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Preface

Having personally seen the devastation caused by natural disasters, I am
heartened to now see hundreds of communities commit to becoming disaster-
resistant through FEMA’s nationwide initiative, Project Impact. Project
Impact operates on three simple principles: preventive actions must be
decided at the local level; private sector participation is vital; and long-term
efforts and investments in prevention measures are essential. The Federal
Emergency Management Agency is committed to continue to develop tools,
such as this manual, to help individuals, communities, states, and others create
sustainable, disaster-resistant communities.

When severe weather threatens, individuals and families need to have a safe
place to go and time to get there. Thousands of safe rooms have been built
based on FEMA designs, providing protection for families in their homes.
Where will these people go if they are not at home? This manual provides
specific guidance on how to provide effective shelter that can save lives when
severe weather threatens away from home.

James L. Witt
Director, Federal Emergency Management Agency
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Larry K. Blackledge — Blackledge and Associates: Architects
John Cochran — FEMA, United States Fire Administration
Doug Cole — Manufactured Home Park Owner

Glenn Fiedelholtz — FEMA, Preparedness, Training, and Exercise Directorate,
Washington, DC

Robert Franke — FEMA, Region VII, Kansas City, MO

John Gambel - FEMA, Mitigation Directorate, Washington, DC
Louis Garcia— American Red Cross

Michael Gaus — Professor, University of Buffalo

Danny Ghorbani — Manufactured Housing Association for Regulatory Reform
Dirk Haire — Associated General Contractors of America

Dave Hattis — Building Technology Incorporated

E. Jackson, Jr. — American Institute of Architects

Aziz Khondker — ESG, Inc.

Danny Kilcollins — National Emergency Management Association
Fred Krimgold - Virginia Tech, Northern Virginia Center

Edward Laatsch - FEMA, Mitigation Directorate, Washington, DC
Randolph Langenbach — FEMA, Infrastructure Division
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Emmanuel Levy — Manufactured Housing Research Alliance ‘
John Lyons — U.S. Department of Education, Office of the Director

Robert McCluer — Building Officials and Code Administrators International,
Inc.

Rick Mendlen ~ U.S. Department of Housing and Urban Development, Office
of Consumer Affairs

Charles Moore —~ Kansas Department on Aging

Peggy Mott — American Red Cross, Planning and Evaluation Directorate
Mark Nunn - Manufactured Housing Institute

Steven Pardue — FEMA, Mitigation Directorate, Washington, DC

Jim Rossberg — American Society of Civil Engineers

Joseph T. Schaefer. Ph.D. - Storm Prediction Center, National Oceanic and
Atmospheric Administration

Corey Schultz — PBA Architects

Emil Simiu, Ph.D. - U.S. Department of Commerce, National Institute of
Standards and Technology, Structures Division

Robert Solomon — National Fire Protection Association, Chief of Buildihg
Engineering

Eric Stafford — Southern Building Code Congress International, Inc.
Dan Summers — International Association of Emergency Managers

S. Shyam Sunder — U.S. Department of Commerce, National Institute of
Standards and Technology, Structures Division

Carol W. Thiel — Maryland Emergency Management Agency
William Wall — International Conference of Building Officials
Jarrell Williams — Manufactured Home Park Owner

Soy Williams - International Code Council, Inc.
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. Review Committee Members — Corresponding Members
Deborah Chapman — National Foundation of Manufactured Housing Owners,
Inc.

Jim Fearing — Fearing & Hagenauer Architects, Inc.

Daniel Gallucci — New Necessities, Inc.

Robert Hull — Assistant Superintendent of Operations, Olathe School District,
Kansas

Larry Karch — State Farm Insurance Companies, Facilities Management
Division

Mark Levitan — Civil and Environmental Engineering, Louisiana State
University

Jerry McHale — Federation of Manufactured Housing Owners of Florida, Inc.
Dick Nystrom — State Farm Insurance Companies, Facilities Management
Division

Janet Potter — National Foundation of Manufactured Housing Owners

Audrey Staight — American Association of Retired Persons, Public Policy

‘ Institute

Lynn White — National Child Care Association
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Acronyms and
Abbreviations

The following acronyms and abbreviations are used in this manual.

Acronyms

ACI — American Concrete Institute International
ADA — Americans with Disabilities Act

APC — atmospheric pressure change

ASCE — American Society of Civil Engineers
ASD - Allowable Stress Design

B/C - benefit/cost

BPAT - Building Performance Assessment Team
C&C — components and cladding

CMU - concrete masonry unit

EOC - Emergency Operations Center

FEMA - Federal Emergency Management Agency
HAZMAT - hazardous material

HVAC - heating, ventilating, and conditioning
IBC - International Building Code

ICC - International Code Council

ICF — insulating concrete forms

IDR - Institute for Disaster Research

IMC — International Mechanical Code

IRC - International Residential Code

LRFD - Load and Resistance Factor Design
MRI - mean recurrence interval

MWFRS — main wind force resisting system
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I ~cqonYMS AND ABBREVIATIONS

NCDC - National Climatic Data Center

NEHRP - National Earthquake Hazard Reduction Program
NFIP — National Flood Insurance Program

NOAA - National Oceanic and Atmospheric Administration
NPC — National Performance Criteria for Tornado Shelters
NWS — National Weather Service

0.c. —on center

RCC - Regional Climate Center

RO - Regional Office

SERCC - Southeast Regional Climate Center

SFHA — Special Flood Hazard Area

SPC - Storm Prediction Center (NOAA)

TTU —Texas Tech University

UBC - Uniform Building Code

WERC - Wind Engineering Research Center (TTU)
WLTF — Wind Load Test Facility (Clemson University)

Abbreviations

C, —external pressure coefficient (for MWFRS)
D —dead load

F — lateral force

fps — feet per second

ft> — square foot/square feet

G — gust effect factor

GCp —external pressure coefficient (for C&C and attachments)
GCpi — internal pressure coefficient

I - importance factor

I —impact energy

I —impact momentum

k — stiffness ‘
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ACRONYMS AND ABBREVIATIONS

‘ K, - directionality factor

K - velocity pressure exposure coefficient
K - topographic factor

L - live load

1b — pound/pounds

M — mass

mph — miles per hour

p — pressure (in psf)

psf — pounds per square foot

psi — pounds per square inch

q, — velocity pressure (in psf)

V —-design wind speed

W — wind load as prescribed by code or ASCE 7-98

W_—extreme wind load
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1 Introduction

1.1 Purpose

This document is a guidance manual for engineers, architects, building
officials, and prospective shelter owners. It presents important information
about the design and construction of community shelters that will provide
protection during tornado and hurricane events. For the purpose of this
manual, a community shelter is defined as a shelter that is designed and
constructed to protect a large number of people from a natural hazard event.
The number of persons taking refuge in the shelter will typically be more than
12 and could be up to several hundred or more. These numbers exceed the
maximum occupancy of small, in-residence shelters recommended in FEMA
320, Taking Shelter From the Storm: Building a Safe Room Inside Your House.

This manual covers two types of community shelters:

« stand-alone shelter — a separate building (i.e., not within or attached to any
other building) that is designed and constructed to withstand high winds
and the impact of windborne debris (missiles) during tornadoes, hurricanes,
or other extreme-wind events

o internal shelter — a specially designed and constructed room or area within
or attached to a larger building; the shelter (room or area) is designed and
constructed to be structurally independent of the larger building and to
provide the same wind and missile protection as a stand-alone shelter

These shelters are intended to provide protection during a short-term high-
wind event (i.e., an event that lasts no more than 36 hours) such as a tornado
or hurricane. They are not recovery shelters intended to provide services and
housing for people whose homes have been damaged or destroyed by fires,
disasters, or catastrophes.

Both stand-alone and internal community shelters may be constructed near or
within school buildings, hospitals and other critical facilities, nursing homes,
commercial buildings, disaster recovery shelters, and other buildings or
facilities occupied by large numbers of people. Stand-alone community
shelters may be constructed in neighborhoods where existing homes lack
shelters. Community shelters may be intended for use by the occupants of
buildings they are constructed within or near, or they may be intended for use
by the residents of surrounding or nearby neighborhoods or designated areas.

BEST COPY AVAILABLE

National Performance Criteria for
Tornado Shelters

Federal Emergency Management Agency
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CHAPTER 1 INTRODUCTION

This manual provides detailed guidance concerning the design and .
construction of both stand-alone and internal community shelters for extreme-

wind events—guidance that is currently not available in other design guides or

in building codes or standards. This manual is a compilation of the best

information available at the time of publication.

Shelters designed and constructed in accordance with the guidance presented
in this manual provide “near-absolute protection” from extreme-wind events.
Near-absolute protection means that, based on our knowledge of tornadoes
and hurricanes, the occupants of a shelter built according to this guidance will
be protected from injury or death. Our knowledge of hurricanes and tornadoes
is based on substantial meteorological records as well as extensive
investigations of damage from extreme winds. However, more extreme wind
events may hypothetically exist, although they have not been observed. For
this reason, the protection provided by these shelters is called near-absolute
rather than absolute.

This manual discusses shelter location, design loads, performance criteria, and
human factor criteria that should be considered for the design and
construction of such shelters. Case studies—one for a stand-alone shelter and
one for an internal shelter—are presented that illustrate how to evaluate
existing shelter areas, make shelter selections, and provide construction
drawings, emergency operation plans, and cost estimates.

Many factors may influence the decision to construct a community shelter.
They include the following:

* the likelihood of an area being threatened by an extreme-wind event
* the consequences (deaths and injuries) of an extreme-wind event

* the cost of constructing a shelter

Therefore, this manual also provides decision-making tools that include
shelter hazard evaluation checklists and economic analysis software. These
tools provide an effective means of addressing all or many considerations that
can affect the decision to either build or not build a community shelter.

1.2 Background

Sections 1.2.1 and 1.2.2 provide background information about tornadoes and
hurricanes and about post-disaster assessments, research activities, and wind
shelter design development carried out by the Federal Emergency
Management Agency (FEMA) and other organizations.

B s T S B
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INTRODUCTION

1.2.1 Tornadoes and Hurricanes

Tornadoes and hurricanes are among the most destructive forces of nature. On
average, more than 1,200 tornadoes have been reported nationwide each year
since 1995. Since 1950, tornadoes have caused an average of 89 deaths and
1,521 injuries annually, as well as devastating personal and property losses. A
tornado is defined as a violently rotating column of air extending from a
thunderstorm to the ground. The most violent tornadoes are capable of
tremendous destruction with wind speeds of 250 mph near ground level.
Damage paths over 50 miles long and over 1 mile wide have been reported.
Sixty-seven tornadoes struck Oklahoma and Kansas on May 3, 1999,
including numerous F4 and F5 tornadoes. (F4 and FS5 are classifications based
on the Fujita Tornado Scale—see Table 3.1 in Chapter 3.) This tornado
outbreak resulted in 49 deaths and leveled entire neighborhoods. (Additional
information about the Oklahoma and Kansas tornadoes is available in the
FEMA Building Performance Assessment Team report Midwest Tornadoes of
May 3, 1999, FEMA 342))

A hurricane is a type of tropical cyclone (the general term for all weather
systems that circulate counterclockwise in the Northern Hemisphere over
tropical waters) originating in the Atlantic Ocean, Caribbean Sea, or Gulf of
Mexico. Around its core, winds can grow with great velocity, generating
violent seas. As the storm moves ashore, it can push ocean waters inland
while spawning tornadoes and producing torrential rains and floods. On
average, 10 tropical storms (6 of which become hurricanes) develop each year
in the Atlantic Ocean. Approximately five hurricanes strike the United States
mainland every 3 years; two of those storms will be major hurricanes
(Category 3 or greater on the Saffir-Simpson Hurricane Scale—see Table
3.2 in Chapter 3). The loss of life and property from hurricane-generated
winds and floodwaters can be staggering. Tornadoes of weak to moderate
intensity occasionally accompany tropical storms and hurricanes that move
over land. These tornadoes are usually to the right and ahead of the path of the
storm center as it comes onshore.

In the western Pacific, hurricanes are called “typhoons” and affect the Pacific
Islands, including Hawaii, Guam, and American Samoa; in the Indian Ocean,
similar storms are called “cyclones.” Like hurricanes and tornadoes, typhoons
and cyclones can generate high winds, flooding, high-velocity flows,
damaging waves, significant erosion, and heavy rainfall. Historically,
typhoons have been classified by strength as either typhoons (storms with less
than 150 mph winds) or super typhoons (storms with wind speeds of 150 mph
or greater), rather than by the Saffir-Simpson Hurricane Scale.

An example of a hurricane that caused severe wind damage is Hurricane
Andrew, which made landfall in southeastern Florida on August 24, 1992,
generating strong winds and heavy rain over a vast portion of southern Dade

The Saffir-Simpson Hurri-
cane Scale is discussed in
Chapter 3.
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INTRODUCTION

BUILDING PERFORMANRCE:
HURRICANE ANDREW IN FLORIDA
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The BPAT Process: In
response to catastrophic
hurricanes, floods, tornadoes,
earthquakes, and other
disasters, FEMA often deploys
BPATs to conduct field
investigations at disaster sites.
More information about the
BPAT program can be found on
the World Wide Web at
www.fema.gov/mit/bpat.

County. This Category 4 storm (which is defined as having a range of
sustained wind speeds from 131 mph to 155 mph) produced high winds and
high storm surge, but the most extensive damage was caused by wind. The
storm caused unprecedented economic devastation; damage in the United
States was in the tens of billions, making Andrew the most expensive natural
disaster in U.S. history. In Dade County, the storm forces caused 15 deaths
and left almost one-quarter million people temporarily homeless. (Additional
information about Hurricane Andrew is provided in Building Performance:
Hurricane Andrew in Florida, FIA-22.)

1.2.2 Post-Disaster Assessments, Research, and Design
Development
When a catastrophic event such as a hurricane, tornado, or earthquake causes
a natural disaster in the United States or one of its territories, FEMA
frequently deploys a field investigation team consisting of representatives
from FEMA Headquarters and the FEMA Regional Offices, state and local
governments, and public and private sector organizations related to
construction and building code development and enforcement. These teams
are referred to as Building Performance Assessment Teams (BPATs). The
objectives of a BPAT are to inspect damage to buildings, assess the
performance of the buildings, evaluate design and construction practices, and
evaluate building code requirements and enforcement in order to make
recommendations for improving building performance in future storm events.

During assessments conducted after extreme-wind events, BPATSs have often
found portions of otherwise destroyed buildings still standing. Frequently,
these surviving portions are small rooms (e.g., a closet or bathroom) or a
hallway located in the center of the building (see Figure 1-1). These
observations suggest that an interior room within a house or other building
could be designed and constructed to serve as a wind shelter.

Studies have been conducted since the early 1970s to determine design
parameters for shelters intended to provide protection from torriadoes,
hurricanes, and other extreme-wind events. In 1998, using the results of
research conducted by Texas Tech University’s Wind Engineering Research
Center (WERC), FEMA developed design guidance and construction plans
for in-home wind shelters and prepared the booklet Taking Shelter From the
Storm: Building a Safe Room Inside Your House, FEMA 320. As the title
suggests, the guidance presented in FEMA 320 is specific to small shelters
built inside individual houses.

This manual builds on the information in FEMA 320 to provide design
guidance for larger, community shelters for high-wind events.

FEDERAL EMERGENCY MANAGEMENT AGENCY

29




Q

ERIC

Aruitoxt provided by Eic:

wrrooucrion ITETTEN

Figure 1-1
Small interior room that
survived a tornado.

1.3  Organization of the Manual

This manual consists of 11 chapters and 7 appendixes:

Chapter 2 describes the objectives of designing community shelters—the
primary objective is the safety of the occupants within the shelters—and
discusses risk assessment tools.

“ Chapter 3 describes the characteristics of tornadoes and hurricanes and their

effects on structures.

Chapter 4 discusses shelter location concepts, including shelters accessed
from the interior or exterior of a building, modifying and upgrading existing
interior space, shelter location and accessibility, and types of shelters.

Chapter 5 details the wind load design criteria for shelter structures (e.g.,
determination of wind loads, protection against penetration by windborne
missiles, and proper anchorage and connection).

Chapter 6 presents the performance criteria for windborne missile impacts,
doors and door frames, windows, and roofs.

Chapter 7 discusses considerations regarding flood and seismic hazards,
permitting, code compliance, and quality control.

Chapter 8 discusses the human factors criteria for shelters (e.g., proper
ventilation, square footage per shelter occupant, accessibility, lighting,
occupancy durations, emergency food and water, sanitary management,
emergency supplies, and emergency power).

DESIGN AND CONSTRUCTION GUIDANCE FOR COMMUNITY SHELTERS | 15 |
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Chapter 9 discusses emergency management considerations, including ’
parameters for developing a plan of action to respond to a high-wind event for

both community shelters and shelters in commercial buildings, and

preparation of a shelter maintenance plan.

Chapter 10 presents a commentary on the design and performance criteria.
Chapter 11 presents a list of references used in the preparation of this report.

Appendix A describes the FEMA shelter benefit/cost model, which is
provided on a CD-ROM included in this appendix.

Appendix B contains checklists for use in assessing wind, flood, and seismic
hazards at a potential shelter site.

Appendixes C and D present case studies in which community shelters were
designed for two applications. Appendix C contains design plans for a
community shelter intended to protect residents of manufactured housing
provided by FEMA after Hurricane Floyd in North Carolina. Appendix D
contains design plans for a shelter for a school building in Wichita, Kansas.
The case studies include wind load analyses, detailed shelter design plans, and
cost estimates.

Appendixes E and F present the results of missile impact tests on shelter
wall sections, and shelter doors and door hardware, respectively.

Appendix G presents design guidance regarding impact protection for wood
sheathing.
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As noted in Chapter 1, FEMA has developed standard designs for in-home
tornado shelters (or “safe rooms”) designed to protect the occupants of a
single home during severe wind events. The May 1999 BPAT investigation of
the tornadoes in Oklahoma and Kansas made it clear that a severe wind event
can cause a large loss of life or a large number of injuries in high-occupancy
buildings (e.g., school buildings, hospitals and other critical care facilities,
nursing homes, day-care centers, and commercial buildings) and in residential
neighborhoods where people do not have access to either in-residence or
community shelters. This manual provides design professionals with guidance
they need to design community shelters for protection from high-wind events.

The design and planning necessary for extremely high-capacity shelters that
may be required for use in large, public use venues such as stadiums or
amphitheaters are beyond the scope of this design manual. An owner or
operator of such a venue may be guided by concepts presented in this manual,
but detailed guidance concerning extremely high-capacity shelters is not
provided. The design of such shelters requires attention to issues such as
egress and life safety for a number of people that is orders of magnitude
greater than that proposed for a shelter designed in accordance with the
guidance provided in this manual.

This manual provides guidance regarding issues such as designing and
constructing a shelter as a “stand-alone” building; constructing a shelter in a
new building; adding a shelter to an existing building; identifying additional
wall and roof sections capable of withstanding impacts from windborne
debris (missiles); and reconciling prototypical plans with the model building,
fire, and life safety codes, as well as emergency operations plans.

2.1 Occupant Safety

This manual presents guidance for the design of engineered shelters that will
protect large numbers of people during a high-wind event. Shelters designed
by a professional according to the design and performance criteria outlined in
this manual (including a design wind speed) are intended to minimize the
probability of death and injury during a high-wind event by providing their
occupants with near-absolute protection.

2.1.1 Occupant Risk Levels and Life Safety
The risk of death or injury from tornadoes or hurricanes is not evenly
distributed throughout the United States. This manual will guide the reader

In May 1999, FEMA provided
general criteria for all tornado
shelters in the National
Performance Criteria for
Tornado Shelters (NPC). For
community shelters, the
specific guidance in this
manual replaces the general
guidance in the May 1999
edition of the NPC. The July
2000 edition of the NPC
(available on the World Wide
Web at www.fema.gov) now
applies only to shelters with
fewer than 12 occupants.

WARNING
A shelter designed according
to the guidance presented in
this manual provides near-
absolute protection from death
and injury. The shelter,
however, may be damaged
during a design event. (A
design event is determined
through the selection of the
appropriate design wind speed
from the map in Figure 2-2.)
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CHAPTER 2 ' PROTECTION OBJECTIVES

é‘%

CROSS-REFERENCE

A benefit/cost (B/C) analysis
model for tornado and
hurricane shelters is dis-
cussed in Section 2.2.7 and is
provided on the CD-ROM
inlcuded in Appendix A.

through the process of identifying the risk of severe winds in a particular ‘
location and mitigating that risk. The intent of this manual is not to mandate

the construction of shelters for high-wind events, but rather to provide design

guidance for persons who wish to design and build such shelters. Levels of

risk, and tools for determining the levels of risk, are presented in this chapter.

