t Tong timber at 70 mph (horizontal) is recommended.

F. Relationship of Proposed Design Criteriz to Qther Available Criteria

Design criteria developed by Smith and Mirabella (1972) and that
proposed in AEC Regulatary Guide 1,76 (AEC 1974) are available and are

applicable to the geographic region containing Site 300. In iais section

the proposed criteria is discussed in light of these two previous studies.

1. AEC Regulatory Guide 1.76

The AEC Regulatory Guide 1.76 (AEC 1974) suggests criteria for
tornado vesistant design in Zone [I with the following parameters:
Maximum Horizontal Windspeed 300 mph
Total Pressure Drop 2.25 psi
These criteria are based on a level of risk of 1 x 10'7, which {s con-
sidered appropriate for nuclear power plant sites. The technical basis
for the Regulatory Guide criteria is contained in WASH-1300 (Markee,
Beckerly and Sanders, 1974), The technique described in the WASH-1300
report was applied to a 3-degree square region surrounding Site 300.
For a level of risk corresponding to 1078 the technique predicts a
maximum expected tornado windspeed of 210 mph. This ccmpares with a
value of 92 mph determined in the present study for the same level of

risk,
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There are two major differences in the approaches used for deter-
mining the tornado risk models:

(1) In calculating the probability of a strike the WASH~1300

report procedure employs & mean tornado damage area of
2.82 sq mi. This differs considerably from the 0.39 sq
mi area determined from tornado records of the four state
area surrounding Site 300, Smith and Mirabella (1972)
found that the mean damage area of California tornadoes
(1951-1971) was only 0.11 sg mi.

(2) The authors of the WASH-1300 r=sort base their intensity-
occurvence relationship on a region (Zone 1I1) that is
considerably larger than the 3-degree square surrounding
Site 300,

In general, the study published in the WASH-1300 report vepresents
an attempt to regionalize tornado criteria for the entire United States.
The recommendations are admittedly "interim" criteria. The results of
the present study represent detailed investigations into both the
meteorology of the site and the statistics of the tornado records. The
proposed criteria based on the present study are consistent with the
spirit of the WASH-1300 veport, and they represent a comparable Tevel
of safety based on the best information available at the site.

2. Study by Smith and Mirabella

In a study performed in 1972 Smith and Mirabella concluded that the
maximn windspeed in California tornadoes is not expected to exceed 200
mph (rotational plus translational speed). These conclusions were sup-
ported by a study of the characteristics of California tormadoes and
statements by Dr. Edwin Kessler, Director, National Severe Storms
Laboratory and Dr, Ted Fujita of the University of Chicago, Both are
recognized experts in the field of tornado climatology,

Although a probability of tornado strike was calculated by Smith

and MirabeTla (3.4 10'6 occurrences per year), no attempt was made to
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develop a tomado risk mode). The criteria recommended by them represents
a consensys of upper bound tomadic windspeeds. The present study
attempts to vefine the estimates and represents advances in the state-
ot-the-art in tornado parameter prediction. The criteria recommended

in this study is consistent with the work of Smith and Mirabella, What
the present work does show is that tormadoes do not pose a significant
threat of damage to critical structures at the site. The probabitity

of straight wind occurrences is significantly greater at all levels of

risk.
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II1. GUIDELINES FOR DESIGN LOADS

A, General
This section addresses the translation of tornado and extreme wind

parameters from Table V intv reconmended pressure distributions and
missile impact Toads on walls and roofs. Because the most significant
design parameter is a straight wind, the approach to developing wind
{nduced pressure distributions follaws, as a quide, the procedures
advanced in the American National Standards Institute Standard, ANSI
A58.1-1972 (ANS1 1872), The approaches used in developing missile im-
pact resistant designs follow previously advanced procedures formulated
by the nuctear power industry.

Since these guidelines are to be used for evaluating the stiuc-
tural integrity of critical facilities at Site 300, it witl
be assumed in presenting design pressures and missile impact loads

that:

(1) the pressures and Toads given wil) be treated as ultimate
loads, and

(2) structures will be analyzed and designed by plastic or ulti-
mate strength methods using these ultimate loads.

8. Wind Induced Loads

1. Effective Velocity Pressure

An effective velocity pressure q =106 psf shall be used as the
basic value. This effective velocity pressure is applicable to build-
ing heights of 30 ft. or less. For velocity pressures at heights
greater than 30 ft. the 1/7 power law shall be applied. The effective

velocity r-essure at height z is given by
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qz = 106 KZ’ (7)

where values of Kz are given in Table VI. Buildings and structures
exceeding 200 ft. in height will require special engiﬁeering attention

which is beyond the scope of these design guidelines.

