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FOREWORD

This final project report summarizes efforts and results that have
been accomplished during the performance period of NRC Contract No.
NRC 04-82-002, which began on September 27, 1982. Project Officer until
his resignation from NRC on September 16, 1983 was Robert F. Abbey, Jr.
He was replaced by Robert Kornasiewicz, Hydraulic Section Leader of the
Earth Sciences Branch. The assistance of these twoc gentlemen in admin-
istering this contract is acknowledged and appreciated.

Principal Investigator for Texas Tech University is Dr. James R.
McDonald. The research effort is coordinated through the Institute for
Disaster Research at Texas Tech University. Dr. Joseph E. Minor is
Director of the Institute.

Two papers, which represent the substantive work of this project,

are referenced in this final report. Copies of the two papers are
included in the Appendix for convenience.
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I. INTRODUCTION

The major objective of this project is to systematically study
damage caused by major tornado events that occurred during the perfor-
mance period in an effort to estimate wind speed, to observe tornado
missile behavior and to document the methodology for performing engi-
neering oriented damage surveys. From informaticn gained from the
specific studies and other damage documentation experiences, appropriate
concludions are drawn regarding the characteristics of near-ground
tornado wind fields.

The criteria for making a decision to perform a2 damage documenta-
tion survey following a tornado event was an indication that the damage
intensity was F4 or greater on the Fujita Scale (F-Scale). The Insti-
tute for Disaster Research {IDR) has an extensive network of colleagues
who can provide information on extent of damage in almost any area of
the country. Other factors considered are number of deaths and injur-
ies, damage to engineered structures, and reports of tornado-generated
missiles.

Other types of windstorm events such as hurricanes also were
documented, when the opportunity presented itself. Although not direct-
ly related to near-ground tornado wind fields, the possibility of
measuring wind speeds are greater in hurricanes than in tornadoes.
Correlations of measured wind speed and appearance of damage from other
types of storms are very useful in calibrating the wind speed ranges of
F-Scale (Mehta, et al., 1981).

During the contract performance period the number of intense storms
was minimal., For this reason several ro-cost extensions to the contract
were requested in order to obtain more time for damage investigation
efforts. After one and one-half years there were opportunities to
study onily two significant events:

(1) Hurricane Alicia (1983)
(2) Tornado Outbreak in North and South Carolina (1984)

During the contract performance period, one or two tornadoes turned out
to be rated F4, but the designation was not made until several weeks
later. At the time the event took place the indications did not justify
a damage investigation effort. One tornado in Oklahoma received a very
questionable F4 rating after the fact.

Without any new data, it was .2cessary to rely upon the data
collected previously for analysis of near-ground wind fields. In
particular, the data collected from the Altus Oklahoma tornado of
May 11, 1982 was used to develop a new approach to tornado wind speed
estimates.

In the design of nuclear power plant structures and other critical
facilities, information is needed on both the probability of a tornado
occurrence and the characteristics of near-ground wind fields. The



Institute for Disaster Research, under a previous contract with NRC
(Contract No. NRC-04-76-345) developed a methodology for regionalization
of tornado hazard probability for the contiguous United States. The
methodology has been published as a NUREG report (McDonald, 1983). A
tonical report on the regionalization of tornado hazard probability was
submitted as part of the scope of the previous NRC contract.

This report is written as a general treatise on near-ground tornado
wind fields. In Section Il an engineering perspective on tornadoes is
stated. Section IIl describes the data available for the study of
near-ground tornado wind fields. Section IV discusses tornado wind
speeds and briefly describes a new method for making more rational
estimates of tornado wind speeds from damaged structures. Section V
describes the damage indicators that are present in the wake of a
tornado event and discusses other factors that affect the appearance of
damage. A perspective on tornado-generated missiles is presented in
Section VI. Conclusions and recommendations for further study are
contained in the last section of the report.



II. ENGINEERING PERSPECTIVE ON TORNADOES

It is important to distinguish between the meteorologist's and
engineer's perspective in the tornado, because this difference in
perspective affects the manner in which each professional pursues
evaluations of the phenomenon. The meteorologist's motivations for
study emphasize scientific understanding of the tornado phenomenon and
the need for being able to accurately forecast the conditions which
spawn tornadoes. The engineer's needs are different; his needs empha-
size understandings of tornadoes in designing new and evaluating exist-
ing structures to withstand the effects of tornado induced loads.

Engineering-oriented studies and evaluations of tornado induced

damage to buildings and other structures are conducted for two principal
reasons:

(1) To enhance understandings of structural response to wind-
induced loads.

(2) To improve understandings of near-ground tornado wind fields.

This second objective is specifically a part of this study. It involves
the calculation of near-ground wind speeds, the characterization of air
flow near ground and the contributions of other pertinent facts observed
during investigations.



I11. AVAILABLE TORNADO DATA

The nuclear power industry recognized the need tc design nuclear
power plants to resist tornadoes approximately 15 years ago (1970). At
that time very little was known about tornadoes, especially about their
near-ground wind fields. In fact there were many misconceptions about
tornado phenomena that had been perpetuated in the news media for years.
It was in response to the need for design information that engineers
rather than meteorologists became involved in studying tornado phenome-
na. Early pioneers included George Reynolds, Jack Cermak, Nathan
Newmark and others. The Lubbock Tornado of 1970 presented an opportuni-
ty to study the effects of a devastating tornado on engineered struc-
tures (Mehta, et al., 1971).

A subcommittee of the American Nuclear Society ANS 2.3 began work
on an industry standard for the siting of nuclear power plants in 1973.
The subcommittee looked specifically at the problem of tornadoes and
other extreme winds. This committee immediately recognized the lack of
both knowledge and information on the subject of tornadoes and identi-
fied areas of needed research. The two main areas were in tornado
climatology and near-ground tornado wind fields. The standard was
published in 1983 /ANS, 1983).

A. Tornado Climatology

Tornado records have been maintained more or less systematically
since 1916 by various agencies of the government. The collected infor-
mation consisted primarily of date, location, deaths, injuries, and in
some cases a brief description of the damage. Only the more intense
tornadoes that produced visible damage were likely to get into the
record books. The type of data needed for engineering appiications were
not available. The engineer needed information on tornado climatology,
intensity, path length, path width and direction of travel. The Fujita-
Scale (Fujita, 1971) was a significant development in establishing a
means of describing tornado intensity. While the Fujita-Scale has been
criticized for its somewhat arbitrary classifications, it has been
accepted by both the meteorological and engineering communities as the
standard for rating tornado intensity.

Two tornado data sets were compiled more or less independently from
existing records by personnel at the National Severe Storms Forecast
Center (NSSFC, 1979) and the University of Chicago (Tecson, et al.,
1979). Word descriptions of tornadoes were used to systematically
assign Fujita-Scale intensity ratings to the tornadoes in the records.
In addition, NSSFC personnel used accounts of tornado damage in newspa-
pers and other publications to rate the intensity of tornadoes. These
two efforts resulted in improvement of the tornado record quality, but
later studies (McDonald and Abbey, 1979) showed that there were many
inconsistencies in the two data sets. A further concern about the
tornado records in some people's mind is the use of the Fujita-Scale to
classify tornado intensity.



The Fujita-Scale essentially defines six categories of tornado
intensity as shown in Table 1. Associated with each intensity category
is a wind speed range and word descriptions of damage produced by wind
speeds in the range. A tornado incident then is classified by looking
at the most intense damage and comparing it with the damage descriptions
of each category. The Fujita-Scale classification then is assigned on
the basis of appearance of damage.

There are several drawbacks to the system. In the first place a
tornado must affect one of several damage indicators, such as buildings,
trees or crops or must produce windborne missiles. 'f a tornado occurs
over open country, it is difficult to make an accurate assessment of its
intensity using the Fujita-Scale. The scheme does not take into account
to any excent the relative strength of construction. If applied accord-
ing to fundamental concept, a house blown off its foundation is rated
F4, regardless of the age, state of repair or type of construction. A
third difficulty with the F-Scale is the wind speed ranges associated
with each F-Scale classification. In developing the classification Dr.
Fujita used his best judgment in selecting word descriptions and photo-
graphs of typical damage for each wind speed range. However, there has
never been a systematic study of the correlation of appearance of damage
to wind speed. Thus, the study of near-ground tornado wind fields
should include correlations between appearance of damage and wind speeds
in tornadoes. Because actual measurements of wind speed in tornadoes
are virtually impossible, indirect methods must be utilized. A new
approach to an indirect method of wind speed estimation is subsequently
described in this report.

B. Tornado Damage Documentation

Since 1970, personnel at Texas Tech Univeirsity, through the Insti-
tute for Disaster Research, has documented damage in more than 56
separate windstorms, including tornadoes, hurricanes and other extreme

winds. Figure 1 shows the locations of the damage documentation efforts
on a U.S. map.

Data on windstorm damage is archived in the documentation files
that are maintained by IDR. Photographs, photc logs, tape recorded word
descriptions, maps, drawings, and newspaper accounts of the windstorm
event are kept on file. Individual reports are published on the more
significant events,

C. Tornado Event Survey

In order to provide a systematic way for tornado researchers to
locate documented tornado events, a data retrieval system was developed
at Texas Tech University called TORNADO EVENT SURVEY (TES) (Peterson, et
al., 1980). A file of information and data on specific tornado events
for which credible scientific documentations are available has been
compiled., The file was developed to support a program of research into
the character of near-ground tornado windfields. To facilitate the
location and extraction of data and information from this file, a
computer-based information retrieval system was developed.
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TABLE 1

F-SCALE CLASSIFICATION OF TORNADOES BASED ON
APPEARANCE OF DAMAGE (Fujita, 1971)

LIGHT DAMAGE 40 - 72 mph

This speed range corresponds to Beaufort 9 through 11. Some damage to
chimneys or TV antennae; breaks branches off trees; pushes over shallow-
rooted trees; old trees with hollow insides break or fall; sign boards
damaged.

MODERATE DAMAGE 73 - 112 mph

73 mph is the beginning of hurricane wind speed or Beaufort 12. Peels
surfaces off roofs, windows break; trailer houses pushed or overturned;
trees on soft ground uprooted; some trees snapped; moving autos pushed off
the road.

CONSIDERABLE DAMAGE 113 - 157 mph

Roof torn off frames houses leaving strong upright walls standing; weak
structures 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.

SEVERE DAMAGE 158 - 206 mph

Roofs and some walls torn off well-constructed frame houses; some rural
buildings completely demolished or fiattened; trains overturned; steel
framed hangar-warehouse type structures torn; cars lifted cff the ground and
may roll some distance; most trees in a forest uprooted, snapped or leveled;
block structures often leveled.

DEVASTATING DAMAGE 207 - 260 mph

well-constructed frame houses leveled, leaving piles of debris; structures
with weak foundations lifted, torn and blown off some distance; trees de-
barked by small flying debris; sandy soil eroded and gravel flown in high
winds; cars thrown some distance or rolled considerable distance finally to
disintegrate; large missiles generated.

INCREDIBLE DAMAGE 261 - 318 mph

Strong frame houses lifted clear off foundation and carried considerable
distance to disintegrate; steel-reinforced concrete structures badly
damaged; automobile-sized missiles fly distances of 100 yards or more; trees
devarked ~ompletely; incredible phenomena can occur.



FIGURE 1. LOCATIONS OF WINDSTORM DAMAGE INVESTIGATIONS BY INSTITUTE
FOR DISASTER RESEARCH, TEXAS TECH UNIVERSITY



The system consists of a Central File and an Information Retrieval
System. The Central File was developed by systematically reviewing
tornado event records in selected publications and subsequently, obtain-
ing through library research copies of available scientific publications
pertaining to the event. The basic criterion used to establish an event
file is the availability of a journal quality article on the event.

Once an individual tornado event file has been established, a
standard data sheet is compiled. This data sheet serves both as a work
sheet for the event file and as an input form to facilitate keypunching
of selected data for insertion into a computer data base. Thus, data
available in each individual tornado event file is summarized for use in
the information retrieval system. Data recorded on this form and
inserted into computer storage are intended to facilitate information
searches and to provide the researcher with pertinent information
regarding the events, as well as regarding the contents of the file.
when called from storage, these data are printed in readable rather than
codified form. Currently the Central File has more than 200 tornado
events listed for which there is published data on a particular event.

D. A Methodology for Tornado
Damage Documentation

In the course of performing tornado damage documentation over a
period of years, a methodology has evolved that assures accurate and
complete collection of the data. This methodology is described in a
separate document and will not be repeated here. An additional feature
of the documentation methodology is that it provides guidelines for
judging the quality of data gathered following a windstorm event. This
feature is important when judging the quality of data collected by a
group of inexperienced personnel.

Damage documentation must be done with great care. The experience
of the personnel doing the documentation is critical to the quality of
data collected. Rescue operations and cleanup following any storm
quickly dastroys evidence of near-ground wind field behavior. Clearing
streets, moving pieces of debris for access, or toppling broken walls
change the appearance of the damage and can give tne study team a
totally wrony impression. Members of the team must be able to recognize
when the debris has been moved or modified.

The investigation must be meticulous, not unlike an autopsy. In
the Omaha tornado of 1975, a Chevrolet van was reported to have been
picked up by the wind and carried over a five story hospital building.
The physical evidence was that the van was parked on one side of the
hospital building before the tornado occurred and was found on the
opposite side of the building afterward. The Texas Tech study team was
skeptical of the report. After a couple of hours of searching, pieces
of the van were found along a large diameter arc around the building.
Ground marks along the path indicated that the van had rolled and
tumbled the entire way and had not been airborne at all.



IV. TORNADO WIND SPEEDS

A. Maximum Wind Speeds

Prior to 1970 the literature contained many references to tornado
wind speeas of 400-800 mph (e.g., Flora, 1954). By 1976 scientific ard
engineering studies had progressed to the point that at the Symposium on
Tornadoes held at Texas Tech University the group of more than 150
tornado researchers from all parts of the U.S. agreed in principle that
maximum tornado wind speeds fall in the range of 225-275 mph (Golden,
1976). The wind speed range of F5 tornadoes is 260-31¢ mph. Thus, only
the very worst tornadoes ever observed or expected should fall into this
category.

B. Wind Speed Estimates

Since direct measurements of tornadoes are virtually impossible,
only indirect means can be utilized. The two most popular methods that
have been used are:

(1) Photogrammetric analyses of tornado movies
(2) Engineering analyses of damaged structures

Photogrammetric analyses of movies have been attempted by several
researchers (Golden, 1975; Forbes and Fujita, 1976; Zipser, 1976). One
disadvantage of this method is that the films rarely show the lower 100
ft of the tornado funnel, which is of most interest as it affects
ordinary structures. However, the method does give a good indication of
the visible circulation that can be seen in the film. It does not give
clues to the circulation inside the core that is hidden by dust or
moisture condensation.

