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Executive Summary

On the evening of May 3, 1999, an outbreak of tornadoes tore through parts of Oklahoma and Kansas, in
areas that are considered part of "Tornado Alley", leveling entire neighborhoods and killing 49 people.
The storms that spawned the tornadoes moved slowly, contributing to the development and
redevelopment of individual tornadoes over an extended period of time.

On May 10, the Federal Emergency Management Agency's (FEMA's) Mitgation Directorate deployed a
Building Performance Assessment Team (BPAT) to Oklahoma and Kansas to assess damage caused by
the tornadoes. The team was composed of national experts including FEMA Headquarters and Regional
Office engineers and staff; a meteorologist; architects; planners; wind engineers; structural engineers; and
forensic engineers. The mission of the BPAT was to assess the performance of buildings affected by the
tornadoes, investigate losses, and describe the lessons learned. This report presents the BPAT's
observations, conclusions, and recommendations, which are intended to help communities, businesses,
and individuals reduce future injuries and the loss of life and property resulting from tornadoes and other
high-wind events. It is not the intent of this report to reclassify the strength of the May 3 tornadoes or the
ratings of the damage observed, or to debate the magnitude of the wind speeds associated with those
tornadoes. Rather, the intent is to clearly define some basic concepts associated with tornadoes and
tornado damage that will be referred to throughout this report.

The observations, conclusions, and recommendations in this report are grouped to address issues
concerning (1) residential property protection, (2) non-residential property protection, and (3) personal
protection and sheltering. The BPAT's findings are correlated with the Fujita damage scale, which ranks
tornadoes according to the damage they cause, and general tornado intensity (Table 1-1).

Tornadoes are extremely complex wind events that cause damage ranging from minimal or minor to
absolute devastation. For the purposes of this report, tornado intensity is simplified and referred to by
three categories: moderate, severe, and violent. In a violent tornado, the most severe damage occurs.
Typically, all buildings are destroyed and trees are uprooted, debarked, and splintered. In a severe
tornado, buildings may also be destroyed, but others may suffer less severe damage, such as the loss of
exterior walls, the roof structure, or both. Even when buildings in this area lose their exterior walls and
roofs, interior rooms may survive. In moderate tornadoes, damage to buildings primarily affects roofs and
windows. Roof damage ranges from loss of the entire roof structure to the loss of all or part of the roof
sheathing or roof coverings. Typically, many of the windows in buildings will be broken by wind-borne
debris.

During the field investigation, the BPAT investigated buildings to identify successes and failures that
occurred during the tornadoes. Building failures were identified as being directly struck by the vortex or
core of the tornado, affected by winds outside the vortex of the tornado, or out on the extreme edge or
periphery of the tornado path. Considerable damage to all types of structures throughout Oklahoma and
Kansas was observed. Failures occurred when extreme winds produced forces on the buildings that they
were not designed to withstand. Failures also occurred when wind-borne debris penetrated the building
envelope, allowing wind inside the building that again produced forces on the buildings that they were not
designed to withstand. Additional failures observed were attributed to improper construction techniques
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and poor selection of construction materials. It was a goal of the BPAT to determine if any of the damage
observed to both residential and non-residential buildings was preventable.

Most residential construction in Oklahoma and Kansas is currently required to be designed per the 1995
Council of American Building Officials (CABO) One and Two Family Dwelling Code. Although some
amendments have been adopted by local municipalities, this code does not incorporate wind speed design
parameters used by the newer 1997 Uniform Building Code (UBC) and 1996 National Building Code
(NBC). Furthermore, engineering standards such as the American Society of Civil Engineers (ASCE) 7-

95 and 7-98 design standard provide better structural and non-structural design guidance for wind loads
than these newer codes. Although designing for tornadoes is not specifically addressed in any of these
newer codes or standards, constructing residential homes to these codes and standards would improve the
strength of the built environment. The BPAT concluded that building to these codes and standards would
have led to reduced or minimized damage in areas that were affected by the inflow winds of all tornadoes
and reduced the damage observed where moderate tornadoes impacted residential construction.

The BPAT concluded that the best means to reduce loss of life and minimize personal injury during any
tornadic event is to take refuge in specifically designed tornado shelters. Although improved construction
may reduce damage to buildings and provide for safer buildings, an engineered shelter is the best means
of providing individuals near absolute protection.

The BPAT developed recommendations for reducing future tornado damage to property and providing
personal protection. Broad recommendations include the following:

e Proper construction techniques and materials must be incorporated into the construction of residential buildings to
reduce their vulnerability to damage during extreme wind events. Existing construction techniques proven to
minimize damage in wind-prone areas are not always being utilized in areas that are subject to tornadoes.

e Construction should be regulated and inspected to ensure that residential buildings meet the most current building
code requirements, including those regarding structural seismic issues.

e For engineered buildings, the engineer should review connections to ensure adequate capacity for moderate to
severe uplift and lateral loads that may be in excess of loads based on the building codes currently in effect.

o Cities and appropriate local governments should adopt the 1997 UBC or 1996 NBC as the model building
codes.

o Cities and appropriate local governments not already using the 1995 CABO One- and Two-Family Dwelling
Code should do so immediately.

¢ The International Building Code (IBC) and the International Residential Code (IRC) should be adopted upon
their release in 2000.

e Shelters are the best means of providing near absolute protection for individuals who are attempting to take
refuge during a tornado.

e All shelters should be designed and constructed in accordance with either FEMA 320 or The National
Performance Criteria for Tornado Shelters
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Executive Summary

On the evening of May 3, 1999, an outbreak of tornadoes tore through parts
of Oklahoma and Kansas, in areas that are considered part of “Tornado
Alley”, leveling entire neighborhoods and killing 49 people. The storms that
spawned the tornadoes moved slowly, contributing to the development and
redevelopment of individual tornadoes over an extended period of time.

On May 10, 1999, the Federal Emergency Management Agency’s (FEMA'S)
Mitigation Directorate deployed a Building Performance Assessment Team
(BPAT) to Oklahoma and Kansas to assess damage caused by the torna-
does. The BPAT was composed of national experts including FEMA Head-
guarters and Regional Office engineers and staff; a meteorologist; architects;
planners; wind engineers; structural engineers; and forensic engineers.
Members of the BPAT are presented in Appendix A. The mission of the BPAT
was to assess the performance of buildings affected by the tornadoes, investi-
gate losses, and describe the lessons learned. This report presents the BPAT'’s
observations, conclusions, and recommendations, which are intended to help
communities, businesses, and individuals reduce future injuries and the loss of
life and property resulting from tornadoes and other high-wind events. The
observations, conclusions, and recommendations in this report are grouped to
address issues concerning residential property protection, non-residential
property protection, and personal protection and sheltering.

The BPAT's findings are correlated with the Fujita damage scale, which
ranks tornadoes according to the damage they cause, and general tornado
intensity (Tables 1-1 and 2-1). It is not the intent of this report to reclassify
the strength of the May 3 tornadoes or the ratings of the damage observed;
or to debate the magnitude of the wind speeds associated with those to
does.

Tornadoes are extremely complex wind events that cause damage ranging
from minimal or minor to absolute devastation. For the purposes of this
report, tornado intensity is simplified and referred to by three categories:
violent, strong, and weak. The greatest damage occurs in a violent tornado. - L
Typically, all buildings are destroyed and trees are uprooted, debarked, and

splintered. In a strong tornado, some buildings may be destroyed, but most ﬂ‘)&

suffer less damage, such as the loss of exterior walls, the roof structure, or / e‘é\‘
both. Even when buildings affected by a strong tornado lose their exterior “
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walls and roofs, interior rooms may survive. In weak tornadoes, damage to
buildings primarily affects roofs and windows. Roof damage ranges from loss
of the entire roof structure to the loss of all or part of the roof sheathing or
roof coverings. Typically, many of the windows in buildings will be broken by
windborne debris. Weak tornadoes can often cause significant damage to
manufactured housing.