TABLE VI
VELOCITY PRESSURE COEFFICIENT, KZ

Height Above Ground (ft) K*
< 30 1.0
50 1.16
100 1.4
150 1.58
200 1.72
3
sy’

Critical structures are to be analyzed and designed by plastic or ulti-
mate strength procedures; hence, the effective velocity for critical
structures represents an ultimate loading condition,

2. Design Wind Pressures

Critical structures which by definition must maintain structural

integrity at design windspeed should be designed for external pressures
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only, (i.e., Do not include atmospheric pressure change associated
with tornado.) Design wind pressures are equal to the product of the
effective velocity pressure g and appropriate pressure cosficients.
External pressure coefficiants CP are used with the effective velocity

pressure to obtain design pressures for components according to the
equation:

Peag, (8)

Care must be exercised in using Equation 8 as the sfgn of the de-
sign pressure p s very important. A positive value for design pres-
sure (+p) means imward acting pressure, and a negative value for de-
sign pressure (-p) means outward acting pressure. The -igns for Cp.
referenced in ANSI (1972), are self correcting, and appropriate signs
should be used in Equation B to obtain proper sigas for the design
pressure p. Suilding components such as walls and roafs should be
designed for maximum inward acting pressyres and maximum outward act~
ing pressures. The pressure coefficients presented in this document
are taken from the American Nationa) $tandards Institute, Building

Code Requirements for Mimimum Design Loads in Building and Dther Struc-

tures (ANS] B,1-1972).
External pressure coefficients Cp depend upon the type of compon-

ents being considered and the building gecmatry.

Walls: External pressure roefficients ¢ for walls are given in
ANST A58.1, Table 7, p. 19. The Pwindward wall exper-
{ences a positive design pressure (+p) while the )eeward
and side walls experience negative design pressure {-p).

The pressure coefficients for the leeward wall depend on
the ratio of height to horizenta) dimension. At all corners
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2 local external pressure coefficient of -2.0 shall be used
over 2 sml1) area to account for localized turbulence. These
retatively high local pressures are assumed to act on strips
of width 0.1w, where w {5 the Teast width of the building.
These loca) pressures are not used in combination with other
prassures on the walls in the determination of overall loads.

Roofs: Flat, arched, and sloped roofs with winds acting paraliel
to roof surfaces have negative externai pressure coefficients,
The values of the coefficients depend on the dimensions of
the stryctyre. For buildings with a ratio of wall height to
least width of less than 2.5, an external pressure coefficient
of -0.7 shall be used for the roof, and the computed pres-
sure shall be assumed uniform over the entire rooi a.2,
For buildings in which the height to width ratio is 2.5 or
greater, a value of -0.8 shall be used for the entire roof

dres.

Arched roofs have both positive and negative externa)
pressure coefficients for wind perpendicular to the axis
of the arch. The roof area is divided into three parts:
windward quarter, center half, and leeward quarter. The
magnitude and $ign of the pressure coefficients depend
upon the rise to span ratio. Coafficients for arched rpofs
are given in ANS] AS8.1, Table 8, p. 19,

Gabled roofs require & pressure coefficient of -0.7
on the leeward 31ope for wind perpendicular to the gable.
The values and $1gns of external pressure coefficients on
the windward s)ope depend on the slope of the roof and on
the ratic of wall height to least width dimension, Values
dre given in ANSI A5B.1, Table 9, p. 19,

A1 ridges, eaves and 90-degree corners of roofs, local
peak exterra) pressures shall be computed using the pres-

sure coefficients given in ANSI A58.1, Table 10, p. 20
These local pressures shall not be used in combination with

other roof pressures.

€. Design for Missiles
Critical structures shall be designed to resist the missiles

specified in Table V. The missiies are assumed to strike normal to
the wall or roof surface with the minimum cross sectional area (on-
end}). In addition, at critical locations the structure should be

checked for damage because of collapse of columns, walls, or rigid
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frames resulting from the impact of a tumbling automobile.

1.  Penetration Formulas
The penatration of a missile represents a local effect. The pre-

diction of damage in.Judes an estimation of the depth of penstration,
the miminum thickness required to prevent perforation and the minimm
thickness to preclude spalling. As used in this document, perforation
means that the missile passes through the wall or roof target, penetra-
tion means that the missile embeds jtself in the target.

a, Reinforced Concrete Target

The Modified Petry Formyla is recommended for reinforced concrete
targets. The depth to which a rigid missile will penetrate a reinforced

concrete target of infinite thickness is estimated by the formula:

¥ 2
S
D= 12 K) & togyy (1 + sresp) (9)
where
D = Depth of penetration (in.)
K = Pepetration coefficients for reinforced concrete (see
P Fig. 4 for values)

A = Impact pEessure {psf); Missile weight (1bs)/contact
F area (ft)

Ve = Missile strike velocity (ft/sec).