Wind speed estimates have been made from time to time by a number
of researchers. Segner (1960) presented wind speed estimates from an
engineering analysis of structures damaged by the Dallas tornado of
1957. More recently, wind speed estimates have been derived from
engineering analyses of damage caused by the Lubbock tornado (Mehta, et
al., 1971) and the Xenia, Ohio tormado (Mehta, et al., 1974). If
analyses are based on a damaged structure, then the wind speed estimate
is a lower bound. On the other hand, if a structure experienced tornado
wind effects and was not damaged, then analyses give an upper bound on
the wind speed. Not all structures are amenable to wind speed calcula-
tions. Mehta (1976) established a Credence Level which can be used to
Judge how reliable a wind speed estimate might be. The Credence Level
is a qualitative evaluation.

As a part of this study Marshall, McDonald and Mehta (1983) applied
the principles of load and resistance factor design (LRFD) to make wind
speed estimates and to compute confidence limits on the estimates. In
the three cases cited above, wind speeds were calculated based on
average characteristics of the structure. Several different variables
are involved in a wind speed analysis, including material strength



properties, construction practice, orientation of structure with respect
to wind direction, and pressure coefficients used to convert wind speed
to wind pressure. Each of these variables may contribute to deviations
from the true value of wind speed to produce damage. These variables
may lead to an overestimate or underestimate of the actual wind speed to
cause damage. In order to quantify the degree of error in a wind speed
estimate, statistical properties of the load and resistance behavior of
the structure must be known. LRFD treats the load and resistance proper-
ties of structures in terms of continuous probability distributions
(E11ingwood, et al., 1980). In contrast, nominal strengths or loads are
treated as discrete values.

The LRFD method was applied to structures damaged by a tornado at
Altus Air Force Base near Altus, Oklahoma on May 11, 1982 (McDonald and
Marshall, 1983). Table 2 summarizes wind speed calculations for four
damaged buildings. The failure wind speed along with 95 percent confi-
dence limits are shown in the table. The parachute drying tower had the
smallest confidence band. This structure, which is about 28.5 ft by
15.5 ft in plan and sixty-two feet high is the most amenable of the four
buildings to wind speed calculations (See Figures 2 and 3). It is
interesting to note that if Mehta's Credence Level criteria (Mehta,
1976) is applied to these wind speed calculations, a high degree of
confidence in the wind speed values would be implied.

10



TABLE 2

SUMMARY OF WIND SPEED ESTIMATES IN THE
ALTUS, OKLAHOMA TORNADO OF MAY 11, 1982

Estimated Failure

Building Failure Origin Wind Speed (mph)
Parachute Drying Tower Tension in Anchor Bolts 116 + 19
Dining Hall Toenailed Roof Anchorage 121 + 27
Recreation Building Toenailed Roof Anchorage 120 + 29
Communication Building Twisted Wire Loops 108 + 26

See Appendix for details.
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FIGURE PLAN VIEW OF THE PARACHUTE TOWER AT BUILDING 279

o ]

FIGURE 3. OVERTURNED PARACHUTE ORYING TOWER (fatlure inftiated
when anchor bolts in two of the corner columns failed

in tension)

12



V. CHARACTERISTICS OF NEAR-GROUND WIND FIELDS

The damage and debris patterns left in the wake of a tornado event
are the indicators of the nature of near-ground tornado wind fields. If
the path of a tornado passes over open country, the indicators are not
so obvious. However, if the path is studied, it may be possible to
learn something of the nature of the tornado from marks on the ground or
the disturbance of crops in the field. Forests which have a fairly
uniform distribution of trees also gives a good indication of wind
directions at the point in time when the tree was uprooted or broke.
Damage in cities gives the most information about near ground wind
fields. Wind speeds can be estimated from some structures. Debris
patterns also give indications of directions of flow. Other factors
that affect the type of damage and debris patterns left by a tornado
include suction vortices, translatioral speed, wind direction, and path
width of the tornado. Each of these factors is discussed separately
below,

A. Ground Marks

The pioneering work on ground marks was done by Dr. T.T. Fujita at
the University of Chicago (Fujita, et al., 1967; Fujita, 1975). He was
the first to discover swirl marks in corn and potato fields that were
associated with secondary vortices which he called suction vortices.
These marks, as well as visual or photographic observations provide
concrete evidence of the presence of suction vortices in the main
tornade circulation under certain circumstances. Suction vortices are
short lived ard very unstable. They appear and disappear as they rotate
around the parent tornado funnel. As many as five or six suction
vortices have been seen rotating around a tornado core at on2 time.

The evidence of suction vortices in fields and relatively open
country is indisputable. Questions asked by engineers who are concerned
with design of structures to resist tornadoes are: What effectd do
thece suction vortices have on structures? Do the rotating winds of the
suction vortex create additional forces that must be added vectorily to
the wind forces produced by the parent tornado circulation? Is the
suction vortex the primary damaging mechanism? These are very tough
questions to answer. The evidence to back up the answers presented
herein are somewhat circumstantial.

Tornado damage surveys on the ground have not found overwhelming
evidence of damage produced by suction vortices in areas of relatively
high terrain roughness as in a residential or suburban area. Virtually
all evidence of the presence of suction vortices has been found in flat,
open terrain such as grain fields or pastures.

The lack of suction vortex presence in rough terrain is explained
by the fact that suction vortices are short lived and unstable. In
rough terrain, mechanical turbulence and interference of flow by struc-
tures tends to break up and dispurse the suction vortices.

13



Aerial photographs of residential damage such as the one shown in
Figure 4 show swaths of debris on the ground that proponents of the
suction vortex damage theory would say suggest the presence of suction
vgrticesé Two alternate explanations are offered for the presence of
the swaths:

(1) The swaths of debris result from the interference of flow
produced by another building or structure. As the air moves
around the obstruction, some of the debris collects at the
obstruction, while the rest of it flows in a swath around the
building (see Figure 5).

(2) Debris falls out of the moving air stream when the velocity
decreases. As long as the suction vortex is rotating, the
debris should not fall out in a swath,

Thus, from what has beer observed of ground marks in both smooth
and rough terrain, the suction vortex does not appear to be a viabie
force-producing mechanism on structures, where the terrain surrounding
the structure is relatively rough and is producing mechanical turbu-
lence.

B. Damage to Forests

Tree damage in uniformly distributed forests gives good indication
of tornado wind field circulation (see Figures 6 and 7). The patterns of
fallen trees clearly indicate that the winds are circulating around a
central core. However, to date no one has come up with a correlation
between observed tree damage and wind speeds. The indicators of tree
damage in the Fujita-Scale damage descriptions (Table 1) are subjective
and have no quantifiable basis.

The number of variables in a forest make it very difficult to
generalize, even on a qualitative basis. A few of the major factors
that affect tree damage are:

(1) Soil conditions - wet, dry, stiff or soft, sandy or clay.

(2) Root types - deep or shallow.

(3) Type of wood - hardwood, scftwood, flexible or stiff, ductile
or brittle.

(4) Season - leafy or bare.

Tree fall is a good indicator of cyclonic or anticyclonic circula-
tion of the tornado winds. In the case of cyclonic winds, the direction
of tree fall on the right hand side of the tornado (looking in the
direction of travel) is toward the center of the path. If the circula-
tion is anticyclonic, the opposite will be true.

14



FIGURE 4.

DAMAGE TO RESIDENCES IN XENIA, OHIO

FIGURE 5.

DEBRIS HAS COLLECTED AGAINST ARROW WOOD
SCHOOL (when a structure interferes with
flow of debris, it aives appearance of

a swath)
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FIGURE 6. TREE DAMAGE GIVES INDICATION OF WIND FIELD
CIRCULATION (Note: Buses were rolled and
tumbled from circular drive)

FIGURE 7. TREE DAMAGE NEAR NORTH PIKE ELEMENTARY
SCHOOL NEAR McCOMB, MISSISSIPPI
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C. Transiational Speed of Tornado

The appearance of tornado damage is much affected by the transla-
tional speed of the tornado. If a tornado affects power lines or other
occupied structures, at two different points along the path, the trans-
lational speed can be determined with perhaps better accuracy than any
other wind speed component.

Translational wind speeds vary from as low as five miles per hour
to a maximum of about 70 mph. The tornadoes that struck Grand Island,
Nebraska on June 3, 1980 traveled very slow. Examples of fast translat-
ing tornadoes were the ones in the Super Outbreak of April 3, 1974,
where the typical translational speed was approximately 60 mph.

The damage path< have different appearances, depending on whether
the translational speed is slow (85-20 mph), medium (20-40 mph) or fast
(40-70 mph). If the translational speed is slow, the tornado winds
affect a particular point in the damage path for 2 greater length of
time. As a result, the debris patterns are very mixed up. The indica-
tors of circulation are not as distinctive. Damage is usually worse,
because the winds had longer to act on a structure. The apgearance of
damage will be much worse than the actual wind speeds would suggest.
Debris will tend to be scattered in all directions, rather than in a
particular direction. If the translational speed is in the medium
range, the damage pattern will give a good indication of circulation,
Objects or tree fails on the right hand side of the path will be moved
in the direction of tornado travel and toward the center of the path.
Objects and tree fall on the left side of the path centerline will be in
the opposite direction of tornado travel. If the tornado is translating
very rapidly, objects and tree fall on the right hand side tend to be
forward with very little inward movement. On the left hand side of the
path, the translational speed and the circulation component are essen-
tially acting in opposite directions and tend to cancel each other. The
effect is that the centerline of the tornado core is very near the left
hand side of the tornado damage path.

Thus, the translational! speed of the tornado has a very definite
effect on the appearance of damage in a tornado damage path. The
translaticonal speed should be determined early in any damage investiga-
tion effort, because it has a definite influence on appearance of
damage.

D. Wind Direction

To say that a tornado wind velocity can come from any direction
seems to be stating the obvious. However, in talking with the general
public at the scene of a tornado event, people tend to believe that the
wind velocities are in the direction of the tornado path. As pointed
out above, this tends to be true if the translational speed of the
tornado is fast. However, the direction of wind at any particular point
on the ground depends on the tornado path relative to the point in
question. Minor, et al. (1977) concluded, "...directions of large
wind speeds occurring at the seiected points indicate that the laregest
wind speeds within the tornado were following the large cyclonic
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circulation attendant to the Lubbock Tornado." Similar conclusions were
drawn from studies of the Xenia, Ohio tornado and the Omaha, Nebraska
tornado.

E. Path Width

Correlations between path width and tornado intensity have been
published in the literature (Schaefer, 1980). The purpose of this
discussion is not to elaborate on those correlations. Rather, the
effects of the near-ground wind field as a function of path width are
presented in this section.

Tornado path widths have been reported as narrow as five yards or
as wide as one and one-half miles. Path width trends seem to indicate
that path width is directly related to intensity. The most intense
tornadoes such as the Xenia, Ohio tornado, the Lubbock, Texas and
Wichita Falls, Texas tornadoes tend to follow the trend. Each one was
more than three-quarters of a mile wide and each was rated F4 or F5.
Other high intensity tornadoes were not so wide. The Bossier City,
Louisiana tornado and the Birmingham, Alabama tornadoes were relatively
narrow, but were very intense. The Birmingham tornado was rated F5,
while the Bossier storm was rated F4. Thus, path width is not neces-
sarily an indicator of intensity. Intense tornadoes can be both wide or
narrow.
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VI. TORNADO-GENERATED MISSILES

Much as been written in the technical literature on tornado-
generated missiles. Despite a lot of studies, the three impertant
questions remain:

1. What kinds of missiles are picked up and transported by
tornado winds?

2. How fast do they travel?
3. How far and how high do they travel?

Various types of missiles that are picked up and transported by
tornadoes as well as those that were not picked up by a particular storm
have been documented in the technical literature (McDonald, 1976).
Under previous contract with NRC, personnel from Texas Tech University
discovered and analyzed some of the most awesome missiles ever observed
(McDonald, 1981). Six steel wide flange beams weighing as much as 720
1bs eacn were picked up and transported by the Bossier City, Louisiana
tornado of December 3, 1979 (see Fig. 8). One of these beams was
carried in the air a distance of 1000 ft and then impacted through the
roof of a house. Another one of the beams traveled 450 ft. and pene-
trated eight ft. into the ground. As a result the ANSI Task Committee
adopted the wide flange beam as the controlling design missile in the
Standard (ANS, 1983). This missile incident provided a unique oppor-
tunity to study the effectiveness of computer simulation codes for
tornado missiles. In this case the point of origin of the missile was
known; its type of anchorage and the final impact point were also kncwn.
A very good representation of the tornado wind field in the vicinity of
the school from where the missile originated was obtained from ground
and aerial surveys of the damage by TTU personnel and Dr. Fujita from
the University of Chicago. Malaeb (1980) studied this problem using the
tornado missile simulation code developed at Texas Tech University
(McDonald, 1975). The two parameters thought to be most significant
(missile release velocity and flight parameters) were varied over
probable ranges until a combination was obtained that produced trajec-
tories that matched the initial location and final impact point of each
beam. The results of the stuay were very encouraging. They showed that
the computer code could simulate the effects of the observed missile
using reasconable values of the parameters involved. This was just one
incident, and conditions were ideal for the type of study performed.
However, other studies are needed of this type to further confirm the
results. A part of the scope of work on this current contract was to
identify missile incidents that could be studied in a similar manner.
No new missile events of significance were identified in the documenta-
tion performed during this contract period.

The impact effects of large postulated tornado missiles, such as
utility poles and large diameter pipes have been tested and are fairly
well understood (Vassallo, 1975; Rotz, 1976; Stephenson, 1977). The
wide flange beams, which could be found on any construction site at a
nuclear power plant appears to be the most significant missile at this
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FIGURE 8. STEEL WIDE FLANGE BEAM TRANSPORTED
BY BOSSIER CITY, LOUISIANA TORNADO
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point. There has not, to our knowledge, been a documented case of a
utility pole or large diameter pipe being picked up and transported as
have the wide flange beams. Further studies on both the flight
characteristics and impact effects need to be conducted for the wide
flange missiles.
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VII. CONCLUSION

A.  Summary

A study of near-ground tornado wind fields has been conducted by
inspecting damage and debris patterns found in tornado damage paths.
Because there were no significant tornado events (F4 or greater) during
the contract performance period, data from the literature and the files
of the Institute for Disaster Research were used to perform the analy-
ses. Additional data from field studies are still needed to reinforce
the conclusions presented in this report.

