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FOREWCRD

The development of tomade and extreme wind rick models for the
Savannah River Plant site was conducted undar E. I. Du Pont De
Nemours Purchase (rder No, AXC B72-W. Mr, Fred Morris of the Dv Pont
De Nemours Company served as the technical representatfve for moni-
toring the project. Dr, James H. McDonald of Texas Tech University
served as project menager and principal Investigator. He was assisted
by Or. Kishor C. Mehta, Dr. Jaseph E, Minor, Dr. Richard Peterson,
and Mr. Lynn Beasan also of Texas Tech University. The research was
cocrdinated through the Department of Civil Engineering and the
Iﬁgtitute for Disaster Research, Texas Tech University.

This document provides a Eas1s for determining design wind-
speeds and appropriate tormade and sxtréeme wind parametars for
any specified Yevel of risk. These parameters may then be used to
determine appropriate design leads ¢n structures. The ;eterminatian

of the design loads, however, is beyond the scape of this project.



SUMMARY

i wingspeed r{sk medel, which, by definition, is the point pro-
pability of windspeeds sxceeding some threshold value in one year, has
been developed for the Savannah River Plant site. The risk models
account for the possibility of tornadoes and extreme winds at the
site. The windspeed risk models recommgnded for datermining destgn
wind loads are given in Table IX and zre plotted in Figure B. For any
selected level of risk, the maximum horizontal windspeed resulting from
tornadoss or extreme {straight) winds can be determined from the
windspeed risk models. Other windspeed related parameters such a3 wind
ga1ucity components, atmospheric pressure ¢change relationships and
windharn missile characteristics may then be derived. The relationships
between these various parametars are summarized in Tsbie ¥. Parameter
values for various maximem horizontal wfndspeed§ are also given in
Table X.

The windspeed risk model was developed from records 0f tornado
and extrame wind QCCUrrences that have taken place near the Savannah
River Plant site. The tornado records cover a 15 year period from 1953-
1973, whereas the windspeed records are based on a 21 yesr period |
19456-1965.

In the report the metecrnlogical conditions expected and ob-
served are reviewed. The mathodology for catcﬁlating the tornado
risk model iz developed, and details of the computations for the
Savannah River Plant region are summarized. The uncertainties associ-

ated with the tornado risk model methedology are evaluated and discussed,

1



Next the extreme [stirafght) wind risk madel 15 determinad, In the
last section upprupriate tormado and sxtreme wind parsmeters relating
to wind, pressurz change and missiles are prnvﬁdéd for varfous levels

of risk.
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{. TNTRODUGTION

4 windspeed risk mpdel pives the probability that any point within
a defined geugraph1:a1’r;gﬁon will experience wﬁndspéeds graater than or
gqual to some threshold value in gne year. Tornado and extrems wind
risk models are presented in”this report for the gesgraphical regicn
surrcunding the Savannah River Plant $ite near Aiken, South Caroling.
The tornada risk model was developed from records of tormadoes
during the period 1853-1973. The extreme wind records cover a pericd
of 21 years (1945-1965).

Once the risk models are esteblished, the maximum des{gn wind-
5peed is determined for any specified level of risk. It is not the
purpose of this study to advance probability values that represent
acceptable tevels of risk. These decisions must be made by appro-
priate plant suthorities. The Jevel of risk ealected depends on the
eriticality of the structure with respect 10 persannel and environ-
meqtaT safety. Other wind parameters such as .atmospheric pressure
change and windborne missile characteristics are dapenaant on the
maximum design windspeed. These parameters are deduced from straight
H1nd and an appropriate tornade wind fiald mopdal.

The first tornade ~isk model 15 attributed to wen and Chy [11.
They used a limited amount of data accumulated by Fuijita [2] to con-
struct a joint probability distribution for avéraga tornado damage
path area and peak windspeed. The damage ‘path area of a tornado is
defined as the ares bounded by damage from winds greater tham or

equal to 785 mph, Although peak intensity winds occur only over a

e e - Tor n g ALaaL L wemg c e L dRL C - L b T (e AR .
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small portion of this area, the original Wen and Chu Model assumed

that the peak windspesd extended aver the whote area. McDorald [3]

and Garson [4] suggested th?t a windspeed decay from peak out to

gale intensfty he introduced. This concept was incorporated in sub-
sequent work by Wen [5]. The assumptions made by Wen and Chu that
average tornado damage path and'peak windspeed is inveriant with respect
to geographical Tocation has not been sybstantfated. In fact, studies
by the authors have indfcated that there i considerable variztion

from ome gaographic region to snother [B, 7].

A sacond approach to the development of o tornade risk model was,
in effe:t, presented by Markee, Beckerly and Sanders [8] in their
document supporting the AEG Regulatory Guide 1.76 [9], although they
did not specifically refer to it as 2 risk model. In this approach
the assymption is made that the probability of strike accurrence
and the probability of {intensity cccurrence are indepencent avents.

A meanldamage path area of 2.BZ sq. mi., based on.Thom's work with
Kansas and lowa tornadoes [10], was used to determine probability of
strike. This value of mean damsge-path area is considerably larger
ehan mean values found for specific geographic regions [11].

Because of {nherent shortcomings in both approaches described
above, an alternzte method was used by the authors to develep the
tornade windspeed risk models presented herain, Tﬁe details of the
development are described in subsequent chapters. In general, the
approach s pased on existing records of tornado occurrence fn the

geographic region surrounding the plant site. Ffrom these records




a relatiognship hetw%en damage-path area and windspeed intensity 15
obtalned. This dat: 1s then cumb1ﬁed with an occurrence-intensity
relationship to determine the probability of tornadic windspeeds
exceeding any threshold value within a one-year period.

The.wurk of Thom [12] is used to determine the risk mode! for
eéxtreme winds, The Frechet [Fisher-Tippet Type !1} distribution of
extreme winds i3 extrapolated to determine probability of strafght
winds exceeding any threshold value within a cne-year period.

The remainfng sections of this report present a summary of the
investigations conducted and contain discussfons of the techniques
used. for arriving 4t the tornadn and extreme wind risk models. Tor-
nado parameters, including those associated with wind, atmuspheric

pressure change and missiles, are presented in the last section of

the report,




11, METEDRCLOGICAL CONCGITIONS
]

The Savannah River Facility lies about 114 mi northeast of the

Atlantic Coast, not far from the fail 1fpe separating the gently sloping i -
t astal Plain from the higher ground of the Piedment Plateau. This N

" . T
Tncation enjoys 2 strongly modified seacoast ¢limate with a2 measure af _ }i@?jl

Lrotection from continentsl cold afr invasions.
The mean winds from April through August are from the sea at about

§ mph. During the fall, fronta) passages allow air €0 be divartad

. wthwestward ajong the coast. Through the remainder of the year the

prevailing wind is northwesterly st 68 mph, with increasing frequency of

1iontal activity. : a
Dur{né thé spring, thunderstorms may beltriggered by frental invasions N

of copler air. These may be accompanied by strang strafght winds in outflow

1 -gions with some damage resulting. Inta summer,hthundEPEturms continue hﬁt

ave primarity due to localized heating and orographic forcing. Roughly two

cut of five days from June into September may experience thundersterms;