The BPAT investigated buildings to identify successes and failures that
occurred during the tornadoes. Buildings were classified as being directly
struck by the vortex (i.e., core) of a tornado, affected by winds outside (but
near) the vortex of a tornado, or out on the extreme edge (i.e., periphery) of
a tornado path. Few successes were observed by the BPAT. Successes
consisted of the utilization of engineered shelters within a home or commer-
cial building or voluntary utilization of known construction techniques that
strengthened the structural system of a building. Considerable damage
occurred to all types of structures throughout the areas observed in Okla-
homa and Kansas. Failures occurred when extreme winds produced forces
on the buildings that they were not designed to withstand. Failures also
occurred when windborne debris penetrated the building envelope, allowing
wind inside the building that again produced forces on the buildings that they
were not designed to withstand. Additional failures observed were attributed
to the construction techniques used, the selection of construction materials,
the fasteners used, and the design of, or lack of, connections. It was a goal
of the BPAT to determine if the damage observed to both residential and non-
residential buildings was preventable.

Most residential construction in Oklahoma and Kansas is currently required to
be designed per the 1995 Council of American Building Officials (CABO)

One- and Two-Family Dwelling Code. Although some amendments have been
adopted by local municipalities, this code does not incorporate wind speed
design parameters used by the newer 1997 Uniform Building Code (UBC)
and 1996 National Building Code (NBC). Furthermore, engineering standards
such as the American Society of Civil Engineers (ASCE) 7-98 design
standard provide better guidance for determining design wind loads than
these newer codes. Although designing for tornadoes is not specifically
addressed in any of these newer codes or standards, constructing homes to
these codes and standards would improve the strength of the built environ-
ment. The BPAT concluded that buildings constructed to these newer codes
and standards would have experienced less damage in areas that were
affected by the inflow winds of all tornadoes and reduced the damage where
weak tornado vortices directly affected buildings.

The BPAT concluded that the best means to reduce loss of life and minimize
personal injury during any tornadic event is to take refuge in specifically
designed tornado shelters. Although improved construction may reduce
damage to buildings and provide for safer buildings, an engineered shelter is
the best means of providing individuals near absolute protection.
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The BPAT developed recommendations for reducing future tornado damage
to property and providing personal protection. Broad recommendations
include:
= Building Code Recommendations. Neither building codes nor
engineering standards explicitly address design for tornadoes.
However, designing to the wind loads in ASCE 7-98 can
reduce damages from both weak tornadoes and in outlying
areas damaged by strong and violent tornadoes. The model
building codes consider these latest engineering standards,
such as ASCE 7, when model building codes are revised,
usually on a 3-year cycle. In order that design and construc-
tion practices reflect our improved understanding of high
winds, jurisdictions having authority should consider the
following alternatives in amending their current building code
or in adopting new building codes:
m Adopt the International Building Code (IBC) and the
International Residential Code (IRC) upon their
expected release in February 2000.
m As an interim step to adopting the IBC and IRC,
adopt the 1997 UBC, the 1997 Standard Building
Code, (SBC), or the 1996 NBC as the building code
until the IBC or IRC can be adopted. To further
improve the wind resistance of buildings, adopt an
amendment that requires the use of ASCE 7-98 to
calculate wind loads.

m As an interim step to adopting the IRC, State and
local governments should adopt the 1995 edition of
the CABO One- and Two-Family Dwelling Code for
jurisdictions using previous editions of this code or
having no residential code in place. This will provide
some guidance for designing for wind loads.

m Communities should consider the need for adopting ordi-
nances and regulations that promote disaster-resistant
communities by incorporating tornado shelters into new
construction and communities.

m The Federal Government (HUD) should review its standards
and enforcement program in an effort to improve the perfor-
mance of manufactured homes in moderately high wind
events, such as in inflow areas of all tornadoes and the tracks
of weak tornadoes. Specifically, the capacity of anchoring and
strapping equipment and systems needs to be evaluated to
eliminate the discontinuity between the Federal standard and
the State and local installation and enforcement process.
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Consideration should be given to permanently connecting the
manufactured home unit to its foundation. The BPAT
observed newer double-wide manufactured houses on
permanent foundations and did not see significant differ-
ences in damage between these manufactured homes on
permanent foundations and conventionally built houses.
Double-wide manufactured housing on permanent founda-
tions performed better than both double-wide and single units
on non-permanent foundations.

Construction techniques and materials to provide a continu-
ous load path for wind loads should be incorporated into the
construction of buildings, including houses. This will reduce
their vulnerability to damages during extreme wind events.
There are existing proven construction practices to minimize
damages in other wind-prone areas (hurricane areas) of the
country.

Construction should be regulated and better inspected to
ensure that buildings (including residences) meet current
building code requirements. A lack of compliance with
building codes was observed in many of the damaged
buildings.

Garage doors are an extremely important residential building
component. Failure of these doors led to catastrophic
progressive failures of primary structural systems that could
have been avoided. New garage doors should be installed
with improved resistance to high wind loads.

Where new doors are not installed, retrofits should be made
to improve the wind resistance of existing garage doors,
particularly double-wide garage doors. These retrofits and
new doors will better resist wind forces and should reduce
the roof and wall damage that was observed in homes that
experienced garage door failures.

Architectural features should be appropriately designed,
manufactured, and installed to resist wind loads and to
minimize the creation of windborne debris. To accomplish
this, the local community may want to further regulate these
features to ensure a reduction in potential debris materials.

The brick masonry industry should consider re-evaluating
attachment criteria of masonry, specifically regarding
product usage. Greater emphasis should be given to code
compliance for the bond between the mortar and brick tie,
the mortar and the brick, and the spacing of brick ties.
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m |n areas subjected to high winds from either tornadoes or
hurricanes, masonry chimneys should have continuous
vertical reinforcing steel placed in the corners to provide
greater resistance to wind loads. This reinforcing steel
should be placed to the requirements set forth in the 1995
CABO One-and Two- Family Dwelling Code (Requirements
for Masonry Fireplaces and Chimneys for seismic zones 3
and 4) or the masonry fireplace provisions of the IRC;
available in February 2000.

m Shelters are the best means of providing near absolute
protection for individuals who are attempting to take refuge
during a tornado. All shelters should be designed and con-
structed in accordance with eitfdEMA 320: Taking Shelter
From the Stormor the National Performance Criteria For
Tornado Shelter§Appendixes C and D). All shelters
should provide access to persons with disabilities as neces-
sary and in conformance with the Americans with Disabili-
ties Act (ADA). Local officials should monitor the installa-
tion of shelters to ensure that the floors of all shelters are
located at or above expected flood levels.

m Manufactured homes typically offer little protection from
severe wind storms and tornadoes. In the event of such
storms, occupants of manufactured homes should exit their
home and seek shelter in storm cellars, basements, or above-
ground shelters. If shelters are provided in manufactured
home parks, which is recommended, dispersed shelters,
which can be accessed in a short time period, are recom-
mended.

m Prospective occupants of community shelters should be
acutely alert to storm warnings in order to allow sufficient
time for the travel distance to the community shelter. Custo-
dians of the shelter should be similarly alert so that the
shelter is unlocked at appropriate times. Community shelters
should be ADA compliant and the admission rules perma-
nently posted (i.e. “No Pets Allowed,” etc.).

m EXisting essential facilities that offer inadequate protection
should have shelters retrofitted or a shelter added. New
essential facilities should be designed with shelters. Inter-
ested states should form a committee to evaluate the need
for tornado plans and shelters in essential facilities and other
establishments serving the public (e.qg., schools, hospitals, and
critical facilities). All facilities for public accommodation
should have a National Oceanic and Atmospheric Adminis-
tration (NOAA) weather radio in continuous operation.
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m The installation of laminated glass in essential facilities
should be considered because of the substantial protection
that it offers from debris missiles. A recommended standard
for determining minimum strength of openings with laminated
glass is to conduct testing, in accordance with ASTM E
1886, in consideration of the load criteria given in ASTM E
1996.

m Fire departments and emergency services agencies should
make a list of addresses with shelters both above ground and
below ground. This list will assist post disaster response teams
and agencies in checking after a tornado to see if people are
trapped inside their shelters.
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CHAPTER 1

1 Introduction

1.1 PURPOSE

The number of tornadoes that occurred on May 3, 1999, in Oklahoma and
Kansas, their severity, and the level of devastation they caused have not been
seen in a generation within the United States. One of the missions of the
Federal Emergency Management Agency (FEMA) that directly supports the
National Mitigation Strategys:

to significantly reduce the risk of loss of life, injuries, economic costs
and destruction of natural and cultural resources that result from
natural hazards.