When the wall has a finite thickness, the depth of penetration is

.
o= 1+ e¥D 2y (10)

where
T - Thickness of the slab (in.)

[ Base of Natura) logarithms
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When the wall thickness, T, is 2D, the penetration D‘ = 20 and the
wall is just perforated. In order to prevent spalling, the thickness

of the wall shall be a minimum of 3D.

b. Steel Target
The Ballistic Research Laboratory (BRL) Formula is recommended for

penetration and perforation of steel targets. The steel plate thick-
ness {in.) that will just be perforated is i

MV 23
(=) |

"5 ()

where
M, ° Mass of the missile (slugs)
Vo= Velocity of the missile {ft/sec)
dn * Diameter of the missile {in.)

for an irregularly shaped missile an equivalent diameter is used. The
equivalent diameter is the diameter of a circle with an area equal to
the circumscribed contact, or projected frontal area of the noncircular

missile. The thickness to prevent perforation should be taken as

T =1.
0 1,261 (12)

The residual velocity (Vr in ft/sec) after perforation is given by

the follawing equation:

2 (13)

6 ]is
1.12 x 107 (4 T)
s [y 2. 1
¥V, © I, n_ 4V

m
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where

v * Strike velocity of the missile (ft/sec)
Ay = Diameter (or equivalent diameter) of the missile (in.)
T« Thickness of the steel plate (in,)

W, = Weight of the missile (1bs)
Eqn. 13 may be used for estimating the residual velocity of a mis-

sile after it has perforated a target. For, example, suppose an exist-

ing door 1s not capable of stoping a certain missile. Eqn. 13 could

be used to estimate the velocity of the missile after {t passes through

the door,

2. Structural Response to Missile Impact

When a missile strikes a structural component such as a beam or
slab, the tailure mechanism may be due to overall structural response
rather thar penetration. Of the wissiles specified in Table V, only
the automobile is Tikely to cause this type of response,

Missile impact may be either elastic or plastic. In the case of
elastic impact the missile and target remain in contact for a very
short time and then disengage because of #lastic interface restoring
forces. Plastic impact is characterized by the missile remaining in
contact with the target subsequent to impact. Recent impact tests
(Stephenson 1975) indicate that both the timber missiles and the auto-
mobile result in plastic impact when they strike a solid object such
a5 a concrete wall. For this reason only the plastic impact case is
treated in this report. .

Several methods are available for estimating the maxjmum response.

The Energy Balance method uses the strain energy of the target at
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maximum response to balance the residual kinetic energy of the target
(or target-missile combinatfon) resulting from missile impact. An
alternative approach, referred to as the Acceleration Pulse Method,
is possible, if the target-missile interface loading function 1s
known, and if the dynamic system is modeled as a one degree-of-
freedom elasto-plastic system. This latter method is recommended for
studying the impact effects of the automobile. The maximum response
predicted by the Energy Balance method is 2 to 3 times greater than
that predicted by the acceleration-pulse technique. However, the
latter values are considered to be more realistic even though they are
lower,

In experiments with automobile crashes an approximate force-

time function for frontal impact has been derived (Bechtel 1973).

F(t) = 0.625 VW sin 20.06t (14)
where
vs 8 missile (automodile) strike velocity (ft/sec)
W, = weight of automobile (1bs)

The function is a sine wave with frequency « = 20,06 rad/sec and
period
T=onu
= 0,314 sec.

(15)

The maximum force accurs at t = t/4 = 0.0785 sec. Under the condition

of plastic impact (i.e. target and missile acquire the same velagity
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after impact) the duration of the impact force is front = O to t =

0.785 sec. At t = 0.0785 sac the interface force diminishes to zero.
The maximum target response is obtained by writing the equatfon

of motion for a one-degree-of-freedom elasto-plastic oscillator with

damping neglected.
n'y + R{y) - F(t} =0 (16)

In this equation

M = effective mass gf the target plus the mass of the
missile (1b-secc/ft)

R(y) resistance function for the target material (1b)

F{t)

target-automobile interface force function (1b)

For elasto-plastic target response with no other concurrent Yoads on

the target, the resistance function {s

R(y) = Ky (0sy<ygy)