¢ gler temperatures in the fall however tend to suppress the ;ir mass activity.
The thunderstorms, sometimes in souall iines, during the spring may oc-

¢ sionally spawn tornadoes. There have been relatively few tornadoes n

Snuth Carolina, however, over the the firat half of this century the state re-

curdéd about four per year, primarily fn the western and central portions. — -
severe tropical storms have affe:ted the area on an average of once '

every ten years, bringing the largest rainfall amounts, but generally pro-

n tiﬁg less wind damage than the morg severs thunderstorms. The hurricanes,

which usually develop from mid-summer into tall, may cccasionally spawn -

turnadoes as well; again, however, the spring occurrences would be expected

t be more evere.
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ITI. DEVELOPMENT QF TORNADQ RISK M{ODEL

The temado rigk model 1s detevmined from statistical analysis
¢f records of térnédneé’that have occurred 1n the region surrounding
the Savanna: River Plant site. The basic tornade data used in this
study are espressed in terms of Fujita-Pearson Scales [13]. The
Fuiita Scal: (F-5cale) rates tornadoes on the basis of thelr maxTmum
windspeed. The Pearson Scales rate tornadoes according to their
path length {PLJ and average damage path width (PH}. Thus, a torpado
can be giver an FPP rating that describes its maximum windspeed anﬂ
the extent of its damage patk. The Fujita-Pearsom (FPP) scale is
described ir Appendix A.

" Each tomada since 1871 has been given an FPP rating by the
Metearplogist-In-Charge {MIC) of the National Weather Service tn the
régfon where the tormado occurred, Where damage descriptions are
avaiiable fcr tornadoes that accurred prior to 1971, it fs possible
- to assfgn F-scale ratings to these storms. Records of damage path
Breas are very incomplete prior to 1571,

In this section the methodology for developing the tornade risk
model 15 described in general terms. Then the specific details of
develaping the risk model for tha Savannah River site are desceibed.

Finally the rizsk mode! is evaluated in terms of the uncertainties

invplved,

Methodology for Daveloping the Tornade Risk Model

The risk model is develaped on the basis of Fujita-Pearson {FPP)

Scales, since tornado intensities are expressed in terms of FPP-scales.




Four basic steps are involved:

1. Determination of a damage area-intensity retationship in a
giabal region surrpunding the plant site.

2. Deteymination of an occurvence-intensity relationship in &
local region surrounding the piant site.

3. Caleulation of the probability ef a point in the local regiom
sxperiencing windspeeds in some ciass interval.

4. Determination of the probability of windspeeds 1n the local
region exceeding interval values.

A plot of the results of step four 453 the tornado risk model. Each of

the four steps is described In the paragraphs below.

*Damage Area-Intensity Retationship

A global region, which may contain sevaral states, !t defined for
purposes of determining a damage area-intensity relationship., Factors
considered in selecting a particular global region are:

1. The region should generally surround the plant site.
2. The region should generally contain the same type of terrain,

2. The regicn should have comman meteorniogical conditions on a
synoptic scale, as they relate to the formation of tornadoes.

4. The region should be of sufficient sfze to give an Bdequate
sample size for determining the area-intensity relatienship.

‘Existing tornado records give Fujita scale (F}, Pearson path langth
{PL], and Pearson path width {PH} scales for mosti tornadoes in the
three year period 1971-1873. From the PL and Py ratings. the damage
area in square miles for each tornado 1s deteranéd using the median
length and width of sach classification. Three yesrs of relatively
complete data in the global regfon are used to deveiop the damage area-
intensity relationship instead of, say, |5 years of incemplete data

in a local region.




‘Oecurrence-Intensity Relationship

& local reglon within the global region is deffﬁed to premit deters
mination af an oceurrence-intensity relationship. The size of the local
vegion may range from & 1-degree to a §-degree square, {a 1-degree square
is generally too sma1i]. depending on the number of tornado occurrences
in the vicinity of the piant site.

The number of tornadoes exceeding each F-scate ¢lassification is
cbtainad from the master 1ist of tomado occurrences Tn the local region
in the 15 year period from 1669-1873, This relationship is fitted ta
approprimte curves using regression analyses to glve a continupus rela-
tionship between occurrence and fntensity. From this curve the numbar
of tﬁrnadce; accurring fn arbitrary, but equal, class Intervals are ob-
tafned and denoted A,. The set of A's for #13 class intervals s the

desired occurrence-intensity relatfonship,

"‘Probability of Windspeeds in Some Class Interval

The probability that any point within the local region will experience
s windspead that is contsained in the interval ﬂj from tornadoes whose

maximum windspeeds are conteined Tn the interval ?1 is given by the

expression
. 1 N '
whe re A is the geographic area of the local region (sgmi)

iy 1s the sccurrence-intensity relatfonship (tornadoes

par year)

D s w0 T . L e smcammggueer L e s



244 §s the area within the damage path that experisnces

windsperds vj in a tornade whose maximum windspeed

is in the class interval ?}, {(1>J} (sq mi)

n {dentifies the class interval containing the largest
tornade windspeeds considered.

The intervals designated by ?} and ﬁ} are defined for this study as

ior} i 2 3 4 5 6 7

Windspegd £0-100| 100-150 150-2001 200-250 a60-300| 300-3501 >350
interval
(mph )

Thé integer 1 refers to the class interval of maximum tornado wind-
speeds; the integer j refers to some class interval less than or equal
to i. The magnitude of a4 depends on the maximum intensity of the tor-
nado and its mean desmage path area. Assuming the wingspeed model to

be g Combined Rankin vortex, the valuaes of a1j-are given by

y -y
a5 753, {?Ji%,:__ﬂq (jei) {2}

Byt 2 {3v1) (3)

3

LL,]

where a, 15 the wean damage are: caused by winds greater than ar equal o

75 mph by tormadoes whose naximum windspeeds are in the interval 1. For

50 wph class intervals, Cauatien (2) becomes
3750 3,

il.i:l 'W {j‘i]

(4]

Derivations of Equatien {2} and (3} are given in tppendix B.

B




'Prubab|11ty cf w1nd5peeds Exceeding Interval values

Tha nrobability that a paint W thin the 1ocal region will exper=

fence windspeeds.greatEr than or equal to ﬁj

n .
P['u"ﬂ'.} = ¢ P{Y=V.}
¥ ey I (5)

A plot of PE?gF}] ersus windspeed is, by definition, the tarnado

risk modal.

Development of Tornado kisk Modal for the Savannah River Plant Site

Regions, bOLH gicbal and Tecal, are first defined for purposes
of determining an area-intensity ralat{onship and é&n oceuprrence -
intensity relationship respectively for the Savannah River
site. Appropriate tornado records are then assembled in terms of
FFP scales, Five 1geal regions were defined and the tornado risk
madel for each ong wWas develaped. The risk modeis for the five local
regions are compared and tne one deemad most appropriate ts selected
a¢ the recomiended tomado pisk model for the plant, site. The Final
risk model {5 than pyaluatad in terms of the uncertainties of data.
meteorological eonditions, and the pasic approach.