In response to the disasters caused by the May 3 tornadoes, FEMA deployed
a Building Performance Assessment Team (BPAT), composed of national
experts in engineering, architecture, meteorology, and planning, to Oklahoma
and Kansas. The mission of the BPAT was to assess the performance of
buildings affected by the tornadoes, investigate losses, and describe the
lessons learned. This report presents the BPATs observations, conclusions,
and recommendations, which are intended to help communities, businesses,
and individuals reduce future injuries and the loss of life and property
resulting from tornadoes and other high-wind events.

1.2  TEAM COMPOSITION

The BPAT included FEMA Headquarters and Regional Office engineers and
staff; a meteorologist; planners; architects; wind engineers; structural
engineers; and forensic engineers. The members of the BPAT are listed in the
appendix of this report.

1.3  METHODOLOGY

The FEMA Mitigation Directorate deployed the BPAT to Oklahoma and
Kansas on May 10, 1999. The team inspected both residential and non-
residential buildings, as discussed below. By assessing the performance of
these buildings, the team was able to develop technical guidance concerning
new construction and post-tornado reconstruction for state and local
governments, building owners, architects, engineers, and contractors.

In addition to assessing building performance, the BPAT:

¢ inspected shelter areas in public buildings (e.g., schools,
churches, day care centers, nursing homes),
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¢ investigated successes and failures of existing shelters
during the tornadoes, and

e evaluated existing tornado response plans within buildings
intended for high occupancy such as schools and private industry
facilities.

Field investigations began on May 10 and were conducted through May 18.
In Oklahoma, inspections were made in Bridge Creek (about 50 miles
southwest of Oklahoma City); the Oklahoma City metroplex, including the
suburbs of Moore, Del City, and Midwest City; the Project Impact
community of Tulsa; and Stroud and Mulhall. In Kansas, inspections were
made in unincorporated Sedgwick County, the City of Haysville, and
Wichita, Kansas.

BPATSs frequently conduct aerial assessments of damage areas to gather
general data on damage sites, acquire aerial photographs of those sites, and
determine the focus and final composition of the BPAT. For the May 3
tornado disasters, adequate information was provided to the team by the
FEMA Disaster Field Offices (DFOs) and by state and local government
agencies. Therefore, the BPAT did not conduct an aerial assessment of the
damage areas.

The BPAT inspected the following types of residential buildings:

¢ single- and multi-family, one- to two-story wood-frame houses
e manufactured and modular homes
e accessory structures

Many of the houses inspected in Kansas were constructed on basement or
crawlspace foundations; most of the houses inspected in Oklahoma were
constructed on slab-on-grade foundations. From its observations, the BPAT
formed conclusions concerning the structural performance of residential
buildings exposed to the May 3 tornadoes. The BPAT also formed
conclusions regarding exterior architectural systems; those conclusions focus
on roof coverings, brick veneer and other siding materials, windows, garage
doors, and masonry chimneys.

The non-residential building types observed included the following:

tilt-up pre-cast concrete walls with steel joists

o load-bearing masonry walls with steel joists
load-bearing masonry with pre-cast concrete hollow-core floor
and roof slabs

e pre-engineered metal buildings (light steel frames)
buildings constructed of laminated wood arches with wood
framing

¢ buildings with masonry veneer and pre-cast concrete floors

(12 | FEDERAL EMERGENCY MANAGEMENT AGENCY
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industrial plants

e aregional shopping outlet mall

e public use buildings inspected include a hospital, nursing homes,
day care centers, hotels, schools

Other important issues such as windborne debris (missiles), personal
protection, and sheltering were investigated and are discussed in individual
sections of this report.

FEMA encouraged the participation of state and county government officials
and locally based experts in the assessment process. Their involvement was
critical because it helped to:

e ensure that state and local building code and other requirements
were properly interpreted,

e increase the likelihood that local construction practices were
fully appreciated and understood,

e establish positive relationships among Federal, state, and local
governments and the private sector, and

e encourage the development of recommendations that were both
economically and technically realistic.

Under this premise, the BPAT met with local government officials upon
arriving in Oklahoma and Kansas to “partner” in the overview and
identification of damage areas. Team members were briefed by staff
members of the FEMA regional DFOs and representatives of state, county,
and local government agencies on the extent and types of damage. GIS maps
were provided and reviewed in order to select field investigation sites and
establish an itinerary (Figure 1-1).

PERFORMANGCE ASSESSMENT: OKLAHOMA AND KANSAS TORNADOES m
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FIGURE 1-1: BPAT meeting
with State of Kansas and
local government officials
in Wichita, Kansas.

FIGURE 1-2: Meeting with
local fire official in
Midwest City, Oklahoma.
Photo to be added later.
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Collectively, the team spent over 2,000 hours in the field conducting site
investigations and inspecting damage. Documentation of observations made
during the site visits included field notes and photographs. The BPAT's
mission did not include recording the numbers of buildings damaged by the
tornadoes, determining the frequency of specific types of damage, or
collecting data that could serve as the basis of statistical analysis.

1.4  PRESENTATION OF FINDINGS

The observations, conclusions, and recommendations in this report are
grouped to address issues concerning (1) residential property protection, (2)
non-residential property protection, and (3) personal protection and
sheltering.

Table 1-1 correlates the BPAT's findings with the Fujita damage scale

(which ranks tornadoes according to the damage they cause) and general
tornado intensity in terms that will be used throughout this report. For the
purposes of this report, tornado intensity is referred to by the three categories
listed in Table 1-1: moderate, severe, and violent. When appropriate, damage
observations in this report are presented in terms of the Fujita scale ratings.
Table 1-1 is intended to help the reader better understand tornadoes, the
damage associated with them, and how mitigation efforts can be made to
reduce the property damage and loss of life caused by tornadoes. Further
discussions regarding the makeup of a tornado, the damage associated with
the winds of a tornadic event and the Fujita scale are presented in Chapter 2.

This report is intended to provide information related to mitigation efforts

that communities, businesses, and individuals can undertake to reduce future
injuries and the loss of life and property. It is not the intent of this report to
re-classify the strength of the May 3 tornadoes or the ratings of the damage
observed, or to debate the magnitude of the wind speeds associated with
those tornadoes. The Fujita scale ratings mentioned in this report are based
on preliminary ratings issued by the local National Weather Service (NWS)
offices in Oklahoma and Kansas after the tornado outbreaks. The National
Severe Storms Laboratory (NSSL) in Norman, Oklahoma, provided
additional preliminary information regarding the tornadoes.
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2 Background on
Tornadoes and History
of the Storm

This chapter presents both a history of the May 3, 1999, tornadoes as they
affected Oklahoma and Kansas and insight into the interaction between a
tornado and a populated area. The Fujita scale for classifying tornado
damage is presented in this chapter. A discussion on tornadoes and tornado
damage is also included.

2.1 THE FUJITA SCALE AND TORNADO PROBABILITY

Of the 1,000 or so tornadoes reported each year in the United States, only a
few are rated as “violent” events (F4 or F5 on the Fujita scale). The Fujita
scale (Table 2-1), which was created by the late Tetsuya Theodore Fuljita,
University of Chicago, categorizes tornado severity based on damage
observed and not on recorded wind speeds. Wind speeds have been
associated with the damage descriptions of the Fujita scale, but the accuracy
of these wind speeds is limited in that they are only estimates that best
represent the observed damage and are not calibrated wind speeds.