R(y) = Ky,; = Ry (Y61 <Y<Y ay) (17)
where

y = the displacement of the target (ft)

Yo ° the displacement at yield in the target material (ft)

K = stiffness of the target {1b/ft)

Rm = maximum plastic resfstance

The above relationships are 11lustrated in Fig. S.
The effective target mass during impact varies and generally

increases t0 a maximun at the end of the impact duration. Expressions
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for estimating the average effective mass are given in Table VII.
The equatfion of motion may be solved by numerical techniques.
The problem may be further simplified by replacing the load function
given by Eqn. 14 with an equivalent rectangular pulse. The applied
impulse is, by definition, the area under the load function, Inte-

grating over the load duration

I = [ (0.625 V_ W sin 20.06t)dt
0.0785

=omvwm%mmmy

0 (18)

= 0.625 V. W {0.05)

Thus an equivalent rectangular pulse is one whose magnitude is
F] = 0.625V5Hm and whose time duration is ty® 0.05 sec,

The Acceleration-Pulse method of numerical integration gives a
reasonable sofution if the time step at is taken less than one tenth
the fundamental period of the target, The displacement during the

first time step is estimated using the equation

1w )2
” = 7 yglet) (19)

Displacements in subsequent time steps are obtained from the recur-

rence relatfonship

"R
yt*l . Zyt - 'yt-] + yt(At) (20)

Once the maximum displacement has been found, the ductility ratio v

is calculated

ymax (2‘ ,

uE T

Ya1
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TABLE VII

EFFECTIVE MASS OF TARGET '
DURING IMPACT ‘

Concrete Beams:

y
N C
Mo ® (Dx +2m) ] (8 < Dy +27T)
Y
a £
Me (Dx-l'ZTJ (Dy+ZT)T 3 (B>Dy+2T)

Concrete Slabs:
—— Y
e £
He' (Dx+ T)(Dy+T)T 9

Steel Beams:

Me = (Dx +2D) Mx

Steel Plates:
Ys .
g

D = Maximum missile contact dimension in the x-direction (long-
itudinal direction for beams and slabs)

Me = Dx Dy T

D = Maximum missfle contact dimension in th. y-direction (trans-
. verse to longitudinal direction for beams and slabs)

B = Width of concrete beam (not to exceed Dy +27)

T = Depth of concrete beam or thickness of concrete slab
%x = Mass per unit length of steel beam

T ® Unit weight of concrete

Yg Unit weight of steel

g = Acceleration due to jravity
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The maximum recommended ductility ratios to absorb energy of
missile impact for various components are given in Table VIII. The
ratios should be reduced appropriately if axial loads in addition to
Tatera) impact loads are involved. For reinforced concrete walls,
the ductility ratios given in the Table are for low percentage of
rainforcement; the ratios should be reduced if higher than recommended
percentage of reinforcement is used. Precautions should be taken to
pravent premature failure of reinforced concrete wall slab due to
diagonal tensfon, due to punching shear, or due to bond failure. If
refnforcing bars are terminated in the tension zone in the wall slab,
there could be a reduction in the capacity of the slab. In the case
of steel beams the flanges must be thick enough to prevent local buckling.

The Acceleration-Pulse technique is illustrated in an example

problem in Sectfon III. 0. 5. c.
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Component

Steel Beam

Concrete Beam or
One-Hay Slab

Concrete Two-Way
Hall Slab

TABLE VIII

RECOMMENDED DUCTILITY RATIOS

*

n

Maximum Ductility Ratio

15
*
10 (with p ¢ 0.01)

20 (with p < 0.005
in each “direction)

A
p= B% , ratio of steel area to concrete area,




D. Design Example
This example treats the case of reinforced concrete building

that might be found at Site 300. The example is not modeled after
any particular building a* the site. Only the design loads are
determined. Structural design of the individual components of the
building is beyond the scope of these gquidelines.

A plan view of the building outline is shown in Fig, 6. Overall
dimensions of the building are 92 ft x 24 ft. The wall height is 30
ft in the critical area, The critical nature of functions performed
inside the building requires that the structural integrity of the
building be maintained. A1l doors and openings shall be designed to
withstand the pressures resulting from the design windspeeds and the

impacts from windborne missiles.