2.1.2 Design Limitations

The intent of this manual is not to override or replace current codes and
standards, but rather to provide important guidance where none has been
available. No known building, fire, or life safety code or engineering standard
has previously attempted to provide detailed information, guidance, and
recommendations concerning the design of tornado or other high-wind
shelters intended to provide near-absolute protection. Therefore, the
information provided in this manual is the best available at the time this this
manual was published. This information will support the design of a shelter
that provides near-absolute protection from a specified design wind speed that
has been determined to define the wind threat for a given geographic area.
Designing and constructing a shelter according to the criteria in this manual
does not mean that the shelter will be capable of withstanding every possible
high-wind event. The design professional who ultimately designs a shelter
should state the shelter design parameters on the project documents.

Examples of actual shelters that have been designed to the criteria presented
in this manual are presented in Appendixes C and D.

2.2 Risk Assessment Concepts

The decision to design and construct a shelter can be based on a single factor
or on a collection of factors. Single factors are often related to the potential for
loss of life or injury (e.g., a hospital that cannot move patients housed in an
intensive care unit decides to build a shelter, or shelters, within the hospital; a
school decides not to chance fate and constructs a shelter). A collection of
factors to be considered in the risk assessment process could include the type
of hazard event, probability of event occurrence, severity of the event,
probable single and aggregate annual event deaths, shelter costs, and results of
computer models that evaluate the benefits and costs of the shelter project.

A risk assessment should be performed prior to the design and construction of
the shelter. The flowchart in Figure 2-1 will help. The major steps of the risk
assessment process—determining the nature, severity, and magnitude of the
expected wind event, assessing the potential for death and injury, conducting a
site assessment, identifying other influencing factors, and determining shelter
costs and benefits—are discussed in Sections 2.2.1 through 2.2.7.
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‘ - Risk Assessment Flow Chart

You have decided that you may need a community shelter.
Determine your design wind speed.
{See Section 2.2 and Figure 2-2)

¥

Determine the expected wind hazard type
and severity.
(See Sections 2.2.1 and 2.2.2)

Y

Determine the potential for death or injury.
(See Section 2.2.3)

¥

Determine who will use the shelter. For example:

& School & Emergency Operations Center (EOC)
& Hospital & Assisted care facility

& Police & Business

& Fire & Community

Y
——r Identify shelter alternatives
Y 1
No shelter alternatives on site. A new, stand- A building exists on site and should be
alone shelter should be constructed. evaluated for use as a shelter.
(See Appendix C - Case Study I} {See Appendix D - Case Study IT)
Y
‘ Perform vulnerability assessment of any
existing identified refuge areas or any other
portions of the building identified as potential
shelter locations.
(See Section 2.2.4 and hazard evaluation checklists
in Appendix B)
Y

Prepare design, construction, and annual cost estimates.
(See Section 2.2.5)

No OptionA } —% Option B

Run Benefit/Cost (BC) model. Is the proposed Shelter needs must be met regardless of
shelter cost-effective (according to B/C model?) Benefit/Cost model resuits:
(See Section 2.2.7) & Zero tolerance for loss of life
& Peace of mind
& Business decision {e.g., protects workers,
allows for faster recovery)
& Municipal/city responsibility

B&E‘ (See Section 2.2.6)

Design & Build a Shelter
¥
Maintain & Operate the Shelter

Y

‘ Figure 2-1 Risk assessment flowchart.
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CHAPTER 2

PROTECTION OBJECTIVES
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NOTE

The wind speeds associated
with the Saffir-Simpson
Hurricane Scale are recorded
as 1-minute sustained winds.
Figure 2-2 presents the design
wind speeds as 3-second
gusts. Therefore, 154-mph
winds in a high-end Category
4 Hurricane on the Saffir-
Simpson Hurricane Scale are
equivalent to 194-mph winds
recorded as 3-second gusts.
More information on wind
speed conversions is provided
in Chapter 10.

@2
Z@3F
NOTE

ASCE 7-98 is the national
engineering standard for load
determination promulgated by
the American Society of Civil
Engineers (ASCE) and is
incorporated by reference into
the International Building Code
(IBC) and International
Residential Code (IRC). The
design parameters defined in
this manual are for use with
the design methodology in
ASCE 7-98 except where noted.

2.2.1 Design Wind Speed Map for Risk Assessment and Shelter ‘
Design
A map of extreme wind speeds was produced for FEMA 320, Taking Shelter
Sfrom the Storm; Building a Safe Room Inside Your House. This design manual
uses a revised version of that map, updated and adjusted to reflect the most
recent data. The map (Figure 2-2) illustrates the design wind speeds for
different geographic regions of the country. The engineer or architect should
select the design wind speed for the proposed shelter according to the shelter’s
geographic location. For example, the design wind speed for a shelter being
designed in Wichita, Kansas, is 250 mph, but the design wind speed for a
shelter being designed in Rocky Mount, North Carolina, is 200 mph. Designs
based on these wind speeds offer similar levels of protection for their
respective locations.

Shelters are designed for winds that occur in tornadoes, hurricanes, or
thunderstorms. Along the Gulf of Mexico and Atlantic coasts and in the
Caribbean and Pacific Islands, hurricane winds control the design (typhoons
control the design for the Pacific Islands); in the interior of the United States
and Alaska, either tornadoes or thunderstorms are likely to control shelter design.

This change of guidance from FEMA’s National Performance Criteria for
Tornado Shelters is a more refined approach to the design of larger shelters
and considers the probability of high winds occurring. The design
professional can use the wind speeds shown on the map to design a shelter
that provides near-absolute protection for a specific geographic area within the
United States. Designing a shelter to protect against the maximum wind
speeds possible during the rarest of extreme events is impractical; in addition,
such wind speeds are often a matter of debate within the scientific and
engineering communities. A design wind speed of 250 mph is considered to
be a reasonable maximum design speed for the entire country. Note, however,
that Zones I, II, and III have a reduced potential for high-wind events and thus
have design wind speeds of 130 mph, 160 mph, and 200 mph, respectively.
(Wind speeds stated are 3-second gust, Exposure C, and correspond to an
elevation of 33 feet above grade—consistent with ASCE 7-98.)

Wind speed measurements higher than the design wind speeds are frequently
reported immediately after an extreme-wind event that are not borne out by
careful evaluation. Highly contested wind speed measurements that are
outliers in the statistical wind speed data for the United States are not practical
design parameters for community shelters. The wind speed measurement
devices used and their ability to function properly during a severe event are
often questioned. Questions arise about whether the devices were calibrated
properly, whether they were rated for the wind speed being measured, and
whether they functioned properly (e.g., was the device a hot-wire anemometer
that became wet and gave a false reading?). In addition, the wind
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PROTECTION OBJECTIVES
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NOTE

It is important to note that
FEMA does not intend to revise
FEMA 320 to provide designs
for in-home shelters that resist
wind speeds of less than 250
mph. The 250-mph criterion
has resulted in a series of
designs that provide a consis-
tent level of protection. In
“*small, in-residence shelters,

| the wall and roof sections

* required to resist missile

- _impacts can easily be de-

.- «signed to resist pressures

- from wind speeds of 250 mph.
* "Any savings that would result
“~from constructing to resist a

lower wind speed are insignifi-

; cant for these small shelters.
However, for the longer-span
wall and roof sections required
for community shelters, wind
pressure, rather than missile
impact, becomes a much more
significant factor in design.

g‘%

CROSS-REFERENCE

A discussion of the design
wind speeds for tornadoes and
hurricanes is presented in
Chapter 10.

measurement may have been taken high above the ground surface (e.g.,
measurements taken with Doppler radar that do not reflect wind speeds at the
ground surface), or they may have been taken with instruments known to have
deficiencies in the severe environments in which the instruments were used.

An eXample of a recently contested wind speed was the 318-mph wind speed
reported by a mobile Doppler-on-Wheels Radar during the May 3, 1999,
tornado outbreak. The details of this recorded wind speed do not specify at
what elevation between 0 and 200 meters (660 feet) above the ground the
speed was measured; therefore, this speed is not considered a reasonable
design parameter. What was measured by the Doppler-on-Wheels Radar and
exactly at what elevation could not be specified to the satisfaction of many in
the engineering and scientific communities. Further, additional effort has been
spent validating reported high wind speeds that are currently being contested
by the engineering and scientific communities. Resolution of this debate is
left to other engineering and scientific teams. The design wind speeds
recommended in this manual reflect the judgment of the Project Team of
credible wind speeds as estimated by the observed damage to buildings during
extreme-wind events.

The development of the wind speed map in Figure 2-2, which considers both
tornadoes and hurricanes, is based on historical data. Since 1995, an average
of more than 1,200 tornadoes has been reported nationwide each year.
Tornadoes are short-lived, are on average less than 500 feet wide, and traverse
less than 2,000 feet. Some large tornadoes have been known to cause damage
paths that are 3/4 mile wide and traverse many miles; however, tornadoes
such as these occur only a few times each year. The land area directly
impacted by all tornadoes in a year is relatively small. At present, it is not
possible to directly measure wind speeds in a tornado because of its short life.
Thus, the data available for tornadoes, intensity, and area of damage are
relatively sparse and require special consideration in the probability
assessment of wind speeds.

For hurricane wind speeds along the Gulf of Mexico and Atlantic coasts,
ASCE 7-98 uses the Monte Carlo numerical simulation procedure to establish
design wind speeds. The numerical simulation procedure provides reasonable
wind speeds for an annual probability of exceedance of 0.02 (50-year mean
recurrence interval [MRI]). For wind speeds with an extremely low
probability of occurrence, the current numerical procedure gives unusual
answers (e.g., wind speed estimates in Maine are higher than those in
Florida). Because the available technology is not precise for low-probability
wind speeds, the determination of design wind speeds for hurricanes must be
based on the available data and subjective judgment.

FEDERAL EMERGENCY MANAGEMENT AGENCY
QA
o




PROTECTION OBJECTIVES

* CHAPTER 2

Tornadic and hurricane design wind speeds for shelter design are unified to
one averaging time of 3 seconds. The resulting 3-second gust speeds are
consistent with the reference wind speeds used in ASCE 7-98. Consequently,
they can be used in conjunction with ASCE 7-98 to determine wind loads as
discussed in Chapter 5.

The wind speeds shown in Figure 2-2 are valid for most regions of the
country; however, the Special Wind Regions (e.g., mountainous terrain, river
gorges, ocean promontories) shown on the map are susceptible to local effects
that may cause substantially higher wind speeds. Mountainous areas often
experience localized winds of considerable magnitude. For instance,
mountain-induced windstorms in the lee of the Colorado Front Range have
been documented at speeds approaching 120 mph. In Boulder, Colorado,
straight-line winds in excess of 60 mph are observed about once a year. The
frequency and maximum intensity of such high-wind events at higher
elevations within Special Wind Regions are likely to be more frequent and
even stronger. When the desired shelter location is within one of these regions,
or there is reason to believe that the wind speeds on the map do not reflect the
local wind climate, the design professional should seek expert advice from a
wind engineer or meteorologist.

2.2.2 Tornado and Hurricane Histories

A map that shows F3, F4, and F5 tornado occurrence in the United States,
based on historical data, is presented in Figure 2-3. The history of tornado
occurrence in a given area, alone or with the other factors mentioned in this
section on risk assessment, is also an important factor in the decision-making
process of whether or not to construct a community shelter for protection
against high-wind events. BPAT investigations conducted after the May 3,
1999, tornadoes indicated that buildings can be retrofitted to resist the effects
of smaller tornadoes (FO-F2). However, to resist the forces of larger tornadoes and
provide near-absolute protection from all tornadoes, engineered shelters are needed.

As noted in Section 2.2.1, the map in Figure 2-2 shows the design wind
speeds for the country based on combined tornado and hurricane threats.
Figure 2-3 presents the recorded statistical history of tornado occurrence for
strong and violent tornadoes (F3, F4, and F5) for one-degree squares
(approximately 3,700 square miles) over a 48-year period. It is because of the
threat of these strong and violent tornadoes that the design wind speed map
shows wind zones with wind speeds up to 250 mph throughout the center of
the country. Similar statistics exist for smaller, F1 and F2 tornadoes and for
hurricane landfalls from 1900 to 1999. This statistical data group was used to
define Zones I-1II in Figure 2-2.

£
CROSS-REFERENCE

Tables that show conversions
from fastest 1/4-mile speeds
and 1-minute sustained
speeds to 3-second gust
speeds are presented in
Chapter 10.
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Hurricane histories from 1900 to 1999 were also studied and considered in the
preparation of the design wind speed map. These statistics indicate that 79
Category 3, 4, and 5 hurricanes struck the southeast and gulf coast states
during that period. These statistics also contributed to the wind zones on Figure 2-2.

The probability data for tornado and hurricane strikes for the United States
have been considered in the preparation of the design wind speed map, but are
not presented graphically in this manual. However, tornado and hurricane
occurrences and their associated probabilities have been included within the
benefit/cost model that is discussed in Section 2.2.7 and provided on CD-
ROM in Appendix A.

2.2.3 Single and Annual Event Deaths

The owner or user of a potential shelter may decide that, regardless of the
probability of a high-wind event occurring at the building site, a certain
number of deaths associated with a single event may constitute a reason to
construct a shelter. Annualized data on event deaths over specified times may
also be a significant factor in the decision to construct or not construct a
shelter at a given site.

A convenient source of such data is the World Wide Web. For this project, a
significant amount of data was gathered from the Southeast Regional Climate
Center (SERCC) and its three-tiered national climate services support
program. The partners in this program include the National Climatic Data
Center (NCDC at www.ncdc.noaa.gov), the six Regional Climate Centers
(RCCs), and the individual and collective State Climate Offices. Private sites
also contain significant information regarding deaths, injuries, and costs
associated with all types of natural hazard events. The benefit/cost software
provided in Appendix A and described in Section 2.2.7 can be used to
estimate deaths or injuries both with and without a specially engineered shelter.

2.2.4 Evaluating Existing Areas To Be Used as a Shelter

In inspecting areas of existing buildings that are used as shelter areas, FEMA
has found that owners may overlook the safest area of a building. In addition,
the safety of a hallway or other shelter area may be overestimated. Evaluating
shelter areas in an existing building helps the owner (1) determine whether the
safest part of the building is being used as a shelter, (2) identify possible ways
to make existing areas safer, and (3) decide whether to design and build a
shelter according to the guidance in this manual. A preliminary evaluation
may be performed by a design professional or by a potential shelter owner,
property owner, emergency manager, building maintenance person, or other
interested party provided he or she has a basic knowledge of building sciences
and can read and understand building design plans and specifications.

CHAPTER 2
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CROSS-REFERENCE

Guidance concerning the siting
of shelters is presented in
Chapter 4 of this manual.

The wind hazard evaluation checklists in Appendix B will help the user assess
a building’s susceptibility to damage from high-wind events such as tornadoes
and severe hurricanes. Although the threat of damage from high-wind events
is the predominant focus of the evaluation, additional threats may exist from
flood and seismic events; therefore, flood and seismic hazard evaluations
should be performed in conjunction with the wind hazard evaluation to assess
the multi-hazard threat at the site. Checklists for flood and seismic hazard
evaluations are also provided in Appendix B; however, they are designed to
support only a generalized evaluation (the wind hazard section of the
checklists includes detailed screening processes for the building structure).

The wind, flood, and seismic hazard evaluation checklists in Appendix B
may be used for the preliminary assessment. Prior to the design and
construction of a shelter, a design professional should perform a more
thorough assessment in order to confirm or, as necessary, modify the findings
of a preliminary assessment. The checklists in Appendix B can provide a
starting point for this more thorough assessment.

An entire building or a section of a building may be designated a potential
shelter area. If an existing building is selected for use as a community shelter,
the hazard evaluation checklists will help the user identify potential shelter
areas within the building and evaluate their vulnerability to natural hazards.
The checklist evaluation process will guide the user through the selection of
the best shelter areas within the building and focus the evaluation on the
critical sections of the building. For example, an evaluator who inspects a
portion of a building being considered for use as a shelter should determine
whether that portion is structurally independent of the rest of the building, is
easily accessible, and contains the required square footage.

The checklists consist of questions pertaining to structural and non-structural
characteristics of the area being considered. The questions are designed to
identify structural and non-structural vulnerabilities to wind hazards based on
typical failure mechanisms. Structural or non-structural deficiencies may be
remedied with retrofit designs; however, depending on the type and degree of
deficiency, the evaluation may indicate that the existing structure is unsuitable
for use as a shelter area. The checklists are not a substitute for a detailed
engineering analysis, but they can assist the decision-makers involved with
hazard mitigation and emergency management determine whether a building
or section of a building has the potential to serve as a shelter.

The checklists are also used to comparatively rank multiple facilities within a
given geographic region that are considered potential shelter sites. A scoring
system is included to enable the user to compare performance characteristics
at various potential shelter sites and to highlight vulnerabilities. For each
question on the checklist, deficiencies and vulnerabilities are assessed penalty
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points. Therefore, a high score reflects higher hazard vulnerability and a low
score reflects lower hazard vulnerability, but only relative to the other
buildings considered in the scoring system. There is a minimum possible
score for the checklists, but this minimum score will vary, depending on the
design wind speed selected from Figure 2-2. Therefore, although a low score
is desired, there is no “passing score” or “minimum acceptable score for
protection.” Again, these checklists help a user determine which area of a
building is likely to perform best during a high-wind event and which areas
require engineering and retrofit design if they are to provide protection from a
tornado, a hurricane, or both.

Electronic versions of the blank checklists and summary score sheet in
Appendix B are included on the CD-ROM in Appendix A. Therefore, the user
may print additional copies as necessary.

2.2.5 Shelter Costs

Costs for the design, construction, and maintenance of community shelters
will vary by location and construction type. As part of the risk assessment
plan, budgetary cost estimates (estimates that will be + 20 percent accurate)
should be prepared by the design professional for each proposed shelter alternative.

The most cost-effective means of constructing a shelter at a site is to
incorporate the shelter into a new building being planned for construction. The
cost to design and construct hardened shelter areas within new buildings is
much lower than in retrofit situations, in which existing buildings or portions
of existing buildings are hardened. For example, in recent FEMA-funded
mitigation projects in many midwestern and southeastern states, construction
costs for retrofit shelters have been approximately 10—15 percent higher than
construction costs for shelters in new buildings. It is important to remember,
however, that this increase in cost applies only to a small area of the building
(i.e., the area being hardened and not the entire building).

2.2.6 Other Factors for Constructing a Tornado or Hurricane Shelter
A number of factors can influence the decision-making process. The potential
for death or injury discussed in Section 2.2.3 may be a sufficient reason to
build a shelter at a given building site. The benefit/cost ratio of constructing a
shelter discussed in Section 2.2.7 may be a contributing factor or a
requirement of the shelter design process, depending upon the funding source.
However, additional factors may be involved in the decision-making process:

* Do the residents feel safe without a shelter?
* Does a business want to provide the protection for its workers?

* Does a shelter allow for faster business recovery after a high-wind event?

CROSS-REFERENCE

An additional discussion of
probability of high-wind events
is presented in Chapter 10.

DEFINITION

The term hardening refers to
the process of modifying the
design and construction of a
building or part of a building so
that it can resist wind pres-
sures and missile impacts
during a high-wind event and
serve as a shelter. If the
hardening is designed by an
engineer or architect to meet
the criteria in this manual, the
hardened area is capable of
providing near-absolute
protection from the design
wind speed (and associated
windborne missiles) selected
from the map in Figure 2-2.
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o Is the building in question a government-owned building that is required to
have a shelter?

* Do zoning ordinances require it?

* Are there insurance benefits?

2.2.7 Benefit/Cost Model

Benefit/cost (B/C) analysis requires knowledge of the probability of
occurrence for events of varying magnitude. Appendix A includes a CD-ROM
that contains the B/C model software and a user’s guide. For tornadoes, the
model uses probabilities calculated from data retrieved from the NOAA
Storm Prediction Center’s Historical Tornado Data Archive. This database
contains records of tornado occurrence for all counties in the United States.
For hurricanes, the design wind speeds from ASCE 7-98 are used to predict
hurricane winds for different probabilities of occurrence for each county.
Therefore, the computation of probabilities is geographically based and
requires information applicable to specific sites. The purpose of the software
is to facilitate the computation of B/C ratios for shelter construction by
providing a user-friendly tool for processing the required data.