Based on this study and other information found in the technical
literature, the following statements can be made regarding near-ground
tornado wind fields:

1. Maximum tornado wind speed ever experienced or expected is in
the range of 250-300 mph.

2. Appearance of damage, taken by itself, is a misleading parame-
ter of tornado intensity. Type of construction, age of
construction, materials and other construction features
significantly affect structural performance of a building
subjected to wind loads and should be taken into account in
assigning Fujita-Scale ratings.

3. Damage to forests gives a good indication of tornado wind
field flow patterns, but do not give verifiable values of wind
speed,

4. Factors such as transiational speed, wind direction and path
width affect appearance of damage of a tornado.

5. Even the most awesome appearing missiles do not require
incredible wind speeds to explain them. Some progress in
computer simulation of tornado missiles have been made.

B. Need for Continued Research

The need for additional information on tornado behavior and charac-
teristics remains. Over the past six years, a great amount of new
information has been gained from systematic study of all significant
tornado events. This effort needs to be continued by agencies such as
NRC in order to have the data needed to design critical facilities for
nuclear power plants and other nuclear materials handling facilities.
If this systematic investigation is not continued, a serious gap in the
information base will exist that can never be completely overcome.
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FOREWORD

The Institute for Disaster Research has studied tornado damage for
13 years. From damage and debris patterns much can be learned about
near-ground tornado wind fields., The two tornadoes that struck near
Altus, Oklahoma provided still another opportunity to study the effects
of tornadoes on structures. Initial reports of damage suggested that
there was only one tornado path at Altus. After corroborating with
the National Severe Storms Laboratory Chase Team and after examining
the damage paths, the two separate tornradoes were 1dentified. The
tornado that passed through the Altus Air Force Base was of particular
interest, because it affected buildings that had received significant

degrees of engineering attention in their design.

The cooperation of personnel at Altus Air Force Base, Altus,
Oklahoma, in coordinating this damage survey is gratefully acknowledged.
The assistance of the disaster team on the base helped our storm study
team acquire the necessary information for this study. Also, the
assistance of Captain A.R., Walker of the Airforce Base Weather Station
and Captain Walter L. Garner of the Civil Engineering Department is
appreciated.

Funds for this tornado damage documentation effort were provided
by the U.S. Nuciear Regulatory Commission Contract No. NRC-04-76-345.

Robert F. Abbey, Jr., serves as contract monitor on the project.
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INTRODUCTION

On the afternoon of May 11, 1982, several tornadoes touched down
in southwestern Oklahoma. One of the tornadoes struck the east side of
the city of Altus and traveled three miles in a northeasterly direction
through the Altus Air Force Base, causing extensive damage (Figure 1).
A second tornado touched down northeast of the Air Base just west of
the Friendship community and traveled in a northerly direction at least
twelve miles (Figure 2).

The next day, a windstorm damage investigation team from the Institute
for Disaster Research at Texas Tech University traveled to Altus,
Oklahoma to document and evaluate the damage.

The objectives of the damage documentation effort were:

1) To coliect and evaluate data on the performance of buildings
damaged by the tornado.

2) To define the damage path and identify gradatiors of damage
within the path using the F-scale rating system.

3) To document tornado-generated missiles.
The investigation team spent two days inspecting the damage. Members of
the team included an engineer, a meteorologist, and an undergraduate
student in civil engineering. The purpose of this report is to

present preliminary findings based on data gathered from the damage,

METEOROLOGICAL SUMMARY
On the morning of May 11, 1982 there was a surface low-pressure
system in western Kansas and another located in northeastern New Mexico.

As the day progressed, the low-pressure systems remained relatively
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FIGURE 1. VIEW LOOKING WEST OF THE TORNADO jHKCH STRUCK THE
ALTUS AIR FORCE BASE (photograph courtesy of Dr. Howard
Bluestein, OU-NSSL Severe Storm Intercept Project).

FIGURE 2. VIEW LOOKING NORTHWEST OF A MULTI-VORTEX TORNADO NEAR
FRIENDSHIP, OKLAHOMA (photograph courtesy of Dr. Howard
Bluestein, QU-NSSL Severe Storm Intercept Project).



stationary and a dryline developed in eastern New Mexico. The dryline
demarcated dry, stable air to the west from moist, unstable air to the
east. By mid-afternoon, the leading edge of the dryline had moved
eastward into West Texas and several thunderstorms developed in the
moist air along and to the east of the boundary. By 6:00 p.m., the
most severe thunderstorms were located in the vicinity of the dryline
bulge and extended northeastward into southwestern Oklahoma (Figure 3).
Within the next few hours, a total of twenty-seven tornadoes were
reported in this area (Storm Data, 1982). Most of the tornadoes
occurred in open country and damage was minimal. However, the two
tornadoes near Altus, Oklahoma caused extensive damage. A sequence of
significant severe weather events in western Oklahoma leading through

the tornadoes near Altus is shown in Table 1.

CHARACTERISTICS OF THE TORNADO PATHS

The first tornado touched down on the east side of Altus (Figure 4),
There was only minor damage to trees, fences, and street lights unti)
the storm entered the Air Force Base. The tornado intensified and
traveled northeastward from the main gate, across the center of the
base and lifted just east of the main runway.

Within a few minutes after the first tornado, a larger tornado
touched down northeast of the Air Force Base near the community of
Friendship. The tornado traveled northward for twelve miles through
the countryside damaging rural homes and trees. Two people were killed

by flying debris two miles west of Friendship as they were heading for



FIGURE 3.

SURFACE ANALYSIS AT 6:00 P.M. (CDT) ON MAY 11, 1982,
For each station model, the temperature (°F) is the
upper left number, dewpoint (°F) is lower left,
altimeter (in.,) is upper right and wind speed is 10
miles per hour for each full barb.




TABLE 1
OKLAHOMA CITY SEVERE STORM SUMMARY, MAY 11, 1982

Severe weather report listings received by National Weather Service
Oklahoma City, CDT

:00p.m, Baseball sized hail at Eldorado in southwest Jackson County,

Oklahoma.
4:17 Tornado watch issued for western Oklahoma.
4:49 Jackson county sherrif reported funnel cloud 10 miles southwest
of Altus.
5:00 Tornado watch valid.
5:03 Oklahoma Highway Patrol at Altus renorted tornadoes on the ground
west of Altus and near Creta.
:18 Oklahoma Highway Patrol at Altus reported tornado on the ground
seven miles west of Altus.
114 NSSL Chase Team reported tornado on the ground eight miles south
of Blair in Jackson County.
:35 Oklahoma Highway Patrol at Altus reported tennis ball sized hail
in Altus and a tornado six miles west of Blair in Jackson County.
138 Oklahoma Highway Patrol at Altus reported tornado on the ground
one and a half miles south of Altus city limits.
159 Oklahoma Highway Patrol at Clinton reportcd unconfirmed tornado
11 miles southwest of Cheyenne.
:00 Oklahoma Highway Patrol at Altus reported a tornado at Altus

Air Force Base. Later report gave estimated damage of one million
dollars easily with seven buildings extensively damaged or

destroyed.
110 Oklahoma Highway Patrol at Clinton reported confirmed tornado
five miles west of Cheyenne moving northeast.
:58 Oklahoma Highway Patrol at Clinton reported numerous funnel clouds
mainly in Roger Mills County.
159 Oklahoma Highway Patrol at Altus reported tornado on the ground
one and one half miles south of Lone Wolf in Kiowa County.
131 Amateur radio reported a tornado four miles west-southwest of Arnett
in E11is County.
146 Oklahoma Highway Patrol at Altus reported tornado on the ground two
miles north of Sentinel in Southern Washita County.
:18 Sayre Police Department reported tornado on the ground seven miles
southeast of Sayre in Beckham County.
8:42 Oklahoma Highway Patrol at Clinton reported tornado ten miles
west of Clinton.
:55 Madill Police Department reported golf ball sized hail had

occurred at Texoma Lake. Estimated time around 10:15 p.m,
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FIGURE 4. DAMAGE PATH OF THE ALTUS AND FRIENDSHIP TORNADOES
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an outdoor storm cellar, A 138 KV transmission line owned by Public
Service of Oklahoma was downed as the tornado crossed Route 19, 3.5
miles east of Blair. F-scale classifications were assigned to rural
building damage. Since no engineered structures were in the path of
the Friendship tornado, wind speed estimates were not attempted. The

characteristics of both tornadoes are listed in Table 2.

ALTUS AIR FORCE BASE
The initial survey revealed that the damage path extended from
the main gate across the center of the base and ended just east of the
main (north-south) runway (Figure 5). The damage produced by this
tornado was of great interest to the storm study team because it
provided an opportunity to study the effects of tornadic winds on
buildings that had received various degrees of engineering attention
in their design. The storm also presented a unique opportunity to
compare wind speed estimates from appearance of damage with wind speeds
obtained from structural analysis of damaged building components.
F-scale ratings (Fujita, 1971) were assigned to each building
examined by the storm study team based on appearance of damage and the
word description associated with each F-scale classification. Care
was taken not to be influenced by structural features or degrees of
engineering attention. Later after all F-scale assignments had been
made, independent wind speed calculations were made based on structural
analysis using load and resistance statistics (Ref. Marshall, et al. 1983).
The damage path through the Altus Air Force Base shown in Figure 5

was assembled using F-scale criteria. Buildings which sustained F1
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TABLE 2

CHARACTERISTICS OF THE ALTUS AND FRIENDSHIP TORNADOES

TORNADO SEQUENCE (CST)

Observed funnel touchdown

Tornado entered the Air Base
Tornado over Weather Station

Tornado dissipated

PATH LENGTH

Touchdown to 1ift up

Damage to F-3 intensity
Damage of F-2 intensity
Damage of F-1 intensity

PATH WIDTH
Average F-1 intensity

Average F-2 intensity
Average F-3 intensity

SENSE OF ROTATION

DIRECTION OF TRAVEL

AVERAGE TRANSLATTONAL SPEED

TORNADO CIRCULATION

A-13a
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5-10 mph

single-vortex
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6:02 p.m.

6:22 p.m.

12.0 mi
3.5 mi
6.0 mi

10.0 mi

counterclockwise

north

25 mph

multiple-vortex



FIGURE 5. TORNADOD DAMAGE PATH THROUGH ALTUS AIR FORCE BASE.
(Gradations of damage are shown by F-scale.)
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intensity damage or greater are shaded in Figure 5. Six buildings were
heavily dahlged (F3), eleven had moderate damage (F2), seven had light
damage (F1). From analysis of fallen trees and debris trajectories,
the center l1ine of the tornado appeared to be parallel to the northern
periphery of the F3 intensity damage track. The individual performances
0 buildings which sustained the heaviest damage are discussed below.

A rational for the assignment of the F-scale rating also is given.

Veterinary Clinic (Building 344)

The veterinary clinic is a reinforced concrete masonry building
with a flat timber roof (Figure 6). It was located about 200 feet to
the right of the tornado center. As the tornado pasced, portions of the
roof on the windward (south) side were uplifted and transported as far
as a hundred feet toward the east. The roof joists were toenailed to
a 2x8 plate anchored to a bond beam at the top of the wall. The bond
beam was reinforced with two #5 bars. As the roof lifted, horizontal
cracks formed in the mortar joint just below the bond beam. These cracks
were observed around the perimeter of the building. Based on the loss of
roof and minimal damage to the reinforced concrete block walls, damage

to the building appears to be upper F2 or lower F3.

Dormitories (Buildings 315, 316, 327 and 328)

These three-story dormitories have reinforced concrete frames with
nonloadbearing brick walls (Figure 7). Each building is oriented in a
northwest to southeast direction and is located just left of the tornado
center line. The longest side of each building was normal to the strongest

tornadic winds,
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FIGURE 6. VIEW OF SOUTHEAST CORNER OF VETERINARY CLINIC (the cracks in
the mortar joint below the bond beam occurred as the roof
lifted)

FIGURE 7. VIEW OF THE WINDWARD SIDE OF DORMITORY BUILDING #315 (the
reinforced concrete structure has non'oadbearing masonry
walls),
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Most of the damage caused by the tornado was superficial with some
broken windows and loss of roofing material. Based on superficial

damage to the buildings, the damage was estimated to be FZ.

Base Lawyer's Office (Building 329)

The base lawyer's office is a single story concrete masonry
building and was 100 feet to the right of the tornado centerline. As
the tornado passed, the window panels on the back wall failed inward, the
timber roof was uplifted, and the front wall fell outward (Figure 8).
The top course of each wall was a bond beam. Each bond beam was rein-
forced with two #5 bars. The bond beam, located on the back wall,
traveled in a northeasterly direction nearly 200 feet before striking a
pickup and a car (Figure 9). Also, a 12 foot long timber missile sliced
through four CMU blocks on the back wall.

Based on the roof damage and missile present, the damage was

estimated at upper F2 to lower F3.

Dining Hall (Building 325)

The dining hall is a single story masonry building with a timber
roof. The center of the tornado passed 200 feet to the south of the
building. Roof damage was observed along the entire length of the wind-
ward (north) wall (Figure 10).

A closer view of the damage to the cafeteria roof is shown in
Figure 11. The roof consisted of 2x10 wooden joists spaced at 12 inches
on center. The joists were secured with 10d nails which were toenailed to

a wooden plate at the top of the wall. As the tornado passed, part of
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FIGURE 8 FRONT WALL OF THE BASE LAWYER'S OFFICE

FIGURE 9. CONCRETE MASONRY BOND BEAM MISSILE (missile traveled from the
base lawyer's office northeastward approximately 200 feet

\

before striking the vehicles)



. .
3 o..f.::,.,, Caleteria
1 R vl lis
’ e l | I
| Section A
| * 61

Wind

FIGURE 10. ROOF PLAN OF DINING HALL (damage to roof is unshaded).
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FIGURE 11. DAMAGE TO THE DINING HALL CAFETERIA ROOF



the roof, including the roof joists, was removed and one precast con-
crete bond beam was lifted up and slightly displaced.
Based on the damage to the roof, the damage intensity was estimated

to be F2.

Recreation (Building 326)

The Recreation Building is adjacent to the Dining Hall and similarly
constructed. It is a single story masonry structure with a flat timber
roof (Figure 12). Most of the damage occurred at the northwest corner
of the building next to the windward side. A portion of the roof was
uplifted and window glass was blown inward (Figure 13). The roof joists
remained in place but the wood decking was removed. An exterior metal
door in the windward wall was damaged by an impact of several timber mis-
siles. Based oa the damage to the roof corner and the presence of the
missile, the damage intensity was rated F2.