Although the number of violent tornadoes varies considerably from year to
year, the average during the period from 1980 to 1989, was about 10 per
year. On average, only one or two of these per year were rated F5. Historical
data indicate that the number of tornado reports have been rising, in general,
since tornado data began to be collected in the early 1900’s. However, the
data suggest that a long-term increase in the frequency of tornadoes is
unlikely. Rather, increased reporting of tornadic events has caused the
numbers of documented tornadoes to rise.
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F-0: (Light Damage) Chimneys are damaged, tree branches are broken,
shallow-rooted trees are toppled.

F-1: (Moderate Damage) Roof surfaces are peeled off, windows are broken,
some tree trunks are snapped, unanchored manufacture homes are
overturned, attached garages may be destroyed.

F-2: (Considerable Damage) Roof structures are damaged, manufactured
homes are destroyed, debris becomes airborne (missiles are generated), large
trees are snapped or uprooted.

F-3: (Severe Damage) Roofs and some walls torn from structures, some
small buildings are destroyed, non-reinforced masonry buildings are
destroyed, most trees in forest are uprooted.

F-4: (Devastating Damage) Well-constructed houses are destroyed, some
structures are lifted from foundations and blown some distance, cars are
blown some distance, large debris becomes airborne.

F-5: (Incredible Damage) Strong frame houses are lifted from foundations,
reinforced concrete structures are damaged, automobile-sized debris becomes
airborne, trees are completely debarked.

Even today, tornadoes are unlikely to be rated as violent unless they interact
with the built environment, so the actual numbers of violent tornadoes per
year are probably somewhat larger than the reporting statistics suggest.
According to calculations performed by the National Severe Storms
Laboratory (NSSL), the most recent data (1980-1994) indicate that the within
the regions of the United States with the highest frequency of tornado
occurrence, an area of 2,500 square miles should expect about one tornado
(of any intensity) per year (Figure 2-1). In other words, the chance of any
particular square mile experiencing a tornado in a given year, within the
designated area of “Tornado Alley,” is about one in 2,500. The map in Figure
2-1 indicates by color band the probability of tornado occurrence in the
continental United States during any given year.
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8001010000 SFC TORN
FIGURE 2-1: Annual probability of tornado occurrence in the continental United States.

If violent tornadoes correspond to the top 2 percent of all tornadoes, an area
of 2,500 square miles in the area of peak frequency would be expected to
experience a violent tornado only about once every 50 years. Alternatively, a
given square mile’s chances of being hit in a given year by a violent tornado
are about one in 125,000.

Fujita estimated that the total area within a violent tornado’s path that

actually experiences damage associated with the violent wind speeds (i.e., the
area directly impacted or struck by the tornado vortex) is only on the order of

1 percent of the total area affected. That means that a given square mile in
“Tornado Alley” has only about 1 chance in 12,500,000 of being hit by the
winds of the vortex of a violent tornado. Given that our knowledge of actual
tornado occurrences is not complete or perfectly accurate, the true chances of
being hit by a violent tornado might vary from the estimates given here.
However, the NSSL believes these numbers to be broadly representative of
the probabilities of being affected by a violent F4/F5 tornado.
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2.2 TORNADOES AND ASSOCIATED DAMAGE

Tornadoes are extremely complex wind events that cause damage ranging
from minimal or minor to absolute devastation. Providing a complete and
thorough explanation or definition of tornadoes and tornado damage is not
the intent of this section. Rather, the intent is to clearly define some basic
concepts associated with tornadoes and tornado damage that will be referred
to throughout this report.

In a simplified tornado model, there are three regions of wind:

1. Near the surface, close to the core or vortex of the tornado. In
this region, the winds are complicated and include the peak low-
level wind speeds, but are dominated by the tornado’s strong
rotation. It is in this region that strong upward motions occur that
carry debris upward, as well as around the tornado.

2. Near the surface, away from the tornado’s core or vortex. In this
region, the flow is dominated by inflow to the tornado. The
inflow can be complicated and is often concentrated into
relatively narrow swaths of strong inflow rather than a uniform
flow into the tornado’s core circulation.

3. Above the surface, typically above the tops of most structures,
the flow tends to become very nearly circular.

In an actual tornado, the diameter of the core or vortex circulation can
change with time, so it is impossible to say precisely where one region of the
tornado’s flow ends and another begins. Also, the visible funnel cloud
associated with and typically labeled the vortex of a tornado is not always the
edge of the strong extreme winds. Rather, the visible funnel cloud boundary
is determined by the temperature and moisture content of the tornado’s
inflowing air. The highest wind speeds in a tornado occur at a radius
measured from the tornado core that can be larger than the visible funnel
cloud’s radius. It is important to remember that a tornado’s wind speeds
cannot be determined just by looking at the tornado.

Figure 2-2 shows the types of damage that can be caused by a violent tornado
similar to the one that passed through the Oklahoma City Metroplex on May

3, 1999. In general, as shown in the figure, the severity of the damage varies
with distance from the vortex. Note, however, that the rotation of a tornado
can cause winds flowing into the vortex on one side to be greater than those
on other sides. As a result, it is not uncommon for the area of damage on one
side of the tornado to be more extensive. Figure 2-2 reflects this situation.

In a violent tornado, the most severe damage occurs in the area directly
affected by the vortex (the area shaded dark red [dark gray] in Figure 2-2).
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Typically, in this area, all buildings are destroyed and trees are uprooted,
debarked, and splintered. In the immediately adjacent area, shaded orange
[medium gray] in the figure, buildings may also be destroyed, but others may
suffer less severe damage, such as the loss of exterior walls, the roof
structure, or both. Even when buildings in this area lose their exterior walls
and roof, interior rooms may survive. In the outer portion of this area, further
from the vortex, damage to buildings affects primarily roofs and windows.
Roof damage ranges from loss of the entire roof structure to the loss of all or
part of the roof sheathing or roof coverings. Typically, most or all of the
windows in buildings in this area will be broken by windborne debris. In the
area shaded yellow [light gray], damage is again primarily to roofs and
windows. However, roof damage is lighter, and although windborne debris
damage still occurs here, not all windows are broken. Damage to buildings in
the outer fringe of this area is even lighter. Beyond this area, where the figure
shows blue shading, buildings typically suffer no damage.
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Figure 2-2: Impact of a
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2.3 BACKGROUND OF THE EVENT

On May 3, 1999, a widespread outbreak of tornadoes occurred in the south
central United States, primarily in Oklahoma and Kansas. A strong upper-
level storm system moved eastward towards the southern Plains from the
Rockies during the day. Winds aloft over Kansas and Oklahoma intensified
as the upper-level system approached. Atmospheric conditions indicated that
rotating thunderstorms known as “supercells” were quite likely. The flow of
moisture northward from the Gulf of Mexico, and daytime heating that
pushed ambient surface temperatures up to at least 80 degrees, combined to
produce an extremely unstable atmosphere across the southern Plains. In
situations like this, forecasters are usually able to predict the tornado threat
with reasonable accuracy, as opposed to more isolated tornado events, for
which favorable conditions may not be so obvious. See the National Oceanic
and Atmospheric Administration's (NOAA's) “Service Assessment” for

details of forecasting performance in this event. The tornado outbreak was
anticipated and, once supercells were detected by the WSR-88D radar, the
tornado warnings from the NWS were accurate and timely, the first being
issued at 4:47 p.m. (all times Central Daylight Time [CDT]).

The preliminary count of tornadoes that occurred in this outbreak is 67, but
this number may change during the analysis of all the data, which will take
many months. Within this outbreak, there were four violent (F4 or F5)
tornadoes according to preliminary surveys performed by the NWS. Figure
2-4 shows the outbreaks in Oklahoma; Figure 2-7 shows the outbreaks in
Kansas.
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FIGURE 2-4: Preliminary outbreak map of tornadoes in Oklahoma that struck on May 3, 1999.