The model inputs are as follows:

* location, including target county

* project descriptive information (e.g., address, disaster number, project
number, project description)

* model run identification

* entire building dimensions

* shelter area

* shelter construction type

* shelter tornado occupancy by hour

* shelter hurricane occupancy by day

* mitigation construction costs

* mitigation maintenance costs

* mitigation useful life and discount rate

* injury and mortality damage functions for each construction type for
various wind speeds

* mitigation effectiveness against injury and mortality for various wind speeds

* geographic region around target county for tornado statistics

FEDERAL EMERGENCY MANAGEMENT AGENCY
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The model predicts project benefits by determining the monetary savings
realized from the proposed mitigation design in terms of the value of avoided
deaths of, and injuries to, shelter occupants. The project costs are determined
from the cost of construction and maintenance of the proposed mitigation
design. To calculate the benefits and costs, the model requires information
about the mitigation project being considered and the hazards posed by
tornado and hurricane winds. The model has an internal database of tornado
hazard data for all counties.

The user selects a region of interest around a target county to provide a
statistically significant sample with which to estimate tornado probabilities.
The model also contains hurricane wind hazard data for each county, based on
the design wind speeds in ASCE 7-98. The hurricane hazard is computed for
the target county. With the probabilities known for tornado and hurricane
wind hazards, the benefits are calculated from default damage avoidance
information contained in the model. Figure 2-4 is a flowchart for the B/C model.

Project Information Building Information Mitigation Rroject
Information
I ]
Y Y
Tornado Hazard Data Hurricane Hazard
T ]
]

Wind Speed Mapping
and Benefits
y

Benefit/Cost Ratio
Computation

Details about B/C Model Components

Project Information — Requests data about the project: location,
including target county, disaster number, run dates, and other basic
information. Most of this information is for identification purposes.

Building Information — Requests dimensions, building type, and
occupancy by time of the day for tornado hazards and average occupancy
for hurricane hazards.

Figure 2-4
Flowchart for the benefit/
cost model.
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Mitigation Project Information — Requests description of the proposed ‘ .
mitigation project, construction and maintenance costs, useful life, and '
mitigation effectiveness against tornadoes and hurricanes. For tornadoes
and hurricanes, the mitigation effectiveness is measured as the reduction
in deaths and injuries for occupants.

Tornado Hazard Data — Requests the selection of a region around the
target county. The tornado hazard data are the probabilities that describe
the odds of the building being hit by a tornado at a particular time of the
day. Because tornadoes are infrequent events in most locations, it is
unlikely that there will be a sufficient number of tornadoes in a particular
county to compute probabilities. Therefore, the sample region needs to be
expanded to encompass surrounding counties. This region can be selected
as a buffer with a selected radius around the target county or the entire
state, or manually selected county by county. The model indicates when a
sufficient number of counties have been selected. The tornado statistics
for the target county and the counties of the sample region were obtained
from the National Oceanic and Atmospheric Administration/National
Weather Service.

Hurricane Hazard Data - Requires the selection of a target county.

Based on ASCE 7-98, each county has a 50-year design wind speed and
an adjustment equation for different recurrence intervals. This procedure
provides the probability of exceedance for a wide range of wind speeds.

‘% Benefit Computation Based on Wind Speeds — The model uses the
% tornado and hurricane hazard data to calculate benefits based on avoided
deaths and injuries. Each building type provided in the model has an

CROSS-REFERENCE associated injury and mortality rate for specific wind speed ranges, which
The Fujita Tornado Scale and correspond to Fujita tornado damage classes and Safford-Simpson
the Saffir-Simpson Hurri- Hurricane Scale categories. The user can enter adjustments to these
cane Scale are discussed in “pre-mitigation” and “post-mitigation” rates for injury and mortality
Chapter 3. based on the mitigation project design effectiveness. The model uses

these pre- and post-mitigation damage rates in conjunction with the
tornado and hurricane hazard data to calculate the project benefits.

% B/C Ratio Computation — The model calculates benefits and a B/C ratio
é and prints reports. The model adds the benefits computed (for tornadoes

and hurricanes) and discounts them to current value using the Federal
discount rate and the useful life of the project. The capital cost of the
CROSS-REFERENCE project and any annual maintenance costs are also converted to current value.
Technical details of the B/C
model are discussed in The development of the model software relied on expert engineering and
Appendix A, scientific judgement in a number of areas as described in Appendix A. The
model looks at the loss of life and injuries associated with both tornadoes and
hurricanes. The assumptions, logic, and methodology used to develop the
model are presented along with the users’ manual in Appendix A.
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® 3 Characteristics of
Tornadoes and Hurricanes

This chapter provides basic information about tornadoes and hurricanes and
how they affect the built environment. This information will help the reader
better understand how extreme winds damage buildings and the specific
guidance provided in Chapters 5, 6, and 7.

3.1 General Wind Effects on Buildings
Building failures occur when winds produce forces on buildings that the
buildings were not designed or constructed to withstand. Failures also occur
when the breaching of a window or door creates a large opening in the
building envelope. These openings allow wind to enter buildings, where it
again produces forces that the buildings were not designed to withstand. Other
failures may be attributed to poor construction, improper construction

‘ techniques, and poor selection of building materials.

Past history and post-disaster investigations have shown that, to a large extent,
wind damage to both residential and non-residential buildings is preventable.
Mitigation opportunities for property protection have been identified along the
periphery of strong and violent tornadoes, in the path of the vortex of weak
tornadoes, and within the windfields of most hurricanes. In these areas,
damage to property was investigated to determine whether losses could have
been minimized through compliance with up-to-date model building codes
and engineering standards, and whether construction techniques proven to
minimize damage in other wind-prone areas were used. It has been
determined that property protection can be improved to resist the effects of
smaller tornadoes. This is an important consideration when building owners
are considering mitigation because, on average since 1995, F1 and F2
tornadoes account for approximately 80-95 percent of reported tornadoes in
any given year (based on NOAA tornado data from 1995 to 1998).

However, for tornadoes classified F3 and larger (see Table 3.1), large areas of
buildings cannot be economically strengthened to resist the wind loads. If the
building cannot resist the wind loads acting on it, it will fail. However, if the
occupants of the building have retreated to a safe, specially designed and
constructed shelter area, deaths and injuries will be avoided. Shelters designed
and constructed according to the principles in this manual provide a near-
absolute level of protection for their occupants.
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3.2 Wind-Induced Forces - Tornadoes and Hurricanes

Tornadoes and hurricanes are extremely complex wind events that cause
damage ranging from minimal or minor to extensive devastation. It is not the
intent of this section to provide a complete and thorough explanation or
definition of tornadoes, hurricanes, and the damage associated with each
event. However, this section does define basic concepts concerning tornadoes,
hurricanes, and their associated damage.

3.2.1 Tornadoes
In a simplified tornado model, there are three regions of tornadic winds:

« Near the surface, close to the core or vortex of the tornado. In this region,
the winds are complicated and include the peak at-ground 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.

* Near the surface, away from the tornado’s vortex. In this region, the flow is
a combination of the tornado’s rotation, inflow into the tornado, and the
background wind. The importance of the rotational winds as compared to
the inflow winds decreases with distance from the tornado’s vortex. The
flow in this region is extremely complicated. The strongest winds are
typically concentrated into relatively narrow swaths of strong spiraling
inflow rather than a uniform flow into the tornado’s vortex circulation.

* Above the surface, typically above the tops of most buildings. In this
region, the flow tends to become nearly circular.

In a 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
vortex center that can be larger than the edge of the visible funnel cloud’s
radius. It is important to remember that a tornado’s wind speeds cannot be
determined solely from its appearance.

Tornadoes are commonly categorized according to the Fujita Scale, which
was created by the late Dr. Tetsuya Theodore Fujita, University of Chicago.
The Fujita Scale (see Table 3.1) categorizes tornado severity by damage
observed, not by recorded wind speeds. Ranges of wind speeds have been
associated with the damage descriptions of the Fujita Scale, but their accuracy
has been called into question by both the wind engineering and meteorological
communities, especially the ranges for the higher end (F4 and FS5) of the scale.
The wind speeds are estimates that are intended to represent the observed
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. Table 3.1
‘ Category / Typical Damage The Fujita Scale
| FO Light: Chimneys are damaged, tree
branches are broken, shallow-rooted trees
are toppled.

F1 Moderate: Roof surfaces are peeled off,
windows are broken, some tree trunks are
snapped, unanchored manufactured homes
are overturned, attached garages may be
destroyed.

F2 Considerable: Roof structures are
damaged, manufactured homes are
destroyed, debris becomes airborne (missiles
are generated), large trees are snapped or
uprooted.

F3 Severe: Roofs and some walls are torn
from structures, some small buildings are
destroyed, unreinforced masonry buildings
are destroyed, most trees in forest are
uprooted.

F4 Devastating: Well-constructed houses are
destroyed, other houses are lifted from
foundations and blown some distance, cars
are blown some distance, large debris
becomes airborne.

F5 Incredible: Strong frame houses are lifted
from foundations, reinforced concrete
structures are damaged, automobile-sized
debris becomes airborne, trees are
completely debarked.

FO, F1, F2, F3, F4, F5 IMAGES: FEMA
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CHARACTERISTICS OF TORNADOES AND HURRICANES

damage. They are not calibrated wind speeds, nor do they account for ‘
variability in the design and construction of buildings.

Tornado damage to buildings can occur as a result of three types of forces:
1. wind-induced forces
2. forces induced by changes in atmospheric pressure

3. forces induced by debris impact

Forces due to tornadic and hurricane winds are discussed in detail later in this
chapter. Guidance on the calculation of these forces is provided in Chapter 5.

The atmospheric pressure in the center of the tornado vortex is lower than the
ambient atmospheric pressure. When a tornado vortex passes over a building,
the outside pressure is lower than the ambient pressure inside the building.
This atmospheric pressure change (APC) in a tornado may cause outward-
acting pressures on all surfaces of the building. If there are sufficient openings
in the building, air flowing through the openings will equalize the inside and
outside atmospheric pressures, and the APC-induced forces will not be a
problem. However, it should be noted that openings in the building envelope
also allow wind to enter the building and cause internal pressures in addition
to wind-induced aerodynamic external pressures (see Section 5.3.1).

Maximum APC occurs in the center of a tornado vortex where winds are
assumed to be zero. A simple tornado vortex model suggests that, at the radius
of the maximum winds, APC is one-half of the maximum value. Thus, for
tornado loadings, two situations of the state of the building should be
considered: (1) sealed building, or (2) vented building (i.e., a building with
openings). For a sealed building, the maximum design pressure occurs when
wind-induced aerodynamic pressure is combined with one-half APC-induced
pressure. For a vented building, the maximum design pressure occurs when
wind-induced aerodynamic pressure is combined with wind-induced internal
pressure. See Chapter 5 for design guidance regarding the effects of APC.

Tornadic winds tend to lift and accelerate debris (missiles) consisting of roof
gravel, sheet metal, tree branches, broken building components, and other
items. This debris can impact building surfaces and perforate them. Large
debris, such as automobiles, tends to tumble along the ground. The impact of
this debris can cause significant damage to wall and roof components. The
debris impact and the high winds result from the same storm. However, each
debris impact affects the structure for an extremely short duration, probably
less than 1 second. For this reason, the highest wind load and the highest
impact load are not considered likely to occur at precisely the same time.
Design guidance for the impact of debris is presented in Chapter 6.
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3.2.2 Hurricanes

Hurricanes are one of the most destructive forces of nature on earth. Views of
hurricanes from satellites thousands of miles above the earth show the power
of these very large, but tightly coiled weather systems. A hurricane is a type of
tropical cyclone, the general term for all circulating weather systems
(counterclockwise in the Northern Hemisphere) originating over tropical
waters. Tropical cyclones are classified as follows:

* Tropical Depression — An organized system of clouds and thunderstorms
with a defined circulation and maximum sustained winds of 38 mph or less.

* Tropical Storm — An organized system of strong thunderstorms with a
defined circulation and maximum sustained winds of 39 to 73 mph.

* Hurricane — An intense tropical weather system with a well-defined
circulation and sustained winds of 74 mph or higher. In the western Pacific,
hurricanes are called “typhoons,” and similar storms in the Indian Ocean
are called “cyclones.”

Hurricanes that affect the U.S. mainland are products of the Tropical Ocean
(Atlantic Ocean, Caribbean Sea, or Gulf of Mexico) and the atmosphere.
Powered by heat from the sea, they are steered by the easterly trade winds and
the temperate westerlies as well as by their own ferocious energy. Around
their core, winds grow with great velocity, generating violent seas. Moving
ashore, they sweep the ocean inward (storm surge) while spawning tornadoes,
downbursts, and straight-line winds, and producing torrential rains and floods.

Hurricanes are categorized according to the Saffir-Simpson Hurricane Scale
(see Table 3.2), which was designed in the early 1970s by Herbert Saffir, a
consulting engineer in Coral Gables, Florida, and Robert Simpson, who was
then director of the National Hurricane Center. The Saffir-Simpson Hurricane
Scale is used by the National Weather Service to estimate the potential
property damage and flooding expected along the coast from a hurricane
landfall. The scale is a 1-5 rating based on the hurricane’s current intensity.
Wind speed and barometric pressure are the determining factors in the scale.
Storm surge is not a determining factor, because storm surge values are highly
dependent on the slope of the continental shelf in the landfall region.

Recently, there has been increased recognition of the fact that wind speed,
storm surge, and inland rainfall are not necessarily coupled. There is growing
interest in classifying hurricanes by separate scales according to the risks
associated with each of these threats.
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Table 3.2
The Saffir-Simpson
Hurricane Scale

Category / Typical Damage

C1 Minimal: Damage is done primarily to
shrubbery and trees, unanchored
manufactured homes are damaged, some
signs are damaged, no real damage is done
to structures on permanent foundations.

C2 Moderate: Some trees are toppled, some
roof coverings are damaged, major damage is
done to manufactured homes.

C3 Extensive Damage: Large trees are
toppled, some structural damage is done to
roofs, manufactured homes are destroyed,
structural damage is done to small homes
and utility buildings.

C4 Extreme Damage: Extensive damage is
done to roofs, windows, and doors; roof
systems on small buildings completely fail;
some curtain walls fail.

C5 Catastrophic Damage: Roof damage is
considerable and widespread, window and
door damage is severe, there are extensive
glass failures, some buildings fail completely.

g, ot
C1, C2, C3, C4 IMAGES: FEMA
C5 IMAGE COURTESY OF NOAA, HISTORICAL DATA COLLECTION

3.2.3 Typhoons

Typhoons affect the Pacific Islands (Hawaii, Guam, and American Samoa)
and, like hurricanes, can generate high winds, flooding, high-velocity flows,
damaging waves, significant erosion, and heavy rainfall. Historically,
typhoons have been classified according to strength as either typhoons (storms
with less than 150 mph winds) or super typhoons (storms with wind speeds of
150 mph or greater) rather than by the Saffir-Simpson Hurricane Scale. For
the purposes of this manual, the guidance provided for hurricanes applies to
areas threatened by typhoons.

49

FEDERAL EMERGENCY MANAGEMENT AGENCY




CHARACTERISTICS OF TORNADOES AND HURRICANES o " CHAPTER 3

3.3 Effects of Extreme Winds and Tornado Forces
Wind-induced damage to residential and commercial buildings indicates that
extreme winds moving around buildings generate loads on building surfaces
that can lead to the total failure of a building. In addition, internal
pressurization due to a sudden breach of the building envelope (the failure of
the building exterior) is also a major contributor to poor building performance
under severe wind loading conditions. If a building is constructed with a
continuous load path, the building’s ability to survive during a design event
will be improved, even if a portion of the building envelope fails. This section
discusses topics related to wind, wind pressures acting on buildings, and
windborne debris (missiles). The importance of a continuous load path within
a building or structure is discussed in Section 5.5.

3.3.1 Forces Generated by the Design Wind Speed

The design wind speed for construction of a community shelter should be
determined from Figure 2-2. When calculating the wind pressures from the
design wind speed, the designer should not consider the effects of the other
parts of the building that may normally reduce wind pressures on the shelter.
The designer should also ensure either that the destruction of the non-shelter
parts of the building does not put additional loads on the shelter or that the
shelter is designed for these additional loads.

The design wind speed is used to predict forces on both the main wind force
resisting system (MWFRS) and on the exterior surfaces of the buildings—
components and cladding (C&C). The MWFRS is the structural system of the
building or shelter that works to transfer wind loads to the ground and
includes structural members such as roof systems (including diaphragms),
frames, cross bracing, and loadbearing walls. C&C elements include wall and
roof members (e.g., joists, purlins, studs), windows, doors, fascia, fasteners,
siding, soffits, parapets, chimneys, and roof overhangs. C&C elements receive
wind loads directly and transfer the loads to other components or to the
MWERS.

The effects of wind on buildings can be summarized as follows:

* Inward-acting, or positive, pressures act on windward walls and windward
surfaces of steep-sloped roofs.

* Outward-acting, or negative pressures act on leeward walls, side walls,
leeward surfaces of steep-sloped roofs, and all roof surfaces for low-sloped
roofs or steep-sloped roofs when winds are parallel to the ridge.

* Airflow separates from building surfaces at sharp edges and at points
where the building geometry changes.

CROSS-REFERENCE

Section 5.5 presents detailed
information about continuous
load paths. A continuous load
path is required in a shelter in
order for the shelter to resist
the wind and wind pressures
described in this section.

%1%

CROSS-REFERENCE

The design wind speed for
the proposed shelter is
selected from Figure 2-2.
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* Localized suction or negative pressures at eaves, ridges, edges, and the '
corners of roofs and walls are caused by turbulence and flow separation.
These pressures affect loads on C&C.

* Windows, doors, and other openings are subjected to wind pressures and
the impact of windborne debris (missiles). If these openings fail (are
breached) because of either wind pressure or windborne debris, then the
entire structure becomes subject to wind pressures that can be twice as
great as those that would result if the building remained fully enclosed.

High winds are capable of imposing large lateral (horizontal) and uplift
(vertical) forces on buildings. The strength of the building’s structural frame,
connections, and envelope determine the ability of the building to withstand
the effects of these forces.

Wind loads are influenced by the location of the building site (the general
roughness of the surrounding terrain, including open, built-up, and forested
areas, can affect wind speed), height of the building (wind pressures increase
with height above ground, or the building may be higher than surrounding
vegetation and structures and therefore more exposed), surrounding
topography (land surface elevations can create a speedup effect), and the
configuration of the building.

Roof shape plays a significant role in roof performance, both structurally and
with respect to the magnitude of the wind loads. Compared to other types of
roofs, hip roofs generally perform better in high winds because they have
fewer sharp corners and because their construction makes them inherently
more structurally stable. Gable-end roofs require extensive detailing to
properly transfer lateral loads acting against the gable-end wall into the
structure. Steeply pitched roofs usually perform better than flat roofs because
uplift on the windward roof slopes is either reduced or eliminated.

Figure 3-1 illustrates the effects of roof geometry on wind loads. Notice that a
3-foot parapet around a roof does not have elevated roof pressures at the
corners and that a gable roof with a roof pitch of greater than 30 degrees
produces the lowest leeward and corner pressures. The highest roof pitches
tested are 45 degrees (12 on 12 pitch) because few roofs have steeper pitches
than 45 degrees and few data are available for higher slopes.

Wind loads and the impact of windborne debris are both capable of damaging
a building envelope. Post-disaster investigations of wind-damaged buildings
have shown that many building failures begin because a component or a
segment of cladding is blown off the building, allowing wind and rain to
rapidly enter the building. An opening on the windward face of the building
can also lead to a failure by allowing positive pressures to occur that, in
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Flat, up to 10° roof slops

_» — Parapet height
~ 1 > 3feet

Gable and Hip
> 10° < 30°
roof slope

S

Gable > 30°, < 45° roof slop

NOTE: Design pressures all assume the same basic wind speed
(250 mph 3-second peak gust), Exposure C, and mean roof height.