Trees in the area sustained 1ight damage and some utility poles

were snapped near the ground. However, none of the utility poles were

transported by the winds.

Contracts Office (Building 318)

The Contracts Office has precast tilt-up wall panels and a mansard-
type timber roof (Figure 14). It was located just left of the tornado
centerline. Damage to the building was superficial with broken windows
and damage to its fascia from impact of small timber missiles,

Several cars in a nearby parking lot were damaged by flying roof

gravel, other small missiles and hail. Windows broke in some cars and
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FIGURE 12. ROOF DAMAGE TO RECREATION BUILDING (damage was
confined to roof fascia and roof corner).
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WIND

FIGURE 13. ROOF PLAN OF RizCREATION BUILDING
(damage at roof ~orner is unshaded).



FIGURE 14 FRONT VIEW OF CONTRACTS OFFICE
(damage was superficial).



allowed roof gravel and mud to collect inside. Two compact vehicles
overturnad but most of the cars remained in place. Based on super-
ficial damage to the building, overturned cars in the parking lot and

the observed wissiles, the damage intensity was rated F2.

Aircraft Hangar (Building 285)

A large hangar 500 feet wide by 600 feet long and 80 feet tall was
damaged by the tornado. The damage was confined to the siding,
doors and roof on tne windward (southwest) side. As the tornado passed,
the hangar doors were blown inward (Figure 15). Each door section is
65 feet high and 20 feet wide. The doors are suspended from the top of
the hangar and are guided on tracks at the bottom. A closer view of the
hangar doors revealed that the lower edge of the center door was pushed
about four feet inward. The hangar was approximately 600 feet to the
right of the tornado centerline, on the periphery of the tornadic winds.

The roof is constructed with 30 in. wide by 8 ft long sheets of
18 gage metal deck. The deck is 1.5 in. deep and has ribs spaced 6 in.
apart, One-quarter inch diameter spot welds at the ends of each rib
attached the deck to the roof framing system. Several of the sheets were
plifted and then fell back into the building.

Asbestos siding was removed from portions of the walls at the
corners. The siding was removed a‘.er it cracked and allowed the anchor
bolt to slip through the crack. Based on damage to the hangar dcors,
the partial roof uplift and loss of siding at wall corners, the damage

intensity was rated F1.
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FIGURE 15. DOORS OF AIRCRAFT HANGAR (force of wind bent doors inward).




Communications Building (Building 214)

The Communications Building is a single story concrete block building
with a 1ightweight concrete roof. The building has a long, rectangular
shape and is oriented in a north-south direction (Figure 16). As the
tornado passed by, roof sections on the south half of the building were
uplifted whereas the northernmost half of the roof remained in place.
This observation supports the contention that t!e center of the tornado
passed directly over the building.

The roof consists of a 2-in. thick perlite (lightweight) concrete
slab poured over a fabric-backed wire mesh. The mesh is laid in 8-ft
wide strips. It is secured to the steel joists with twisted galvanized
wire. The open web steel joists are spaced 30 in. on center and are
anchored to a bond beam with two half inch diameter bolts. The some-
what unusual construction cf the roof is the result of the building
being designed to resist blast. As the tornado passed by, the twisted
galvanized wires failed and the perlite slabs were 1ifted and rolled
off the roof (Figure 17), but the steel joists remained in place.

Based on damage to the roof and the surroundings, the damage intensity

was assigned a rating of F-3,

Barracks (Buildings 235-240)

A series of five two-story wooden barracks were heavily damaged by
the tornado. Sections of the roofs were removed and second story walls
collapsed (Figure 18). Not all the roofs failed in the same manner.

Some of the roof failures were attributed to anchorage of the roof to the
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FIGURE 16. ROOF PLAN OF COMMUNICATIONS BUILDING
(damaged area is unshaded).




FIGURE 17. DAMAGE TO COMMUNICATIONS BUILDING (eight ft wide
sections of lightweight roof slab were 1ifted).

FIGURE 18. SEVERE-LOOKING DAMAGE TO WOODEN BARRACKS (most barracks
lost their roofs and parts of second-story walls).
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were left unsupported

jamage intensity was estinm »d to be C F3 based on damage

wooden roof system.

C-5 Galaxy Aircraft

i

r 1

Galaxy aircraft and one C-14 tained major damage while

minor damage. The aircraft were parked in a north-south
row facing west before the tornado (Ref. Fig. 3). As the tornado passed
sver the aircraft, one C-5 Galaxy pivoted 90 degrees toward the south
(Figure 19). The nose of the aircraft came in contact with the
another. The aircraft 1at ivoted was located on the northern

periphery of the tornado. Specifications of the C-5 Galaxy aircraft

are listed in Table 3

Parachute Drying Tower (Building 279)

The Parachute Drying Tower was located on the right side of the

tornado path approximately 650 feet from the tornado center (Figure 20)

cv).

The rectangular tower measured 28'-6"x15'-6" 1in plan and was 62'-4"

high. It was anchored to concrete footings with four 5/8" diameter

A307 anchor bolts at each corner. As the tornado passed, the tower

oivoted about a line through the two corner columns on the leeward
(northeast) side of the tower (Figure 21) and fell toward the northeast.
The anchor bolts failed in tension. on the collapse of the tall,

rather fragile tower, the damage was rated Fl.




T0O THE NOSE OF A C-5 AIRCRAFT (aircraft pivoted
legred ind struck wir f another C-5 as the tornado
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TABLE 3
C-5 AIRCRAFT SPECIFICATIONS

WEIGHT

without cargo and fuel 335,000 1bs
without carge, fully fueled 635,500 1bs

normal weight, cargo and fuel 635,850 1bs

maximum gross weight 769,000 1bs

DIMENSIONS

wing span
length
stabilizer height

stabilizer span

FUEL CAPACITY 49,000 gallons = 318,500 1bs

PERFORMANCE

take off speed at 712,500 1bs
landing speed at 400,000 1bs




PARACHUTE
TOWER

FIGURE 20. PLAN VIEW OF THE PARACHUTE TOWER AT BUILDING 279.

FIGURE 21. OVERTURNED PARACHUTE DRYING TOWER (failure initiated
when anchor bolts in two of the corner columns failed
in tension).
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WIND SPEED CALCULATIONS

The maximum intensity of the damage at Altus Air Force Base, based
on appearance of damage (F-scale) was rated F3. Later, Marshall (1983)
calculated wind speeds based on structural analysis of damaged struc-
tural components. Construction plans were obtained for the Parachute
Drying Tower, Dining Hall, Recreation Building and Communications
Building. From these plans, Marshall calculated expected wind speeds
to produce the observed damage and confidence 1imits using load and
resistance statistics. A comparison of wind speeds estimated from
F-scale descriptions and wind speeds based on structural analysis is
shown in Table 4. Results from the Communication Building are not
included in Table 4 because the exact spacing of the wire ties that
anchor the roof slab to the joists is unknown.

The failure modes for the structural analyses were primarily due to
connection and anchorage failures. The Parachute Tower overturned when
anchor bolts in two ot the corner columns failed in tension. Roof
failure at the Dining Hall and Recreation buildings occurred when the
wood joists, which were toenailed to the plate at the top of the wall,
uplifted. Uncertainties in the pullout strength of toenailed connections
are reflected in the rather wide confidence bands.

In the case of the Parachute Tower, structural calculations predict

an expected value that is 25 percent greater than the mean F1 wind speed

value. In the case of the Dining Hall and Recreatior buildings the wind

speed based on the structural calculations are less than the mean F-scale




SE-v

TABLE 4

SUMMARY OF WIND SPEED ESTIMATES IN THE ALTUS TORNADO

{afler Marshall, et al.

1983)
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TrT_TIY'Y'rITVY "Y"]’

v T W W

! . I
Building Failure Origin Tornado Center
A Bol - 1 - : l
Parachute nchor Bolt : 2 116
Drying Tower  Connection 650 7t to ripgh I m |
| [ ] !
| I 1 |
| ! 9 F2 |

Toenailed Roof

Connection 100 ft to left

Dining Hall

=
3

Cafeteria'roof

Office| roof
. » ¥

1

1
I i F2
| 'BFEE

Recreation Toenailed Roof
Building Connection 100 ft to Teft
Roof | cornerW
AllJLlllLA]A llLll L 4L 4L
k] B o 15 Ii.

*Three second gust with 95% confidence Timits

WIND SPEED -- MPH




wind speeds by, at most, 13 percent. Thus, in these cases the differ-
ences in calculated wind speeds and wind speeds based on F-scale
ratings is not significant. Other cases, expecially at higher wind
speeds may show more significant differences.

Based on a combination of F-scale ratings and strucutral calcul-
ations, it appears that wind speeds in the Altus tornado were less

than 150 mph.

CONCLUSIONS
The following conclusions were made from assessing damage at Altus
Air Force Base:

1. Based on both appearance of damage and structural calculations,
estimated wind speeds probably did not exceed 150 mph at roof
height.

2. Engineered structures performed well in the tornadic winds.

3. The Parachute Tower provided an ideal case for making wind
speed calculations since it was a clean, free-standing
structure.

4. Correlation between wind speeds estimated from assignment of
an F-scale rating and structural calculations did not agree,
but the differences are not large.
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FOREWORD

The Institute for Disaster Research has promoted the concept of
tornado wind speed estimates from analysis of damage to structures for
many years. Up to this point, these wind speed estimates have been
based on nominal values of material strengths and fluid dynamic para-
meters such as pressure coefficients. The validity of wind speed
estimates was judged by a qualitative method. The study reported herein
is a first attempt to use the concept of Load and Resistance Factor
Design (LRFD) to quantify the uncertainties in the wind speed estimates.
The methodology is applied to selected buildings that were damaged by
a tornado that hit Altus Air Force Base, Altus, Oklahoma on May 11, 1982,

The report is essentially a reproduction of the thesis submitted by
Timothy P. Marshall in partial fulfillment of the requirements for the
degree of Master of Science in Civil Engineering.

Financial support for this study was furnished in part by the U.S.
Nuclear Regulatory Commission (Contract Nos. NRC-04-76-345 and NRC-04-82-002).
Robert F. Abbey, Jr. is contract monitor for the Nuclear Regulatory
Commission.
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CHAPTER I
INTRODUCTION

1.1 Background
A significant natural disaster in terms of a wind event provides

an opportunity for engineers and meteorologists to conduct a damage
survey and assess the performance of structures in the path of the
storm. The knowledge gained in estimating wind speeds responsible for
causing the damage can be used to better design s*ructures to resist
the wind.

Before 1950, few studies appeared in the literature on wind speed
estimates derived from damaged structures. Most notably, the Dallas
tornado in 1957 provided the first significant opportunity to study
the damage caused to many structures with different types of construc-
tion. Segner (1960) presented wind speed estimates from an engineering
analysis of the damaged structures. More recently, wind speed estimates
have been derived from engineering analyses of damage caused by the
Lubbock tornado (Minor et al., 1971) and the Xenia, Ohio tornado
(Mehta et al., 1974). 1In all the above cases, a wind speed was calcu-
lated based on average characteristics of the structure.

A problem arises in that several variables may be responsible for
deyiations from the calculated wind speed. Material strength properties,
construction practices, orientation of the structure and pressure co-
efficients are a few of the variables which are subject to uncertainties.
These variables may, in turn, lead to an overestimate or underestimate
of the calculated wind speed to cause the damage. In order to quantify
the degree of error in a wind speed estimate, statistical properties of
the load and resistance behavior of the structure must be known.

Within the past several years, a new concept has emerged in the
design of engineered structures which enables engineers to account for
the varfations in the strength and types of loading on structures. The
concept is termed Load and Resistance Factor Design (LRFD). LRFD treats
the load and resistance properties of structures in terms of continuous
probability distributions. In contrast, nominal strengths or loads are
discrete values.

B-7



Pﬁu rpose
The purpose of this study is to utilize recently published load and
resistance data in conjunction with statistical methods to place a

degree of confidence in a calculated wind speed.
3 p

Qutline

The theory of var lity applicable to load and resistance equa-
tions is discussed in Chapter II. Structural resistance statistics are
presented in Chapter 11l along with a brief discussion of the major un-
certainties. Chapter IV contains wind load statistics. The methodology
for handling highly fluctuating pressure coefficients in a turbulent

wind flow is addressed. Examples are presented in Cnapter V which il-

lustrate the use of load and resistance statistics to establish a4 degree

of confidence in the calculated wind speed. Conclusions are presented

in Chapter VI.




CHAPTER II
THE CONCEPT OF VARIABILITY

2.1 Factor of Safety

Engineers have long recognized the inherent uncertainties in ap-
plied loads and structural resistance. As a result, they have developed
code specified design criteria which allow for a safety factor between
the nominal strength of the material and the nominally applied loads.

This safety factor can be expressed as

R
SF = —1 (2.1)

L
where R, is the nominal code-specified resistance and L, is the nominally
applied load. The safety factor is greater than one and is a determin-
istic value which describes the safety of the structure. However, struc-
tural resistance and applied loads are random variables which truly
represent continuous probability distributions (Figuce 1). Here, L
and R describe the central tendency or mean value of the applied load
and structural resistance, respectively. Areas under each curve repre-
sent the probability of safety whereas the area under the intersecting
curves represents the probability of failure. The probability of safety,

as shown by Ghiocel et al.(1975), can be represented by

Ps = P(L$R) = P(R>L) = / FL(x)fR(x) dx (2.2)

where P represents probability, FL(x) is the cumulative distribution
function for the applied load and fR(x) is the probability density
function of the structural resistance. Similarly, the probability of
faflure can be represented by

P1r = P(R&L) = P(LPR) = [FR(x)fL(x) dx (2.3)

Failure implies partial or total collapse of the structure.
Since structural resistance and applied loads are continuous prob-
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ability distributions, the safety factor is non-deterministic and de-
pends on the degree of confidence chosen. For Normal probability dis-
tributions, a conventional factor of safety can be described as

R - Xo
SF_ =

¢ L + Ko

R

(2.4)
L

where K represents the chosen number of standard deviations from the
mean and 9 and 9 represent the standard deviations of the structural
resistance and the applied load respectively.