Courtesy of the National Weather Service.

The tornado that caused the greatest damage and that had the greatest effect
on residential areas was the reported F5 tornado that struck the south side of
the Oklahoma City Metroplex. Its source was a supercell thunderstorm that
had spawned several tornadoes earlier (Fig. 2-5). This tornado had a track 38
miles long and lasted more than an hour, from 6:23 to 7:50 p.m. The track
began between the towns of Chickasha and Amber, Oklahoma, southwest of

Oklahoma City.
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FIGURE 2-5: Radar
reflectivity map at 6:56
p-m., showing hook echo
(circled). A hook echo is
a structure associated
with supercell storms. In
many instances, the
radar echo shows this
type of structure when
tornadoes are present.
Courtesy of the National
Severe Storms
Laboratory.

opz

From its touchdown point, the tornado moved northeastward, nearly parallel
to 1-44, towards Oklahoma City, hitting the rural town of Bridge Creek,
Oklahoma, at 6:55 p.m. and crossing I-44 at about 7:05 p.m. near the South
Canadian River. From there, it moved through several small subdivisions
before slamming into the city of Moore, Oklahoma, and crossing 1-35 near an
overpass for Shields Boulevard. Continuing through a less densely populated
area, the tornado crossed 1-240 at about 7:35 p.m., began a wide left turn to
travel along a north-northeast path that took it into Del City, Oklahoma,
skirted Tinker Air Force Base, and then moved into Midwest City,

Oklahoma, where it finally dissipated.

Preliminary analyses by the NWS in Norman, Oklahoma, indicated that this
single tornado damaged or destroyed more than 8,000 homes, and was
responsible for 41 fatalities and approximately 800 injuries. Early damage
estimates are on the order of at least $750 million. There has not been a
tornadic event even approaching this magnitude since the F4 tornado that
devastated Wichita Falls, Texas, on April 10, 1979.

Figure 2-6 presents four WSR-88D images of the reported F5 tornado as it
tracked from Moore to Midwest City. Figures 2-6a and 2-6b are actual radar
cross-sections of the tornado taken at the location identified by the white line
in Figure 2-6¢. Figure 2-6a represents reflectivity, while Figure 2-5b
represents storm-relative radial velocity. These images were recorded at 7:32
p.m. on May 3, 1999. Horizontal and vertical scales are in kilometers. The
vortex walls and the eye are delineated by different color patterns that relate
to debris in the vortex and the wind speeds within the vortex itself.
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Figure 2-6: WSR-88D radar cross-section through the reported F5 tornado located approximately
halfway between Moore and Midwest City, showing the debris and an apparent “eye.”

Another violent tornado (rated F4) struck the small town of Mulhall,
Oklahoma, which is located about 50 miles north of Oklahoma City. This
tornado was produced by a different supercell storm, to the north of the
Oklahoma City Metroplex supercell. This second supercell produced
approximately 19 tornadoes. The F4 tornado that struck Mulhall originated in
open country, northwest of the town of Cashion, Oklahoma, at about 9:25
p.m. It spent the majority of its life in relatively unpopulated open country,
hitting Mulhall around 10:15 p.m., late in its life cycle. Most of the homes
and businesses in the Mulhall downtown area, including a public school, a
post office, and many historic buildings, were damaged or destroyed. There
were no fatalities recorded in Mulhall. However, the tornado was responsible
for two fatalities; one fatality in both Logan and Payne Counties.
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Dover, Oklahoma, was hit by a violent F4 tornado around 9:20 p.m. from
another supercell that produced a “family” of tornadoes. This tornado was
responsible for one fatality. The track was not investigated by the BPAT.

The fourth violent tornado (a reported F4) struck the Town of Haysville,
Kansas, and the southern portion of the City of Wichita, Kansas (Fig. 2-7)
and was responsible for 5 fatalities. This tornado began around 8:13 p.m. in
open country, west of the town of Riverdale, Kansas, in the unincorporated
areas of Sedgwick County. Moving north-northeastward, close to the Union
Pacific railroad tracks, the tornado hit Haysville at roughly 8:39 p.m., and
continued into southern Wichita, crossing 1-235, at about 8:44 p.m. It then
veered to the east-northeast for a few miles, before turning north-
northeastward again and dissipating in eastern Wichita at about 9:00 p.m.
The track of this tornado was 24 miles long and extended east-northeastward
through southern Wichita. The track was similar to that of the deadly tornado
of April 26, 1991, which hit the Golden Spur Manufactured Home Park in
Andover, Kansas. The 1991 tornado produced 5 fatalities, more than 100
serious injuries, and $140 million in damage, according to preliminary
estimates by the NWS in Wichita, Kansas.

Among the less violent tornadoes of May 3, were five, including a moderate
F3 tornado, that struck near the town of Stroud, Oklahoma, around 10:40
p.m. There were no fatalities, but a regional outlet mall along I-44 in Stroud
was destroyed, and the roof covering on a hospital in the town was blown
off.

A moderate tornado entered Tulsa, Oklahoma, in the southwest
neighborhood of Sapulpa, where it destroyed or heavily damaged several
manufactured homes and site built structures. The tornado moved northeast
to the Mountain Manor neighborhood, where it damaged roofs and uprooted
trees. The roof at Remington School was extensively damaged, and several
industrial and commercial structures on the south side of 1-44 experienced
roof and siding damage. There were no fatalities, but the Carbondale
Assembly of God Church, on the north side of I-44, suffered significant
structural damage.
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FIGURE 2-7: Map of tornadoes in Kansas that struck on May 3, 1999. Courtesy of the National Oceanic
and Atmospheric Administration.
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3 General Assessment
and Characterization
of Damage

The general types of damage the BPAT observed as a result of the May3
tornadoes in Oklahoma and Kansas are discussed below. As a result of the
site investigations and general field observations, important issues such
property protection, personal protection, and sheltering were identified. A
more detailed discussion of these issues may be found in Chapters 4,5,and 6
of this report.

3.1 PROPERTY PROTECTION

During the field investigation, the BPAT investigated buildings to identify
success and failures that occurred during the tornadoes. Building failures
were identified as being directly struck by the tornado, affected by winds
outside the vortex of the tornado, or out on the extreme edge of the tornado
path. Considerable damage to all types of structures throughout Oklahoma
and Kansas was observed. Failures occurred when extreme winds produced
forces on the buildings that they were not designed to withstand. Failures
also occurred when windborne debris penetrated the building envelope
allowing wind inside the building that again produced forces on the buildings
that they were not designed to withstand. However, other failures observed
were attributed to poor construction, improper construction techniques, and
poor selection of construction materials. It was a goal of the BPAT to
determine if any of the damage observed to both residential and non-
residential buildings was preventable.

3.1.1 Overview Of Buildings Evaluated

The damage assessment of buildings was divided into residential and non-
residential sections. Specifically, the residential buildings were categorized
into single family housing, multi-family housing and manufactured and
modular housing. The non-residential buildings were categorized into the
various engineered types of construction observed. These groupings were
made to focus on the structural performance of each type of building. In both
cases, important observations were also made concerning exterior
architectural systems, e.g., roof and wall coverings, windows and doors.
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3.1.1.1 Residential Buildings

The residential buildings were categorized into the various types of
construction investigated and the structural performance of each type of
building was observed. The residential buildings investigated by the BPAT
were:

e single- and —multi-family, one- to two-story wood-frame houses
e manufactured and modular homes
e accessory structures

Residential buildings that were directly struck by the vortex of severe and
violent tornadoes were substantially or completely destroyed. Residential
buildings that experienced a direct strike from moderate tornadoes or
experienced inflow winds from severe and violent tornadoes saw a wide
range of damage. This damage range observed was broken windows and
light building damage, partial loss of roofs and walls, separation of buildings
from their foundations and total roof loss, and only remnants of core rooms
surviving.