Figure 3-1

Calculated pressures (based
on ASCE 7-98 C&C
equations) acting on a typical
shelter. This figure illustrates
the different roof pressures
that result for the same
building and wind speed as
the roof shape is varied. For
the calculation of the loads
from these pressures, the
shelter was assumed to be a
50-foot x 75-foot rectangular
building with a constant
mean roof height of 12 feet.
Note: These loads do not
include any additional loads
from internal pressurization
resulting from either a
vented or breached building
envelope.
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Figure 3-2

Internal pressurization and
resulting building failure due
to design winds entering an
opening in the windward
wall.

CHARACTERISTICS OF TORNADOES AND HURRICANES

conjunction with negative external pressures, can “blow the building apart.”
Figure 3-2 depicts the forces that act on a structure when an opening exists in
the windward wall.

The magnitude of internal pressures depends on whether the building is
“enclosed,” “partially enclosed,” or “open” as defined by ASCE 7-98. The
internal pressures in a building are increased as a building is changed from an
“enclosed” to a “partially enclosed” building. The design criteria presented in
Chapter 5 recommend that shelter design be based on the partially enclosed
internal pressures. The walls and the roof of the shelter and connections
between the components should be designed for the largest possible
combination of internal and external pressures. This design concept is in
keeping with using a conservative approach because of the life safety issues
involved in shelter design.

3.3.2 Building Failure Modes — Elements, Connections, and Materials
The wind forces described in the previous section will act on a building as both
inward-acting and outward-acting forces. The direction and magnitude of the
forces are governed by the direction of the wind, location of the building, height
and shape of the building, and other conditions that are based on the terrain
surrounding the building. Chapter 5 of this manual and Section 6 of ASCE 7-98
provide information on calculating the direction and magnitude of the wind
forces acting on a building once the design wind speed and openings in the
building envelope have been established. Winds moving around a building or
structure may cause sliding, overturning, racking, and component failures. .
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‘ Building failures can be independently categorized by one or a combination of
the four failure modes illustrated in Figure 3-3. A sliding failure occurs when
wind forces move a building laterally off its foundation. An overturning
failure occurs when a combination of the lateral and vertical wind forces
cause the entire building to rotate about one of its sides. A racking failure
occurs when the building’s structural system fails laterally, but the building
typically remains connected to the foundation system. A component failure,
the most common failure seen during high-wind events (and typically a
contributing failure to the first three failure modes listed), may be caused by
wind pressures or windborne debris (missile) impacts. Component failures
may be either full-system failures or individual element failures.

Figure 3-3

Forces on a building due to
wind moving around the
structure.

v 11 8

Translation or Sliding Overturning
(Lateral Movement)

ezl /[ [

4] i

Racking Material Failure
(Lateral Collapse)

Most buildings are designed as enclosed structures with no large or dominant
openings that allow the inside of the building to experience internal
pressurization from a wind event. However, under strong wind conditions, a
breach in the building envelope due to broken windows, failed entry doors, or
failed large overhead doors may cause a significant increase in the net wind
loads acting on building components such as walls and the roof structure . In
such cases, the increase in wind load may cause a partial failure or propagate
into a total failure of the primary structural system. Uplift or downward force
(depending on roof pitch and wind direction) may act upon the roof of the
building and cause overturning, racking, or failure of components.
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CROSS-REFERENCE

Chapter 6 presents additional
information about cyclic
loading for missile impact
protection and for code
compliance in specific regions
of the country.

3.3.3 Cyclic Loading

Both tornadoes and hurricanes have unsteady wind patterns within their
circular wind fields. These effects cause cyclic loading on buildings.
Tornadoes, however, generally pass over a site in a very short time. Wind
experts believe that the cyclic periods of wind loads in tornadoes are short and
less frequent than those in hurricanes. Thus, designing tornado shelters for
cyclic loads is not recommended.

Hurricane winds typically impact a site for a much longer time. This can
result in many repetitive cycles close to the peak loads. Failures in the roof
system itself, and of roof-to-wall, wall-to-wall, wall-to-floor, and wall/floor to
foundation connections, can occur under repetitive loads. Cyclic loads
become particularly important when either the structure or a component is
flexible or when the fastening system receives repetitive loading. When cyclic
loads are to be considered, designers are advised to review loading cycles
given in the ASTM Standard E 1996 or to use allowable stresses below the
endurance limit of materials or connections. Structural connections of heavy
steel and reinforced concrete and masonry construction, where the structural
system is rigid, are likely to resist hurricane cyclic loads.

3.3.4 Windborne Debris — Missiles

Tornadoes and hurricanes produce large amounts of debris that become
airborne. This windborne debris (missiles) may kill or injure persons unable
to take refuge and may also perforate the envelope and other components of
any conventional building in the path of the debris. The size, mass, and speed
of missiles in tornadoes or hurricanes varies widely. Only a few direct
measurements of debris velocity have been made. Such measurements require
using photogrammetric techniques to analyze movies of tornadoes that
contain identifiable debris. For this reason, the choice of the missiles that a
shelter must withstand is somewhat subjective. From over 30 years of post-
disaster investigations after tornadoes and hurricanes, the Wind Engineering
Research Center at Texas Tech University (TTU) concluded that the missile
most likely to perforate building components is a wood 2x4 member,
weighing up to 15 Ib. Other, larger airborne missiles do occur; larger objects,
such as cars, can be moved across the ground or, in extreme winds, they can
be tumbled, but they are less likely than smaller missiles to perforate building
elements. Following the Oklahoma and Kansas tornado outbreaks of May 3,
1999, both FEMA and TTU investigated tornado damage and debris fields
and concluded that the 15-1b 2x4 missile was reasonable for shelter design.
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3.3.5 Resistance to Missile Impact

Relationships between wind speed and missile speed have been calculated.
For a 250-mph wind speed, the highest design wind speed considered
necessary for shelter design, the horizontal speed of a 15-1b missile is
calculated to be 100 mph based on a simulation program developed at TTU.
The vertical speed of a falling wood 2x4 is considered to be two-thirds the
horizontal missile speed. Although the probability is small that the missile
will travel without rotation, pitch, or yaw and that it will strike perpendicular
to the surface, these worst case conditions are assumed in design and testing
for missile perforation resistance. Therefore, the missile design criterion for
all wind zones is a 15-1b wood 2x4 traveling without pitch or yaw at 100 mph
and striking perpendicular to the surface.

After a structure is designed to meet wind load requirements, its roof, walls,
doors, and windows must be checked for resistance to missile impacts. Table
3.3 summarizes missile impact speeds based on previous research for the
design wind speeds presented in Figure 2-2.

~ WIND PREDOMINANT DESIGN WIND MISSILE SPEED

ZONE .  WINDTYPE - SPEED .AND DIRECTION

i Tornado & Hurricane 130 mph 805{3“ r‘:::):: ngﬁggfl
Il Tornado & Hurricane 160 mph 845? r‘:::):l 32:3:;?'
i Tornado 200 mph 9%{)“;2?322::'
v Tornado 250 mph 10g7mrr?2hH\(l)erir§i?: ::al

The structural integrity necessary to withstand wind forces for small
residential shelters can be provided with materials common to residential
construction. The major challenge in designing small shelters is, then, to
protect against missile perforation. A number of designs for safe rooms
capable of withstanding a 250-mph design wind are presented in FEMA 320.
For larger shelters, the design challenge shifts to providing the structural
integrity necessary to resist wind loads. Walls designed with reinforced
concrete or reinforced masonry to carry extreme wind loads will normally
prevent perforation by flying debris.

Table 3.3

Summary of Previous
Research on Probable
Missile Speeds for a 15-Ib
Wood 2x4 Missile as
Associated With the Design
Wind Speeds From Figure 2-2
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CROSS-REFERENCE

Design guidance for missile
impact resistance of doors,
windows, and other openings
is provided in Chapter 6.

The roof, wall sections, and coverings that protect any openings in a shelter
should be able to resist missile impacts. The limited testing performed at
missile speeds lower than the 100-mph impact speed (90, 84, and 80 mph)
does not provide enough conclusive data or result in cost savings great enough
to justify varying the missile impact criterion presented in this manual.
Therefore, the 100-mph missile speed is used in this manual for missile
impact resistance for Wind Zones I-IV.

Doors, and sometimes windows, are required for some shelters. However,
doors and other openings are vulnerable to damage and failure from missile
impact. Large doors with quick-release hardware (required in public
buildings) and windows present challenges to the designer. Design guidance
for doors and windows is given in Chapter 6.

3.3.6 Falling Debris and Other Impacts

The location of the shelter has an influence on the type of debris that may
impact or fall on the shelter. For residential structures, the largest debris
generally consists of wood framing members. In larger buildings, other failed
building components, such as steel joists, pre-cast concrete members, or
rooftop-mounted equipment, may fall on or impact the shelter. Chapter 4
discusses how to minimize the effects of falling debris and other large object
impacts by choosing the most appropriate location for a shelter at any given
site. Chapter 6 presents design approaches for protecting against these other
impacts through engineering design and guidance that are supported by the
results of testing.
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4 Shelter Types, Location,
and Siting Concepts

A community shelter either will be used solely as a shelter or will have
multiple purposes, uses, or occupancies. This chapter discusses community
shelter design concepts that relate to the type of shelter being designed and
where it may be located. This chapter also discusses how shelter use (either
single or multiple) may affect the type of shelter selected and the location of
that shelter on a particular site.

4.1 Shelter Types

This manual provides design guidance on two types of shelters:
* stand-alone shelters: shelters that are separate buildings

* internal shelters: shelter areas that are within or part of a larger building, but
that have been designed to be structurally independent.

This is not meant to imply that these are the only two types of shelters that
should be considered. Other shelter options, such as groups of smaller, often
proprietary shelter systems, may be appropriate for residential communities,
hospitals, schools, or at places of business. It is not possible to provide
guidance concerning all sheltering options for all shelter locations. The
guidance provided in this manual for stand-alone and internal shelters,

including the design criteria, may be applied to other shelter options. If other a »
shelter systems and types of shelters are designed to meet the criteria in this - @ =
manual, they should be capable of providing near-absolute protection as well. 4 >

NOTE

The guidance provided in this manual is for the design and construction of

new shelters, not for the addition of shelters to existing buildings (i.e., This manual provides guidance
retrofitting). Because of the variety of structural types and the number of f.or the design and construc-
different configurations of existing buildings, only a limited amount of tion of new shelters. The

guidance is provided on modifying existing buildings to create a shelter where ~ dsign professional perform-
none existed previously. However, a design professional engaged in a shelter 1N retrofit work on existing
retrofitting project should be able to use the guidance in this manual to buildings should apply the new
determine the risk at the site and calculate the loads acting on the building. In ~ design guidance presented in
addition, the checklists in Appendix B and information presented in the case this manual to the retrofit
studies in Appendixes C and D may be helpful in a shelter retrofitting project. ~ design.
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%‘ga
CROSS-REFERENCE

Tornado Refuge Evaluation
Checklists are discussed in
Chapter 2 and presented in
Appendix B. A risk assessment
plan that uses these checklists
can help determine which type
of shelter is best suited to a
given site.

4.1.1 Stand-Alone Shelters

The results of the risk and site assessments discussed in Chapter 2 may show
that the best solution to providing protection for large numbers of people is to
build a new, separate (i.e., stand-alone) building specifically designed and
constructed to serve as a tornado or hurricane shelter.

Potential advantages of a stand-alone shelter include the following:
« The shelter may be sited away from potential debris hazards.

o The shelter will be structurally separate from any building and therefore not
vulnerable to being weakened if part of an adjacent structure collapses.

« The shelter does not need to be integrated into an existing building design.

Case Study I (see Appendix C) shows the calculated wind loads for a shelter
in Zone III (200 mph) and how the design requirements were met for a stand-
alone shelter. This shelter was designed to serve communities in North
Carolina that housed families displaced by flooding caused by Hurricane
Floyd.

4.1.2 Internal Shelters

The results of the risk and site assessments presented in Chapter 2 may show
that a specifically designed and constructed shelter area within or connected
to a building is a more attractive alternative than a stand-alone shelter,
especially when the shelter is to be used by the occupants of the building. This
section concentrates on design considerations that are important for internal
shelters.

Potential advantages of an internal shelter include the following:

* A shelter that is partially shielded by the surrounding building may not
experience the full force of the tornado or hurricane wind. (Note, however,
that any protection provided by the surrounding building should not be
considered in the shelter design.)

* A shelter designed to be within a new building may be located in an area of
the building that the building occupants can reach quickly, easily, and
without having to go outside.

¢ Incorporating the shelter into a planned renovation or building project may
reduce the shelter cost. :

Case Study II (see Appendix D) shows the calculated wind loads for a shelter
in Zone IV (250 mph) and how the design requirements were met for a shelter
connected to an existing building. This shelter was designed for a school in
Wichita, Kansas, and replaced a portion of the school building that was
damaged by the tornadoes of May 3, 1999.
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4.2 Single-Use and Multi-Use Shelters

A stand-alone or internal shelter may serve as a shelter only, or it may have
multiple uses—for example, a multi-use shelter at a school could also
function as a classroom, lunchroom, or laboratory; a multi-use shelter
intended to serve a manufactured housing community or single-family-home
subdivision could also function as a community center. The decision to design
and construct a single-use or a multi-use shelter will likely be made by the
prospective client or the owner of the shelter. To help the designer respond to
non-engineering and non-architectural needs of shelter owners, this section
discusses how shelter use may affect the type of shelter selected.

4.2.1 Single-Use Shelters

Single-use shelters are, as the name implies, used only in the event of a
natural hazard event. One advantage of single-use shelters is a potentially
simplified design that may be readily accepted by a local building official or
fire marshal. Single-use shelters typically have simplified electrical and
mechanical systems because they are not required to provide normal daily
accommodations for people. Single-use shelters are always ready for
occupants and will not be cluttered with furnishings and storage items, which
is a concern with multi-use shelters. Simplified, single-use shelters may have
a lower total cost of construction than multi-use shelters. Examples of single-
use shelters were observed during the BPAT investigation of the May 3, 1999,
tornadoes, primarily in residential communities (FEMA 1999a). Small,
single-use shelters were used in residential areas with a shelter-to-house ratio
of 1:1 or ratios of up to 1:4. One example of a large, single-use community
shelter was observed in a manufactured housing park in Wichita, Kansas.

The cost of building a single-use shelter is much higher than the additional
cost of including shelter protection in a multi-use room. Existing maintenance
plans will usually consider multi-use rooms, but single-use shelters can be
expected to require an additional annual maintenance cost.

4,2.2 WMulti-Use Shelters

The ability to use a shelter for more than one purpose often makes a multi-use
stand-alone or internal shelter appealing to a shelter owner or operator. Multi-
use shelters also allow immediate return on investment for owners/operators;
the shelter space is used for daily business when the shelter is not being used
during a tornado or hurricane. Hospitals, assisted living facilities, and special
needs centers would benefit from multi-use internal shelters, such as hardened
intensive care units or surgical suites. Internal multi-use shelters in these types
of facilities allow optimization of space while providing near-absolute
protection with easy access for non-ambulatory persons. In new buildings
being designed and constructed, recent FEMA-sponsored projects have

T CHAPTER 4
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indicated that the construction cost of hardening a small area or room in a
building is 10-25 percent higher than the construction cost for a non-hardened
version of the same area or room.

BPAT investigations of the May 3, 1999, tornadoes, as well as investigations
conducted after numerous hurricanes in the 1990s, found many examples of
multi-use areas designed and retrofitted for use as shelters, such as the
following:

* in school buildings — cafeterias, classrooms, hallways, music rooms, and
laboratories

* in public and private buildings — cafeterias/lunchrooms, hallways, and
bathrooms (see Figure 4-1)

* in hospitals — lunchrooms, hallways, and surgical suites

Tornado
Shelter

Figure 4-1

The Denver International
Airport (a public-use facility)
evaluated the tornado risk at
the airport site and identified
the best available areas of
refuge. Signs were placed at
these areas to clearly
identify the refuge areas to
the public.
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‘ 4.3 Modifying and Retrofitting Existing Space

If a tornado or hurricane shelter is designed and constructed to the criteria
presented in this manual, the shelter will provide its occupants with near-
absolute protection during a high-wind event.

4.3.1 General Retrofitting Issues

Although retrofitting existing buildings to include a shelter can be expensive
and disruptive to users of the space being retrofitted, it may be the only option
available. When retrofitting existing space within a building is considered,
corridors are often designated as the safest areas because of their short roof
spans and the obstruction-free area they provide. Recent shelter evaluation
projects have indicated that, although hallways may provide the best refuge in
an existing building, retrofitting hallways to provide a near-absolute level of
protection may be extremely difficult. Hallways usually have a large number
of doors that will need to be upgraded or replaced before near-absolute
protection can be achieved based on the criteria outlined in Chapters 5 and 6.
Designers should be aware that an area of a building currently used for refuge

may not necessarily be the best candidate for retrofitting when the goal is to g
provide near-absolute protection. %‘
Examples of interior spaces within buildings where people can take refuge

‘ from tornadoes and hurricanes were listed in Section 4.2.2; additional CROSS'REFERENCE
examples include, interior offices, workrooms, and lounges. Guidelines for The checklists in Appendix B

choosing the best available space are provided in Chapter 2. The design may be used to identify refuge
modifications that might be required should follow the recommendations of areas as candidates for retrofit
this manual for new construction (see Appendixes E and F for examples of
wall sections, doors, and door hardware that are capable of withstanding the
impact of the 100-mph, 15-1b design missile).

projects.

Upgrades to improve levels of protection (until a shelter can be designed and
constructed) may include the following retrofits:

» replacing existing doors (and door hardware) with metal door systems
described in Chapters 5 and 6

e adding metal door systems to replace glazing that is vulnerable to failure
from wind pressures or missile impacts

e adding metal door systems to sections of rooms, hallways, and other
spaces, and creating protected refuge areas

« removing all glazing, or retrofitting or replacing glazing with either impact-
resistant glazing systems or wall sections that meet impact criteria defined
in Chapter 6 '

¢ adding alcoves to protect existing doors from the direct impact of
windborne debris, as described in Chapter 6
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NOTE

An existing area that has been
retrofitted to serve as a shelter
is unlikely to provide the same
level of protection as a shelter
designed according to the
guidance presented in this
manual. Also, the additional
cost of providing shelter in a
new, multi-purpose room is
less than the cost of retrofit-
ting an existing space.
However, limited space at the
proposed shelter site or other
constraints may make
retrofitting a practical alterna-
tive in some situations.

CROSS-REFERENCE

Design criteria for shelter
systems are provided in
Chapters 5 and 6. Examples of
wall and door systems that
have passed missile impact
tests are presented in Appen-
dixes E and F, respectively.

4.3.2 Specific Retrofitting Issues

An existing area that has been retrofitted to serve as a shelter is unlikely to
provide the same level of protection as a shelter designed according to the
guidance presented in this manual. BPAT investigations and FEMA-funded
projects have indicated that when existing space is retrofitted for shelter use,
issues have arisen that have challenged both designers and shelter operators.
These issues arise when attempts are made to improve the level of protection
in areas not designed originally for shelter or refuge use. When retrofit
projects call for improving levels of protection through retrofitting doors,
windows, and other openings to meet the missile impact requirements of
Chapter 6, the designer should look carefully at the area being retrofitted. For
example, protecting the openings of a refuge area that is structurally unable to
withstand wind pressures and impact loads will not be a wise retrofit project.

Issues related to the retrofitting of existing refuge areas (e.g., hallways/
corridors, bathrooms, workrooms, laboratory areas, kitchens, and mechanical
rooms) that should be considered include the following:

* The roof system. Is the roof system over the proposed refuge area
structurally independent of the remainder of the building? If not, is it
capable of resisting the expected wind and debris loads? Are there openings
in the roof system for mechanical equipment or lighting that cannot be
protected during a high-wind event? It may not be reasonable to retrofit the
rest of the proposed shelter area if the roof system is part of a building that
was not designed for high wind load requirements.

* The wall system. Can the wall systems be accessed so that they can be
retrofitted for resistance to wind pressure and missile impact? It may not be
reasonable to retrofit a proposed shelter area to protect openings if the walls
systems (loadbearing or non-loadbearing) cannot withstand wind pressures
or cannot be retrofitted in a reasonable manner to withstand wind pressures
and missile impacts.