2.2 Load and Resistance Equations
Ellingwood et al. (1980) recognized that the randomness in the
resistance of a structural element arises from uncertainties in the

material properties, fabrication, and underlying design assumptions of
member strength. They expressed the structural resistance as a function
of these three variables

R = RnM FP (2.5)

where R, is the nominal code-specified resistance and the terms M, F,
and P represent ratios of actual values to nominal code-specified values.
The random variable M represents the variation in the material
strength of the member and can be obtained by dividing the actual static
strength by the code-specified strength. The random variable F repre-
sents the uncertainties in the fabrication of the member. This term is
the ratio of the actual geometric properties of the member divided by
the code-specified geometric properties. In the case of hot-rolled
steel beams, variations in geometric properties are introduced by the
rolling process, welding tolerances and initial distortions of the
member. The random variable P represents the uncertainties between the
idealized design assumption and the actual behavior of the member. These
uncertainties arise as the result of using non-exact equations which
contain assumptions such as perfectly elastic, homogeneous and isotropic
properties. This term can also include the uncertainties in the sample
size and the assumed statistical distribution.
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The expression for computing the wind pressure can be written as
q=c6e v2 (2.6)

where q is the wind pressure in pounds per square foot (psf), ¢ is the
air density term, usually 0.00256, G is the gust response factor, CD
is the pressure coefficient and V is the wind speed in miles per hour.
The values for the pressure coefficient and gust response factor can be
obtained from ANSI A58.1 (1982).

Let the total wind load, L, be represented by the product q*A where
A is the area over which the wind pressure is acting. Then, the wind
speed needed to cause failure can be calculated by setting the structural
resisting moment equal to the wind load moment. Therefore, at failure

R-d&L .- e (2.7a)

where d and e represent respective moment arms. Substituting Equations
(2.5) and (2.6),

R MFPd & cAGC pvze (2.7b)
It is important to recognize that the terms on the left hand side of
Equation (2.7b) are a function of the resistance of the structure, and
the terms on the right side are the function of the wind load. Solving
for the failure wind speed

R_MFPd
v2- n

cAGCpe (2.7¢)
In order to establish confidence limits on the failure wind speed, the
uncertainties in the terms on the right side of Equation (2.7¢) must
be known.

2.3 Binary Operations
The coefficient of variation or degree of uncertainty of a random

variable X with mean u and standard deviation o, is defined as
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v, = (2.8)

x

which is simply the ratio of the standard deviation divided by the mean.
The magnitude represents the degree of dispersion from the mean.

When combining two or more probability distributions, the resultant
coefficient of variation can be determined by using the equations of
binary operations, Haugen (1968) summarizes the binary operations for
means which can be used for combining independent random variables
(Table 1). For our purposes, it is most convenient to express the stan-
dard deviation in terms of the coefficient of variation. From Table 1,
the standard deviation for the product of two distributions is

IF S e

oxy . My °y “y oy + oy °y (2.9)
Square both sides and divide by uxzuyz,
o : u 20 2 Y 20 2 o 20 2
il - X X X
o A e B (2.10)
My My My by Uy Uy My My
Simplify and using Equation (2.8),
2 .y 2 LR (2.11)
ny vx + vy + vx vy

For small Vy and V, (below about 0.2), szvyz (g‘vxz + Vyz. thus

v 2xy2

~ 2
Xy Arvx +V

y (2.12)

For multivarfate quantities, this can be expressed as

F.R.12 'n
v & Z v or vV, = 2 (2.13)
. j= | t 1g]vi

Next, consider the standard deviation for the quotient of two in-
dependent random variables. We can find an expression for the combined
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TABLE 1
SUMMARY OF BINARY OPERATIONS FOR COMBINING
TWO NORMAL PROBABILITY DISTRIBUTIONS
(after Haugen, 1968)

Addition  Hxey = My * oy

Subtraction Myay = My " by

Multiplication u = 4 4

Division Myly = “x/“y

Second order u_ =

B-14



coefficient of variation. From Table 1,
2 2 e -

M, O * 5.9
] X Y y X
e AT
U +0
y

Y

2y,2

Substitute 0)/2

2 L‘y

2
x/y

g

4

1 + = 2 2
Substitute oy My “Vy

3 2 =

X/ v

s unliut

y xL/“y and

For small Vy,

(2.19)

It is interesting to note that the coefficient of variation for
combined Normal independent distributions is the same whether the
distributions are multiplied or divided. The binary operations for
products and quotients now can be used to express the coefficient of
variation of the failure wind speed as a function of the coefficient
of variation of the load and resistance terms.




Recalling Equation (2.5) resistance of a structural member was
J £Q

shown to be

R=R,MFP .5)

Using Equation (2.13), the coefficient of variation of the resistance

can be expressed as

(2.20)

where the subscripts r, m, f, and p denote the coefficient of variation
of structural resistance, material, fabrication, and professional terms
respectively,

The coefficient of variation of the calculated wind speed in the
wind load equation is more difficult to compute because of the presence
of the second order speed term. Recalling Equation (2.7c)

) RnMFPd

v B
cAGCp: (2.7¢)

We must first consider the presence of the second order wind speed
term by using the second order binary operation equation in Table 1.
Let us define a first order variable Z in terms of the wind speed

with mean u, = “5‘ standard deviation o; = 'g and coefficient of vari-
r y 2 -

ation P Vo From Table 1

»

(2.21)

where by is the calculated wind speed, Oy the standard deviation of the
wind speed and o, is the standard deviation of the square of the wind
speed,

Substituting o = u Ve the standard deviation is
J z -

’4“ 4V % 4 24 4V 4
Wow WowW
(

4
.

4

) 2
. n Javw ¢




Now uwz = u, and assume the coefficient of variation of the fourth

order term is small enough to be insignificant. Thus,
v, =2V (2.23)

It is now possible to determine the coefficient of variation of the
calculated wind speed in terms of the variables on the right side of
Equation (2.7¢c). If we take the variation in the geometry of the struc-
ture to be small such that there is little discrepancy between construc-
tion plan dimensions and the actual dimensions of the structure, then
the uncertainties in d, e, and A will be insignificant. Using Equation
(2.19), the coefficient of variation of the calculated wind speed can

be expressed as

- - 2 2 2 2
¥, =20 J/vc + chp o R R PR vp2 (2.24)

Substituting Equation (2.20) and solving for v, then

= 2 2 2
r 5‘/\{c +chp +vr (2.25)

This equation expresses the coefficient of variation of the wind speed
as one half the sum of the square of the coefficient of variation of the
air density term, gust response factor, pressure coefficient, and struc-
tural resistance terms.

2.4 Confidence Levels

A desired degree of confidence can be made on the calculated wind
speed if 1ts coefficient of variation is known. Ghiocel et al. (1975)
have shown that, for a Normal distribution, the upper and lower bounds
of the calculated wind speed can be expressed as

WS =V (1 +Kkv) (2.26)

where K represents the numbers of standard deviations from the mean
which are selected. The values of K for a Normal distribution are as
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follows:

K % Confidence
1 68.3
2 95.5
3 99.7

Probability distributions other than Normai can be approximated
by the Normal distribution by employing the Central Limit Theorem
(E'1ingwood et a'., 1980). The Central Limit Theorem states that, for
a random sample from any probability distribution with finite mean and
starzard deviation, tne sampling distribution approaches Normal as the

sample size becomes large.
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for steel resistance.

Factors which influence the strength of steel are listed in Table 2.
Of primary importance is the rate and duraticn of load. Strength data
in the literature are usually expressed in terms of the static yield
stress. The static yield stress is defined by Galambos et al. (1978)
as the value of ultimate stress after straining is stopped when the
stress-strain curve reaches a plastic plateau. They state that this
adjustment is made since mill tests are performed at higher strain
rates than normally experienced in a structure. In addition, they men-
tion that mill test samples are taken directly from the web coupon and
do not reflect the weighted contribution of the flange stress. There-
fore, the average mill strength for A36 steel is reduced about 10 percent
from 44 ksi to 40 ksi. In this study, 40 ksi will be used as the mean
strengtn of A36 steel.

In the literature reviewed, the strength of steel closely fits a
log-normal distribution since strict quality control practices "weed out"
members of lower than specified strength. Thus, the log-normal proba-
bility distribution is used herein to describe steel strength.

3.1.2 Bending Resistance

Steel beams can fail by lateral-torsional buckling, local huckling
of the compression flange, or web buckling. Lateral-torsional buckling
is the most common failure under compressive loading (van Kuren et al.,
1964). Failure may occur with the initiation of buckling over some por-
tion of the beam when the cross section is either in the elastic, ine-
lastic, or plastic range. VYura et al. (1978) determined the variability
of bending resistance for steel beams in all three ranges. Values of
0.12, 0.14, and 0.13 were obtained for the coefficient ¢ variation of
stee]l resistance for the elastic, inelastic, and plastic ranges respec-
tively. These values are different because of the influence of residual
stresses on the yield strength (Vp varies from 0.05 to 0.11). Residual
stresses affect the stress-strain relationship by reaching the propor-
tional limit sooner and causing a non-linear relationship between the
elastic and fully plastic region. Therefore, the largest residual
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stresses and coefficient of variation in strength occurs in the inelastic
region. A summary of the resistance statistics for steel as assembled

by E11ingwood et al. (1980) is shown in Table 3. Cold formed members
have a higher variability in strength because of the large residual
stresses which are incurred in the rolling process.

3.1.3 Steel Connecticns

In general, connections are stronger than the components being
joined. However, unanticipated uplift pressures on pre-engineered and
marginally engineered structures have caused failures in roof connec-
tions and column anchorages (Minor et al., 1972). Roof connections in-
clude attachment of open web joists or purlins to beams or walls and
beam-to-column connections. Column anchorages involve anchor bolts and
column-base plate details. In some instances, optimization in the com-
petitive metal building industry has led to a smaller margin of safety
between components and connections. In these cases, a connection failure
is more likely to lead to a progressive failure of other building com-
ponents or to total collapse of the structure.

Fillet welds are primarily used for joining structural members.

The strength of fillet welds subjected to shear have been tested by
Fisher et al. (1978). Statistical results show that the mean tensile
stress of the weld is dependent on the size of the electrode used.
Fisher et al. determined that the overall coefficient of variation in
strength for all-size fillet welds is 18 percent. They concluded that
there are no uncertainties present in the professional factor since the
lower bound theorem of plasticity is valid for ductile members in tension
(vp = 0). Fisher et al. state that uncertainties in the fabrication of
the weld are highly dependent on the quality of workmanship. They de-
termined that the variation of weld length and throat thickness from the
actual design is 15 percent (V¢ = 0.15). Therefore, the uncertainty in
fabrication has the greatest effect on weld strength.

Bolted connections are becoming more common because they are eco-
nomical and easy to install. Primary members are usually attached by
high strength bolts. Fisher et al. (1978) assembled statistical infor-
mation on the strength of A325 and A490 bolts. Variations in the
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Mean material strength
Static yield stress, web
Tensile stength of steel
Tensile strength of welds
Tensile strength of A325 bolts
Tensile strength of A490 bolts

.oefficient of variation
A490 bolts, tension
A325 bolts, tension
Tension member

Elastic beam, LTB

" " 1T

¢ Beam, LT
[nelastic beam, LTB
Co:d formed steel

Fillet welds

?y' Specified yield stress

F : Specified tensile strength

Fexx: Specified tensile strength of weld
LTB: Lateral-torsional buckling
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cement content ’,,v N and are most common for above qrade use 1
nasonry constr J 1071 MHe :-’)t' N ‘ 161 :“' | 1shed +¢ t re c;"“? n the
trength of laterally loaded masonry n full-size wall From hi
results, the average strength of Types N and S mortars appears to be 2
ind psi, respectively

Hundreds of masonry strength tests have been conducted during the
last fifty years. However, most of the test results are not consistent

o : : ~ " - N r~ pon

of the large variations in testing procedures used 0'Conner

dicated that variations

masonry strengt

l-size masonry wal

small number of tests which can be conducted, M

surveyed in the literature use a small-size test

y N \ - n . - 1 2 a . 1
specimen such as a brick couplet or wallette. his enables a large

number of tests to be conducted. {fowever, the question remains whether

)r not the results of the strengt!

actually simulate the strengtt

of full-size masonry walls,

Large variabilities in masonry strength have occurred in brick

and wallette-size tests. Neis and Chow (1980) showed coeffic-
jents of variation between 22 and 62 percent for concrete block couplets,

In addition, Hendry (1976) showed coefficients of variation between 32

and 44 percent for brick wallettes E1lingwood (1981b) mentions that

these values may be the result of the smaller test specimens being

more susceptible to variation in workmanshig Therefore, he assembled

nasonry strength data only for full-sfize walls with g00d workmanship.

A summary of the resistance statist) yhict jetermined i1s presented




in Table 7. The coefficient of variation in fabrication, Vg ranges

from 0.1 to 0.15 depending on the quality of workmanship. Vg, was deter-
mined to be 0.14 for brick masom y ard 0.15 for concrete block masonry
and vp =0, 05.

Hendry (1976) tested the effects of the quality of workmanship and
environmental conditions on the strength of masonry. He concluded that
the strength of masonry can decrease as much as 60 percent from good
workmanship under laboratory controlled conditions to poor workmanship
in field conditions.

3.4 Wood

For structural purposes, wood is cut into nominal sizes called
dimension lumber or is assembled as glulam lumber. Dimension lumber is
primarily used for light-frame construction. Glulam lumber is made by
bonding layers of dimension lumber together with an adhesive so that the
grain directions of all laminations are essentially parallel. The final
product is stronger than the individual pieces of lumber and the varia-
bility in strength is lower since the bonded layers act as a unit.

Though there are many advantages in using wood, there are also
several disadvantages such as its variability in strength. Wood is an
anisotropic material because of its cellular structure. Thus, the
strength of wood varies along the radial, tangential, and longitudinal
directions. The longitudinal direction is the strongest since the ten-
sile stress is parallel to the grain. Other factors which influence
the strength of wood are listed in Table 8. The amount of influence
that each factor has on the overall strength of wood has yet to be quan-
tified since few test results have appeared in the literature.

E11ingwood (1981c) assembled the most current information on the
strength of wood and these data are summarized in Table 9. These data
represent variations in the modulus of rupture of Douglas fir and
southern pine for both glulam and dimension lumber. Statistical tests
performed by E11ingwood show no significance, at the 35 percent con-
fidence level, between the variabilities in the modulus of rupture for
various species of trees. V, ranges from 0.09 to 0.18 for glulam
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TABLE 8
FACTORS WHICH AFFECT THE STRENGTH OF WOO0D

Material Considerations

a) Direction of the grain

b) Position of growth rings- age
c) Moisture content

d) Specific gravity

e) Size and distribution of imperfections
such as knots, cross grain, shakes and
checks

f) Rate and duration of load
g) Air or kiln dried
h) Cut dimension
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lumber and from 0.22 to 0.44 for dimension lumber depending on the type
of load. In addition, an eight percent variation in loading rate and a
seven percent variation in the size of the lumber is included.