1. Design Criteria
The critical portions of the building shall withstand wind load-
ings equivalent to:
Maximum windspeed, 203 mph
Missiles: Timber with nominal dimensions 4 in, x 12 in. x 12 ft
lang weighing 139 Tbs and traveling at %0 mph (horizontal)
and 60 mph {vertical).

futomobile weighing 4000 bs tumbling at 25 mph,

2. Wind Induced Loads
The effective velocity pressure is q = 106 psf. Since the wall
height is less than or equal to 30 ft, no adjustment in q is needed

because of height,
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a. External Pressure

From ANSIT ASB.1, Table 7:
Windward wall: (+0.8)(106) = g5 psf
Legward wai):  (-0.5)(106) = .53 psf
Side walls  (-0.7)(106) = 74 psf
Roof': (-0.7)(106) = .74 psf

b. Local Effects

g ———————

Wal) corners: {-2.0)(106) = -212 psf acting on 2
strip 2,4 £t wide at
autside corner.

Eaves (all around perimeter of roof):
{-2.4)(106) = -254 psf acting on &
strip 2.4 ¥ wide.

Roof cornars:  (5.0) (106) = -530 ;sf acting on an
area <4 ft x2.4 £t
il at all corpers.

- 3. Nind Induced Roof Diaphragm and Shear Wall Loads

The walls are assumed simply supported at the footing and at the

roof.
3. Winds from North or South
Diaphragn load: (106 )(+0.8 + 0.5) (30)/2 = 2067 pIf

Total diaphragm load » 2067(92)
= 190,200 1b

Fu;:g)ger ft on shear L iﬂg{ %4)
= 3962 pif
b.  Winds from East or West
i Diaphragn load « 106(0.8 + 0.5)(30)/2
‘ = 2067 pif
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Total diaphragm load = 2067(24)

= 49,610 1p
Force per ft on shear
i . 49.610(%2)
e 270 pif

Controlling Design Wind Loads

a. Malls
1. +B5 psf (acting {rward)
2. <74 psf (acting outward)

3. ~212 psf acting outward on a strip 2.4 wide at each
outside corner, This load primarily controls the hori-
zontal steel required to tie the two intersecting walls
together, It {s not used in combinaticn with other
externally applied loads.

4, 3962  pif load on shear walls at east and west end of
the building.

5.270 pif lgad on shear walls at north and south sides
of the building.

b Roof
1. -74  psf acting upward.

2. -254  psf acting on2.4 ft wide strip all around the peri-
meter of the building. This load controls the steel re-
quired 1o anchor the roof slab to the tep of the walls.

It should not be used in combination with any ather loads.

3. -530 psf acting upward on 2 2.4 ft x 2.4 ft area at
each roof corner. This load also affects the anchorage
of the roof slab to the top of the walls, 1t should
not be used in combination with any other loads.

¢.  Components

1. +85  psf .
2. -7 psf

3. Local effects (at wall corners, roof corners and eaves), ;
if the component is Yocated within the areas influenced !
by the local effects, \
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5. Missile Induced Loads
Three examples are presented below which 1)justrate the use of

the missile penetration formulas:
a. Reinforced Concrete Target .
The Modified Petry Formula should be used to determine the thick-

ness of reinforced concrete required to resist the design timber missile.

Assume fé = 4000 psi for the concrete,
Determine the minimum thickness of the wal) to just prevent per-

foration:
The Modified Petry Formyla is given by Egn. 9,

Kp = (.0028 for fé = 4000 psi (Ref, Figure 4)

oL 13 .
Ap I 480 psf

Vo 90 mh = 132 fps

132)¢
D = 12(0.0028) 480} Logy 1+ 3yichr |
a (.55 in,

Clearly, missile penetration into a reinforced concrete wall is not
critical for this design windspeed.

b, Steel Target:
Determine the thickness of a steel plate in an overhead door to

prevent penetration of the design missile:
Neglect deflection of the door and assume the suppcris are rigid.
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My = B 4 shugs

Yoo =122 ps

A = Aven of missile = 41,7 in.t
The equivalent circular dismeter is

Gt SR (17)

L)

* J@- 7.29 in,

The thickness of the plate to just prevent parforation {s obtained from

the BAL formula

23
[qaquqzj

T--?ﬁﬁjm——-aozam.(mwﬁmln
The design thickness should be
= 1,267
Tp i
= 0,29 in. {Equation 12)

Suppose the materia) available for the door cladding is only 1/8 in.
thick., Estimate the residual velocity of the design missile after per-

foration, Use Eqn, 13:

V2
v o () 1020008 720 ¢ 0.125)15
Ll o bifii )

= 102 ft/sec (70 mph)
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¢. Structural Response of a Concreie Wall to the Impact of a Tumbling
utomodi e