‘Def1n1t1un of Global and Local Regions

A global region containing the states af ﬁ?ahama, tierida, Georgla,
Kentucky, Mississippl, North Caroling, Tennessee, couth Carelina,
Virginia, and West Yirginia was defined for purposes of determining
the damage area-intensity pelationship, Complete data on tornado

demage-path size are only svatlable for a three year pericd 1871-




1973, Thus, a large geographic area jg yszd with a relatively short
reporting period, For the occurrence-intetsity relationship 2
smaller {local) reglon is used with a 15 yiir reporting periad
{1959-1973). _

The 51ze of the lpcal region must be carefully selected, Ideally
the region should ba chosen as small as possible, but because of the
randem distribution of tornado occcurrences in an area, risk levels
may be predicted that are too high (or ton low), depending on the
actual distribution of tornadoes n the area. In this study five
local regions were defined .

Local Regien I: 1-degree sguire 4000 sq mi

local Region II:  2-degree squire 16000 59 ol

tocal Region III:  3-degree SQuir® 34300 sq mi

Local Region IV: d-dagree SQUIre 57800 sq mi

Local Region V: G.degree squire 86500 sg mi
The regions were defined on the basis of degreelaquares because the
tornado records contain tornado touchdown roints in terms of latitude
and longitude. The ocean arez was deﬁucted from the total area of
the degree square, since no tornade touchdewn points were recarded
over the ocean. Detafls of the calculations for the B-degree square
region are presented for i1lustration purposes. Development of the
visk models based on the cther logal regions follows & similar

pattern,

‘Tornado Regords in the Savannah River Plant Regiens

The technical 1iterature and various Sources of National Weather

1a
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5¢ni-::e records were reyiewed for the purpose of establishing a master
:Iist of tornado cccurrences in the 7ocat regions., A computer 1isting
of all toermado occurrences in the United States has bsen assembled

v .hy the Nationai evere Storms Forecasting Center (NSSFC) {n Kansas
Clty, I'-Hssnuﬂ r14], 7This tape contains the date, time, location,

(& path Tength, path width, axtent of damage, number of deaths and
3-1njurﬁes for most tomadoes since 1950, Prior to 1971, the detalls
zare somewhatl incomplete.

The data from the NSSFC tape was supplemanted by records from

o 'Storm Dats [15], & publication of the National Oceanic and Atmos-

p ':' phertc Administration, Asheville, Morth Carolina. The Storm Data
I!%:mcnrds go back to 1959. The most significant information cantainad
-.Jin this puthatwn are hrief word descriptions of the damage caused
by tornadoes. These ward descriptions wers used 1o assign Fujita
Fscale (F~scale) ratings to the tornadoes. other sources of fernads
; . racords were checked to be sure that the master Hst was complete
% [15 17, 18, 19]. Use of the pecgrds in developing the tornado risk
k]

i model is deseribed below.

‘;E‘ 'Tormado Risk Model for the §-Degree Sguare Local Region
I
ﬁ{g‘t & total of 389 tornada ocgurrgnces wWere recorded in the %- degree

I
o

square reglon in the fifteen year period 1859-1973, Their touch-

down points and intensity in terms of Fascale are plotted in Figure 1.

SN e g

The average number of tomadoes per year in the region was 25.9, Figure

2 shows the number of tornadoes per year gver the 15 year period.

Tha largest nurber recorded in any one y&zr was 57 in 1873, The

e T
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smallest number was 7 in 1860. Figure 3 shows the number of ternadoes
in each F-scale classification. Of the 380 tornadoes that have aceurs
red tn the 5-degrgé region, 61 percent had maximum windspeeds Tess
than 112 mph, while 52 percent hes maximum windspeads less than 157
mph, Table 1 1ists all significant tornadoss that have occurred
within the S-degree region.

Table I1 11sts the mean.gamage-path areas for sach F-scale classi=-
fication in the global region surreunding tre Savannah River site.
examination of values of the standard deviation indicates that
areas effacted by individual tornadoss vary widely. In Figure 4 mean
damage path area varsus windspeed is plotted for each F-scale ¢lassi=
f{eation. An appropriate 1ine is fitted through the points by means
ot a regression analysis in erder to provide a relationship betwaen
mean damage-path area and windspeed. The curve thus obtained is the
desired area-intensity relationship, 2y Values of 3 for tornadees
whose maximum windspeeds are centained in the intervals ¥, are given
in Tdble IIT.

The cumulative number of tormadoes exceeding each F-scale
classification is obtained from the master list of tornadoes that
haye pecurred in the jocal region, This retationship is fitted o
appropriate 1ines using regression analyses %o sbtain relatfonships
between n:ﬁurren:e and intensity {See Figure £). From this figure the
number of tornadoes occurring in apbitrary, but sgual class intervals
js abtained. The number of tornadoes per year in each glass interval,

Aya 2re shown in Table IV for the 5-degree Square local region.
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TRALE I
GIGNIFICANT TOMNADDES IN 5-DEGRER LOCAL REGION

fate focatton - F P Py p* Commeits
9/29/64  Richmond and 5 3 1 0 15 Tornadn moved WKW, Demolished 2 churches,
scatlend Counties, _ 3ix houss trailers and & dozeh Or mara
NC frama bu1‘|r11nﬂs; unrcofed several brick
. bysiness buildings.

16/ 1/66 Rendold Coumty, 3 13 1 1 4 & sme)1 tornado; demolished n small brick
NC : : and concrete block factory; blew down of
broke off a few frass. _ .

- rEaRF Maar Mansfidld, 3 % 0 i) ¢ Tornado demolished one freme house; unroofed
Kewton Countys and haaylly damaged & masanry housei trees
Gh were yprooted; stove moved wes tward.

dastroyed 3 new brick residances overturned
two house trailers; damaged roofsi ireeh were
uprooted and twisted off.

2113786 E%'mthnrpa County, 3 2 3 0 1 Torhado demolished five 1mrga poultry housas

5/16/66 Two ml 3 of )
. Fitrgarald, GA 3 @ { i} 0 Tornado demelished two buildings: heavily
damaged hangars at afrports damaged four air-
planes in the hengars

/11768 ¥orth Counky : '
naar Dosrum, GA & 1 2 1] 0 A rexidence was tarn from 1%a foundation and
moved 50 yds; +t was heavlly damaged., but left
moke or less intact; a car and plchkup were
carried 100 yds by the winds




TABLE ! {Con't)

. SIGHIFICANT TIMHAODES IN 5-DEGREE LOCAL REGIDN

L1
Datw Loacatinn F P,L FH [ 1 Commants
8518769 Scotland, 4 3 0 0 ‘Tarnads touched down only cecasionally far

Robeson, Cime- short distancass large tress blown down or

barland Countias, ’ broken off abgva ground; sevaral frame build-

LY {ngs damelishad; utflity 1ines brokem, poles
. blown down: mabita home carriad 50 yds+ and
deatroyed.

_ 4719768 Dar11ington, 3 4 s ¢ 1 Tornado touchad gromd several timaz 3long 1fs
- Chesterfigld 42 mt path; destroyed n poultey farm bullding
~ and Marlbora and kT11sd 1009 chickens; & trafler end 2 hames

Countias, &C were demolished; further down path 1t touched
down for 1 or § miles damaging housed, barns,
trailars, power 1{nes and trese; later {t dese
troyed more houses and mobile homés; trans.
lational speed was estimated at 4G mph.