3.4.1 Nailed Connections

Nails are commonly used in light frame and residential construc-
tion. Two types of connections are primarily used: straight and toe-
nailed. Toenailing is the process of driving a nail at an angle into a
joint; e.g., wood roof joists are usually toenailed to the top of a wall.
Two or more nails are typically used in a given connection.

Wind induced failures of roof and wall sections are usually the
result of connection failures. As the wind flows over a structure,
local outward acting pressures develop over the roof, eave, or corner.
These forces are transferred to the connections and, under a strong wind,
the connections can fail in tension. In the case of a nailed connection,
the nails can be pulled out.

Information on the strength of nailed connections was not readily
available in the literature. Therefore, the author conducted four series
of tension tests on various nailed connections. Each series of tests
included 30 nailed specimens. The specimens consisted of a pair of 8d
or 16d nails which were driven straight or toenailed joining two 2 x 4
sections of white pine lumber. Then each connection was pulled apart
using a Riehle testing machine and the ultimate strength was recorded.
The test results appear in Appendix I and are summarized in Table 10,

It is interesting to note that the coefficient of variation in strength
of toenailed connections decreases with increasing nail sizes but remains
essentially the same for straight nailed connecticns,

3.5 Window Cl'ass
The resistance of window glass to lateral wind 1>ads is an important
problem since the utilization of window glass on buiiding facades has

increased dramatically over the past decade. Use of large-size panes
as well as taller structures have led engineers to become more concerned
with the effects of wind on glass.
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TABLE 10
SUMMARY OF RESISTANCE STATISTICS FOR NAILED CONNECTIONS

Type of Mean strength v

Connection (1bs.) "
2-8d toenailed 206 .36
2-16d toenailed 298 89
2-8d straight 69 .36
2-16d straight 235 .38
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glass is 0.22. Actual values of glass strength information can be
readily obtained from the manufacturer.

A comparison of test data from Minor (1978) between the resistance
of tempered glass to annealed glass shows that the coefficient of var-
jation is nearly the same, though tempered glass appears more resistant
to missile impact. In contrast, the coefficient of variation in strength
is primarily dependent on the type of window glass for wind pressure.
values of the coefficient of variation used by Robertson (1967, are 0.25
for heat strengthened and 0.15 for fully tempered glass. These values
are also consistant with the test results by Minor (1981) and Abiassi
(1981).

A summary of strength statistics for glass is presented in Table 12.
Variations in the fabrication between glass industries are assumed to
be small. Thus, the term V¢ = 0 in the resistance equation is reason-
able. Also, uncertainties in design assumptions are taken to be zero
(Vp = 0). Therefore, the variability in material strength is assumed to
represent the overall resistance of the glass. In all the above refer-
ences, the strength of glass closely fits a Normal distributior.
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CHAPTER IV
WIND LOAD STATISTICS

4.1 Wind Load Variables

Now that structural resistance statistics have been quantified, the
next step is to determine the statistics of wind load variables in order
to compute wind speeds. These wind load parameters involve the terms in
Equation (2.6) which include air density, gust response factor, and the
pressure coefficient. Uncertainties of each term are examined for use
in obtaining confidence levels in the wind speed calculations.

4.1.1 The Air Density Term

The mean value of the air density term is tabulated in ANSI-AS58.1
(1982) for a given altitude. Air density is dependent on the air pres-
sure and temperature through the equation of state for an ideal gas.
The degree of uncertainty in this term is relatively small since changes
in air pressure and temperature remain small during the time a structure
is under a wind load. A typical value for the coefficient of variation
in the air density term is five percent (E1lingwood et al., 1980).
Uncertainty in the density term can also be realized under a tornadic
wind load where variations in air density occur.

4.1,2 Pressure Coefficients

There are three basic types of pressure coefficients used in wind
speed calculations: net, internal, and external. Net pressure coef-
ficients are used for structures such as chimneys or towers, internal
pressure coefficients are used on the walls and roofs of buildings with
openings, and external pressure coefficients are used on the exterior
portions of enclosed buildings.

The gust response factor accounts for the fluctuating nature of the
wind and its interaction with the building interface. For building com-
ponents and cladding, the gust response factor is combined with the ex-
ternal pressure coefficient (ANSI-A58.1, 1982),

The mean and coefficient of variation of the pressure coefficient
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are highly dependent on the variables which influence the wind flow.
Since the wind speed fluctuates greatly with time, so does the pressure
coefficient. Therefore, several issues must be addressed when using
pressure coefficients to compute wind speeds.

First, let us define the types of variables which influence the
pressure coefficient. Wind tunnel studies on low-rise buildings con-
ducted by Davenport (1977) show that pressure coefficients are highly
dependent on the degree of turbulence in the wind flow, the orientation
of the building, the tributary area and model parameters such as scale,
height, lTength, and roof slope.

Stathopoulos (1980,1981) showed that the most important factor in-
fluencing peak pressure coefficients is the degree of turbulence in the
wind flow. In his study on flat roof, low-rise buildings, he determined
the values of local pressure coefficients in open country and built-up
terrain. The types of terrain correspond to exposures C and B respec-
tively in ANSI-A58.1 (1982). From his results, mean local pressure
coefficients increased about 30 percent over the entire roof from ex-
posure C to exposure B. Regardless of the exposure, the largest nega-
tive pressures occurred near the windward edge of the roof and decreased
toward the interior of the roof. The most severe upward pressures were
encountered on the roof when the wind flow was 45 degrees to the wind-
ward wall. The coefficient of variation of the local pressure coeffic-
ients ranged from 0.1 to 0.4 for interior roof sections and from 0.3 to
0.7 for eave sections in exposures C and B respectively, The varia-
bility in the pressure coefficient was a maximum near the windward edge
of the roof-wall interface and gradually decreased downstream. It is
important to recognize that these test results are point pressures and
that the peak pressures effecting a tributary area of the roof or walls
are less.

Ravindra et al. (1978) suggest that the mean wind pressure be in-
creased by 25 percent to account for the non-uniform nature of the wind,
This, in turn, would increase the wind speed by about 12 percent. Crowe
(1974) suggested that pressure coefficients can be twice as much as
values in the 1982 ANSI-A58.1 standard if the wind flow is turbulent and
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approaches the building from an oblique angle. This conclusion is pri-
marily based on experience with wind tunnel modeling.
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values of pressure coefficients tend to increase with increasing
turbulence. Therefore, the external pressure coefficients given in the
ANSI standard need to bv modified. In this study, a mean pressure co-
efficient describing a turbulent environment for a three second gust is

selected to simulate a tornadic wind field.

lue 1

of GCp is converted fron fastes

First, the standard va

value to an equivalent mean hourly value.

Mean Hourly GC, .69 GCp (fastest mile)
r

Next, the mean hourly value is converted to a three second gust
value using a graph developed by Durst (1960). If the three second

external pressure coefficient is denoted as GC;3, then
44 x Mean Hour

4.1), the relation between a three second

external pressure o f i t and an equivalent fastest mile value is
(fastest mile) (4.3)

Stathopoulos (1981) demonstrated that a peak pressure coefficient ex-
eeds the mean value by two or three standard deviations. He also
stated that a mean pressure coefficient for smooth wind flow increases
two or three standard deviations in a turbulent wind flow. Thus, it is
reasonable that a mean pressure coefficient in a turbulent wind flow
adequately describes a peak pressure coefficient in a smooth wind flow;
therefore, the above conversion need not be modified further. A sum-
mary of ucrg values for roof and wall sections is contained in Figure 2.
It is important to emphasize that the external pressure coefficients for
the main wind force resisting system are uneffected by this conversion
since they are basically time invariant This is true because the load
s distributed over a large area.

From the information presented in the last section, it is apparent

that the coefficient of variation also depends upon the degree of







turbulence in the wind flow, the tributary area, and the location on

the structure. At present, values of the coefficient of variation have
not been fully quantified. Idealized values have been assembled by
Ellingwood (1981a) based on experience with wind tunnel data. A summary
of the statistical properties of wind load variables is presented in
Table 13. 1In the absence of additional research, these values will be
used herein for wind speed calculatiors.

4.2 Summary of Load and Resistance Statistics

The statistical properties of structural resistance and wind load
variables are now quantified. Utilizing this information, wind speed
estimates can be obtained from a damaged structure. It is desirable to
organize all the statistical information on a single page for use in
wind speed computation. Table 14 lists the coefficient of variation for
structural resistance and wind load variables. This information has
been put into three categories which denote credence levels in a wind
speed assessment,

Credence levels were developed by Mehta (1976) as a first attempt
to categorize the uncertainties inherent in wind speed calculations.
Categories entitled good, acceptable, and questionable reflect the
degree of confidence in the wind speed calculation. Since statistical
data are now available, coefficients of variation were assembled into
each credence level according to their magnitude. Construction materials
in the good credence levei category are most reliable for wind speed
calculations. These consist of steel and precast concrete products
which have coefficients of varfation in resistance less than 0,13,

Under wind loading, these materials will yield wind speed estimates with
small confidence bands. Most construction meterials hava coefficients
of variation in resistance between 0.14 and 0.21 and appear in the ac-
ceptable credence level category. These materials consist of glulam
timber, masonry, cast-in-place concrete, and heat treated window glass,
Finally, wide confidence bands in wind speed calculations will occur

for construction materials in the questionable credence level. These
materials consist of annealed glass, dimension timber, and all types of
nailed connections.




TABLE 13
SUMMARY OF WIND LOAD VARIABLE STATISTICS

Mean

External pressure coefficients for a three second gust for:
p3 " .74 ch (ANSI-1982)

Main resisting system Cp3 * Cp (ANS1-1982)

Components and cladding GC

Coefficient of variation

Components and cladding vGCp = 17
Main resisting system Vep = .12
Gust response ractor VG = .11
Exposure coefficient sz = .16
Density term Ve = .05
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TABLE 14

CREDENCE LEVELS FOR WIND SPEED CALCULATIONS
BASED ON VARIABILITY

Designation G00D ACCEPTABLE QUESTIONABLE
Variable Vr PD Variable vr PD Variable Vr PD
A490 bolts,T 05 LN | Reinforced concrete,F .14 N |AIl glass-missiles 22 N
Concrete,pretensioned,T .08 N |Steel beam,inelastic,LTB.14 LN | Annealed glass 25 N
A325 bolts,T .09 LN | Glulam Timber, Dimension Timber,
Concrete,postensioned,T .10 N -Compression 14 W -Compression 25 W
Hot rolled steel,T A1 LN -Bending 18 W -Bending 40 W
Steel beams,elastic,LTB .12 LN -Tension 21 M ~-Tension 46 W
Strength Steel beams.p]astic,LTB .13 LN | Cold formed steel ,F .17 LN | Nailed connections,T
ofg Fillet welds,T A8 LN| -16d toenailed .23 N
wetirtald Brick masonry 21 LN -10d toenailed .30 N
-1f inspected 19 LN -8d toenailed .36 N
Concrete masonry .21 LN -8-16d straight .36 N
-1f inspected .18 LN
Fully tempered glass A5 N
Heat strengthened glass .20 N*:
ANS1 1982 Density constant, "05 N | Gust response factor .11 N | Local pressure coefficents 'AT
ef;icent Net pressure coefficent .05 N | External/Internal for low-rise buildings
c°d h ;o pressure coefficent A2 N -smooth terrain .30 N
4n¢ other Velocity Pressure -rough terrian .70 N
esiure exposure coefficent .16 N| for high-rise buildings
coefficents tExternal pressure coef. for -smooth terrain .20 N
components and ciadding .17 N -rough terrain .50 N
Definition of variables
Vr = coefficent of variation PD = probability distribution Variability formulas
T = tension members N = normal v = JNT syt sy
F = fexural members LN = log-normal r '/ m P f

LTB= lateral torsional buckling W = weibull 3

N ud T 3
v\v:ir\d ;’J vr " vCp b vc:



Credence levels for pressure coefficients primarily depend on
the size of the tributary area. Wind speed calculations based on the
external pressure coefficient for the main wind resisting system would
be acceptable since fluctuations in the pressure coefficient are
averaged over an area. However, wind speed calculations based on point
pressures would be questionable because of highly fluctuating peak
pressures.

The statistical properties given in Table 14 also can be used to
determine the smallest confidence band in wind speed as a function of
the mean wind speed and the type of construction material. Table 15
describes the limits in accuracy in wind speed calculations for selected
materials with 95 percent confidence. An example using A490 bolts with
a mean calculated wind speed of 100 mph is included to show how these
values were obtained,

From Equation (2.25), the variability of the wind speed is

2 2
vw =l J/vr + VGC g A

Using the values of coefficient of variation from Table 14, the coeffi-
cient of variation of the wind speed becomes

v, =% Jl.05)% + (.12)2 + (.05)2 = .14

From Equation (2.26), confidence limits can be obtained on the wind
speed. Choosing a 95 percent confidence, K=2,

WS =100 (1 +2 V)
= 100 + 14 mph

This table can be used as an initial lower bound estimate of wind
speed confidence in lieu of more detailed calculations.

4.3 Load and Resistance Wind Speed Compared to F-Scale
The F-scale is the most frequently used method for assessing the
intensity of damage to structures (Fujita, 1971). F-scale ratings are




IN ACCURACY IN WIND

EOR '-JAQI.M".l M.‘R\YE RIALS

Type of material Maximum Wind Speed

100 mph 50 mph 200 mph

Steel-

A4390 bolts

A325 bolts

A36 stcel,tension

A36 steel,flexure

Fillet welds
Concrete-

Reinforced

Masonry-Brick or block

Uninspected

Inspected
Timber-
Glulam, flexure

Dirension,flexure 41

* 95% confidence for main-wind force




assigned to a structure according to one of six damage intensity class-
ifications ranging from F-0 to F-5 with increasing amounts of damage.
The F-scale is a subjective, visual interpretation of the damage. The
methodology is easy to use and readily accepted by the National Weather
Service and others in the scientific community. However, since know-
ledge of the load and resistance properties of structures and types of
construction practices used are not considered, shortcomings arise in
using the F-scale (Table 16).

The first shortcoming which is important to recognize is that wind
speeds associated with the F-scale have been determined without regard
to the load and recistance behavior of structures. Variations in the
strengch of materials and degree of engineering attention determine
the resistance of structures to wind loading. Mehta et al. (1981) have
snhown that the degree of engineering attention during the design stage
of structures has a marked effect on overall wind resistance. From
their investigation of damage caused by Hurricane Frederic, fully en-
gineered structures performed better than marginally engineered or non-
engineered structures at the same wind speed.