Check the adequacy of a 12 in. concrete wall panel when fmpacted
by a 4000 1b automobile (M = 124.3 slugs} traveling at 25 mph (36.7 ft/sec).
The wall is simply supported at top and boticm and has a height of 15 ft.
The point of impact is 5 ft above the base of the wall as shown in
Fig. 7.
Assume:
f& = 3000 psi
f; = 40,000 psi
Vertical steel #9 @ 12* o.c.
A = 0.99 1n.%/ft of wal)

Calculate wall parameters (Refer to Fig. 8):

d=12 - 1.31« 10.69 in.
o w%g%m - 0.00772

A value of o0 < 0.5 pp assures adequate ductility of the slab.

o xef . 573
1.9 :
(150) {33)/73000
Usen a8
Calculate the yield moment Hy on the basis of straight 1ine theory:
kd
12(kd)-1z = 8,91 (10.69 - kd) (22)
kd = 3.25 in.
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My = fSAsjd

= 40,000 (0.99)(10.69 - 15'—"5’-)

= 380,400 in. 1b/Ft
3.49 x 10° £t. /(11 Ft width)

Check fc:

¢ = 40,000 (0.99)
39,600 1b

-
L}

26/bkd
_ 2(39,600
® 1203, z's)i

= 2031 psi < 0.7fé

C

Note that for this cross section
”u = 397,800 in.1b/ft

Hy = 0.9 Mu
Calculate moment of inertia

;2120325 + 8,91 (10,69 - 3.26)%
0

= 630.5 in¥/ft
= 6936 InY/ (11 ft width)

Stiffness of one way slab

K = JEIL
ab
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_ 3(3.2 x 10%)(6938) (15)
(5)° (10)° (144) : {25)

= 2.77 x 10° W/Ft /(11 Tt width)

The maximum resistance of the slab is

Ry = : (26)

@l =X

L

R =

.49 x 10° (15)
]

R, = 1.0 x 10° b

The deflection to produce yield is

Y1~

=™

_1.05 x 10° (27)
2.77 x 10°

= 0.037R ft  10.45 in.)

For the impact of an automobile the loading is considered to be

a rectaigylar load pulse. The magnitude of the pulse is

0.625 ¥, W, (28)

-
—
1

where V_ = strike velocity of the automobile {ft/sec)

x
"

weight of the automobile (1bs)

in this example
Fy = 0.625 {36.7)(4000)

=918 x 10° 1
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The duration of the load pulse t; fs 0.05 sec, The Toad pulse and
assumed resistance function are shown in Fig. 9.

The impact is assumed to be plastic. Thus upon impact the veloc-
1ty of the wall and the automobile are the same and they move together
to the point of maximum deflection, Y nax’ The equivalent mass of the

slab itself is (Table VII):

f = (0,4 T)0, + T)(T)-T-‘g:- (29)

where D, Dy ¢ dimensions of the contact area (ft)
Y. ® the unit weight of concrete (]b/fta)

g = acceleration due to gravity (ft/secz)
T = the thickness of the concrete (ft)
6(5}(1)(150)/32.2

139.8 1b.sect/ft

L]

e

o

Since the effective mass of the target and the missile move together

the total mass 1s

W o= Mt My
. 139.8 4 12,2
= 264.0 1b.sect/ft

(30)

The equation of motion in general terms for this one-degree-of-freedom
elasto-plastic system is

Wy + Rly) - F(t) = 0 (Equation 16)
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Or, because of the nature of the assumed resistance function
My + Ky = Fy =0 - {0cyeygy)
My + Ry = Fy =0 CREZ (31)

Substituting appropriate values and rearranging, the equations become

v=37.7 - 1,009 x 0% (0cy<0.0378)

y = 347.7 - 397.7

= -50.0 (0.0378<y<ymax

) (32)

The above equations may be solved by using numerical integration, or
the tables and charts in Biggs (1964} can be used to determine Yimax

and the time tmax at which it occurs.
The Acceleration-Pulse method is presentad in this example. The

relationship needed to determine the displacement during the first time
step is
vy = 12 3y (1) (Equation 19)

Subsequent displacements are given by the recursion formula

Yt © 2 Yg " ¥ ? ;tfﬁt)z (Equation 20)

The period for this equivalent one-degree-of-freedom system is given

T= 2«\/{2‘-
_ N (33)
=2 \fm 0
"Vao.77 2 10°

= 0,061 sec

by
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The time step At should be less than /10, Use At < 0.006 sec. The
calcuiations are summarized in Table IX. The maximum deflection

(ymax = 0.127 ft) occurs at t = 0,054 sec. The corresponding ductility

ratio is
Y
o Jmax _ 0.127
u= Ve - 0.0378 3.3 (Equation 21)

The ductility ratio is well within the allewable of 10 recommended in
Table VIII. Therefore the 12 in. concrete slab is adequate to resist
the impact of the 4000 1b automabile traveling at ¢§ mph.