4/18/59 toffes County, 3 3 - 0 27 DPamage wes afmost contfruous along thw path

GA which ranged up to rlmpst a mile Tn width;

19 mob{la homes were complately destroyed;
60 to 70 farm bl 1dings demolished; timbar
logses ware tremendous amd telephona and powar
1{ne damage was extensiva,

4/9/70 Foyston, G& 3 2 4 0 Tornado destroyed savaral large ?n;ﬂtry housas
one mobile home seamad to disentigrate; pouls

try house sxploded outward and debris and traes
were Blown 1n 211 directions,
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TRBLE 1 {Con't)
SIGNIFICANT TORWADDES N 5-DEGREE LOTAL REGION

L

Oate Locatiaon F FL PH B 1 Comtien s
e Emarual County, k1 1 3 1 2 tornado demotished twa Heuses and 2 barmi
BA damaged two other hoUS&d; Crops Were
flattened.
ar23in Sumpter, fooly, k) | ) ) & Tornado completely damalished a large brick
and Grisp Gomties home 2nd saveral pther smaller bui]ldingss
GA auts wac carried snd gver end for 160 £45
extaraive damage to cottages, trailer houses,
boat houses and boatt af' ® fishing camp;
cavaral Ferm heoex and othar buildings de-
stroyeds hundred of traes shearsd off or
blown over; hoards from a home were found
sticking in the ground ¥ mi away.
1414708 Jaffersun and
Burke Counties 1 k| 1 0 21 Tornada destrayed twp farm homes, saveral
G4 barns and a larga amount of farm squipment;
destroynd 2 mobila homes and the County
Farestry Unit Equipment Shed; a fiftegn actra
pECAn Jrave was Flattened; many other trees
were uprodted or- broken off power and tele-
phong poles ware down.
N pbbeville and L] 3 3 7 30 Tornado movad FHE: 50 families left homeless]
Greanwood Countiss many ather houses gustainad minor damage;
1 struck « metel; the entira motel, ifs furn-

ishings and occupents , from the foundatinn
upward, ware carried across the highway toward
the south and spraad over a larga Tield.




TABLE 1 [Con*t)
STOHIFICANT TORNADGES IN 5-DEGREE LOGAL REGION

fate Location F PL P o (A Gommants

3N North Central, GA 3 4 I 2 100 A dewvastating tornado moved ENE through
cantral G4 causing mxtremely heayy and 2l-
mpst continuous damage along a 7§ mi path.
A State Survey team estimated damage 2%
follows: 400 homes dastroyed, 1784 homes
damaged, 32 businesses destroyed, 76 busi-
nes5es damaged; l:[arrluga ta business pru]inrty
1aft 1600 ioblessy 2GOO weres Jeft hame

855 .
-]
BfeRf73 Walten, Qcorsi 3 3 ] 1 85 Destreuction was vary heavy near Athens, 8
ard Clarka Counties, dsstruction included 43 rus{dencas dastroyed,
Gh 175 hmayily dalrnn?ad and 321 with mimer damaga;
§ business buildings dastroyed, 17 businessas
damagad,
TeA1/N Greenwood And i3 3 0 3  Tormadg was in contact with ground 20 percent
Laurens Countise, of tine causing axtensive damage.

5C

12/13/73  Greemwood County, 4 O 1 H 0 Tornado was associated with the oha described
Sc halow. Touched down briefly 1n the Kinety
B1x hren gausing extansive damage,

12/13/73  Greanwood snd - ] 0 %6 Tornedo was on ground 20 percent of tha time,
. Mewberry Countfas, ' causing mxtansive damige to homes, NAREEAL:T
50 and Tndustrial property; major damage was in

the Hinety S{x Ared and Chappals Area.




TABLE 1 [Con't}
BIEHIFICANT TOAMADGES IN E-DEGREE LOCAL REGION

Dath {ocatfon oL [T R Comments

12413771 Mewberery County, 3 1 3 1 & Torrado hit Htd Caralinia School; demagad
5C : or destroyed 48 Romas and TO mobils homes;
width of path seggests & double funnel along
part of path,

1271313 Gaingville, GA 33 3 0 21 Fifty hores were dgversly daragedi & mobile
homes destroyed.

ag

* fleaths
*x  Tnjur{es
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TABLE I1

MEAN DAMAGE-PATH AREA FOR EACH
F-SCALE CLASIFICATION TN GLOUBAL .
REGION SURRDUNDING SAYANNAH RIVER SITE

FD i F2 F3 F4

No. of Tornaodes 12 245 177 89 13

Haan b?mage-Path Area  0.036 D.140 0.463 1.261 1.485 3.169
Sqml '

Standard Deviation £.077  0.349 1.246 1.714 1.512 0.0903

TRELE III
MEAN DAMAGE-PATH AREA FOR TORNADOES

WITH MAXIMUM WINDSPEEDS IN THE
INTERVAL, ?i

MEAN DAMAGE-PATH RAREA a5 Sg M1

50-100 100-150 150- 200 200-250 250-300 300-350 =350

0.0851 0. 3411 0.8513 1.6858 2.5089 4.5809 6.7B53

TABLE IV
NUMBER OF TORNADOES PER YEAR IK INTERVAL Fi

Ag {TernadoesfYear)

50-100 100-150 150-200 200-250 250-300 pD-350  »380
7.58 14,03 2.14 0.26 (.03 0.404 0.0008
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Table ¥ and VI then summarize the calculations required for obtaining
the tornade risk model. “The upper part of Teble ¥ Yists the values of
aiJ {Equation 2} for the selected class intervals. The lower part of
the table gives the probable ares exposed to wind speeds 1n the interval
?3, €rom tornadoes whose maximum intensities are contained in the inter-
vals T, (12§). The last 1tne of Table VI gives the probabilities of
exceeding the nterval windspeeds Fj, in one year, which 1s by definition,
the tornade risk model,

‘Tornads Risk Models for Other Lpcal Reqions

Tornzde risk models wers computsd for the five local regions sur-
rounding the Savannah River Plant site. Table ¥II 1ists the number of
tornadoss 1n each F-scale classification for each region. The ternado
windspeed probabilities are summarized In Table VIII and the windspeed
risk models for the five regions are shown in Figure 6. A decision then
had to be made as to which »isk mode} was most representative of the
tarnagdo risks in the vicinity surrounding the Savennah River Plant site. .