Secondly, the F-scale assumes each building is homogeneously con-
structed when, actually, vast differences in construction practices
occur from rural to city locations and across the country. Minor et al.
(1977) state that these differences are attributable to variations in
traditional methods of construction and differences among building codes.

Finally, the type of damage analysis conducted will effect the
F-scale rating. As an example, different F-scale ratings can be as-
signed to a ctructure depending on whether a ground or aerial damage
survey was conducted. If a residence is not anchored to its foundation,
it has little resistance to lateral wind forces. A ground survey uf the
damage may indicate the lack of anchoraging and a low F-scale rating
will be assigned. On the other hand, an aerial survey of the same
structure may lead to an excessive F-scale rating since the lack of
anchoring may not be recognized from aerial photographs. In addition,
aerial surveys can lead to overrated tornadoes simply by considering a
single "poorly" constructed structure in the tornado path. This can
occur since the F-scale methodology rates the overall tornado intensity
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TABLE 1¢

FACTORS WHICH CAN INFLUENCE THE F-SCALE RATING

Load and Resistance properties

Type of construction material used

Degree of engineering attention

Construction practices

Treditional methods used

Building code used

Extent and type of anchoraging to foundation used
Orientation of eaves and/or garage door

Type of roof geometry

Extent and type of roof-wall connections

Uamage analysis

Type of survey- ground, aerial or both
Documentation of missiles
Effect of shielding by trees, other buildings, etc.




by the worst damage at a point in the tornado path.

Proper knowledge of 1oad and resistance properties, acquisition
of construction plans and technigues of damage analysis can be used to
bette define the failure wind speed of a given structure. If an ac-
curate damage analysis is conducted and the information on the construc-
tion plans is accurate, the variation in wind speed will be a furction
of the variation in load and resistance properties only.

Using Equation (2.5) and the information available in Table 14,
wind speed bounds are calculated for selected coefficients of variation
of structural resistance. The calculated load and resistance wind speed
bounds and the F-scale wind speed bounds are shown in Table 17 for com-
parative purposes. There are two important points which must be recog-
nized from the tabulated wind speed values in Table 17:

1) A range of overlapping wind speeds occurs for calculated load
and resistance wind speeds. This results from the inherent
variabilities in structural res.stance and wind load variables.
Therefore, the damage intensity of a structure may lie in more
than one F-scale category. MNote that the range of failure wind
speeds necessary to cause damage to a structure becomes wider
as the calcuiated wind speed increases.

2) The wind speed bounds become wider as the coefficient of
variation of structural resistance becomes larger. The
coefficient of variation of structural resistance is also
influenced by the degree of engineering attention in the
design of the structure. Therefore, the range in failure
wind speeds will be larger for residential buildings than
for public and more permanent structures.

A sample calculation of the load and resistance wind speed values in
Table 17 is shown for V. = 0.1,
From Equation (2.5),

Vy = % /v,z + vcp2 + V2 (2.5)
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TABLE 17

COMPARISON OF F-SCALE WIND SPEED TO
LOAD AND RESISTANCE WIND SPEED

F-scale (after Fujita, 1971) Load and Resistance Wind Speed *
F-scale Wind Speed Range Mean T = . Vr = 2 Y o3

0 40-72 mph 56 mph 47-65 mph 43-69 mph 38-74 mph

1 73-112 92 77-107 70-114 62-122

4 113-157 135 113-157 103-167 91-179

3 158-206 182 152-212 139-225 132-232

B 207-260 233 195-271 177-289 157-309

5 261-318 289 242-336 220-358 195-383

*95% confidence limits



-0 rating, the mean winc

ting

] 95 percent confid

Minor et al. (1977) also derived wind speed ranges based on the

performance of housing in windstorms. They compared their results with
the F-scale wind speeds and concluded that there is good agreement
between the two damage versus wind speed relationships at lower wind
speeds but, above 125 mph, the F-scale associates much higher wind
speeds with the observed damage. They suggest that this aifference
is attributable, in part, to the variation in housing construction mate-
rials and practices. A comwparison between tt2 load and resistance wind
speed and the wind speed | ~ the performance of housing is shown
structed residences, the coefficient of vari-

ation in structural resistance wouid most 1ikely be between 0.2 and 0.3.

Thus, a calculated wind speed of 150 mph with V. = 0.2 could result in

an F-scale rating of F-2, F-3, or F-4,

is chapter, wind load statistics were presented This infor-

mation along with structural resis isti can be used to deter-

mine the coefficient of variation for a calculated wind speed. Pressure

oMl

coefficients were modified to account for the increase in turbulence

a tornadic wind field and comparisons of the load and resistance wind

.

to the F-scale and performance of housing wind speeds were shown.
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TABLE 18

COMPARISON OF THE PERFORMANCE CF HOUSING WIND SPEED
TO LOAD AND RESISTANCE WIND SPEED

Performance of Housing

(after Minor et al., 1977)

‘2 Wind Speed Range
40-75 mph
75-110
110-140
140-170
170-200

200-240

4 i.;,'"fid:'_"" a8 limits

Mean

57 mph
92

125

155

185

220

Load and Resistance Wind Speed *
V. = .2 V.= .3

44-71 mph 38-76 mph
70-114 62-122
95-155 84-166
118-192 104-206
141-229 125-245
168-272 148-292



CHAPTER V
WIND SPEED CALCULATIONS USING
LOAD AND RESISTANCE STATISTICS

Wind speed calculations are presented on four structures which
were damaged by a tornado which struck the Altus Air Force Base in
Oklahoma on 11 May 1982. Construction plans were obtained for the
Parachute Drying Tower, Dining Hall, Recreation Center, and Communfica-
tions building. From these plans, a mean wind speed and confidence
limits are calculated. Lower bound wind speeds were obtained for those
sections of the structure which were damaged whereas upper bound wind
speeds were obtained from undamaged sections.

5.1 Altus Tornado Damage Path
The tornado first touched down on the east side of the city of

Altus and traveled for three miles in a northeastward direction through
the Altus Air Force Base. On the following day, a team of windstorm
investigators, including the author, was sent to the disaster scene.
The purpose of the investigation was to derine the tornado damage path
and to assess the damage to structures on the base.

Our initial survey revealed that the damage path extended from
the main gate, across the center of the base and ended just east of the
runway (Figure 3). Gradations of damage were visually determined using
the F-scale (Fujita, 1971). Buildings which sustained F-1 intensity
damage or greater are shaded. Six buildings were heavily damaged (F-3),
eleven had moderate damage (F-2), and seven had 1ight damage (F-1).
From analysis of fallen trees and debris trajectories, the center line
of the tornado appeared to be parallel to the northern periphery of the
F-3 intensity damage track. Characteristics of the damage path are
shown in Table 19.

5.2 Parachute Drying Tower Wind Spred Calculation

The parachute drying tower was located on the right side of the
tornado path approximately 650 feet from the tornado center (Figure 4).
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Figure 3 Tornado damage path through the Altus Air Force Base.
Gradations of damage is shown by F-scale.



TABLE 19

CHARACTERISTICS OF THE ALTUS TORNADO

Tornado sequence (LDT)

Observed funnel touchdown
Tornado entered Air Base

Tornado over weather station

Tornado dissipated

Path length
Total

Damage of F-3 intensity

Path width
Average F-1 intensity
Average F-2 intensity
Average F-3 intensity

Sense of rotation

Direction of travel

Average translational speed

Tornado circulation
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3.5 mi.
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1500 ft.
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300 ft.
counterclockwise
east-northeast
5-15 mph

single-cell
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Net tensile area of the bolt: from Salmon and Johnson (1980),
the proof load of a bolt is obtained by multiplying the stress
value by the tensile area given as

.9743, 2
Ag = .7854 (D - ~=—=

where A; is the stress area in square inches, D is the nominal
diameter of the bolts and n is the number of threads per inch.
For 5/8 inch _diameter bolts, D = .625 and n = 11, Thus,

Ag = .226 in2,

Mean resistance of the bolts:

R=NAsF,

where N is the number of bolts resisting tension, A¢ is the
tensile area in square inches and Fy is the mean tensile
strength._ For this example, N = 8 so the resistance of the
bolts is R = 130 kips.

Mean resisting moment:

M. =R d + Weight (arm)
= 130 (15.5) + 67.1 (7.75)

where R is the mean_resistance of all the bolts and d is a
moment arm. Thus, M. = 2535 ft kips.

Overturning moment produced by the wind load:
M, =eqA Cp

where e is a moment arm, q is the mean wind pressure, A is
the area of the face considered and Cp is the mean pressure
coefficient. Summing the overturning moments from Figure 5:

ﬁh = [.8 (49.25 x 29.2) (37.6) + .5 (62.25 x 29.2) (31.13) +
.7 (16.2 x 29.2) (15.51)] q
= 74,106 q ft 1bs or 74.2 q ft kips
Equate My and M, and solve for q:

= My
74.2 q
34.16 psf

~
o
[
L o
"o
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Figure 5 Winéd loading on the Parachure Drying Tower at
Altus Air Force Base.

B-62



7. Determine the combined coefficient of variation of the resist-
ing moment. From Table 14, V. = 0.09 for bolts in tension and
the variability in the dead load is 0.1. Thus,

op /Z o2 = (2015 x .9)2 + (520 x .1)2 = 188.6 1bs.

= ,0744

Op
Thus Vr. 8 -
MY‘

8. Average three second qust:

V = /-—11-—— Y 116 mph
.00256

9. Coefficient of variation of the wind speed: from Equation
(2.25),

Z*ch

-
"

2
W £ \/V" 4’VGCp

= 4 Jff.o744)2 +(.12)% + 1.05)2 ¥ .08

10. Establish a degree of confidence in the wind speed calculation.
? 95 gercent confidence level is chosen, K=2. From Equation
2.26),

WS =V (1+2v)
=116 + 19 mph

Therefore, with 95 percent confidence, the three second gust neces-
sary to overturn the tower is 116 + 19 mph. This value appears to be
consistent with other damage in the area. Building 279, which is ad-
jacent to the parachute drying tower, remained free of damage including
facia and window glass. It is anticipated that wind speeds higher than
the calculated value would have led to additional damage to the structure
as well,

5.3 Dining Hall Wind Speed Calculation
The dining hall was located to the left of the tornado damage path
and was within 200 feet of the tornado center (refer to Figure 3). The
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Figure 6
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Section A.
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Moment line

GA

— e
RS ¢

Plan view of the roof sections of the Dining Kall over

a) cafeteria and b) offices as divided into ANSI-A58.1
1982 wind regimes.




Roof section dead load

2 x 10 roof joists @ 12 inches o.c.
4 inch insulation

3/4 inch plywood sheathing

2 x 8 suspended ceiling

5 ply feit gravel roof

ductwork and electrical

gypsum wallboard

'Nwmuwmb Fn’
-

22 psf
fave section dead load without suspended ceiling, wallboard
and insulation = 15 psf.

Total weight of the roof:

Roof section = 752.7 (22) = 16,560 1bs.
Eave section = 142.0 (15) = 2,130 10s.

Total weight of roof 18,690 1bs.

Resisting moment of the roof due to the combination of roof
anchorage and dead load: from Table 14,

Anchorage- 33 - 2 x 10 joists spaced 12 inches o.c. with
10d toenailed connections at 250 1bs each

Resistance = 33 (250) = 8,250 1bs.

15 - 2 x 6 outriggers spaced 16 inches o.c. with
10d toenailed connections at 250 1bs. each

Resistance = 15 (250) = 3,750 1bs.

5 -6 x 6 outriggers spaced 16 inches o.c. with
10d toenailed connections at 250 1bs. each

Resistance = 5 (250) = 1,250 1bs.
Resisting moment
ir = 18,690 (11) + 8,250 (20) + 3,750 (10) + 1,250 (14.83)
= 426,600 ft 1bs.

Coefficient of variation of the resisting moment: from Table
14, the variation in strength of nailed connections is 0.3
and dead load is 0.1

2
Op = Z o4
i=1
op Jﬁéos.59o x 0.1)2 + (165,000 x 0.3)2 + (37,500 x 0.3)%+

(18,540 x 0.3)%

55,049 1bs.
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a degree of confidence in the computed wind speed.
For 95 percent confidence:
¥

WS = ' 2 4 27 mph

T

ws, with 95 percent confidence, the three second gust
necessary to uplift the cafeteria roof is 121 # 27 mph.,
1f anchorage of nailed connections is neglected, using the

.

similar procedure would give a mean wind speed of 85 mph.

jver Offices
Tributary area of the roof section (Figure 8b):
Roof area = 72.67 (9.b7) 702.4 ft€

Eave area = ? BF] > (9.67) - 168.6 ft<

”
Tributary 871 fte

Dead load for roof and eave cti are the same as the
previous problem,

Total weight of the roof:
Roof section =

Eave section = ] ¢

Resistinag momen
anchorage and dead

5

Anchorage-

£+ 1
|

e
S Vo,

of variation

the previou:

Vr




10.

Area (ft2) Moment arm (ft) GCp3
490 3.5 .89
186.5 8.33 .9
140 10.67 1.70

18.6 3.5 1.11
14 3.5 1.70
£ 8.33 1.1
14.6 9.67 1.70
871

My = [0.89(490)3.5 + 1.11(186.6)8.33 + 1.7(140)10.67 +

1.11(18.6)3.5 + 1.7(14)3.5 + 1.11(7.1)8.33 +
1.7(14.6)9.67] q

= 6,254 q ft 1bs.

Equate M. and M, and solve for the mean wind pressure.
q = 42.29 psf

Average three second gust:

V = / —39 %129 mph
.00256

Coefficient of variation of the wind speed:

v, = % [ (.195)2 4 (17)% + (.05)

= .13

Establish a degree of confidence in the computed wind speed.
For 95 percent confidence:

WS =V (1 +2v,) =129 + 34 mph

Thus, with 95 percent confidence, the three second gust neces-
sary to uplift the cafeteria roof is 129 + 34 mph. If ancher-
age of nailed connections is neglected, using the similar pro-
cedure would give a mean wind speed of 74 mph.

B-71



r

Interior Roof Section

Since this section of the roof was not uplifted, these calcula-

- »

tions will yield an upper bound on the wind speed,
Tributary area of the interior roof section:
Roof area =

Dead 1oad for the roof is the same as the previous section.
Total weight of the roof:
Roof section

Resisting moment computation:

Anchorage- <2 x 10 joists spaced at 12 inches o.c. with

.
|
0d toenailed connections at 250 lbs. each

lesistance = 17 (250) = I bs.