* Openings. Windows and doors are extremely vulnerable to wind pressures
and debris impact. Shutter systems may be used on hurricane shelters but
should not be relied upon to provide protection for tornado shelters. There
is often only minimal warning time before a tornado; therefore, a shelter
design that relies on manually installed shutters is impractical. Automated
shutter systems may be considered, but they would require a protected
backup power system to ensure that the shutters are closed before an event.
Doors should be constructed of impact-resistant materials (e.g., steel doors)
and secured with six points of connection (typically three hinges and three
latching mechanisms). Door frames should be constructed of at least 16-
gauge metal and adequately secured to the walls to prevent the complete
failure of the door/frame assemblies.
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* The contents of the refuge area. What are the contents of the refuge area?

For example, bathrooms have been used as refuge areas during tornadoes
and hurricanes since they often have a minimal number of openings to
protect. However, emergency managers may find it difficult to persuade
people to sit on the floor of a bathroom when the sanitary condition of the

floor cannot be guaranteed. Also, mechanical rooms that are noisy and may

contain hot or dangerous machinery should be avoided as refuge areas
when possible. The contents of a proposed shelter area (e.g., permanent
tables, cabinets, sinks, large furniture) may occupy what was expected to
be available space within the shelter, may make the shelter uncomfortable
for its occupants, or may pose a hazard to the occupants. These types of
shelter areas should be used only when a better option is not available.

4.4 Community Shelters for Neighborhoods

Community shelters intended to provide protection for the residents of
neighborhoods require designers to focus on a number of issues in addition to
structural design, including ownership, rules for admission, pets, parking,
ensuring user access while preventing unauthorized use, and liability. FEMA
post-disaster investigations have revealed issues that need to be addressed in
the planning of such community shelters. Many of these issues are addressed
in the sample Shelter Operations Plans in Chapter 9 and Appendix C for
community shelters. The following are additional considerations:

e Access and Entry. Confusion has occurred during past tornado events
when residents evacuated their homes to go to a community shelter but
could not get in. During the Midwest tornadoes of May 3, 1999, residents
in a Wichita community went to their assigned shelter only to find it
locked. Eventually, the shelter was opened prior to the event, but had there
been less warning time for the residents, loss of life could have occurred.
The Shelter Operations Plan should clearly state who is to open the shelter
and should identify the backup personnel necessary to respond during
every possible event.

 Signage. Signage is critical for users to be able to readily find and enter the

shelter. In addition to directing users to the shelter, signs can also identify
the area the shelter is intended to serve. Confusion about who may use the
shelter could result in overcrowding in the shelter, or, worse, people being
turned away from the shelter. Signs can also inform the residents of the
neighborhood served by the shelter about the occupancy limitations during
any given event. Examples of tornado shelter signage are presented in
Chapter 9 and the North Carolina shelter case study in Appendix C.

¢ Warning Signals. It is extremely important that shelter users know the
warning signal that means they should report to the shelter. The owners/
operators of shelters should conduct public information efforts (e.g., mass
mailings, meetings, flyer distribution) to ensure that the residents of the
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CROSS-REFERENCE

Sample community Shelter
Operations Plans are
presented in Chapter 9 and the
case study in Appendix C.
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neighborhood served by the shelter know the meaning of any warning ‘
signals to be used.

* Parking. Parking at residential shelters can be a problem. Neighborhood
residents, who are expected to walk, may instead drive to the shelter from
their homes. Residents returning home from work may drive directly to the
shelter. Parking problems can adversely affect access to the shelter, again
preventing occupants from getting to the shelter before a tornado or
hurricane strikes. The Shelter Operations Plan should clearly discuss
parking limitations.

* Pets. Many people do not want to leave their pets during a disaster.
However, tornado and hurricane shelters are typically not prepared to
accommodate pets. The policy regarding pets in a community shelter
should be clearly stated in the Shelter Operations Plan and posted to avoid
misunderstandings and hostility when residents arrive at the shelter.

* Maximum Recommended Occupancy. In determining the maximum
recommended number of people who will use the shelter, the design
professional should assume that the shelter will be used at the time of day
when the maximum number of residents are present. A community may
also wish to consider increasing the maximum recommended occupancy to
accommodate additional occupants such as visitors to the community who
may be looking for shelter during a wind event. The maximum
recommended occupancy should be posted within the shelter area.

4.5 Community Shelters at Public Facilities

Community shelters at public facilities also require designers to focus on
issues other than structural design requirements for high winds. Some issues
that have arisen from post-disaster investigation include:

* Protecting Additional Areas. If the shelter is at a special needs facility
such as a nursing home or hospital, additional areas within the facility may
need to be protected. These include medical and pharmaceutical supply
storage areas and intensive/critical care areas with non-ambulatory patients.
A shelter should address all the needs of its users.

* Signage. Signage is critical for users of public facilities to be able to
readily find and enter the shelter. However, signage can be confusing. For
example, tornado shelters in schools in the Midwest are often designed for
use only by the school population, but aggressive signage on the outside of
the school may cause surrounding residents to assume that they may use
the shelter as well. This may cause overcrowding in the shelter, or, worse,
people being turned away from the shelter. Similar problems may occur at
hospitals, where the public may go seeking refuge from a tornado or
hurricane. The owners/operators of shelters in public-use facilities such as
these should inform all users of the facility about the occupancy limitations
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of the shelter during any given event. Examples of tornado shelter
signage may be found in Chapter 9 and the North Carolina shelter
case study in Appendix C.

« Warning Signals. It is extremely important that shelter users know
the warning signal that means they should report to the shelter. In
schools, work places, and hospitals, storm refuge drills and fire drills
should be practiced to ensure that all persons know when to seek
refuge in the shelter and when to evacuate the building during a fire.

* Pets. Many people do not want to leave their pets during a disaster.
This is the same problem as identified for the community shelters in
neighborhoods. Hurricane and tornado shelters are typically not
prepared to accommodate pets. The policy regarding pets in a
neighborhood shelter should be clearly stated in the Shelter
Operations Plan and posted to avoid misunderstandings and hostility
when residents arrive at the shelter.

« Off-hours Shelter Expectations. It is important for shelter owners
and operators to clearly indicate to the shelter users when the shelter
will be open. For example, at a school, will the shelter be accessible
after the regular school day? At places of business, will the shelter be
accessible after normal work hours? At hospitals, can employees
bring their families to the hospital shelter? These types of questions
should be anticipated in the design and operation of a community
shelter.

4.6 Locating Shelters on Building Sites

The location of a shelter on a building site is an important part of the
design process for tornado shelters. The shelter should be located such
that all persons designated to take refuge may reach the shelter with
minimal travel time. Shelters located at one end of a building or one end
of a community, office complex, or school may be difficult for some
users at a site to reach in a timely fashion. Routes to the shelter should
be easily accessible and well marked.

Shelters should be located outside areas known to be floodprone,
including areas within the 500-year floodplain. Shelters in floodprone
areas will be susceptible to damage from hydrostatic and hydrodynamic
forces associated with rising flood waters. Damage may also be caused
by debris floating in the water. Most importantly, flooding of occupied
shelters may well result in injuries or deaths. Furthermore, shelters
located in floodprone areas but properly elevated above the 500-year
flood elevation and the elevations of any floods of record will become
isolated if access routes are flooded. As a result, shelter occupants could
be injured and no emergency services would be available.

%1%

CROSS-REFERENCE

Additional human factors
criteria are presented in
Chapter 8. In addition, sample
community Shelter Operations
Plans are presented in Chapter
9 and Appendix C.

WARNING

Sheiters should be located
outside known floodprone
areas, including the 500-year
floodplain, and away from any
potential large debris sources.

DESIGN AND CONSTRUCTION GUIDANCE FOR COMMUNITY SHELTERS

Y

o t a0

66

[

AT

)

-



CHAPTER 4

SHELTER TYPES, LOCATION, AND SITING OPTIONS

Figure 4-2

Improperly sited shelter — in
an SFHA (Zone AE in this
figure), adjacent to light
towers that could become
falling debris, at the
periphery of the community.

@)%
2@
NOTE

500-year floodplains are
shown as either Zone B or
shaded Zone X on FIRMs.

Where possible, the shelter should be located away from large objects and ‘
multi-story buildings. Light towers, antennas, satellite dishes, and roof-mounted

mechanical equipment may be toppled or become airborne during tornadoes

or hurricanes. Multi-story buildings adjacent to a shelter may be damaged or

may fail structurally during tornadoes and hurricanes. When these types of

objects or structures fail, they may damage the shelter by collapsing onto it or

impacting it. The impact forces associated with these objects are well outside

the design parameters of any building code. Some limited debris impact testing

was performed in the preparation of this manual and is discussed in Chapter 6.

Examples of improper and proper locations of tornado or hurricane shelters on
residential sites are presented in Figures 4-2 and 4-3. Figure 4-2 shows an
improperly sited community shelter in a residential area. The shelter is within
an SFHA, near large light towers that may fall on the shelter, and near an
outside boundary of the community. Figure 4-3 shows a properly sited shelter
that is outside the SFHA, away from the towers, and more centrally located
within the community.
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‘ Figure 4-3
Properly sited shelter —
0 O 0 ousin outside the SFHA and 500-
0 0 0 <l Fousing year floodplain, away from
- = | © Light Tower potential falling debris, and

0 O o O centrally located within the

0 O 0O 0 0 community.
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® 5 | 0ad Determination and
Structural Design Critera

This chapter presents a summary of previous research and testing and outlines
the recommended methods and criteria for use in the structural design of a
community shelter. Other engineering factors and concepts involved in the
structural design of a shelter are also discussed in this chapter. Detailed
guidance concerning performance criteria for debris impact is presented in
Chapter 6. The design criteria presented in this chapter are based on the best
information available at the time this manual was published. Commentary
intended to provide supplemental guidance to the design professional for this
chapter and Chapter 6 is presented in Chapter 10.

5.1 Summary of Previous Guidance, Research, and
Testing

‘ To date, the majority of the research, testing, and analysis conceming an
interior hardened room has been conducted by the Department of Civil
Engineering at Texas Tech University (TTU) and the Department of Civil
Engineering at Clemson University (Clemson). At TTU, the Wind
Engineering Research Center (WERC) and the Institute for Disaster Research
(IDR) managed this work. At Clemson, work was performed at the Wind
Load Test Facility (WLTF). Both research universities have performed tests
on various combinations of construction materials to determine their
resistance to wind-induced forces and the impact of windborne and falling debris.

5.1.1 Previous Design Guidance

Design guidance for high-wind shelters was provided previously in the
following FEMA publications and informational documents. (Details about
missile tests and testing history are provided in the TTU report Residential
Shelter Design Criteria in the sections titled “Wind-Generated Missiles” and
“Previous Research on Missile Impact.” Excerpts from these reports are
provided in Appendixes E and F))

o FEMA 342: Midwest Tornadoes of May 3, 1999: Observations,

Recommendations, and Technical Guidance CROSS'REFERENCE
See Chapter 10 for descrip-

* National Performance Criteria for Tornado Shelters

tions of the FEMA publications
. o FEMA 320: Taking Shelter From The Storm: Building a Safe Room Inside listed here.
Your House
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* FEMA TR-83B: Tornado Protection: Selecting and Designing Safe Areas
in Buildings

* FEMA TR-83A: Interim Guidelines for Building Occupant Protection
From Tornadoes and Extreme Winds

5.1.2 Previous Research and Missile Testing

TTU has performed the majority of the previous research and testing on
tornado shelters and the effects of tornadoes on buildings. Clemson has
conducted tests to determine the effects of hurricanes and lower-intensity
tornadoes on buildings. The tests and research performed by these two
institutions have included investigating wind speeds and associated loads,
wind speed and associated debris impact, and the ability of the building
materials to resist these loads and impacts. Tested construction materials (wall
sections, doors, door hardware) that meet wind and missile impact criteria of
this manual have been summarized and are listed in Appendixes E and F.

The following materials have been successfully tested as part of larger
structural systems in laboratory studies developed specifically for shelter
designs to resist missile impact:

* 6-inch to 12-inch concrete masonry units (CMU) with at least #4 vertical
reinforcing steel, fully grouted in each cell, and horizontal joint
reinforcement as required by masonry design code

* reinforced concrete (roof and wall sections at least 6 inches thick) with at

least #4 reinforcing steel at 12 inches on center (0.c.) both horizontally and
vertically

* 12-gauge steel sheets or heavier

* wood stud cavity walls filled with dry-stacked solid concrete block and
encapsulated with plywood sheathing

* 3/4-inch plywood wall panels (when used as exterior cladding in
combination with other materials)

* metal doors with at least 14-gauge skin (with interior supports)

* metal doors with less than 14-gauge skin clad with metal sheeting (14
gauge or heavier) attached

Building materials and how they are combined are very important in the
design and construction of shelters. If these materials fail, wind may enter the
shelter or the shelter itself may fail. Either situation may result in death of or
injury to the shelter occupants. The design professional should select materials
that will withstand both the design wind loads and the design impact loads.

FEDERAL EMERGENCY MANAGEMENT AGENCY

70




LOAD DETERMINATION AND STRUCTURAL DESIGN CRITERIA

aprens

Many window and door systems have been tested for their ability to resist
wind and impact loads associated with high winds. The test protocols usually
follow ASTM E 1233/E 330 and ASTM E1886/E 1996, the South Florida
Building Code standard, or a similar test standard. Glass products have been
produced that may withstand extreme pressures and missile impacts. The
designer who wishes to incorporate windows into a shelter should pay close
attention on the connections between the glass and the frame, and between the
frame and the supporting wall system.

Although the ASTM standard defines how tests are to be performed, and
some tests have been performed in hurricane regions of the southeast United
States, the impact criteria used for those tests are less than those specified in
this manual. Windows and door systems specified for use in extreme-wind
shelters should be designed to meet the impact criteria presented in Chapter 6.

5.2 Determining the Loads on the Shelter

The loads that will act on a tornado or hurricane shelter will be a combination
of vertical and lateral loads. One methodology of determining these loads is
presented in Figure 5-1.

This manual recommends the use of ASCE 7-98 for the calculation of all
loads acting on the shelter. Section 5.3 of this manual presents design
guidance for calculating the wind pressures and loads associated with the
design wind speed selected from Figure 2-2. Using this design wind speed,
and the parameters specified in Section 5.3 of this manual for extreme-wind
design, the designer should follow the methodology for wind design in
Section 6 of ASCE 7-98. Once these loads are determined, the designer
should combine all relevant loads acting on the shelter (e.g., dead, live, snow,
rain, seismic) and apply them to the shelter. Guidance on load combinations is
provided in Section 5.4 of this manual.

5.3 Determining Extreme-Wind Loads

When wind loads are considered in the design of a building, lateral and uplift
loads (discussed in Chapter 3) must be properly applied to the building
elements along with all other loads. The design of the shelter relies on the
approach taken in ASCE 7-98 for wind loads. For consistency, the designer
may wish to use ASCE 7-98 to determine other loads that may act on the
shelter. The International Building Code (IBC) 2000 and International
Residential Code (IRC) 2000 also reference ASCE 7-98 for determining wind
loads. These wind loads should then be combined with the gravity loads and
the code-prescribed loads acting on the shelter in load combinations that are
presented in Sections 5.4.1 and 5.4.2 of this manual.

5%
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Tests for doors and windows
commonly used in hurricane-
prone areas do not meet the
criteria for extreme wind
pressures and debris impacts
recommended in this manual.

ASCE 7-98 defines the MWFRS
as the main wind force
resisting system in a building
or structure. Similarly, ASCE 7-
98 defines C&C as the compo-
nents and cladding elements
of a building or structure.

C&C elements include wall and
roof members (e.g., joists,
purlins, studs), windows,
doors, fascia, fasteners, siding,
soffits, parapets, chimneys,
and roof overhangs. C&C
elements receive wind loads
directly and transfer the loads
to other components or to the
MWFRS.
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Figure 5-1
Shelter design flowchart.
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Design wind loads for buildings are generally treated separately for the design
of the structural system and the design of the cladding and its attachment to
the structural system. Design loads for the structural system of a shelter start
with the basic loads from the applicable building code governing the non-
refuge use of the shelter. The determination of design wind loads acting on the
shelter is based on standard provisions and formulas (equations) for the Main
Wind Force Resisting System (MWFRS) as defined in ASCE 7-98. The
design of cladding and its attachment to the structural system are based on
standard provisions and formulas for the components and cladding (C&C).
Wall and roof panels should also be checked for out-of-plane loading
associated with C&C loads for the appropriate tributary areas.
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5.3.1 Combination of Loads - MWFRS and C&C

According to ASCE 7-98, the MWERS is an assemblage of structural
elements assigned to provide support and stability for the overall structure
and, as a consequence, generally receives wind loading from all surfaces of
the building. Elements of the building envelope that do not qualify as part of
the MWFRS are identified as C&C and are designed using C&C wind loads.
Some elements of low-rise buildings are considered part of the building
envelope (C&C) or the MWFRS, depending upon the wind load being
considered (e.g., the exterior walls of a masonry building). In the design of
these masonry walls, the MWFRS provisions are used to determine the in-
plane shear forces, and the C&C provisions are used to determine the out-of-
plane design bending load.

The pressure (positive/inward or negative/outward suction) exerted by the
wind flowing over and around a building varies with time and location on the
building. The highest pressures occur over small areas for a very short time in
the regions of a building where the wind flow separation is quite significant.
This flow separation can cause small vortices to form that can cause much
higher pressures in small localized areas. These flow separation regions
generally occur along the edges of the roof and corners of the exterior walls.
Therefore, the design wind pressures for the design of the C&C are higher
when the tributary area for the element is small and located in a wind flow
separation region. The design pressure for a C&C element can be over twice
the pressure used to design the structural framing of the building. Proper
assessment of the design wind pressures is critical to developing the design of
a building’s structural frame and the selection of appropriate exterior cladding.

The majority of the wind load provisions are based on wind tunnel modeling
of buildings considering non-cyclonic, straight-line winds. Most wind
engineers believe that the results from these wind tunnel tests can be used to
determine wind pressure from hurricanes. Tornado wind fields are believed to
be more complex than the winds modeled in wind tunnel tests that form the
basis for the wind loads calculated in ASCE 7-98. However, in investigations
of buildings damaged by tornadic winds, the damage is consistent with
damage caused by the forces calculated by ASCE 7-98. For this reason, use of
ASCE 7-98 provisions provides a reasonable approach to calculating wind
loads for tornadoes, even though it is known that these winds are more
complex than the wind fields used in the models.

Design wind loads can cause axial, in-plane, and out-of-plane forces to act on
the same building element. The combination of these loads should be
considered in the design of building walls. For example, consider the exterior
reinforced masonry wall shown in Figure 5-2 . Depending on wind direction,
the building walls carry different combined loads. For wind direction 1, the
wall element shown acts as a shearwall and may experience axial, shear, and
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Figure 5-2

MWFRS combined loads and
C&C loads acting on a
structural member.

' Design of This
Exterior Wall

@4_\\\\\

©
|
pd ™~ A
/@ ® /@ i
yd ] A 1
pd > A
L | T L~ :
v ! e 1
2 BPAN |~ /
N 0 i
Use MWFRS loads when combining loads Use MWFRS and C&C loads when
for wall elements experiencing: combining loads for wall elements
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(bending) loads loads only. Axial loads are calculated
e axial and in-plane loads only using MWFRS loads; out-of-plane loads
are calculated using C&C loads.
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bending effects (from wind suction pressures) or axial and shear effects only.
When either of these conditions exists, the designer should calculate and
combine these loads using MWFRS loads. For wind direction 2, however, the
loads on the wall are from axial and out-of-plane bending effects. For this
condition, the designer should use MWFRS loads to calculate axial loads and
C&C loads to calculate the bending loads when combining loads that affect
the design of the wall.

Recommended design wind speeds for geographic regions of the United
States are presented in Figure 2-2. Based on the historical and probabilistic
data available, the project team believes a shelter can provide near-absolute
protection for a specific geographic area (wind zone) if designed for the wind
speed specified in the figure. It is important to note that this design approach
is a refinement of the approach specified in the 1999 edition of the National
Performance Criteria for Tornado Shelters, which is to use a design wind
speed of 250 mph for all shelter designs throughout the United States.

It has been previously stated that when wind blows over a bujlding, a myriad
of forces act on the structure. These forces may cause the building to overturn,
deform by racking or bending of components, or collapse and fail at the
component junctions or joints. Chapter 3 describes how these wind loads
affect a building or shelter. To calculate the loads corresponding to the design
wind, the design professional should refer to ASCE 7-98 and Section 5.3.2
when calculating the wind pressures on the shelter.