3.1.1.2 Non-Residential Buildings

The non-residential buildings were categorized into the vaéngmeered
types of construction investigated focusing on the structural performance of
each type of building. The non-residential buildings investigated include:

e tilt-up pre-cast concrete walls with steel joists

e load-bearing masonry walls with steel joists

e load-bearing masonry walls with pre-cast concrete hollow core
floors and roof slabs
steel frame

e steel frame with masonry infill walls

The non-residential buildings investigated by the BPAT were typically
designed by a design professional and therefore the non-residential buildings
that were damaged by the tornadoes experienced different damage from the
same tornadoes that damaged residential buildings. Non residential buildings
that were directly struck by the vortex of severe and violent tornadoes were
substantially damaged or destroyed, however, they were typically not
reduced to rubble like the residential buildings. Non-residential buildings that
experienced a direct strike from moderate tornadoes or experienced inflow
winds from severe and violent tornadoes saw a wide range of damage. This
damage range observed was broken windows and light building damage,
partial loss of roof and wall coverings, partial loss of roof and wall systems,
complete roof loss, and partial upper level damage with minimal lower level
damage on multi-level buildings.
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3.1.2 Load Path and Increased Loads

Site visits in both Oklahoma and Kansas of wind-induced damage to
residential and commercial buildings indicate that internal pressurization is a
major contributor to poor building performance under severe wind loading
conditions. It is recognized that maintaining the exterior envelope of a
building has a large effect on the performance of the elements of the
structural system. In spite of loss of a portion of the exterior envelope, the
construction must provide a continuous load path in order to increase
survivability of the building in events that marginally exceed the design
winds.

Primary structural systems are those that support the building against all
lateral and vertical loads. Many buildings inspected had structural systems
capable of providing a continuous load path for downward acting gravity
loads, but were unable to provide a continuous load path for the lateral and
vertical uplift forces generated by the tornado winds. The team looked at how
this property damage could have been prevented or reduced in all areas of the
windfield with the exception of directly under the vortex of violent

tornadoes. Figure 3-1 shows a continuous load path in a wood frame (stick
built) house.
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Figure 3-1: Diagram
showing a continuous
load path for a two-story
wood frame building.
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A primary effect of high winds flowing around and over a structure is the
wind loads that act on the structure. Uplift is the force caused by the wind
accelerating around and over buildings and other structures (Figure 3-2). An
example of uplift strong enough to move a house off its foundation is
presented in Figure 3-3. This house was separated from its foundation when
it experienced winds associated severe tornado that passed through this
neighborhood in the city of Haysville, Kansas. Although anchor bolts
extended from the concrete foundation into the wood floor framing, nuts
were not attached to the bolts to provide a continuous load path at this
connection point that would have resisted the uplift forces. This deficiency
was observed at more than just this one house.
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FIGURE 3-2: This
building failure is the
result of inward wind
forces and uplift wind
forces acting on a
building or structure
during a high wind
event.

FIGURE 3-3: Wind uplift
acting on this house in
Haysville, Kansas,
resulted in this corner
of the building being
lifted off its foundation.

The other primary effects of wind aogerturning, which is discussed in the
Manufactured Housing sections of Chapter 4;itiernal pressurization of

a building; theateral force acting inward or positive load created by the

wind blowing directly on the face of the building. Most buildings are

designed with no dominant openings, such as residential and most non-
residential buildings, and a breach in the building envelope due to broken
windows, failed entry doors, or failed garage doors may cause a significant
increase in the net wind loads acting on the building under severe wind
conditions. In such cases the increased wind load may initiate a partial failure
or propagate into a total failure of the primary structural system. A schematic
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diagram illustrating the increased loads due to a breach in the building
envelope is shown in Figure 3-4.

Depending on the building size, number of interior rooms, number of stories,
size of the breach, etc., laboratory tests, in wind tunnels, indicate that the net
increase in uplift on the roof system can exceed a factor of two. The
increased load on the roof and wall systems may cause connections between
these systems to fail, possibly at wind speeds below the normal design speed.
The increased load on the roof and wall systems may cause connections
between structural members to fail, possibly at wind speeds below the
nominal design speed.

Figure 3-4: Increased
loads on roof and walls
due to breach in
envelope.

WIND PRESSURE ON ROOF, WIND PRESSURE ON WALLS
INTERNAL PRESSURE ADDS TO ROOF UPLIFT INTERMNAL PRESSURE ADDS TO WALL SUCTION

Examples of failures of this combination of windward/leeward/internal
pressures are shown in Figures 3-5, 3-6, and 3-7.

FIGURE 3-5: Failure of
hip roof due to internal
pressures and leeward
wind forces acting
together. This house,
which was exposed to
inflow winds of a
violent tornado, was
located in a suburb of
Oklahoma City,
Oklahoma.
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FIGURE 3-6: Failure of
this gable wall section
was due to wind
suction forces of the
leeward wall. This
house was on the outer
edge of a violent
tornado path.

FIGURE 3-7 Failure of
this exterior wall and
roof section in Moore,
Oklahoma, occurred
when the windows broke
and the front room saw
an increase in internal
pressure. Most of the

s debris from the roof and
exterior wall had been
cleaned up prior to this
photograph. This home
in Moore, Oklahoma, was
located on the periphery
of a violent tornado
track.

Buildings that have significant openings or are mostly open structures are
characterized as partially enclosed. Model building codes incorporate
provisions, which take into account the effects of internal pressurization on
partially enclosed buildings by increasing required design loads. However,
residential buildings are typically designed as enclosed buildings and when a
breach occurs, for example when a garage door fails, they become in effect
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Figure 3-8: EIFS and metal
component damage at the
regional outlet mall in
Stroud, Oklahoma.

partially enclosed buildings and are subject to load wind increases. In many
homes inspected, these increased loads may have exceeded the enclosed
building’s design load specified in the applicable state or local building code,
possibly resulting in the structural failure observed.

A number of non-residential buildings, such as schools, factories,
warehouses, and commercial buildings were in the direct path of the
moderate tornado vortexes or in the inflow of severe and violent tornadoes
and received varying degrees of damage. In a few cases, damage could be
considered non-structural because architectural and decorative materials on
the exterior and roofing were the only damage to the buildings. Engineering
standards such as ASCE 7, identify these element as components and
cladding, and provide design guidance for designing to specified regional
wind speeds. The failure of an exterior insulating finishing system (EIFS)
exterior wall covering and architectural roof parapet is shown in Figure 3-8
at the Regional Mall at Stroud, Oklahoma. This was the only damage
experienced by this particular store; however, other significant damage was
experienced at the mall that was struck by a moderate tornado and is
discussed later in this report.

In other cases, structural damage occurred due to the lack of redundancy in
the load to resist wind-induced uplift loads. Similar to the residential damage
observed, some non-residential buildings did not have a primary structural
system capable of providing a continuous load path capable of withstanding
the lateral and uplift loads generated by the tornadoes. Other buildings were
unable to withstand the wind forces once the building envelope had been
breached.
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,,—""/—’— Figure 3-9: This URM wall

failed when inflow winds
from a severe tornado acted
on this building in Wichita,
Kansas.

Figure 3-10: The vortex of a
violent tornado passed
within 100 yards of this
plastics manufacturing plant
in the City of Haysville,
Kansas. The wind forces
caused the failure of its
primary structural system: a
| steel frame with masonry
infill walls.
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FIGURE 3-11: Small missiles
commonly observed during
the field investigations.

3.2 WINDBORNE DEBRIS

The quantity and size of windborne debris (missiles) generated by tornadoes
is unequaled by any other type of wind storm. The smaller missiles (e.g.,
aggregate [stone] ballast from built-up roofs, pieces of tree limbs, pieces of
shredded wood framing members) can easily become airborne and break
common window glass causing a rapid increase in internal air pressure within
a building, which then results in increased load on the building (Figure 3-11).
Moderate sized missiles (e.g., appliances, HVAC units, long wooden
members) can also become airborne and cause considerable damage to
buildings (Figure 3-12) arge high-energy missiles (e.g., columns, joists,
trusses, automobiles) are often observed as rolling debris and may become
airborne members (Figure 3-13). These large missiles can easily destroy
framing members and structural systems of buildings.
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FIGURE 3-12 These medium
sized missiles struck and
remained embedded within
this manufactured home in
Wichita, Kansas.