9} i C B -~
Resisting moment

M. = 6,358 (8.5

Coefficient of ve of the resisting moment:

Overturning moment of the square roof section:

’

M .89q(289)8.5 = 2,186 q ft 1bs.

) - 4

Lthe mean wind pressure,.

wind Speed .

percent confidenc
roof i¢ )¢




5.4
iining hall. Roof

damage was confined to the er facing west (Figure 9).
The roof consisted of 2 x 8 wooden joists d at 16 inches on center
and extended twenty inches over the w eave, e roof exper-
ienced the same failure mode as the previous problem. As the tornado
passed, the nailed connections were pulled out,

A cross section of the windward wall is presented in Figure 10,
The construction of the . J0f was similar to that of the dining hall;
however, the wall cross sections varied considerably. The wooden roof
joists were supported on posts rather than CMU blocks.

Wind speed calculations are shown for the windward roof corner
and windward roof section.

The same assumptions hold true for this building as the dining hall.

Windward Roof Corner

Tributary area of the windward roof corner (Figure 11

2
Roof area ' 192.0 ft<

Eave area = .67(1.67) 2(1.67) = 49.4 ft©

Tributary area 241 .4 ft¢

Dead load of the roof and eave sections: values for the dead
loads of various construction materials were obtained from
AISCM (1980).

Roof section

ki

2 x 8 roof joists @ 16 inches o.c.
1 inch insulation board

3/4 inch gypsum wallboard

4 ply buiit-up roofing

duct and electrical

3/4 inch plywood sheathing

!(;.J PO NN W

C

section dead load = Roof section dead
insulation and wal

s 3
= |

4 psf




Plan view of the Recreation Building showing wind-
ward corner roof damage (unshaded portion).
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Figure 10 Windward roof-wall detail of the Recreation
Building at section B.
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Total weight of the roof:

Roof section = 192 (18) = 3,456 1bs.
Eave section = 49.4 (14)= 692 1bs.

Total weight 4,148 1bs.
Resisting moment of the roof due to the combination of the
roof anchorage and dead load:

Anchorage- 12 - 2 x 8 joists spaced at 16 inches o.c. with
10d toenailed connections at 250 1bs. each

Resistance = 12 (250) = 3,000 1bs.

9 - 2 x 6 outriggers spaced at 1€ inches o.c.
with 10d toenailed connections at 250 1bs. each

Resistance = § (250) = 2,250 1bs.
Resisting moment-
M, = 4,148(6) + 3,000(12) + 2,250(6)
= 74,388 ft 1bs.

Coefficient of variation of the resisting moment:

v, = .159

Overturning moment based on Figure 11: the value of "a" is
4.67 ft.

Region Area (ftz) Moment arm (ft) GCD3
1 117 4.5 .89
2A 39 10.5 1.1
2A' 21.7 12.8 1.70
28 27 4.5 1.1
2B’ 15 4.5 1.70
3A g 10.5 1.1
3A' 12.8 12 1.70

241

ﬁu = [.89(117)4.5 + 1.11(39)10.5 + 1.7(21.7)12.8 + 1.11(27)4.5 +
1.7(15)4.5 + 1.11(9)10.5 + 1.7(12.8)12] q
= 2,010 q ft 1bs.

Equate ﬁr and ﬁh and solve for the mean wind pressure.
q = 37 psf
Average 3 second gust:

V = 120 mph
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Coefficient of variation of the wind speed:

with 95 percent confidence, the average three second
necessary to uplift the corner section of the roof is
+ 29 mph. If anchecrage »f nailed connections 1s neglected,
\g the similar procedure weuld give 68 mph.

rd  Roof Section
thic section of the roof wac not uplifted, these calculations
upper bound on the wind speed.

butary area of the windward roof section:

areaqd

same as the previous problem.

section

isting moment:

.
1€

yraqge-~ i o W 01S1

:
10d toenailed con

Resistance

variation of the resisting moment:

1 ASE
I,ch q ft

e for the mean wind pressure.

. \vas carand -
1J€ three second ’;'u L

Coefficient of variation of the




\ = 1“' A’J V. :‘ + V : = “3
Vo T ¥p ‘/uCE 'c 1
10. With 95 percent contidence, the average three second gust
needed to uplift the interior sections of the roof is 147 +
38 mph.
The wind speed calculations on the above roof sections show that
the damaging wind speeds at the recreation hall were probably lower than

150 mph; otherwise, further damage would have been expected.

5.5 Communication Building Wind Speed Calculation

The communication building has a long, rectangular shape oriented
in a north-south direction (Figure 12). As the tornado passed, roof
sections on the southernmost portion of the roof were uplifted and
moved eastward. However, the roof sections near the center portion
were moved westward.

The northernmost portion of the building remained relatively free
from damage suggesting lower wind speeds. It appeared that the center
of the tornado passed directly over the building (refer to Figure 3).

Two different regions of the building were selected for wind speed
calculations a) the windward roof and b) the windward wall. The roof
consisted of a 2 inch perlite (lightweight) concrete siab poured over a
fabric-backed wire mesh. The mesh was divided into 8 foot wide sections
and lightly secured to the top of the steel joists by twisted galvanized
wire. Open web steel joists were spaced at 30 inches on center and
secured to a bond beam with two one-half inch diameter boclts. The com-
posite nature of the roof was the result of the building being designed
to resist blast. However, as the tornado passed, the twisted galvanized
wire failed and the 2 inch per ite slab "rolled" off the roof in 8 foot

sections. The open web steel joists remained in place.

The windward wall is 11 feet high and consists of loadbearing clay

tile units which suppurt the steel joists and perlite roof (Figure 13).
Horizontal reinforcement was placed in the mortar joint at alternate
courses, but there was no vertical reinforcement. The wind speed cal-
culation on the wall followed a procedure similar to the one described
by McDonald et al. (1981).

The assumptions are the same as in previous sections. In addition,
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Figure 12 Plan view of the Communications Building showing
windward roof damage (unshaded portion).
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Figure 13 Windward roof-wall detail of the Communications

Building.
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s 11 be assumed for the wall having a mean strength of

pe N mortar wiil De

~ \ -~

20 psi and coefficient of variation of 0.21 (refer to Table 14). Ine

esistance of galvanized wire as well as the number and spacing are

v
» - 1 r .
unknown. herefore, three conditions of anchorage were selected:

0 1b. resistance, and 600 1b. resistance.

» v

butary area of the windward roof: eight foot wide sections
f the roof are used and construction materials are the same

)ver the IA(JGf and eave.

roof area = 8 (14) = 112 ft°

>al
OLld

nstruction materials

o

A

¢ Dead load of the roof: unit weights of C
were obtained from AISC (1980).

".‘71"‘&)" r'l’\“: Ds
ked wire mesh j’f'

N

O
(Vs )
-

Jr;}i“p‘

Total weight of the roof:

=3
Lalt

weight = 11 16 psf) = 1,792 1bs.

mbination of the roof

& Resisting moment of the roof from the
ns of anchorage for

anchorage and dead load: three condit
the twisted galvanized wire were selec

ch -
M «
o

Case | No resistance
3 ea. resistance

ea.

' mparison, 300 1b. resistance is equal to a 16d toenailed
nnection Since there are three steel joists supporting the

101
roof deck. it is assumed that at least three wire twists were




Case 3 V. = .198

P
6. Overturning moment based on Figure 14a: the value of "a" is
2.58 ft.

Region Area(ftz) Moment arm (ft) GCp3

1 91.3 5.7 .89

2A 12.7 12.2 1.1

2A' 8.0 13.5 1.70

112.0

M, = [.89(91.3)5.7 + 1.11(12.7)12.2 + 1.7(8)13.5] g
= 819 q ft 1bs.

7 Solve for the wind pressures.

Case 1 15.32 psf
Case 2 29.6 psf
Case 3 43.89 psf

8. Determine the average thrze second gust using ANSI-A58.1 (1982).

Case 1 77 mph
Case 2 108 mph
Case 3 131 mph

9. Coefficient of variation of the wind speed:

Case 1 0.10
Case 2 0.12
Case 3 0.13

10. Establish 95 percent confidence 1imits on the three second gust
according to the anchorage assumptions.

Case 1 no resistance V=77 +15 mph
Case 2 300 1b. wire resistance V =108 + 26 mph
Case 3 600 1b. wire resistance V =131 + 34 mph

Clearly, a secon! estimate is needed in order to better define
the wind speed. Since the windward wall remained intact, an upper bound
wind speed can be calculated.
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Figure 14 Sections of the Communications Building used to
determine wind speed calculations a) roof as divided
into ANSI-A58.1 1982 wind regimes and b) windward wall.
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5.5.2 Windward Wall
Since this section of the wall did not fail, the wind speed cal-
culation will represent an upper bound value.

1. Dead load of the roof and wall:

Roof weight remaining psf
open web steel joists at 30 inch spacing 5
¢ inch batt insulation 1
3/8 inch gypsum wallboard 2
2 x 4 wooden ra“ters at 16 inches spacing 3
duct and electrical = IR
13 psf
Wall weight
15 - loadbearing clay tile units at 33 psf
each 495 1bs.
1 - grouted CMU bond beam at 55 psf _55 1bs.
550 1bs/ft

2. Axial load on the wall which includes the weight of the wall
and roof:

P =550 + 13 psf (27.3/2) = 727 1bs/ft

3. Bending moment produced by the wind: the wall is assumed to
be hinged at the top and fixed at the bottom (Figure 14b).
From NCMA (1970), a reduction of 10 percent can be taken in
the bending moment as a small portion will be distributed to
the intersecting vertical walls. This reduction is valid for
a span-to-height ratio of 1:4,

M= .00256 v° (.8q) (10) (12) (.9) / 8
= 276 V2

4, Tensile stress produced by the combined axial load and
bending moment should not exceed the modulus of rupture of the
mortar. Thus,

P .M
MR=-%X*%

Geometric properties of the 8 x 8 x 12 clay tile units were
obtained from Schneider (1980).

2
20 pst = - 121 4 206V

Term A Term B Term C
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Solving for the threshold wind speed, V = 107 mph.

5. Coefficient of variation as a weighted average for the three
terms above: from Table 14, the coefficients of variation are
0.21, 0.12, 0.1 and 0.5 for the modulus of rupture of the mor-
tar, pressure coefficient, dead load, and density constant,

respectively. 3
; ./119.13 x 132 + (20 x .21)¢ = 12
A+8 39.13
v, = % \/(VMB)Z v (v)? = .065

With 95 percent confidence, the three second gust racessary
to topple the wall is 107 + 14 mph. Since the wall did not
fail, this value represents an upper bound on the wind speed.
Therefore, Case 1 to 2 seems reasonable for wind speeds on
the Communications building roof.

5.6 Summary
After visual inspection of the damage at Altus Air Force Base, the

intensity of the damage was rated F-3, (158-206 mph). Further investi-
gation of the construction plans revealed that wind speeds which caused
the observed damage were between 85 and 135 aph. Overall wind speeds
probably did not exceed 150 mph; otherwise, additional damage to exterior
walls and interior rocf sections would have been caused.

A summary of wind speed calculations for each building is shown in
fable 20. In all of the wind speed calculations presented, the primary
cause of failure initiated where the structure was anchored. The Para-
chute drying tower overturned as the result of the anchor bolts “ailing
in tension. The roof failures at the Dining hall and Recreation bhuilding
resulted from uplift of the toenailed connections between the wooden
joists and the nail strip at the top of the wall. The roof failure at
the Communicationt “uilding resulted from uplift on the galvanized wire
*4ists, It should be emphasized that the F-scale wind speeds over-
estimated the wind speed necessary to cause the observed damage, espe-
cially in the case of the Communications building. Thcugh each building
had considerable differences in construction details, the wind speeds
calculated were quite consistent.
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SUMMARY OF WIND SPEED ESTIMATES IN THE ALTUS

auild Faflure oriain Distance from F-scale
Buildinc Failure ori¢
culiding » J tornado center rating
- Parachute Drving Anchor bolt 650 ft right F1
X [ower connection
[ na 1 ( i 00 f .
Dining Hall Toenailed roo 200 ft left F?
connection
F oat ] Toenaile 0of
Recreation Hall foenailled roo 100 ft left F2
connection
Communications Twisted wire Ft £3
3 J L - J
building connection

* Three second gust with 95% confidence limits

TORNADO

Failure
wind speed*

+

19 mph

5

c/ m[h
34 mph
4 ll

4 mph







manent structures.

Meaningful wind speed estimates can only be obtained by thorough
damage documentation and the acquisition of construction plans. From
this, accurate details on the size of the connection and components
of the structure as well as the type of construction materials used
can be determined.

6.2 Future Research

The probabilistic approach in the design of structures to resist
loads is a relatively recent one. Most of the advancements in this
subject have been made within the past eight years. In most cases,
the theory is more advanced than the knowledge of structural resist-
ance statistics. In this study, the most recent data on load and
resistance statistics were used. In the future, improved testing
and modeling in the performance of structures under wind loads will
yield additional load and resistance data. As a result, wind speed
estimates can become more improved.

Additional variability exists in the gust sensitivity of the
structure, in the orientation of the structure to the wind, and in
the assumptions made herein to obtain the wind speed estimate.

Also, variability exists in using the structural resistance of a
single member to describe the strength and performance of an entire
structural system., The additional uncertainties can be included in
fquation (2.25) as data become available. Thus,

: I NN O e
vw s J/;r y vCp . »c ' 1§]vi

where V, describes the additional uncertainties. Studying the vari-
ables which influence structural resistance and wind load will pro-
vide the meteorologist and engineer with better insight to obtain
more accurate wind speed estimates.
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TABLE 21
SUMMARY OF STRENGTH DATA FOR 8d NAILED CONNECTIONS

Straight Pull

Rank Force (1bs) Rank Force (1bs)

1 35 16 60

2 40 17 65

3 45 18 65

4 45 19 70

5 45 20 70

6 45 21 a9

7 50 22 80

8 50 23 85

9 55 24 85
10 55 25 95
11 60 26 95
12 60 27 105
13 60 28 115
14 60 29 120
15 60 30 125
Mean: 69.3 Median: 60 Mode: 60
€C.0.V. .36

Toenailed

Rank Force (1bs) Rank Force (1bs)

1 125 16 185

2 125 17 200

3 125 18 205
4 130 19 240

5 130 20 245
6 135 21 250

7 140 22 255
8 140 23 270
9 140 24 270
10 145 25 280
11 160 26 295
12 165 27 300
13 175 28 300
14 175 29 335
15 180 30 360
Mean: 206 Meadian: 180 Mode: 140
C.0.V. .36
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