The risk model far the 5-degree square is the one congidered mest
appropriate for the Savannah River Plant site. Thers are no meteoro-
Togical or topegraphical conditions associated with the lecale that would
lead one to expect a variation in tornade probabilities between say the
1-degree $quare and the 5-degree square. The differences between the vari--
ous loce! regions must therefore be attributed to the variation of sta-
+istieal data within the five local regions. [n order to evaluate these
differances, confidence 1imits were established for each of the Five
local reglons, The two mest significant statistical parameters are the

area-intensity and the sccurrence -intensity relationships. Confidence
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THBLE ¥

PROMABLE AREA EXPOSED TD WINDSPEEDS ?j FROM TORNADQES OF THTENSITY ¥,

EANY sp-100  100-150  150-200  200-250  250-300 A00-350 350 g
a”. gq mi .
§0-100 0.128 0,085
100-150 0,258 i, 256 0,341
150- 200 638 B.213 0,426 0.8%1
200-260 1,264 1,421 g2l n.632 1,686
250-300 2,182 0,727 0. 364 0.218 273 2.90% -
300-350 3,382 1.127 b, 564 f1.338 0,225 1.127 4,581
» 350 5,089 1,630 0.B45 0.507 0.336 0,241 1,448 6,759
¥ vj P | =q i /year )
1 _ j &g BT §
£4.100 D.567 1.58
106-150 3,588 3,588 14,32
150-200 1,366 0.45% 0.911 2.1
200-250 0,332 0.1 B.058 0. 166 0.26
250 300 0.0M 1023 0,012 00670 0. 0281 0. 03
- 300-350 4,013 0, 0045 n.002¢ 0.0013 0, 0002 0, 0045 0. dod
»350 0. 028 0. 000% f, 0005 £.0003 0. 0002 0.000T  G.0008 D, B{H)5
Th8; 6,333 4,192 . 0,981 0.175 0.029 c.ov5  0.0008
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TABLE ¥I
COMFUTATIONS: TORMADD RISK MOBEL

Windspeed Interval ¥, L]y

Ean. §)

Qperation
50-100  160-150  150-200  £00-230  E60-d00  300-380 =350
Eiainu 6.3 482 0.9 0,175 0.023 D005  U.0008
(sq mifyr)
A (sq o) BE.500 85,500 86,500 86,500 B, 500 86,800 86,800
blvay,) s anaot asle®  Lamar®  zozart sasac?  same? s’
{Egn. 1]
LYY, Lasacd s2nar® Lot 2azie®  aawir? 6aeao™ 9.3 x10°°




TABLE VII

F-SCALE CLASSIFICATION QF TORNADOES
IN THE FIVE LOCAL REGIONS

Region F6 KB F2 F2  F& f5  Total
1-Degrea 9 5 1 1 8 0 16

Z=legree 17 14 B L] 2 D 37

3=Degree 35 45 27 13 2 0 122
§-legree EF 13 79 2% 2 0 213

5-Degree 86 150 120 20 3 o 389

TABLE VIII
TORNADO RISK MODELS FOR LOCAL REGIONS
Interval 1-Degrea Z=-Degree 3-Degree 4-[egree E-Degree
Squars Square Sguare Square Square

50100 s.sman  Loa1ort Loaxte®  t.asactt rasao
100~ 150 2 et a.6x10  s.gman®  saexn 62107
150-200 s.aa07f  2.1600°% 183075 13ex0” 1.38x107
200-250 s 9ax1075  o.84xt08  a.zia0f 2.451078  z.42x1078
250-300 Lemia®  a.32a07%  1.0ox106  aex07’ s.onag”
300-350 11ax10-7 1.80x10°8  2.68x1077  6.am0® 62601078

»350 0.29:10°%  s.0300077  eamao®  gsoxiet? 93107
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PROBABILITY OF EXCEEDING THRESHOLD WINDSPEED IN ONE YEAR
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limits were esfab115hed for the area=intensity relationship a, and for
the occurrence-intensity relationship A The upper and lTower bound veiues
of these two parameters, r&spentivé?y. were then uses to calculate the
upper and lower canfidence limits nn.the tornado risk model.

The area-intensity relationship 1s shown in Figure 4. The straight
Tine shown 1n the figure represents the best-fit 1ine based on a linear
regression analysis using the six data points shown. A {1-a}100%

confidence interval for the mean response ”?Ix {corresponding to “1}
0

is given by [20]

. 1 (xa-ir’-" 1 (x R)2

- 0
Yoo tapS\fm I ey s\ R TET (6)

where
}n = the estimated response from the regression equation at the
paint X,
tmrz = a value of the t distribution with n-2 degrees of fresdom
' & = sample variance
X = sample mean
n = sample size (& in this case).

The temm sxx 1s gifun by

L B
Sxx .151' 1 EEk %) ' (n)

——e—

The confldence limits for the occurvence-intensity ralatfonship
is obtained by calcutating the confidence {nterval for the hinomial

parameter p. The relationship used is [20].
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E-Inxz ‘l% ‘CP'{I;_+ 2h|’2 ‘ﬂ‘u;{ . (8}

p » the proportion of successes in a random sample of size n {in

where

¥

- this cass success means the occurrence of a tornada}.

1-p

ol
|

2.2 " the value of the standard normai curve leaving an &rea cl2
ta the right.
n = sample size (In this case ft is the total number of tornado
pccurrances in the 15 year recording period). The sampie
size should be greater than 30.
the upper and lower 1imit values of Ai ara obtained by multiplying the
Jimits defined in Equation [8) times n and d4Tviding by 15,

Confidence 1imits for the tornado risk models for the five locel
regions are included in Appendix c. These include 80 percent confidence
1imits for the 1-, 2-, 3-, 4- and 5-degree squares (Figures C1-C5) and
90 ‘and 95 per:ent confidence 1imits for the 3- and 5-degree squares {Figures
LE-Ca). To 111ust#9tt the contribution of the area-intensity and the
occurrance-intensity to the overall confidence 1imits, the 850 percent
confidence Mimits for the S-degree sqﬁarﬁ wers caleulated first using
the expected values of area with the upper and Tower bound values of
occurrence {Figure C10), then the expected values of pccurrence were
used with the upper and lower bound values of area {Figure Ci1}.,~ Compariscn
of Figures C10 and €11 shows that tha occurrence-intensity relationship
has the most significent effect on the width of the confidence band.

Because the area-intensity relationship {s hased on the global region,
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jt {s the same regardless of the Jocal regfon considered.

Clearly the S-degree Tocal region has the narrowest confidence
band., The 95 percent confidence band for the 5-degree square iz approx-
jmately the same as the BO parcent band for the 3~degree square. The
rather c¢lose agreement betwoen the risk models for the 4-degree ang
S5-dagree regions tenﬁs to confirm that there 15 some minfmum size
geographical region that must be cons{dered in order that the random
distribution of strong and weak tornadces in a global region not bies
the risk model based on a lecal region. If, for example, 2 small local
reglon {s definad that includes a random concentration of $ntense tor-
nadoes, the risk model based on the Tocal regien will predict proba-
bilities that are too High, On the other hand, 1f there were an absence
of tarna&n accurrences in the lecal region, the predicted risks would be
too low. Therefore, based on a comparison of the confidence 1imits,
the recommendation here 1s that the risk model for the 5-degree square
region surrcunding the plant site be used far determining the prﬁbab11itf
of tornado occurrence.