5.3.2 Assumptions for Wind Calculation Equations Using ASCE 7-98
After the Risk Assessment Plan is completed, the next step in the shelter
design process is to select the design wind speed from the map in Figure 2-2.
There are four zones on the map that have corresponding wind speeds of 130
mph, 160 mph, 200 mph, and 250 mph. These wind speeds should be used to
determine the wind-generated forces that act on cithef the structural frame or
loadbearing elements of a building or shelter (MWFRS) and the exterior
coverings of a building or shelter (C&C).

It is recommended that all wind loads, both MWFRS and C&C, be calculated
using the wind load provisions in Section 6 of ASCE 7-98. When ASCE 7-98
is used for the design of tornado or hurricane shelters, only Method 2 -
Analytical Procedure should be used. The design requiremcnts for tornado
and hurricane shelters do not meet the requirements for using Method I —
Simplified Procedure. In addition, some of the pressure calculation parameters
used in the design of a shelter should be different from those listed in ASCE
7-98 because detailed wind characteristics in tornadoes and hurricanes are not
well understood. Based on the wind speed selected from Figure 2-2, the
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following parameters are recommended for the calculation of wind pressures
with Method 2 of ASCE 7-98:

* Importance Factor (I) I=10

* Site Exposure C

* Directionality Factor (K ) K,=10

* Internal Pressure Coefficient (chi) GC, =+/-0.55

Height of the shelter is not restricted

The importance factor (I) is set equal to 1.0. The importance factor for wind
loads in ASCE 7-98 is designed to adjust the velocity pressure to different
annual probabilities of being exceeded (different mean recurrence intervals
[MRIs]). Since the wind speeds in Figure 2-2 are already based on very great
MRIs (i.e., low exceedance probabilities), they do not need to be adjusted with
the importance factor.

It is recommended that site Exposure C, associated with open terrain, be used
to determine design wind forces for shelters. In severe tornadoes and
hurricanes, ordinary structures and trees in wooded areas are flattened,
exposing shelters to winds coming over open terrain. Also, very little is known
about the variation of winds with height in hurricanes and tornadoes. Use of
Exposure C is appropriate until the knowledge of localized winds, turbulence
characteristics, and boundary layer effects of winds in hurricanes and
tornadoes improves.

The directionality factor (K ) is conservatively set at 1.0. This is done because
wind directions may change considerably during a tornado or severe hurricane
and a building may be exposed to intense winds from its most vulnerable
direction. Therefore, the reduction of this factor allowed in ASCE for normal
building design is not recommended for the design of a shelter.

The ASCE 7-98 equations for determining wind loads also include the
topographic factor K . Damage documentation in hurricane disasters suggests
that buildings on escarpments experience higher forces than buildings
otherwise situated. No specific observations on topographic effects in tornadic
events are available. The designer is advised to avoid siting shelters in
locations that are likely to experience topographic effects. If it is necessary to
locate a shelter on top of a hill or an escarpment, requirements given in ASCE
7-98 for the topographic factor can be used when calculating wind pressures
on shelters that are being designed for hurricane winds only.

The design wind loads/pressures for the MWFRS or the C&C of a building
are based on the following factors: velocity pressure, an external gust/pressure
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. coefficient, and an internal gust/pressure coefficient. These coefficients are
derived from several factors related to the wind field, the wind/structure
interaction, and the building characteristics.

The velocity pressure equation (Equation 6-13, ASCE 7-98) is shown in
Formula 5.1. The equation for pressure on a building surface for MWFRS for
buildings of all heights (Equation 6-15, ASCE 7-98) is shown in Formula 5.2.

dormula

Velocity Pressure

9, = (0.00256)(K,)(Kz)(Ka)(V2)(T)

where: q, = velocity pressure (psf) calculated at height z above ground
K, = velocity pressure exposure coefficient at height z above ground
Kz = topographic factor
Kgq = directionality factor = 1.0
V = design wind speed (mph) (from Figure 2-2)
I = importance factor = 1.0

*From ASCE 7-98, EQ. 6-13

P = (A(G)(Cp) - (N(GCp)

) Pressure on
where: p = pressure (psf)

q = q, for windward walls calculated at height z above ground MWERS for
q = qy, for roof surfaces and all other walls Low-Rise
G = gust effect factor Building

Cp = external pressure coefficients
q) = gn = velocity pressure calculated at mean roof height
GCp = internal pressure coefficients = +0.55

*From ASCE 7-98, EQ. 6-15

The velocity pressure is related to height above ground, exposure, wind
directionality, wind speed, and importance factor. Several of these factors
account for the boundary layer effects of wind flowing close to the surface of
the earth where it interacts with the terrain, buildings, and vegetation.

Values of the exposure factor (K ) are presented in tabular form in ASCE 7-

98. The value of K_selected should be based on the height of the shelter above

grade and the building exposure (Exposure C). The terrain speedup factor (K )

is based on the acceleration of straight winds over hills, ridges, or escarpments. As
‘ previously mentioned, the ASCE provisions for K, should be followed.
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Pressures on
C&C and
Attachments

For the MWFRS, the gust effect factor (G) depends on wind turbulence and
building dimensions. The gust effect factor can be calculated, or, for a rigid
building, G = 0.85 is permitted by ASCE 7-98. The external pressure
coefficient (C) for the design of the MWFRS is based on the physical
dimensions and shape of the building and the surface of the building in
relation to a given wind direction.

The equation for pressures on C&C and attachments (Equation 6-18, ASCE 7-
98) is shown here in Formula 5.3.

Formula 5.3 Pressures on C&C and Attachments*

P = (Qn)(GCp) - (GCpi)]

where: p = pressure (psf)
q,, = velocity pressure calculated at mean roof height
GC,, = external pressure coefficients
GC,, = internal pressure coefticients = +0.55

*From ASCE 7-98, EQ. 6-18

The internal pressure coefficient (chi), which incorporates the gust factor
(G), accounts for the leakage of air entering or exiting the building where the
building envelope has been breached. This leakage creates a pressure increase
or a vacuum within the building. The recommended value of GC | is +0.55.
This value, associated with partially enclosed buildings and applicable to both
the MWFRS and C&C components, was selected for the following reasons:

1. In tornadic events, as discussed in Section 3.2.1, maximum wind pressures
should be combined with pressure changes induced by atmospheric
pressure change (APC) if the building is sealed or, like most shelters, nearly
sealed. Although most buildings have enough air leakage in their envelopes
that they are not affected by APC, shelters are very “tight” buildings with
few doors and typically no windows. If venting is provided in the building
envelope to nullify APC-induced pressures, there is a good chance that the
building will qualify as a partially enclosed building as defined by ASCE 7-
98. However, this venting would require a significant number of openings
in the shelter to allow pressures to equalize. Allowing wind to flow through
the shelter through large openings to reduce internal pressures (venting)
could create an unsatisfactory environment for the occupants, possibly
leading to panic among the occupants, injury, or even death. It is important
to note that ventilation is needed to ensure that shelter occupants have
sufficient airflow to remain safe, but that code-compliant ventilation is not
sufficient to nullify APC-induced pressures. Designers who wish to
eliminate the need for venting to alleviate APC-induced pressures should
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use higher values of GCpi (in shelter design, GCpi =+0.551s
recommended). Design pressures determined using wind-induced internal
and external pressure coefficients are comparable to the pressures
determined using a combination of wind-induced external pressure
coefficients and APC-induced pressures. Thus, the resulting design will be
able to resist APC-induced pressures, should they occur.

2 In hurricane events, tornadic vortices are often embedded in the overall
storm structure. These tornadoes are considered small and less intense than
tornadoes occurring in the interior of the country. However, swaths of
damage have been noted in several hurricanes. It has not been confirmed
whether these swaths are caused by localized gusts or unstable small-scale
vortices. As a conservative approach, to design shelters better able to resist
long-duration wind forces associated with landfalling hurricanes, designers
should use high values of GC . This approach will provide reliable and
safe designs. It is particularly important that none of the C&C elements
(e.g., doors, windows) fail during a windstorm and allow winds to blow
through the shelter. The consequences could be the same as those described
above for tornadoes.

The value of GCp for C&C elements is related to the location on the building
surface and the effective wind area of the element. For systems with repetitive
members, the effective wind area is defined as the span length multiplied by
the effective width. When long, slender, repetitive members (e.g., roof joists
or rafters) are designed, the effective wind area may be taken as span length
multiplied by 1/3 of the span length. It is not uncommon for the effective wind
area for a C&C element to be different from the tributary area for the same
element (see Figure 5-3). The effective wind area is used to select the
coefficient used to calculate the magnitude of the design wind pressure, while
the tributary area is the area over which the calculated wind pressure is
applied for that specific C&C-designed element.

For cladding fasteners, the effective wind area should not be greater than the
area that is tributary to an individual fastener. It should be noted that the
external gust/pressure coefficient is constant and maximum for effective wind
areas less than 10 ft? and constant and minimum for effective wind areas
greater than 500 fi2. If the tributary area of a component element exceeds

700 ft, the design wind pressure may be based on the main MWFRS
provisions acting on that component.

Once the appropriate MWFRS and C&C wind pressures are calculated for the
shelter, they should be applied to the exterior wall and roof surfaces of the
shelter to determine design wind loads for the structural and non-structural
elements of the shelter. After these wind loads are identified, the designer
should assemble the relevant load combinations for the shelter.
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Figure 5-3

Comparison of tributary and
effective wind areas for a
roof supported by open-web
steel joists.

Effective Area (Ae)
Ag=L(1/3L)
(where L/3<b)

Tributary Area (Ay)
At = L(b/24b/2)

Finally, the designer should not reduce the calculated wind pressures or
assume a lower potential for missile impacts on the exterior walls and roof
surfaces of an internal shelter. Although a shelter inside a larger building, or
otherwise shielded from the wind, is less likely to experience the full wind
pressures and missile impacts, it should still be designed for the design wind
pressures and potential missile impacts that would apply to a stand-alone
shelter. There is no conclusive research that can quantify allowable reductions

in design wind pressure for shelters within buildings or otherwise shielded
from wind.
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5.4 Load Combinations

Model building codes and engineering standards are the best available
guidance for identifying the basic load combinations that should be used to
design buildings. The design professional should determine the loads acting
on the shelter area using the load combinations and conditions for normal
building use as defined in the building code in effect or as presented in

Section 2 of ASCE 7-98.

The designer should then calculate the extreme wind loads that will act on the
shelter using the formulas from this chapter and from Section 6 of ASCE 7-
98, for the extreme wind load (W ). However, it is important to remember that
the design wind speed selected from this guidance manual is for an extreme
wind; therefore, extreme wind load combinations are provided in Sections
5.4.1 and 5.4.2. These load combinations are based on the guidance given in
the Commentary of ASCE 7-98 for extreme wind events, are different from
those used in either the model codes or ASCE 7-98 (Section 2), and should be
used in addition to the basic load combinations.

The load combinations presented in Sections 5.4.1 and 5.4.2 of this manual
have been peer reviewed by the Project Team and the Review Committee, but
have not been extensively studied. Finally, the design of the shelter may be
performed using either Strength Design (Load and Resistance Factor Design
[LRFD)) or Allowable Stress Design methods (ASD).

5.4.1 Load Combinations Using Strength Design

The building code in effect should indicate the load combinations to be
considered for the design of a building. In the absence of a building code, the
designer should use the load combinations of Section 2.3.2 of ASCE 7-98 to
ensure that a complete set of load cases is considered. For the MWFRS, C&C,
and foundations of high-wind shelters, designers should also consider the
following load cases (using W ) so that the design strength equals or exceeds
the effects of the factored loads in the following combinations (LRFD):

Load Combination 1: 1.2D + 1.0W, + 0.5L
Load Combination 2: 0.9D + 1.0W, + 0.5L
Load Combination 3: 0.9D + 1.2W,
where D = dead load, L = live load, and W_= extreme wind load based on

wind speed selected from Figure 2-2.

Wind loads determined from the wind speeds in Figure 2-2 are considered
extreme loads. The wind speeds in Figure 2-2 have a relatively low probability
of being exceeded, as noted in Section 10.2.4. For this reason, the load factor
associated with these wind speeds is considered the same as for an

NOTE

When a shelter is located in a
flood zone, the following load
combinations in Section 5.4.1
should be considered:

¢ InVzones and coastal A
zones, the 1.0W, in combi-
nations (1) and (2) should
be replaced by 1.0W, +
2.0F,.

* In non-coastal A zones, the
1.0W, in combinations (1)
and (2) should be replaced
by 1.0W_+ 1.0F .
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NOTE

When a shelter is located in a
flood zone, the following load
combinations in Section 5.4.2
should be considered:

¢ InV zones and coastal A
zones, 1.5F, should be
added to load combinations
(1)and (2) .

* In non-coastal A zones,
0.75F, should be added to
load combinations (1) and (2).

extraordinary event, as suggested in the Commentary of ASCE 7-98. Since the
extraordinary event is the source of the wind-induced load, a factored load of
1.0W _is used when it is combined with another transient load such as live
load, and a factored load of 1.2W _is used when it is the only transient load
assumed to act on the building. Dead load factors are 0.9 and 1.2, depending
on whether the dead load counteracts the wind loads or adds to them. The

load combinations shown above take into account both of these dead load
actions.

Finally, the designer should consider the appropriate seismic load
combinations in Section 2.3.2 of ASCE 7-98. Where appropriate, the most
unfavorable effects from both wind and seismic loads should be investigated.
Wind and seismic loads should not be considered to act simultaneously (refer
to Section 9.2.2 of ASCE 7-98 for the specific definition of earthquake load,
E). From the load cases of Section 2.3.2 of ASCE 7-98 and the load cases
listed above, the combination that produces the most unfavorable effect in the
building, shelter, building component, or foundation should be used.

9.4.2 Load Combinations Using Allowable Stress Design

The building code in effect should indicate the load combinations to be
considered for the design of a building. In the absence of a building code, the
designer should use the load combinations of Section 2.4.1 of ASCE 7-98, to
ensure that a complete set of load cases is considered. For the MWFRS,
C&C, and foundations of high-wind shelters, designers should also consider
the following load cases (using W) so that the design strength equals or

exceeds the effects of the factored loads in the following combinations
(ASD):

Load Combination 1: D +W _+ 0.5L
Load Combination 2: 0.6D + W,

where D =dead load, L = live load, and W, =extreme wind load based on
wind speed selected from Figure 2-2.

As mentioned in Section 5.4.1, wind loads determined from the wind speeds
in Figure 2-2 are considered extreme loads. At the same time, a shelter is
required to protect its occupants during an extreme windstorm. When live
load (transient load) is to be combined with wind load, live load is multiplied
by a factor of 0.5; no reduction should be taken for wind loads under any
circumstances. In addition, allowable stress should not be increased for
designs based on the wind loads specified in this document.
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Finally, the designer should consider the appropriate seismic load
combinations in Section 2.4.1 of ASCE 7-98. Where appropriate, the most
unfavorable effects from both wind and seismic loads should be investigated.
Wind and seismic loads should not be considered to act simultaneously (refer
to Section 9.2.2 of ASCE 7-98 for the specific definition of earthquake load,
E.). From the load cases of Section 2.4.1 of ASCE 7-98 and the load cases
listed above, the combination that produces the most unfavorable effect in the
building, shelter, building component, or foundation should be used.

5.4.3 Other Load Combination Considerations

Concrete and masonry design guidance is provided by the American Concrete
Institute International (ACI) and The Masonry Society. Building Code
Requirements for Structural Concrete (ACI 318-99) and Building Code
Requirements for Masonry Structures and Specification for Masonry
Structures (ACI 530-99/ASCE 5-99/TMS 402-99, and ACI 530.1-99/ASCE
6-99/TMS 602-99) are the most recent versions of the concrete and masonry
design codes. The load combinations for these codes may differ from the load
combinations in ASCE 7-98, the IBC, and other model building codes.

When designing a shelter using concrete or masonry, the designer should use
load combinations specified in the concrete or masonry codes, except when
the design wind speed is taken from Figure 2-2 in this manual. For the shelter
design wind speed, the extreme wind load (W ) should be determined from
the wind pressures acting on the building, calculated according to ASCE 7-98
and the provisions and assumptions stated in Section 5.3 of this manual.

The extreme nature of the design wind speed and the low probability of
occurrence was considered by the Project Team in its review of the load
combinations for the model codes, ASCE 7-98, and the concrete and masonry
codes. When this extreme-wind load is used in combination with dead and
live loads, the load combinations provided in Section 5.4.1 or 5.4.2 of this
manual should be used. Based on these considerations, no reduction of loads
or increases in allowable stresses are recommended.

5.5 Continuous Load Path

Structural systems that provide a continuous load path are those that support
all loads acting on a building: laterally and vertically (inward and outward,
upward and downward). Many buildings have structural systems capable of
providing a continuous load path for gravity (downward) loads, but they are
unable to provide a continuous load path for the lateral and uplift forces
generated by tornadic and hurricane winds.
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A continuous load path can be thought of as a “chain” running through a ‘
building. The “links” of the chain are structural members, connections

between members, and any fasteners used in the connections (e.g., nails,

screws, bolts, welds, or reinforcing steel). To be effective, each “link” in the

continuous load path must be strong enough to transfer loads without

permanently deforming or breaking. Because all applied loads (e.g., gravity,

dead, live, uplift, lateral) must be transferred into the ground, the load path

must continue unbroken from the uppermost building element through the

foundation and into the ground.

In general, the continuous load path that carries wind forces acting on a
building’s exterior starts with the non-loadbearing walls, roof covering and
decks, and windows or doors. These items are classified as C&C in ASCE 7-98.
Roof loads transfer to the supporting roof deck or sheathing and then to the
roof structure made up of rafters, joists, beams, trusses, and girders. The
structural members and elements of the roof must be adequately connected to
each other and to the walls or columns that support them. The walls and
columns must be continuous and connected properly to the foundation, which,
in turn, must be capable of transferring the loads to the ground.

Figure 5-4 illustrates typical connections important to continuous load paths
in masonry, concrete, or metal frame buildings (e.g., residential multi-family
or non-residential buildings); Figure 5-5 illustrates a continuous load path in a
typical commercial building. Figure 5-4 also illustrates the lateral and uplift
wind forces that act on the structural members and connections. A deficiency
in any of the connections depicted in these figures may lead to structural
damage or collapse.

Figure 5-4
Critical connections _——Joist to Frame/Wall Connection
impqrtant for providing a Uplift
continuous load path in a f f f f
typical masonry, concrete, or + I S v e
metal-frame building wall. ="
(For clarity, concrete roof Metal Deck to Joist Connection
. + .
deck is not shown. Inward = s Suction
) Wind Wind
Forces + " 2— Structural Masonry or Forces
Steel Tilt-Up
Frame to — Wall to
Foundation [\ e Foundation
Connection v W p N B ;i»/‘/s A Connection
Foundation 4 Concrete Slab Foundation
to Soil Foundation to Soil
"Connection" "Connection"
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Wind Uplift
Concrete Slab Reinforcement
Steel Beam Properly ( Deck 1 /
Welded to Base Plate SR oo o SN YL RN S I

' <
Grouted Base Plate With W Steel Beam

2 Hooked Anchor Bolts

E
O~0O~0O Continuous Load Path

2 Horizontal Reinforcing Bars

1. Uplift pressures act on roof.
Slab reinforcement transfers
load through slab.

NOTE: A single bond beam will be
adequate in most cases. Use a
double bond beam when large wall
openings are present.

2. Studs on top flange of I-beam
transfer loads to steel beam.

/ i

Vertical Reinforcement

Horizontal Joint Reinforcing \<

Every Other Course

3. Anchor plate is welded to steel
beam. Hook bolt or stud
" transfers load to bond beam.

4. Vertical wall reinforcement

‘ i transfers load through wall.
Il

5. Foundation reinforcement
overlaps wall reinforcement to

Overlap for Reinforcing Steel ——————__ |/ ||

Determined From Uplift and |- 5 carry loads into foundation.
Lateral Wind Loads
— 6. Foundation distributes load and
Lap Splice in Accordance ——————__|= | §. transfers forces to ground.

With Masonry Code ™|

.52, Slab o Grade ;1 5
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é TR
A ¢ x :

Hook Vertical Bars
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Figure 5-5 Continuous load path in a reinforced masonry building with a concrete roof deck.