NHote that the wall height used in the calculation of the structural
response was not 30 ft as given in the example problem, A 30 ft high
wall impacted 5 ft from its support is more Tikely to experience 2
shear response failure rather than due to bending. Therefore the 15 ft
high wall was used in the example to illustrate the Acceleration Pulse

method as outlined in Section C. 2.
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TABLE IX
NUMERICAL SOLUTION TO EQUATIONS OF MOTION

Tine Ellapsed F]m’2 R/M'2 5}2 y at? y
Step  Time ft/sec™ ft/sec” ftfsec ft ft
Sec

0 0 w0 W LI o

100 1 .28 0.4 1.3sxw:: s.gsxw::
2 .00 2880 3188 L2exio”d  2.7500
3,006 6.8 2839  Luwo” 608007
& .008 ane 2w a.a8x10"" 1.06%1072
5 .00 168 180 rame? 1o
Y 2% 16 semo?t 2.2m072
7o .30 W eenot 2670
g .16 an 25 <080 3.5en07
9 .08 9.7 -50 .m0 4.22n072
0 .02 | } 4.s7xw:§
w0z 5,50X10
w0 6100102
13 0% 6.69410°2
W .08 7. 26X10°2
5 .00 7,807
6 .0% 8.30X10°2
o .0n 8.85¢10°2
18 .0% 9.301072
19 .0 981107
20 .08 1.0010°!
AL 107007
2 . R
2 .06 115007
.08 l ' 1 1.18810°)
2% .50 M7 3wy 50 2.0t 1.2zne”?
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TABLE IX (CONT'D)
NUMERICAL SOLUTION TO EQUATIONS OF MOTION

Tine Ellapsed Fi/M R oo et y

Step  Time  ftjse’  ftjsec?  ftfsect  ft ft
Sec

% 052 0 BT -7 LG0T 1.250007]

27 .08 0 7 . -1 1o’

8 .05 0 37 g LS 127007

29 .05 0 126007
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APPENDIX A

TABLE OF FUJITA-PEARSON TORNADO SCALE. Characteristics of & tornadp can be expressed sa a
corbinstion of Fujita-scale windapeed and Pearson-scale path langth and width, This scale
permits us to classify tornadoes betwesen twe extrems FPP scales, 0,0,0 and 5,.5,5.

F-scale Maximum Windspeed r-scale Path Length P-pcale Path Width
Scale mph  kts  m/a Scale  nmiles  kn Scale £t yds  metars
r o.o [ 1] s 18 P 0.0 0.3 0.5 | N 7 [ . 5