Evaluation of the Savannah River Plant Risk Made

Several additional uncertainties not accounted for in the confidence
intervals affect the outceme of the tornado risk model. The ternade
data itself 15 subject to some blas. The assignment of F-scale ratings
to the tornadoes -- either by the MIC or by the authors after reviewing
the damage descriptions ip Stoem Data -- s subject to some bias, The
bias tends to be on the conservative side, Windspeed estimates hesed
on F-scale ratings tend to be higher than those estimated by other means

such as analysis of damaged structures F21].
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The areas exposed to windspegds ?5 from tornadoes whase maximum
intensities are ?} (a1j. Equation 2] are shtained by agsuming that the
tornado windfield behaves as 2 fombined Rankine vortex. A precise
definition uf.the tornads windfield is not known, but the assumption
of a Combined Rankine vortex closely matches the windfield obtained
hy Hoecker at the 1000 ft level in his work with the Dallas tornado
of 1957 [22]). HNear the ground level the Rankine yortex assumption is
conseryative for the semd maximum windspeed and radiug of maximum wind. .

Cemparing windspeeds with those Jetermined by Markee, Rackerly &nd
sanders [8], their model predicts windspeeds of 360 mph at the 1077
}eveT, whereas the medel daveloped herein predicts 28C mph windspeeds
at the same level of risk. The two maethods are, however, Based on com-
oletely different statistical approaches. The 1imitations of the present
method are expressed in terms af confidence 1imits on the risk mude]sf

No such estimates of confidence have nean pressanted by the authors of

fefarence B.
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ty, DEVELOPMENT OF EXTREME WIND RISK MODEL

The work of Than [12] ts used to evaluate the probab{lity of
extreme winds axceeding any threshold value of windspead. Thom's

data specificaily excludes tornadoes from the data set.

Extréme Windspeed Records
Probabiiity distributions of extreme winds developed by Tham

are based on records of extreme annual fastest-mile windspeeds. The
records cover a 21-year period {1945-1065) and were accumulated at 138 lo-
cations in the contiguous United States. The distributions are represented
graphically in the form of contour maps that give annual extreme
fastest-mile windspeeds for 2, 10, 25, 50 end 1DD-yaar:meaﬂ recurrence
{ntervals. These maps are uced to determine an appropriate wind=

speed distribution at locations where data sets of annual gxtreme

fastast mile windspeeds are not available.

extreme Windspesd Distribution
Because winds are bounded at.zero and are generally theught of

‘as being unlimited above zero, Thom selected the Fisher-Tippatt Type 11
distributfon for the snnual extreme fastest-mile windspeed. A trans-
formation invalving logarithms of the sxtreme windspeed can be made to
phtain the Fisher-Tippett Type 1 distribution. This {s the madel
actually used by Thom in his latest work. This mathematfcal model s
atso known as the Frechet pistribution Function. Based on Thom's wark,

the probability of exceeding a thresheld windspeed vj tn one year is glven
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by the expression

TEARRERIA | (9)
where
Fyy) = expl-{¥y78) 7] (10)

hoth & and v 4are constants chosen to £it the annual extreme fastest-
mile speed distribution at the grographic lgcation under consideration.
The annual extreme fastest-mile windspeed 18 determined from the 2, 10,
?5, 50 and 100«year rEGUTTEnCE jnterval maps Tor the location under
consideration. These values are plotted on spacial Fisher-Tippett

Type 11 probability paper. B regression analysis 15 performed o give
the best fit ﬁtra1ght line through the five points as shown in Figure 7.

For the Savannah River Plant site the g and y terms are faund to be

g = 36,62
y = 5,63

- Eauation (B) thus bacemes

FUYj) = oxp [-{vjf4ﬁ.52]'5'53] (11}

values of F{Hgyj} ave tabulated in Table IX.

The extrapolation of the straight windspeed curve into the region
payond measured yalues requires some giscussion. There may be some

ypper bound on maximn strafght windspeeds, but the value is not pre-
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cisely known, The upper 14mit assumad for tornadoes is less than 300
mph [23, 24, 28], This Tmig cauld te used for straight winds as well,
Thus, 1In this_stﬁdy the upper 1imit windspeed for strafght wind is assumed

to approach the generally accepted upper 1imit windspeed f:;r tormadaoss,
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Y. RECOMMENDED TORNADD AND EXTREME WIND
RISK MODELS
The recommended tornado risk model for the Savannah River Pilant
site i5 based nn.the S-degrge square local reglon. Yalues for the tornado
risk model are given in Table IX and are plotted in Figure 8.
The extreme {straight) windspeed risk model 1s given by Equatten
(11}, This eguation can be rearranged into a more useful form where

tha dasign velocity §s expressed as a function of the mceeptable level

of risk.

¥y ® 46,62 [-1n (1-P(¥2¥y) y371/%.83 (12)

Caytien should be used in extrapolating maximun extreme wind velo-

~tities above the 200 mph value. Windspeeds in excess of 200 mph have
been measured at the surface, but they oceurred at 8 specific lecation
atop Mt. Washington in New Hampshire. Hurricane wingsneeds of 204 mph
are acecaslonally reported, but these occur over water and at elevations
of more than 100 ft. Arbitrary gxtrapolation of the Fﬁfher-TippEtt
windsneed distribution could lead to unreasonable design parameters.

Such an extrapolation s not recommanded in this report.
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TABLE IX

WINOSPEED PROBABILITIES FOR
SAVANNAR RIVER PLANT SITE
(5-Degree Square local Region)

Windspeed Extreme Wind
{mph) Distribution
0 2.90x107
100 1.35x102

© 150 1.38x1072
200" 2,73x107"
250 7.77x107°
300 2.78x107
350 1.172007°

Tornadao
Bistribution

1.35x10°"
5

6.21x10
1.38x1073
2.42x10°°
a.01x10"7
6.26x10"%
9.31x107

*Windspeed vatues below the dashed 1ine are presented for comparison
purposes only. They should not be constdered 1n deriving appropriats
design parameters for wind resistant construction at the Savannah

River Plant.
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PROBABILITY OF EXCEEDING THRESHOLD WINDSPEED IN ONE YEAR
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¥l. RECOMMENDED TORMADD AND EXTREME WIND
FARAMETERS FOR THE SAVAKNAH RIVER PLANT SITE
Determination of specific tornade and extreme wind parameters
for any gesgraphic Tocation requires the tornado and extreme wind risk
modals and a definftion of the acceptabls level of risk for structures
or facilities under consideraztion. The acceptable level af risk f{¢

defined by the responsible authorities at the plant site.

Wind Peramatars

In the case of straight winds the only parameters needed besides
maximum desfgn windspeed is the characteristics of potentfal windhorn
missiles, 1H¢ssf1e characteristics are treated at the end of this section.

The tnrnﬁdn p&rameters to be considered are maximm horfzontal
windspeed,.atﬁaspherfc pressure change and windborn missiles. These
parameters are derfved from tornado vortex mechanics, The variation
of wind velocity withln the tornado vortex ls referred to as the tornado
wind field. The best currently available information. on the tornado |
windfield is due to the wurﬁ of Hoecker an the Dallas tornado of 19687
(22]. Hoecker found that at the 1DGﬁ ft. level the tangentlal windfield

behaves similar to a Combined Rankine vortex, At elevation belaw 1000

Tt. the wind profile deviztes somewhat from the Rankine type vortex
because of boundary layer effects and turbulence, Since tha Rankine
prafile {s conservative, compared to the Hoeckar profile, it s used i

{n this study,

Lomponents of the 3-dimensional wind velocity vector as found
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in a tornadﬁ vortex is shown 1h Figure 9. The extreme wind and tornado
parameters are shown in Tabla X for different values of maximum hori-
rontal windspeeds. Table X atso shows the relationship betwsen various
compunents of thé wind velocity vector within the tornade vortex.