DESIGN AND CONSTRUCTION GUIDANCE FOR COMMUNITY SHELTERS

ERIC 85




CHAPTER5 ’

LOAD DETERMINATION AND STRUCTURAL DESIGN CRITERIA

In a tornado or hurricane shelter, this continuous load path is essential and
must be present for the shelter to resist wind forces. The designers of shelters
must be careful to ensure that all connections within the load path have been
checked for adequate capacity. Again, designers should refer to ASCE 7-98
and the design wind speed and parameters specified in this manual when
determining the loads on the building elements and ensure that the proper
pressures are being used for either MWERS or C&C building elements.

5.6 Anchorages and Connections

A common failure of buildings during high-wind events is the failure of
connections between building elements. This failure is often initiated by a
breach in the building envelope, such as broken doors and windows or partial
roof failure, which allows internal pressures within the building to rapidly
increase. This phenomenon is discussed in Chapter 3; the schematic in Figure
3-2 illustrates the forces acting on buildings when a breach occurs.

Anchorage and connection failures can lead to the failure of the entire shelter
and loss of life. Therefore, the design of all anchorages and connections
should be based on the C&C loads calculated from ASCE 7-98 and on the
specified design assumption stated in Section 5.3.2 of this manual. All effects
of shear and bending loads at the connections should be considered.

5.6.1 Roof Connections and Roof-to-Wall Connections

Adequate connections must be provided between the roof sheathing and roof
structural support, steel joists, and other structural roofing members and walls
or structural columns. These are the connections at the top of the continuous
load path and are required to keep the roof system attached to the shelter.

Reinforcing steel, bolts, steel studs, welds, screws, and nails are used to
connect roof decking to supporting members. The size and number of these
connections required for a shelter depend on the wind pressures that act on the
roof systems. Examples of connection details that have been designed for
some of these conditions may be found in Appendixes C and D for cast-in-
place and pre-cast concrete shelter designs.

Figure 5-6 shows damage to a school in Oklahoma that was struck by a
tornado. The school used a combination of construction types: steel frame
with masonry infill walls and load bearing unreinforced masonry walls. Both
structural systems support open-web steel joists with a lightweight roof
system composed of light steel decking, insulation, and a built-up roof
covering with aggregate ballast.
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Figure 5-6

Failure in this load path
occurred between the bond
beam and the top of the
unreinforced masonry wall.
This school building was in
the path of an F4 tornado
vortex.

The figure highlights a connection failure between a bond beam and its
supporting unreinforced masonry wall as well as the separation of the bond
beam from roof bar joists. See Figure 5-5 for an illustration of connections in
areinforced masonry wall that are likely to resist wind forces from a tornado
or hurricane. Note that four connection points—between the roof decking and
joists, the joist and the bond beam, the bond beam and the wall, and the wall
to the foundation—are critical to a sound continuous load path.

5.6.2 Foundation-to-Wall Connections and Connections Within Wall
Systems
Anchor bolts, reinforcing steel, and imbedded plate systems properly welded
together, and nailed mechanical fasteners for wood construction, are typical
connection methods used to establish a load path from foundation systems
into wall systems. These connections are the last connections in the load path
that bring the forces acting on the building into the foundation and, ultimately,
into the ground. The designer should check the ability of the connector to
withstand the design forces and the material into which the connector is anchored.
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Figure 5-7 shows two columns from a building that collapsed when it was ‘
struck by the vortex of a weak tornado. Numerous failures at the connection
between the columns and the foundation were observed. Anchor bolt failures

were observed to be both ductile material failures and, when ductile failure
did not occur, embedment failures.

Figure 5-7

These two steel columns
failed at their connection to
the foundation. The anchor
bolts that secured the
column released from the
concrete (embedment
failure) while the anchor
bolts that secured the
column on the right
experienced a ductile failure.
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Performance criteria for tornado and hurricane shelters will build on the
design criteria in Chapter 5, the existing guidance for residential shelters, and
the manuals and publications listed in Section 5.1.1. The most recent of these
documents are the National Performance Criteria for Tornado Shelters (July
2000), ASCE 7-98, and FEMA 320. Although these documents do not address
some factors and elements of the design of extreme-wind shelters, they
provide the basis for the criteria presented in this chapter.

Chapter 5 of this manual and ASCE 7-98 present the information necessary
for the computation of wind pressures and the loads imposed by winds on the
walls, roof, windows, and doors of a shelter area. The walls, ceiling, floor,
foundation, and all connections joining these elements will be designed to
resist the pressures and loads calculated from the design wind speed without
localized element failure and without separating from one another.

The entire shelter structure must resist failure from wind pressures and debris
impacts. For the in-residence shelter designs presented in FEMA 320, ceiling
spans and wall lengths were no greater than 8 feet and the design of the wall
and ceiling was governed by the criteria specified for resistance to the impacts
of windborne debris. For larger, community shelters, this broad statement
cannot be made; the structural elements and the building envelope must be
designed to resist wind-induced loads as well as impacts from debris.

6.1 Missile Loads and Successful Test Criteria

Although there is a substantial body of knowledge on penetration and
perforation of small, high-speed projectiles, relatively little testing has been
done on lower-speed missiles such as windborne debris impacting buildings.
In the design of community shelters or other large shelters, wind loads are
likely to control the structural design. However, C&C and building envelope
issues may be governed by missile impact requirements. Nonetheless, after
the shelter has been designed to withstand wind forces from the design wind
speed, the proposed wall and roof sections must be tested for impact
resistance from missiles. Roof and wall sections that have been tested for
impact from the design missile are presented in Appendix E. A wall or roof
section that is the same as the wall sections in Appendix E may be used
without additional testing.
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6.1.1 Propelled Windborne Debris — Missiles

The standard missile used for the impact tests discussed in FEMA 320 and
those specified in FEMA's July 2000 edition of the National Perfermance
Criteria for Tornado Shelters has remained unchanged. Although windstorms
with wind speeds less than 250 mph typically result in lower missile speeds
(for the same size missile), it is recommended that shelter designs be prepared
for the missile size and wind speeds indicated in this section.

The standard missile used to determine impact resistance for all wind
conditions is defined as follows (based on a representative missile for a 250-
mph windstorm):

e 15-1b wood 2x4 (nominal) member

* typically 12 feet long

The missile is assumed to be propelled into wall and roof sections at the
following missile speeds and to impact the test specimen (or shelter) 90° to
the surface (see Figures 6-1 and 6-2 for examples of damage caused by this
missile):

* 100-mph missile speed for horizontally travelling missiles

* 67-mph missile speed for vertically travelling missiles

The static force equivalent of this dynamic impact is difficult to calculate, and
a direct conversion to a static load often results in extremely large loads. The
actual impact force of the missile varies with the material used for the wall or
roof section and will be a function of the stiffness of the material itself as well
as the overall stiffness of the wall section in which it is used. Therefore, no
formula for the determination of impact load is provided in this manual.

Various wall and roof sections tested at the WERC at TTU performed
successfully. They are summarized in Chapter 6 and described in detail in
Appendix E. The designer is referred to Appendix G for a selection of wall
materials that have successfully passed missile impacts under the criteria
outlined above.

6.1.2 Falling Debris

Falling debris also create structural damage, the magnitude of which is a
function of the debris size and distance the debris falls. Falling debris
generally consists of building materials and equipment that have significant
mass and fall short distances from taller structures nearby. When siting the
shelter, the designer should consider placing the shelter away from a taller
building or structure so that if that structure collapses, it will not directly
impact the shelter. When this cannot be done, the next best alternative would
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Figure 6-1

Wood 2x4 launched at 100 mph
pierced unreinforced masonry
wall, WERC, Texas Tech
University.

Figure 6-2
Refrigerator pierced by
windborne missile.
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Table 6.1

Windborne Debris (Missiles)
and Debris Classifications for
Tornadoes and Hurricanes

be to site the shelter in such a way that no large structure is within a zone
around the shelter defined by a plane that is 1:1 (vertical to horizontal) for the
first 200 feet from the edge of the shelter.

If it is not possible to site the shelter away from all the falling debris hazards
at a site, the designer should consider strengthening the roof and wall systems
of the shelter for the potential dynamic load that may result from these large
objects impacting the shelter. Minimal guidance concerning the dynamic
effect of large pieces of debris impacting shelters is available; however, the
results of some limited testing, and approaches for designing for these loads,
are discussed later in this chapter as performance criteria.

6.2 Windborne Debris (Missile) Impacts

The quantity, size, and force of windborne debris (missiles) generated by
tornadoes and large hurricanes are unequaled by those of other windstorm
debris. Missiles are a danger to buildings because the debris can damage the
structural elements themselves or breach the building envelope. If the missile
breaches the building envelope, wind may enter the building, resulting in an
overpressurization of the building that often leads to structural failures. This
high potential for missiles capable of breaching a building’s exterior supports
the recommended use of the internal pressure coefficient for partially enclosed
buildings in the design criteria presented in Section 5.3. In addition,
windborne debris may kill or injure people who cannot find shelter or refuge
during a tornado or hurricane.

Most experts group missiles and debris into three classifications. Table 6.1 lists
the classifications, presents examples of debris, and describes expected damage.

. iIaS c ' ASSOCIATED DAMAGE
" MISSILE SIZE , -TYPICAL DEBBIS OBSERVED

Aggregate roof surfacing, Broken doors, windows,
Small pieces of trees, pieces of and other glazing; some
(Light Weight) wood framing members, light roof covering damage

bricks

Appliances, HVAC units, Considerable damage to
Medium long wood framing walls, roof coverings, and
(Medium Weight)| members, steel decking, roof structures

trash containers, furniture

Structural columns, Damage to wall and roof
Large beams, joists, roof trusses, | framing members and
(Heavy Weight) | large tanks, automobiles, structural systems

trees '
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Although large pieces of debris are sometimes found in the aftermath of
extreme wind events, heavy pieces of debris are not likely to become airborne
and be carried at high speeds. Therefore, from research in the field after
tornadoes and hurricanes, as well as the results of research at TTU studying
windborne debris in various wind fields, the representative missile has been
selected as a 15-1b wood 2x4 (1214 feet long).

This is the same missile criterion specified in Chapter 5 of this manual. Wind
events have been modeled to show that the selected 15-1b missile will have
different speeds and trajectories, depending on the event. However, to be
conservative, it is recommended that test criteria for missile impact resistance
be as stated in this section and Section 6.1.1.

Comparisons of results from missile impact tests for missiles other than the
15-Ib wood 2x4 traveling at the design missile speed are discussed in Appendix G.

6.2.1 Debris Potential at Shelter Sites

Debris impacting buildings during a severe windstorm can originate from
both the surrounding area and from the building itself and is not limited to the
representative missile discussed in Section 6.2. During the development of a
shelter design, the design professional should review the site to assess
potential missiles and other debris sources in the area. '

In addition to the wood 2x4 member described in the previous section, roof
coverings are a very common source of windborne debris (missiles) or falling
debris (ranging from roof gravel or shingles to heavy clay tiles, slate roof
coverings, and roof pavers). Other sources of debris include roof sheathing
materials, wall coverings, roof-mounted mechanical equipment, parapets,
garbage cans, lawn furniture, missiles originating from trees and vegetation in
the area, and small accessory buildings. Missiles originating from loose
pavement and road gravel have also been observed in intense windstorms. In
one area impacted by Hurricane Andrew, mailboxes were filled with rocks
and asphalt from surrounding roadways.

As buildings break apart in severe windstorms, the failures progress from the
exterior building elements inward to the structural members (e.g., trusses,
masonry units, beams, and columns). The literature on tornadoes and
hurricanes contains numerous examples of large structural members that have
been transported by winds for significant distances. Generally, large debris
such as structural members are transported significant distances by the
windfield when a portion of exterior sheathing remains connected and
provides an aerodynamic sail area on which the wind can act.

__ CHAPTER 6
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Rooftop mechanical equipment that is kept in place only by gravity ‘
connections is a source of heavy deformable debris when displaced during

high-wind events. Furthermore, additional vulnerabilities to missile and wind
are created when rooftop equipment is displaced from the roof, leaving large
openings in the roof surface. Cars and trucks are also moved by strong winds.
Lightweight vehicles can be moved around in parking lots in winds with gust
speeds approaching 100 mph. Although pieces of debris larger than the test
missile (15-1b 2x4) are observed, the speed of these missiles is considerably
less. From post-disaster investigations, the 2x4 test missile appears most
representative of the high-energy missile most likely to penetrate conventional
construction. However, a shelter that has been designed to provide punching
shear resistance from a 15-1b wood 2x4 and the capacity to resist the large
wind forces associated with an extreme wind event will likely provide
protection for some level of impact from larger debris items. Additional
design guidance concerning large falling debris is presented in Section 6.3.

6.2.2 Induced Loads From the Design Missile and Other Debris
Determining static design loads from a propelled missile or a piece of free-
falling debris is a complex computation. This computation depends on a
number of factors, including the following:

* material that makes up the missile or falling debris

* material of the wall, door, window, or roof section being impacted
* stiffness of the individual elements being impacted
* stiffness of the structural system supporting them

* angle of impact between the missile and the structure

Because of the complex nature of missile and debris impacts, this manual
does not provide design criteria that can be used to calculate the static force of
a missile impact on any part of the shelter. To determine adequate missile
impact resistance for a shelter, the designer should use the performance
criteria presented in this chapter and the results of successful wall, roof, door,
and window tests that are presented in Appendixes E and F of this manual.

6.2.3 Impact Resistance of Wood Systems

Texas Tech University has conducted extensive testing of wall systems that
use plywood sheathing. The most effective designs, in terms of limiting the
number of layers of plywood required, incorporate masonry infill of the wall
cavities or integration of 14-gauge steel panels as the final layer in the system.
Appendix E shows wall sections that have been tested with the design missile
without failing (i.e., provide adequate missile impact resistance). Examples
are shown in Figure 6-3.
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Figure 6-3

2 Layers of 3/4” Plywood \A:a" Segtlonds ;Z:s::cfzz:)f
( F4" Concrete Block plywood an onry tnft

2z (a) and plywood and metal

(b).

a

4x4 stud wall, containing 4-inch = = ,“5, o=
concrete block, with one layer of 3/8- RS RLITIE
inch CD grade plywood on the impact A e
face and two layers of %-inch CD =T 7y 77 77 ,L
grade plywood on the non-impact face 4x4 Stud 3/8"

Plywood

14-Gauge Steel —4 Layers of

b 3/4* Plywood
Double 2x4 stud wall with 4 layers of 3- o s e
inch CD grade plywood and 14-gauge mseases = S

steel on the back face

E Double

2x4 Stud

missile impact and indicates the

' The arrow shows the direction of
side of the wall that was impacted.

For conventional light-frame construction, the side of the wall where the
sheathing or protective material is attached and the method of attachment can
affect the performance of the wall in resisting damage from the impact of
windborne debris. The impact of debris on material attached to the outside
(i.e., harm side) of a wall pushes the material against the wall studs. Material
attached to the inside of the wall (i.e., safe or shelter side) can be knocked
loose from the studs if it is not adequately attached to the studs. Similarly,
material on the harm side would be susceptible to being pulled off the studs
by wind suction pressures if it were not adequately attached to the studs.

Consequently, sheathing materials bearing on the framing members should be
securely attached to the framing members. Tests have shown that sheathing

: ',' 'v
attached using an AFG-01 approved wood adhesive and code-approved #8 DEFINITION
screws (not drywall screws) penetrating at least 1-1/2 inches into the framing ~ AFG-01 is an American
members and spaced not more than 6 inches apart provides sufficient capacity ~ Plywood Association (APA)

to withstand expected wind loads if the sheathing is attached to the exterior specification for adhesives for
surfaces of the wall studs. These criteria are also sufficient to keep the field gluing plywood to wood
sheathing attached under impact loads when the sheathing is attached to the framing.

interior surfaces of the studs. For information about oriented strand board or
particleboard sheathing, see Appendix G.
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Figure 6-4

Uses of expanded metal (a)
and sheet metal (b) in wall
sections.

6.2.4 Impact Resistance of Sheet Metal

Various gauges of cold rolled A569 and A570 Grade 33 steel sheets have been
tested in different configurations (see Figure 6-4 for an illustration of a
representative wall section). The steel sheets stop the missile by deflecting
and spreading the impact load to the structure. Testing has shown that if the
metal is 14 gauge or lighter and is backed by any substrate that prevents
deflection of the steel, the missile will perforate the steel. If the 14-gauge or
lighter steel sheets are placed between plywood layers or between plywood
and studs, the steel does not have the ability to deflect and is perforated by the
missile. Therefore, on a wood stud wall, a 14-gauge steel sheet can resist
perforation only when it is used as the last layer on the non-impact face on the
interior (shelter side) of the wall, as shown in Figure 6-3.

2 Layers of ~ 4" Concrete
3/4" Plywood Block

X v. ]

a

2x4 stud wall with CD grade plywood,
14-gauge ¥:-inch expanded metal,
and concrete infill

14-Gauge Y2-Inch C Tzr 27z &
Expanded Metal 2x4 Stud 3/8"

3/4” Plywood
b o

Double 2x4 stud wall with one layer of
12-gauge steel on the impact side and
one layer of %-inch CD grade plywood

r’
on the non-impact side L12-Gauge * \ Double

Steel 2x4 Stud
The arrow shows the direction of
missile impact and indicates the

side of the wall that was impacted.

ZzZ 77 Z

In laboratory tests at Texas Tech University, 12-gauge or heavier steel sheets
have never been perforated with the 15-1b wood 2x4 traveling at 100-mph.
The 12-gauge steel has been mounted directly to studs and mounted over solid
plywood. Test samples have used the standard stud spacing of 16 inches on
center (o.c.). Increased spacing between supports affects the permanent
deformation of the steel sheet. Permanent deformation of 3 inches or more
after impact is deemed unacceptable. Tests have not been performed to
determine the maximum support spacing that would control the 3-inch
permanent deformation limit.

Designs provided in FEMA 320 include the use of sheet metal in shelter roof
construction. If sheet metal alone is relied on for missile impact protection, it
should be 12 gauge or heavier.
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‘ 6.2.5 Impact Resistance of Composite Wall Systems

Composite wall systems require rigorous testing because there is no adequate
method to model the complex interactions of materials during impact. Tests
have shown that impacting a panel next to a support can cause perforation
while impacting midway between supports results in permanent deformations
but not perforation. Seams between materials are the weak links in the tested
systems. The location and length of seams between different materials are
critical. Currently the best way to determine the missile shielding ability of a
composite wall system is to build and test a full-scale panel that consists of all
the materials and structural connections to be used in constructing the panel.
See Figure 6-5 for an illustration of a representative composite wall section.

Figure 6-5
Composite section.
Concrete Fill omp wall n
Brick Masonry
Brick cavity wall reinforced with #4 rebar L T 11t
every 12 inches and concrete infill L \\ T T
[T T 1%

#4 Rebar @ 12" o.c.
(Vertical and Horizontal)

‘ Note: This wall section may be

impacted on either face.

6.2.6 Impact Resistance of Concrete Masonry Units

Texas Tech research has demonstrated that both 6- and 8-inch-thick concrete
masonry unit (CMU) walls that are fully grouted with concrete and reinforced
with #4 reinforcing steel (rebar) in every cell (see Figure 6-6) can withstand
the impact of a 15-1b 2x4 wood member striking perpendicular to the wall
with speeds in excess of 100 mph. '
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Figure 6-6
Concrete masonry unit (CMU)
wall sections.

#4 Rebar in Every Cell Filled
a (Every Cell With Concrete
6-inch CMU reinforced with concrete [ : ’ ; I
and #4 rebar in every cell; each { : e
course is staggered

#4 Rebarin Every Cell Filled
b (-Every Cell With Concrete
8-inch CMU reinforced with concrete NI | P Y TP
and #4 rebar in every cell; each ©]; ) 3 I“
course is staggered AEEEN] © RN | SR

Note: These wall sections may be
impacted on either face.

6.2.7 Impact Resistance of Reinforced Concrete

Research related to the design of nuclear power facilities has produced a
relatively large body of information and design guides for predicting the
response of reinforced concrete walls and roofs to the impact of windborne
debris. The failure modes have been identified as penetration, threshold
spalling, spalling, barrier perforation, and complete missile perforation
(Twisdale and Dunn 1981). From a sheltering standpoint, penetration of the
missile into, but not through, the wall surface is of no consequence unless it
creates spalling where concrete is ejected from the inside surface of the wall
or roof. Spalling occurs when the shock wave produced by the impact creates
tensile stresses in the concrete on the interior surface that are large enough to
cause a segment of concrete to burst away from the wall surface. Threshold
spalling refers to conditions in which spalling is just being initiated and is
usually characterized by small fragments of concrete being ejected. When
threshold spalling occurs, a person directly behind the impact point might be
injured but is not likely to be killed.