0.1 Lk » 15 0.1 0.4 0.6 0.} 19 [} ]
0.2 11 40 2 0.2 0.4 0.6 0.2 .n ? &
0.2 (3] 4 22 0.3 0.5 0.7 0.3 24 ] 7
0.4 52 46 22 0.4 0.5% 0.8 0.4 26 9 ]
0.5 56 L1:] 25 0.5 0.6 0.9 0.5 10 10 ]
0.8 5% 51 26 0.6 0.6 1.0 0.6 n 11 10
0.7 63 54 28 0.7 0.7 1.1 0.7 » 13 n
0.8 &6 57 h 1) 0.8 n.8 1.3 0.0 42 14 1)
0.9 70 60 3 0.9 0.9 1.4 0.9 47 16 14
y 1.0 73 64 1 Pl 1.0 1.6 P 1.0 53 18 16
1.1 7 67 L7 1.1 1.1 1.8 1.1 59 20 1
1.2 al 0 36 1.2 1.3 2,0 1.2 66 22 20
1.3 -1 13 18 1.3 1.4 2.} 1.3 M 25 23
1.4 [:I] 7 40 1.4 1.6 2.6 1.4 1] 28 26
1.5 92 80 41 1.8 1.8 2.9 1.5 94 n 2%
1.6 96 a4 41 1.6 2.0 3.2 1.6 105 15 2
1.7 100 a? 45 1.7 2.2 3.6 1.7 118 EL] 3%
1.8 104 91 47 .8 2.5 4.0 1.8 133 “ 40
1.% 109 94 49 1.9 2.0 4.5 1,9 149 S0 45
r2.0 112 98 50 » 2,0 2.2 5.1 P 2,0 163 58 51
2.1 17 102 52 2.1 1.5 8.7 2.1 147 62 57
2.2 11 105 4 2.3 4.0 6.4 2.2 210 70 64
2.3 126 109 6 2.1 4.5 7.2 2,1 215 7 12
1.4 130 112 6 2.4 5.0 8.1 2.4 265 :F:] Bl
2.5 1315 137 60 2.5 5.6 9.0 2.5 297 99 90
2.6 iid 1N id H 8.3 12.2 2.6 533 i i02
2.7 1ed 125 64 2.7 7.1 1.4 2.7 N4 123 134
2.8 148 129 oh 2.8 7.9 12.8 2.8 419 140 128
2.9 1% 132 68 T2.9 p.9 18,1 2.9 470 157 143
F30 158 137 10 P 3,0 10.¢ 16.1 [N ] 528 176 16]
3.1 182 4l 13 3] 11.2 18.0 1.1 591 197 le0
3.2 167 145 % 3.2 12.6 20.1 3.2 (1-3.] 22 20]
3Ly 11 1 Lk 3] 14.1 22.7 1.3 744 248 h
e 17 154 19 3.4 15,9 25.6 3.4 817 19 256
3.5 182 1% Bl S 11.8 ;.6 2.4 940 313 286
3.6 187 162 a3 1.6 20,0 2.2 3.6 1054 51 322
.7 192 1e? as 2.7 .4 2.0 3,7 1182 194 160
1.8 197 ae 3.8 5.1 0.4 .8 1326 42 and
3.9 02 175 90 3.9 28,4 45,4 3.9 14b9 496 454
F 4,0 207 180 9 P 4.D n.6 £0.9 P 4.0 167 557 509
4.1 212 184 95 . 4,1 15,8 51.1 4.1 18 62% 471
4.2 28 189 97 4.2 9.8 4.1 4.2 1o 01 54)
4. ) 1 100 4.) “,2 1.8 4, 254 83 718
4.4 228 198 102 4.4 40.1 a0.& 44 68 882 B0E
4,% 233 203 104 4.5 6.2 90.4 A5 1967 989 904
4.6 23 207 107 4.6 61.1 102 4.8 2 1111 1.0 xm
4.7 M4 22 109 4.7 70.8 114 4.7 3738 1246 1.1
4.8 25 27 112 4.0 79.4 129 4.9 5194 135 1.]
4.9 258 22 114 4.9 8%.1 4] 4.9 4704 1568 1.4
F 50 26 v 117 P 5.0 100 161 FYOo YOMm 1760 1.6
5.1 267 232 119 5.1 112 18l 5.1 1.1 19N 1.0
5,2 211 3% 12 §.2  lae 203 $.2 1.2 218 2.0
5.3 278 181 1M §.3 14 27 5.3 1.4 482 1.}
S.4 284 246 127 5.4 )59 255 .4 1.6 2790 2.6
5.5 w9 251 129 $.% 118 e 5.5 1.8 nn .
9,6 295 256 )37 .6 3007 b)Y 8.6 2.0 3520 3.2
%7 Ml 16) 135 5.7 IM 140 5.7 1.1 M Lé
4.8 w? WY 1Y 5.8 15} 404 s.8 2.9 4418 4.0
5.9 MY 12 lao 5.9 W 454 5.9 1.8 436 4.8
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APPENDIX B
Windspeed Probabilities Based on
Fisher-Tippett Type 11 Distribution

For more specific detafls of the calculations presented herein,
reference is made to Thom (1968). The Fisher-Tippett Type 11 distri-
bution 1s given by the equation

F(V) = exp [-{v/8)""] (61)

vhere:

F(¥) is the probability that the windspeed witl not exceed the
value V in one year

By Y are constants to be determined.
Values of B and v are determined for a specific Tocation from the data
presented in the Thom article. Contour maps are presented for apnual
extreme-mi Je windspeeds for 2, 10, 25, 50 and 100 year mean recyrrence
intervals. These values are plotted on the special Fisher-Tippett
Type 11 probability paper (Figure 8Y) and a best fit straight line is
drawn through the points. In this case only the owe, four points
were used as explained in Section [1D, Then by observing from the curve
that

£(32) =0.010
F(84) =0.999,

Equation (B1 may be used to solve for v and B.

0.010 = exp (-{32/8)™"]
0.999 = exp [-(84/6)™M)

Values are found to be
f=38.83
Yy = 8.78
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Equation (B1} thus becomes
F(V) = exp [-(v/38.43)"878) (82)

where V is expressed in mph.
The probability that the windspeed will exceed a value V is

Pe=1-F(¥) (B3)
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FIGURE B1.

FISHER-TIPPETT TYPE I PROBABILITY FOR SITE 300
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