The radius of maximum winds must be assumed. Tornadoes with
Targer values of maximum winds are assumed to have larger radil of maxi-
mun winds. The values assumed in Table X follow & trend suggested in 2
papar by Fujita [29]. Based on an assumed value of R, . the raﬁius of
damaging winds, which 15 defingd as the radius beyond which the winds
are lass than ?5 mph, can be obtained. The equation given in Table X

§5 not exact, but represents a good approximetion.

ﬁtmaspheric Pressure Chenge Parameters
The atmospheric pressure change is cbtained by integrating the

eyclostrophic equation

?
p¥, dr
R

In this equation the tangential windspeed ve neede ta ba written as
a function R to accomplish the fntegration. FoOr our purposes the

follawing relationships between ¥, and R have been assumed (Combined

Rankine vortex}.

?EIR = [ ﬂ<R<Rmax
?aR = { Rmax<R<n

Tha radius of maximm tangantiel windspeed Rmax is measured fram the

center of the tormado vertex. The maximum atmospheric prgssure change
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{pst) is

2 (14)

p= p“ﬂmax

whera

o 1s the mass density of air (0.00238 stugs/Ft3)

¥ omax {8 the maximum tangential windspeed (ft/sec)

The rate of atmaspheric pressure change is given by

i ¥
-.dj. = p‘dr % [.] 5]
d emax ﬁmax -

The values of maximum prassure change and maxitmum rate of pressure change

for tornadoes of maximum design windspeeds are given in Table h

Wind Generated Missile Parameters

Windbarne missiles may be generated by either tornadoas gr extreme
winds. An inspection tour of the plant site was made by the principa’l
{nvestigator for the purpese of assessing ¢lasses of potential missiles
. at the site. A wide range of potential missiles were abserved, including
" pawer poles, barrels, canyen jumpers, fence posts, guard railings, tim-
bers and miscellanedus piecas of {ran and debris. Potential micsiles at
the site could generally be lumped into one of four catagerfies for design
purposes. Table XI 1ists the missiles that should be considered for
design or evaluation of structures at the ﬁavunnah River Plant Site. The
four missiles 1isted in the tahle are reprasentative of the ¢lasses of
missiies observed at the cite and are most likely to control the design
of walls and roof against missile impacts. Other missiles such as, 1 In.
diameter ¥ 3 ft. steel rod, 6 in. diameter x 15 ft. stez] pipe, have been
{nciuded in some 13sts of potential missiles r26]. The author's experi-

_ences in storm damage investigatian chows that the 1ikelihood of these
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T

missiles being accelerated in a tornade are sxtremely small. Therefore they
have beer excluded from the missile Jist.

Table X11 gives the recommended hérizunta] missile vefocities.

The vertical velocities may be conservatively taken as 2/3 the harizontal
missile velogities, This situétinn arises when a missile is carried to
great heights by the winds and then 1% thrown out of the tornado wind-
field and falls to the ground under the influence of gravity.

A computer program was written 1o ealculate the time-history
response of tornado generated missiles. A brief description of the
program is contained in Appenh1x B. The program predicts conservetive
values of maximum horizontal ve1ncitie§ achieved by the missiles.
Conservativisms are built into the pregram in the foliowing ways:

1) The missiles are assumed to travel in 3 nontumbling mode.

£} The largest surface area of the mizsile 1s assumed to
always be normal to the relative wind vector.

i1} The vertical wind component is assumed to be constant
with height.

The values of the horizontal missile velocities 2re sgmmarﬂzed in
Table ¥I1. The values are esseniiaily based on results of the computer
program. The sutomobile is one exception. The program pred1:£5 higher
values than those given in Table XII. However, the program does not
account for the rolling and tumbling of an autﬁ along the ground surface.
The tumbling greatly retards the acceleration of the car because of
frictional forces exerted uﬁ the car. Thus in the 350 mph maximum

horfzontal wind the automobile is expected to rell, tumble, and bounge

at a maximum speed of 70 mph.
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TABLE Xl
WIND GENERATED MISSILE PARAMETERS

Missila Weight Maximum Mind mum
(1b) Projected Ared Cross Sectional
(FEf) Area {ft%)
i —

Timber Plank 139 ' 11.50 0.29

4 4n, x 12 in. x 12 1t

3 4ip. dia. std. 75.8 2.92 0,0155

Pipe x 10 ft .

Utility Pole 1450 - 3%.4 0.99 -

13.5 in., dia. x 357t

Automobile 4000 100.0 20.0

TABLE XII

WINDBORNE MISSILE VELOCITIES

Haximem )
Harizonta] Missiie velocity, mph Height, ft
Design Windspeed 200 250 300 350 -
Timber Plank 90 100 125 175 200
9 in. dia. std. pipe 65 85 110 140 100
Utility pole * BD 100 130 30
Automoht Te * 25 45 70 30

*Missile wilt not be picked up or sustained by the wind,
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APPENDTX A:  FUJ[TA~PEARSON TORNADO CLASSIFICATION

The Fujita 5e¢ale (F-Scale} is used to rate tornadoes according
to their maximum estimated windspeed, The Pearson scales {PP-scales)
enabje one to rate tornadoes zccording ta their path length EFL] and
average path width {P“}. Thue & tornade can be assigned an FPP rating
which describes its maximum estimated windspeed and the extent of its
damage path. The extent of the damage path is defined as that part
of the path that experienced windspeeds pgreater than or equal to '
75 mph.

Table Al identifies the guantitative meaning of the FPP scales.
The FPP rating of a specific tornado consists of three numbers separated
by commas. For example, 3, Z, 2 represents a typical FPP rating.
The first number corresponds to the intensity scale rating, and, from
Table Al implies a maximum estimated windspeed between 158 and 206
mph. The second number implies that the path Tength was between 3.2
and 9.9 miles., The third number means that the average damage-path
width was between 56 and 175 yds.

The F-5cale assignment is based on sbserved damage along the
Torpade path. Table AI{ gives a word description of each F-Scale

‘category.
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TABLE Al
TORNADD CLASSIFICATION (i3]} -

Fujita Scale

Classification Windspeed {mph) Damage
F- <40 Little or No
FO 40-72 Light
F? 73-112 Moderate
F2 ' 113-157 Consideratle
F3 158-206 Severe
F4 207-260 Devastating
F& 261-318 Inevadible

Pearson Path Length

Classification Path Length [mi)
Pa «0.3
FO D.3-0.%
#1 1.0-3.1
Fz i.2-9.9
F3 ' 10-31
F& 32-99
pS 100-315
Pearson Path Width
Classification | Path Width (yds.)
- , <6
PO _ 6-17
P 18-b5
pz 56-175
P3 : 176-556
P4 0.3-0.9 mi
P5 1.0-3.71 mi
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_ TABLE All
F-SCALE CLASSIFICATION OF TORWADOES BASED ON DAMAGE [13]

(F=) LITTLE QR NO DAMAGE 40 mph or less

40 mph speed corresponds to Beaufort 5 or "Fresh Gale,” Beavfort
specification for use on land is "Breaks twigs off trees." Little

damage fs expected.