FIGURE 3-13: These trusses
and roof covering (still
attached to the roof sheathing)
was displaced by the winds of
a violent tornado and are
capable of becoming large,
windborne missiles.

3.2.1 Missile Types and Sizes

The majority of the investigated tornado tracks were through residential
areas, which were predominantly constructed wood framing with asphalt and
composition shingle roofs. Hence, along most of the track, wood framing
members (e.g., roof shingles, studs, joists, trusses, sheathing and household
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contents) were the most common windborne missile types. Many of the
framing members and roof shingles were broken, thereby creating an
enormous number of small missiles that were only a few inches long.
Although small, they had sufficient energy to break glass and injure people.
Other framing missiles were quite large and delivered significant impact
force. Figure 3-14 shows missile impacts on top the roof of Westmoore High
School in Moore, Oklahoma. The missile sticking out of the roof in the
foreground is a double 2-in by 6-in. The portion sticking out of the roof is 13
feet long. It penetrated a ballasted ethylene propylene diene monomer
(EPDM) membrane, approximately 3-in of polyisocyanurate roof insulation
and the steel roof deck. The missile laying on the roof just beyond it is a
double 2-in by 10-in that is 16 feet long. The missile in the background that
penetrated the roof deck is a double 2-in by 6-in that had a total length of 16
feet. The source of missiles was not determined, hence the distance to their
origin is unknown. However, since this school building was located within
100 yards of a violent tornado it is likely that they traveled at least a few
hundred feet from a subdivision of the wood-frame houses that were in the
direct path of the tornado. Figures 3-15 and 3-16 shows a board missile
striking the roofs of residential homes that were located on the periphery of
tornado tracks. Figure 3-17 shows a 2-in by 6-in board missile completely
penetrating the brick veneer of a residential home. Figure 3-18 shows a 2-in
by 6-in board missile penetrating several inches into the freezer compartment
of a refrigerator located in a home that was on the periphery of a violent
tornado track. The portion that is visible is 4-ft, 8-in long.

FIGURE 3-14: In the
foreground, a medium sized
missile, a double 2-in by 6-
in, 13 feet long board can be
observed sticking out of
Westmoore High School’s
roof, Moore, Oklahoma. A
larger missile, double 2-in
by 10-in, 16 feet long board
is lying in the background.
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FIGURE 3-15: Windborne
missile striking a house
located in Moore, Oklahoma.

FIGURE 3-16: A missile
vertically striking the roof of
a home in Mid West City,
Oklahoma. It fell nearly
vertical illustrating the
importance of a strong cover
. over the top of a tornado
shelter to protect against
free-falling debris.
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FIGURE 3-17: A 2-in by 6- |
in can be seen completely | :
penetrating the brick
veneer of a home in
Moore, Oklahoma.

FIGURE 3-18: A 2-in by 6-
in board missile
penetrating a refrigerator
located inside a home the
in Country Place
subdivision outside
Oklahoma City,
Oklahoma.

Small-sized missiles also included brick, CMU, aggregate (stone) ballast
from built-up and single-ply membrane roofs, roof tiles, asphalt shingles,
fences, shrubs, and tree limbs. Moderate-sized missiles included appliances
(e.g., hot water heaters, refrigerators, dishwashers), rooftop HVAC units,
metal roof panels, car axles and transformers from power poles. Large-sized
missiles included automobiles, a power pole (Figure 3-19). The pole was 28-
ft, 4-in long and had an 8 ¥2-in diameter at one end and a 7-in diameter at the
other end. From the window, it was roughly 40 feet to the original location

of the pole from the window. Manufactured home chassis (one of these
penetrated a window of a home), and large propane tanks (Figure 3-20), steel
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dumpsters, steel deck (Figure 3-21) and trees (Figure 3-22) were among
other large missiles observed by the BPAT. Automobiles were observed to
have been significantly displaced and destroyed in areas under the vortex of
and in the inflow wind field near the vortex of a violent tornado.

FIGURE 3-19: This power
pole penetrated a
window and extended
several feet into the
house after traveling

| approximately 40 feet
from its original location.
This home was located in
| Moore, Oklahoma, along
the track of a violent
tornado.

.. FIGURE 3-20: Wind
| " displaced this very large

f ; ! propane tank in Bridge
X Creek, Oklahoma; its original
y location could not be
determined. This area was
hit by the vortex of a violent
tornado.
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FIGURE 3-21: This piece
of steel deck landed at
the periphery of a violent
tornado damage area in
Moore, Okiahoma. The
building it likely came off
of was a few hundred feel
away.

FIGURE 3-22: This
building was on the
periphery of a violent
tornado damage area in
Haysville, Kansas. One
large tree fell near the
corner of the house and
collapsed a large portion
of the roof and the corner
walls. A smaller iree
caused minor damage on
the other corner of the
house.

3.2.2 Windborne Missile Quantity

In areas where buildings were totally or nearly totally destroyed by a violent
tornado, missiles were in such great quantity (Figure 2-23) that they often
made a layer of rubble completely cover the ground (Figure 2-24). In many
houses, the floors were covered with small tree branches and fragments of
broken framing members. Figures 3-25, 3-26, 3-27, and 3-28 give some
idea of the number of missiles that were flying during the storm.
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FIGURE 3-23: Wood
framing members and
plywood sheathing near
the periphery of a violent
tornado damage area in
Moore, Oklahoma,
displaying quantity of
flying debris.

FIGURE 3-24: Debris
generated by the vortex
of a violent tornado in
Moore, Oklahoma creates
a layer of rubble across
the ground.
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FIGURE 3-25: Close-up
view of roof insulation
boards (the boards are 4-
ft by 8-ft) at Westmoore
High School. This roof is
approximately 35 feet
above grade. Some of
the missiles only caused
superficial damage to the
insulation, but several
others had sufficient
force to make large
gouges in the insulation.

FIGURE 3-26: This house
was on the periphery of a
violent tornado damage
area in Moore, Oklahoma.
Two large missiles struck
this area of the roof.
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FIGURE 3-27: Several
missiles struck the wall
of this house in Del City,
Oklahoma, including a
medium sized piece of
debris in the center of the
picture. For scale, the
square metal fastener
plates near the board
corners are 3-in by 3-in.

FIGURE 3-28: Several
missiles struck and
perforated the interior
wall of this house in
Moore, Okiahoma.

3.3 PERSONAL PROTECTION AND SHELTERING

The purpose of a shelter is to provide a safe refuge in the event of a tornado
or an extreme wind storm. The BPAT observed three types of shelters as
follows:

1. residential
2. group
3. community
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FIGURE 3-29:
Underground residential

shelter, viewing door and '

stairway leading down to
shelter. This shelter was
located outside a
residence.

The residential shelters included above-ground in-resident shelters as well as
storm cellar and basement types (Figure 3-29). The group shelter observed
included one at a manufactured housing park and one at a plastic
manufacturing plant. Community shelters observed included one at a
manufactured housing park and another at a high school. Shelters are further
discussed in Section 4.3.

3.4 LOCAL, STATE, AND FEDERAL REGULATIONS

Building codes and regulations for both residential and commercial/industrial
buildings varied because of the states involved. However, regulations dealing
with manufactured housing fall under U.S. Department of Housing and

Urban Development (HUD) preemptive construction and safety standards.

The design and construction of manufactured housing has been governed
since 1976 by Federal preemptive standards which are enforced by HUD
under Federal Regulation and through a Monitoring and Enforcement
Contractor, the National Conference of States on Building Codes and
Standards (NCSBCS). Recently, the HUD Standard has been placed under a
consensus process administered by National Fire Protection Association
(NFPA). Another tool used by HUD to regulate the manufactured home
industry is the Federal Manufactured Home Construction and Safety
Standards (MHCSS),
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3.4.1 Oklahoma

Throughout the State of Oklahoma, two of the models building codes in the
United States are utilized on a city by city basis. In the incorporated areas
affected by this storm, the National Building Code (NBC) promulgated by
the Building Officials and Code Administrators International, had been
adopted. The 1996 edition of the NBC (1996 NBC) was currently adopted by
most communities for all construction other than detached one and two
family buildings. The 1995 Council of America Building Official’s (CABO),
One and Two Family Dwelling Code is the currently adopted code for
detached one and two family dwellings.

Buildings that suffered damage during this event which were located in the
unincorporated areas, were not covered by a model building code.

3.4.2 Kansas

Most communities in the State of Kansas have adopted the 1997 Edition of
the Uniform Building Code (1997 UBC) as promulgated by the International
Conference of Building Officials (ICBO) for commercial and industrial
buildings. The UBC then defers to the CABO One and Two Family Dwelling
Code for detached single family residential occupancy (Classified as R-4).
The City of Haysville has adopted the 1994 UBC and Wichita and the
unincorporated areas of Sedgwick County have adopted the 1997 UBC.

Wichita has local ordinance provisions which address sheltering. These
ordinance provisions state that as of April 15, 1994, all manufactured home
parks of ten or more manufactured home spaces are required to have storm
shelters (above or below grade). For parks with 20 or more manufactured
home spaces that did not have a shelter as of April, 15, 1999, a shelter must
be provided by April 15, 1999. The ordinance also indicates that the shelter
must be designed by a licensed engineer or architect to applicable codes and
laws including the UBC, ADA, and FEMA'’s National Flood Insurance
Program (NFIP).
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4 Observations on
Residential Property
Protection

The damage assessment of buildings was divided into residential and non-
residential. This section presents the BPAT's observations on residential
property protection. Specifically, residential properties were categorized into
single-family housing, multi-family housing, and manufactured and modular
housing.

The BPAT assessed the performance of primary structural systems of
buildings, which are those systems that support the building against lateral
and vertical loads generated by high winds during a tornado or other high
wind event. These systems are typically constructed of wood framing,
sheathing, anchor bolts, and other connections. In residential applications,
the exterior load bearing walls (i.e., walls that support roof framing) almost
exclusively make up these primary structural systems. Non-loadbearing wall
panels (i.e., self-supporting walls only), roof structure and diaphragm, and
foundation are components of the building that are also part of this system or
affect the performance of the system. The integrity of the overall building

and structural systems depends not only on the strength of these components,
but also on the adequacy of the connections between them. Important
observations were also made concerning exterior architectural systems (e.g.,
roof and wall coverings, windows and doors).

4.1  SINGLE FAMILY CONVENTIONAL CONSTRUCTION

The BPAT observed damage to a large number of wood frame single-family
houses, which are commonly referred to as "conventional” or “stick-built”
construction. These houses were mostly one- or two-story buildings, many
with pre-engineered wood trusses with metal truss plate connectors. Several
homes had hip roofs with site-built rafter construction and board roof
sheathing. Platform construction was observed in all cases (Figure 4-1). The
structures observed in Oklahoma were predominately “slab-on-grade” with
some “crawl-space” foundation construction. In Kansas, the structures were
predominately wood frame construction placed on a basement or "crawl
space" foundation.
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FIGURE 4-1: Platform
construction typically
observed during the field
investigation.
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4.1.1 Load Paths

The preparation of quality construction plans and the assurance of the
construction of a continuous load path — from the roof sheathing to the
ground — are key to maintaining structural integrity, regardless of the
magnitude of the wind loads. Several different building materials and
systems are usually involved in constructing and completing this continuous
load path, and like a chain, the system is only as good as its weakest link.

Primary structural systems are those that support the building against all
lateral and vertical loads. Due to the wind damage observed, the team
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focused on how this damage could have been prevented or reduced in all
areas of the tornado windfield, with the exception of directly under the vortex
of violent tornadoes.

Damage or failure was observed in essentially all building elements that
constitute the lateral and vertical force resisting systems. Those elements are
the roof sheathing, roof framing, load bearing and non load bearing wall
framing, diaphragms, diaphragm chords, attachments and connections, and
foundationsystems. If the elements are not adequately tied together or
connected, the system will fail. As discussed in the following sections, the
damage ranged from considerable to total, depending on the type of framing,
construction methods, and wind load experienced at the building.

4.1.2 Roof and Wall Sheathing

Sheathing in light-frame construction serves many purposes. One is to
receive the wind and load and distribute or carry the load to its supporting
members such as the roof rafters or wall studs. The second purpose is to
provide resistance to loads in the direction of the sheathing. This second
purpose is illustrated in Figure 4-2, the roof sheathing acts as a horizontal
diaphragm and transfers lateral loads to the supporting walls.

/— W = Transverse. FIGURE 4-2: Lateral load
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Roof sheathing observed in Oklahoma consisted primarily of rough sawn 1-
in by 8-in planks placed side by side or 4-ft by 8-ft plywood sheets. The
fasteners observed connecting the sheathing to the supporting rafters or truss
top cords were nails and staples. Figure 4-3 shows a typical situation where
the stapling of the boards to the rafters or trusses was not adequate. In the
application of both sheathing materials, it appeared there was a concerted
effort to stagger the joints as required by code as shown in Figure 4-4.
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FIGURE 4-3: Failed
stapling of boards to
rafters viewed from
home in Moore,
Oklahoma.

FIGURE 4-4: Although
roof sheathing was lost
at this Wichita, Kansas,
home code
requirements of
staggering joints in
sheathing applications
was observed. This
house experienced
inflow winds from a
severe tornado.

As that load reaches the top of the walls, the shear has to be transferred to the
top plate by some method of fastening. After the fastener transfers its load,
there will be a force at the top of the supporting wall that is intended to be
resisted by the shear wall. The wall sheathing (Figure 4-5) typically
establishes the capacity of a shear wall.
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FIGURE 4-5: Shear
load force carried by
wall sheathing.

H = Wall Height
B = Length of Shearwall

Vertical Endwall
(Shearwall)

The force in the wall then must be transferred to the floor below, which in
turn must transfer it in a similar manner to the foundation. It is this load
transfer mechanism that the BPAT attempted to observe.

Wall sheathing observed consisted primarily of insulated fiber board or
combination siding/sheathing. With the exception of garage end walls, it was
difficult to ascertain any consistent failure of wall sheathing because it
appeared the entire wall was either lifted or blown inward or outward as the
result of windward or a combination windward/leeward pressure (Figures 4-3
and 4-4).

One example of an inadequate lateral load-resisting element that was
observed was the garage end walls or returns that act as the frame for the
garage door. A normal code minimum width for the return is four feet. This
one measures 22-in which is clearly inadequate to resist code-required loads.
At least one of the model building codes has a minimum width of such panel
as 32-in with a special web and special hold anchors. Also, there were a
number of cases where the garage bearing walls failed and the garage roof
fell to the ground essentially intact. An example of this failure is presented in
Figure 4-6 from a house that experienced inflow winds from a severe tornado
in Wichita, Kansas.
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FIGURE 4-6: Wall failure
due to inadequate lateral
load resistance in
Wichita, Kansas. The
return wall at the garage
inadequate to carry
loads may have led to
this failure.

4.1.3 Connections

Post disaster assessments continue to support the fact that improved
connections could have resulted in better performance of building structural
systems, attributing to a reduction in loss of life, injuries, and property
damage. The BPAT observed a wide range of connection deficiencies or
failures in areas subjected to moderate winds. It is important to keep in mind
that the loads seen by these connections were not known, but were believed
to be with design requirements and safety factors of model building codes.

The wind forces that act on the roof of a building make the roof sheathing to
roof framing connection the i