(FO) LIGHT DAMAGE 20-72 mph

This speed range carrespends to Beaufort 9 through 11. Some damage
to chimneys or TV antennae; breaks branches off trees; pushas
aver thallow-ropted trees; old trees with hollow inside break or

fall; sign boards damaged.
(F1} MODERATE DAMAGE 73-112 mph

73 mph is the beginning of hurricene windspeed or Beaufort 12.
Peals surface off roofs; windows broken; trailer houses pushed or
overturned; trees on soft ground vprooted; some trees snapped;
moving autos pushed off the road,

{F2} CONSIDERABLE DAMAGE 113-157 mph

roof torr of f frame houses leaving strong upright walls standing;
weak structyre or outbuildings demolished; trailer houses demolished;
railroad boxcars pushed over, large trees snapped or uprooted; -
light-object missiles generated; cars blown off highway; Block
structures and walls badly damaged.

{F3) SEVERE DAMAGE 158-206 mph

Roofs and some walls tom off well-constructed frame hpuses; Some

rural buildings completely demolished or flattened; trains overturned;

stael framaed hangar-warchouse type struciures torn; cars 1ifted
off the ground and may roll some distance; most trees {n a forest
uprooted, snapped, or leveleds block structures often leveled.

(F4} DEVASTATING DAMAGE 207-26C mph

Well-constructed frame houses leveled, leaving piles of debris;
structure with weak foundation lifted, torn, and blown off some
distance: trees debarked by small Flying debris; sandy 501l eraded
and gravels fly in high winds; cars thrown some distances or rolled
considerable distance finally to disfntegrate; large missiles
generated.
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TABLE A1 {continued)

(FS) INCREDIGLE DAMAGE 261-318 mph

Strong frame houses 1{fted elear off foundation end carried
considerable distance to disiniggrate; steet-reinforced concrete
structures badly damaged; automobile-stzed missiles fly through

. the distance of 100 yds. or more; trees debarked completely;
ineredible phenomena can GCeur.

(F6) INCONCEIVABLE DAMAGE 319 mph to sonic speed

Shauld 2 tornsdo With the maximum windspeed in excess of FG occur,
the sxtent and types of damage may not be conceived. A number of
missiles such as jce boxes, water heaters, sicrage tanks, automebiles.
ate., will fly through & long distance, creating serfous secondary
damage on structures. Assessment of tornadoes in these categories
iz feasible only through detailed survey involving engineering and
asrodynamical calculations as well as meteorological modeis of

tornadoes.

-
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APPENDIX B: DERIVATION QF EXPRESSIONS
: FOR DAMAGE AREZA aij

The variocus relationships between windspeeds and damage area
are $11ustrated In Figure B1. MNote that only half of the damage
area is shown in the Figurz. The mean damage area &, is defined as
the extent of damage caused by winds greater than or equal to 75 mph
by tornadoes whose maximum windspeeds are in the interval §, Values
for a, ceme from the area-intensity relationship, Now the area with-

1 the damage path 2 that experiences windspeeds contained in the

interval J is denuted as aij' The windspeed mode! 1s assumed te be
a Combined Ranmkine vortex. The tornado windspeed s 2 function of
the distance R from the tornade centerline. For values of R beyond

the radius of maximum windspged the relatfonship between ¥V and R 1s
' ¥R = Constant (81}

At the radius of demaging winds the wind velocity is by definition,

75 mph.

75 R& » o {s2)

However, if L is the length of the tornado damage path,

R?s za 1;fEL ' (B3}

and the sxpression for C 15

C =735 liKZL (B4)
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?Eu1
Rt T, (8%)
Referring to Figure {81},

_!}1 = {RJ i RJ'H} L {EE}

Writing Equation {B5) for Rj and Rj+] and substituting nto Equatien [BB),

givas

P 75 a, -
‘%1‘ 2 Hj i E.fjﬂ]L S
EEEA [vi—'lu ] 7!

C1ear1y fquation [B7) {5 the same as Equation {2} in the text.

When j - 1 the area exposed to the maximum windspeed is destgnated

8., (Ref. Fig. B1).

a 75 a
i i, i iL
- - Ry L T,
75 a
2ij =244 = j i (=i} (88)

Equation {B8) 1s the same as Equzation (3) n the text.
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APPENDIA C:

CONFIDENCE LIMITS FOR FIVE LOCAL REGIONS
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FIGURE C71. RISK MODEL: REGION 5 80% CONFIDENCE LIMITS.

EFFECT OF QCCURRENCE-INTENSITY ALONE
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APPENDIX O: TORNADO GENERATED MISSILES

A computer program has been written which calcelates the time-
history of motion of & missile that has been fnjected intp 2 tomado
windfield, The program calculates the trajectory of the missile along
with the veloeity and acceleration at any time after injection.

herodynamic Orag Coefficients

The missiles considered may be reasonably epproximated as-efther
rectangular paralielpipeds or right circolar cylinders, The values
for drag coefficients ED are taken as 1.2 and 1.0 for parallelpipeds
and cylinders respectively [27). In order 10 intruduce an element of
conservatism the assumption is made that the missile travels in &
non-tumbling mode, even though missiles are known 1o tunble in the
wind field to some extent. Bates end Swanson [2B] have suggested that
the drag coefficients be modified by some numerical factor to account
for tumbling. Their value of one-fourth may be unconservative in
come instances {e.g., in the case of & cube}. Thus for lack of a
dafinitive value to use, a non-tumbling mode has been assumed.

Tornado Wind Fiegld
The tornzdo wing field used to calculate missiie trajectoriez s

. the same as that gdescribed in Section ¥. The tangential component
of velocity is that of & Combined Rankine vortex.

Eor this wind field there is no variation in wind velocity with
height. Thus the missile trajectory is dependent on the initial
height only to the extent that the vertical components of a1l points
an the trajectory change by the same amount as the change in tnitfial
hefght. A higher irjection hefght also causes a longer trajectunﬁ
before the missile strikes the ground.

Equations of Motion
The forces acting on a missile that has been injected into a

tomado wind field 1s given by the equation

Fatiho P4 -mgd, (01)
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whe re - .
= the total force acting on the missile

F
Cd = the drag coefficient

p = mass density of air . ]
D = magnitude of the relative wind velocity vectar '
m
!
€y
&

= mass of the missile
¢« acceleration due to gravity

= §-= unit vector in the direction of the relative wind
I wunit vector in the vertical directfon

from Mewton's Second Law the drag force on the missile is equal te
the mass times the acceleration
F = ma

The acceleration of the missile can be determined from the above
equation. I

An orthogonal ccordinate system was chosen such that the z-axis
{g the axis of revolutfon of the tornsdo. The tornado transiation
Ht is assumed to be constant along the x-axis.

An iterative procedure was used to determine the trajectory of a
given missile, Basically, a finite difference approgch is used
in combination with an fterative procedure.
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