However, as the size of the spalling increases, so does the velocity with which
it is ejected from the wall or roof surface. When spalling occurs, injury is
likely for people directly behind the impact point and death is a possibility. In
barrier perforation, a hole occurs in the wall, but the missile still bounces off
the wall or becomes stuck in the hole. A plug of concrete about the size of the
missile is knocked into the room and can injure or kill occupants. Complete
missile perforation can cause injury or death to people hit by the primary
missile or wall fragments. Design for missile impact protection with
reinforced concrete barriers should focus on establishing the minimum wall
thickness to prevent threshold spalling under the design missile impact.
Twisdale and Dunn (1981) provide an overview of some of the design
equations developed for nuclear power plant safety analysis.
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It should be noted that the missiles used to develop the analytical models for
the nuclear industry, which are most nearly suitable for wood structural
member missiles, are steel pipes and rods. Consequently, the models are
expected to provide conservative estimates of performance when a “softer”
missile, such as a wood structural member, impacts the walls. A summary of
test results from a number of investigations (Twisdale and Dunn 1981)
suggests that 6-inch-thick reinforced concrete barriers are needed to stop a
15-1b wood 2x4 missile impacting at 100 mph without threshold spalling.
Texas Tech University research indicates that a 6-inch reinforced concrete
wall (see Figure 6-7, illustrations a and b) provides sufficient protection from
the 15-1b wood 2x4 missile impacting at 100 mph. Furthermore, reinforced
concrete walls constructed with insulating concrete forms with a concrete
section 4 inches thick (see Figure 6-7, illustration c) also provide sufficient
protection. The Texas Tech University research also shows that a 4-inch-thick
reinforced concrete roof provides sufficient protection from a 15-1b wood 2x4
missile impacting at 67 mph (the free-falling missile impact speed
recommended in this document).

#4 Rebar @
a K 12" o.c. (Vertical)
Reinforced concrete wall, at least e /L N L T "
6 inches thick, reinforced with #4 o \O :7&,"5‘ i IMin‘
rebar every 12 inches both e
vertically and horizontally) L— #4 Rebar @
12" o.c.
(Horizontal)
#5 Rebar @

b K 12" o.c. (Vertical)

insutating concrete form (ICF) .
waffle grid wall section at least 6 6Min
inches thick reinforced with #5

rebar every 12 inches vertically L #4 Rebar @
and #4 rebar every 16 inches 16" o.c.

horizontally (Horizontal)
#4 Rebar @
c K 12" o.c. (Vertical)
Insulating concrete form (ICF) flat I
wall section at least 4 inches thick = %} \.J4 :.. , - 4M"in
reinforced with #4 rebar every 12 — — :
inches both vertically and &
horizontally #4"Rebar @
12" o.c.
(Horizontal)

Note: These wall sections may be
impacted on either face.

Figure 6-7

Reinforced concrete wall
section (a), reinforced
concrete “waffle” wall
constructed with insulating
concrete forms (b), and
reinforced concrete “flat”
wall constructed with
insulating concrete forms (c).
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6.3 Large Falling Debris .

The design requirements for the wind speed selected from Figure 2-2 and the
representative missile impact criteria outlined in Section 6.2 provide most
shelter designs with roof and wall sections capable of withstanding some
impacts from slow-moving, large (or heavy) falling debris. The residual
capacity that can be provided in shelter designs was the subject of limited
large debris impact testing at Clemson University. The purpose of this testing
was to provide guidance on the residual capacity of roof systems when the
shelter is located where falling debris may be a hazard. In this testing, two
types of shelter roofs were subjected to impacts from deformable, semi-
deformable, and non-deformable debris released from heights up to 100 feet
and allowed to impact the roofs by free-fall.

Non-deformable debris included barrels filled with concrete weighing
between 200 and 1,000 1b. Semi-deformable debris included barrels filled
with sand weighing between 200 and 600 1b, while deformable debris
included heating/ventilation/and air-conditioning (HVAC) components and
larger objects weighing from 50 to 2,000 Ib. Impact speeds for the falling
debris were calculated from the drop height of the debris. The speed of the
objects at impact ranged from approximately 17 to 60 mph. Impacts were
conducted in the centers of the roof spans and close to the slab supports to
observe bending, shear, and overall roof system reactions.

Cast-in-place and pre-cast concrete roof sections were constructed from the
design plans in Case Studies I and II in Appendixes C and D, respectively.
The heavily reinforced, cast-in-place concrete roof performed quite well
during the impact testing. Threshold spalling, light cracking, to no visible -
damage was observed from impacts by deformable missiles, including the
large 2,000-1b deformable object that impacted the slab at approximately
60 mph. Impacts from the 1,000-Ib concrete barrel did cause spalling of
concrete from the bottom surface of the roof near the center of the slab that
would pose a significant hazard to the occupants directly below the point of
impact. However, significant spalling required relatively high missile drops
(high impact speeds).

Spalling of the slab extended into the slab from the bottom surface to the
middle of the slab during impacts from the 1,000-1b concrete barrel impacting
at approximately 39 mph. During this heavy spalling, the largest fragments of
concrete were retained in the roof by the steel reinforcing. Metal decking (22
gauge) was successfully used as cast-in-place formwork on one of the test
samples to retain concrete spalls created by the falling debris. The metal
decking, however, must be connected to reinforcing within the slab or secured
to the concrete to contain the spalling concrete.
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The 1,000-1b concrete barrel completely perforated the flange of the double-
tee beam in one drop from 50 feet (impacting at 39 mph) and caused
significant damage to the stem in a second drop from the same height. Little
damage occurred when the deformable debris materials (HVAC units, the
300-1b sand barrels, and a 1,500-1b deformable object) were dropped on the
double-tee beams. Only light cracking and threshold spalling were observed
from impacts from these deformable objects.

Based on the observed behavior of these roof specimens, it is believed that
roof designs that incorporate a uniform thickness (i.e., flat slab) provide a
more uniform level of protection from large debris impacts, anywhere on the
roof, than a waffle slab, ribbed slab, or other designs that incorporate a thin
slab supported by secondary beams. This approach is the best means of
protecting shelter occupants from large impacts on shelter roof systems if
siting the shelter away from potential falling debris sources is not a viable
solution. Future research may yield information that will result in a more
refined approach to designing shelters to resist the forces created by large
falling debris.

6.4 Doors and Door Frames

Door failures are typically related to door construction and door hardware.
Previous research and testing has determined that steel doors with 14-gauge or
heavier skins prevent perforation by the design missile traveling horizontally
at 100 mph. Furthermore, such doors in widths up to 3 feet are capable of
withstanding wind loads associated with wind speeds up to 250 mph when
they are latched with three hinges and three deadbolts. Because community
shelters may have doors larger than those previously tested for use in in-home
safe rooms, testing was performed for doors up to 44 inches wide. Double-
door systems with center mullions and different types of closure hardware
were also tested. The information presented here and in Appendix F is a
compilation of the test information available to date.

Critical wind loads on doors and door frames are calculated according to the
guidance presented in Chapter 5 of this manual and ASCE 7-98 for C&C
loading. Calculations indicate that the maximum wind load expected on a
door system (due to external suction wind forces combined with internal
pressures for a 250-mph design wind) is 250 psf or 1.75 psi. Doors have been
tested at these pressures through laboratory pressure tests. The doors were
tested with positive pressure. The doors and frames were mounted as swing-in
or swing-out doors to simulate either positive or negative pressures acting on
the door. The doors were tested from both sides with positive pressure
because the door and frame could not be sealed properly to pull a vacuum on
the door to simulate negative pressures. Sliding door systems have been tested
in the same manner.

\\//Z
4N

NOTE

The design pressure for a 250~
mph wind on doors in wall
comer regions of a community
shelter is 1.75 psi for compo-
nents and cladding (C&C)
elements with an area of 21 fi2
Locating the door outside the
comer region reduces the
design pressure for the door to
approximately 217 psf or 1.5 psi
(comer regions are defined as
the first 3 feet from the comer,
10 percent of the least wall
dimension, or 4 percent of the
wall height). These pressures
are different from the 1.37-psi
maximum door pressure used
for the small, flat-roofed
shelters in FEMA 320 that were
assumed to be designed for
“enclosed building” conditions
(as defined in ASCE 7-98).
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NOTE

The weak fink of door systems
when resisting wind pressures
and debris impact is the door
hardware. Testing was per-
formed on a limited number of
door and door hardware
systems that represented off-
the-shelf products to indicate
their expected performance in
sheiters. Although these
systems passed the missile
impact tests, they did not pass
the maximum wind pressure
tests. The maximum wind
pressures on any sheiter occur
at building comers in Wind
Zone V. Therefore, any shelter
door system in Wind Zone IV
should be protected by an
alcove or debris barrier until
further testing can be per-
formed or until other door and
hardware systems are success-
fully tested for the design wind
pressures. See Appendix F for
more detailed ﬂdance.

6.4.1 Door Construction

Door construction (primarily the exterior skin) has been found to be a limiting
element in the ability of a door to withstand missile impacts, regardless of the
direction of door swing (inward or outward). Both steel and wood doors have
been tested for missile impact resistance. Previous research and testing has
determined that steel doors with 14-gauge or heavier skins prevent perforation
by the design missile. Furthermore, such doors in widths up to 3 feet are
capable of withstanding forces associated with wind speeds up to 250 mph
when they are latched with three hinges and three deadbolts. At this time, no
wood door, with or without metal sheathing, has successfully passed either the
pressure or missile impact tests using the design criteria for 250-mph winds.

6.4.1.1 Single-Door Systems Less Than 36 Inches Wide
The following is a list of single-door systems less than 36 inches wide that
have successfully withstood the missile impact criteria of this manual:

* Steel doors with exterior skins of 14 gauge or thicker. These doors can be
used without modification of the exterior skin. The internal construction of
the doors should consist of continuous 14-gauge steel channels as the hinge
and lock rails and 16-gauge channels at the top and bottom. The minimum
hardware reinforcement should be 12 gauge. The skin should be welded the
full height of the door. The weld spacing on the lock and hinge rails should
be a maximum of 5 inches o.c. The skin should be welded to the 16-gauge
channel at the top and bottom of the door with a maximum weld spacing of
2-1/2 inches o.c. The door may include fill consisting of polystyrene infill
or 2 honeycomb core. Greater strength can be gained through the use of
doors that have internal 20-gauge steel ribs.

* Lighter-skinned steel doors may be used with modification. The
modification is the addition of a 14-gauge steel sheet to either side of the
door. The installation of the steel should be with 1/4-inch x 1-1/4-inch self-
tapping screws with hexagon washer heads attached at 6 inches o.c. along
the perimeter of the sheathing and 12 inches o.c. in the field. The internal
door construction should meet the specifications listed above.

* Site-built sliding doors constructed of two layers of 3/4-inch plywood and
an 11-gauge steel plate attached to the exterior face of the door with 1/4-
inch x 1-1/4-inch self-tapping screws with hexagon washer heads attached
at 6 inches o.c. along the perimeter of the sheathing and 12 inches o.c. in
the field. These doors must be supported by “pockets” capable of
transferring loads on the door to the shelter wall.

6.4.1.2 Single-Door Systems Greater Than 36 Inches Wide
A pressure test was performed on a single door 3 feet 8 inches wide (44 inches)
and 7 feet tall. The door was constructed as described in the first bullet of
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Section 6.4.1.1. The door was installed in a 14-gauge frame constructed
within an 8-inch reinforced CMU wall and connected to the CMU with steel
T-anchors spaced at 16 inches o.c.; the void between the frame and the
masonry wall was grouted solid. The door was connected to the frame with
five 4-1/2-inch heavyweight hinges. The latching hardware on the door tested
was the single-lever-operated hardware (described in Section 6.4.3).

This door system did not withstand the pressure test and failed before
reaching the design pressure of 1.75 psi. The door failed when the pressure
reached 1.19 psi. The door deflected during the pressure test and buckled
around the latching hardware. After this first test, the door could not be closed
and secured. Further testing to identify door construction for 44-inch doors is
required before design guidance may be given for these large, single doors.

6.4.1.3 Double-Door Systems (With Center Mullion)

A double-door system (with a fixed center mullion) was tested for resistance
to damage from wind pressures and missile impact. One door was equipped
with a panic bar mechanism; the other was equipped with a single-action lever
mechanism. This configuration was tested twice. The door configuration for
these tests used two doors arranged in a swing-out configuration (a typical
requirement for code-compliant egress). Each door was 3 feet wide and 7 feet
tall and was constructed as described in the first bullet of Section 6.4.1.1. The
doors were mounted in a 14-gauge steel frame with a 4-3/4-inch-deep frame
with a 14-gauge center steel mullion. The mullion was bolted to the top of the
frame and to a 12-gauge steel base plate at the sill with a 3/8-inch bolt at each
location. The bolts extended from the front to the back of the mullion so as
not to interfere with the doors when they were closed. The steel base plate
was connected to the foundation below the sill with a 5/8-inch-diameter
anchor bolt. The center mullion was reinforced with a T-shape 1/4 inch thick
and 4 172 inches deep. The T-shape was welded to the back side of the mullion
with 3-inch fillet welds at 9 inches o.c. Finally, the frame was attached to an
8-inch, fully reinforced, CMU wall with steel T-anchors spaced 16 inches o.c.,
and the void between the frame and the masonry wall was grouted solid. No
grout was placed in the center mullion.

The double-door system was tested with pressures associated with the
250-mph design wind and for the 15-Ib design missile. This door configuration
was tested to a pressure of 1.37 psi, but was not tested to failure. However,
deflection of the double-door system during the pressure testing damaged one
of the lock mechanisms (this is discussed further in Section 6.4.3). During the
missile impact tests, one door withstood the impacts and remained closed, but
the hardware on that door (the panic bar hardware) was no longer operational.
The second door (with the single-action lever hardware) was damaged such
that the door was pushed through the frame, causing a rotation in the center

SO®%
A
NOTE

Heavy-gauge steel doors have
been tested for resistance to
wind pressures. Testing has
shown that the weak link in
available door products is the
door hardware. At the time this
manual was published, only
one door/door hardware system
resisted the pressures from a
250-mph wind at leeward wall
surfaces (away from building
corners); see Appendix F. Wind
pressures can be reduced at
building corners with an alcove
that protects the door system
from edge effects. See Section
6.4.3 for testing of door
hardware systems
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Figure 6-8

The door of the shelter in
Case Study | (Appendix C) is
protected by a missile-
resistant barrier. Note: the
shelter roof extends past the
shelter wall and connects to
the top of the missile-
resistant barrier to prevent
the intrusion of missiles
traveling vertically.

mullion. For life-safety considerations, these results meet the missile impact
criteria since the missile did not enter the shelter area. However, when
functionality is a requirement (such as in the Dade County Florida impact test
criteria), this result does not meet the impact requirements.

Therefore, double-door systems require further testing before a system capable
of resisting the missile impact tests can be specified. Designers who wish to
use double-door systems should use an alcove system that prevents direct
missile impacts on the double-doors (see Figure 6-8) or should test double-
door systems and hardware with heavier construction than those described in
this section before installing the doors in a shelter in Wind Zone IV.
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6.4.2 Door Frames

Sixteen-gauge steel door frames in either a welded or knockdown style are
known to be adequate to carry design wind and impact loads on a single door.
Care must be taken in the installation of the frame so that it works properly
and does not hinder the rest of the shelter construction. Frames used in stud
construction must be attached to the MWFRS. This attachment is achieved
with #8 x 3-inch screws, placed 6 inches o.c., installed through the jamb of the
frame into the studs that make the rough opening of the door. Frames used in
masonry construction are connected to the structure with T-anchors. It is
critical that the T-anchors be bent at the internal edge of the masonry so that
the tail of the anchor does not interfere with the placement of reinforcing steel
and pea-gravel concrete.

Frames for large single doors should be constructed of at least 14-gauge steel.
Frames for double-door systems should be constructed of at least 14-gauge
steel frames and use a 14-gauge, steel center mullion as described in Section
6.4.1.3. The double-door system used in the testing secured the mullion to a
12-gauge steel base plate. The base plate was secured to the concrete below
the doorsill with a single 5/8-inch diameter bolt. However, displacement and
twisting of the center mullion (and base plate) occurred during the missile
impact tests. If two bolts are used instead of one, this frame assembly should
withstand the impact from the design missile and remain functional without
loss of shape.

6.4.3 Door Hardware

Door hardware was found to be another limiting element in the ability of
doors to withstand wind and missile impact loads. Although some standard
door hardware was capable of withstanding wind pressures associated with
Zones II and III (see Figure 2-2), none of the conventional hardware tested
during the preparation of FEMA 320 (for wind zone IV on Figure 2-2) was
capable of carrying design wind loads or withstanding missile impacts when
the impact occurred near the lock set or door handle mechanism. Hence,
testing found that steel doors with supplemental latching mechanisms near the
top and the bottom are required to carry design wind loads and to prevent an
inward-swinging door from being knocked open with a well-placed missile.
Three latching mechanisms are required so that, if a debris impact close to
one destroys it, two latches will be left to carry the wind loads.

6.4.3.1 Single-Latch Mechanisms

Previous testing of latching and locking mechanisms consisted of testing an
individual latch/lock cylinder or a mortised latch with a throw bolt locking
function. In each case, tests proved that these locks, when used alone (without
supplemental locks) did not pass the wind pressure and missile impact tests.

WARNING

Maintenance problems have
been encountered with some
3-point latching systems
currently in use. if the door
system uses a latch that
engages a ficor-mounted
catch mechanism, proper
maintenance is required if the
latch is to function properly.
Lack of maintenance may lead
to premature failure of the
door hardware during a high-
wind event.
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NOTE

All doors tested by FEMA prior
to January 2000 were equipped
with latching mechanisms
composed of three, individually
activated deadbolt closures.
Between January and May
2000, multiple latching
mechanisms activated by a
single lever or by a panic bar
release mechanism were tested.

Further testing proved that doors with these latching mechanisms and two
additional mortised, cylindrical dead bolts (with solid 1/2-inch-thick steel
throw bolts with a 1-inch throw into the door jamb) above and below the
original latch would meet the requirement of the wind pressure and missile
impact tests. It is important to note, however, that hollow deadbolts containing
rod inserts failed the tests.

However, the use of a door with three individually operated latching
mechanisms may conflict with code requirements for egress for areas with
large occupancies. Sections 6.4.3.2 and 6.4.3.3 discuss door hardware
operated with panic hardware and single-action lever hardware. Additional
guidance on door and egress requirements is provided in Section 6.4.4.

6.4.3.2 Latching Mechanisms Operated With Panic Hardware

An extensive search was performed to locate three-point latching systems
operated from a single panic bar capable of resisting the wind pressures and
missile impacts specified in this chapter. A single system was selected and
tested. This system consists of a panic-bar-activated headbolt, footbolt, and
mortised deadbolt. The headbolt and footbolt are 5/8-inch stainless steel bolts
with a 1-inch projection (throw) at the top and bottom and are encased in
stainless steel channels. Each channel is attached to the door with a mounting
bracket. The headbolt and footbolt assembly can be mounted inside the door
or on the exterior of the door; only the externally mounted assembly was
tested. The mortised lock complies with ANSI/BHMA 115.1 standard mortise
lock and frame preparation (1-1/4-inch x 8-inch edge mortise opening with
mounting tabs). All three locking points were operated by a single action on
the panic bar.

This hardware was used for the double-door tests discussed in Section 6.4.1.3.
Each of the doors was fitted with the panic bar hardware and three-point
latches. This system was tested to 1.37 psi without failure. The system also
passed the missile impact test, and the door remained closed; however, the
hardware was not operational after the test.

6.4.3.3 Latching Mechanisms Operated With Single-Action Lever Hardware
A three-point latching system operated with a single-action lever was also
tested for its ability to resist the wind pressures and missile impacts specified
in this chapter. This system meets ANS/BHMA A156.13 Operational Grade 1
and fits a modified ANSI 115.1 door and frame preparation. The mortise case
is heavy-duty wrought steel with a lever-activated latch and a 1-inch solid bolt
with a 1-inch throw. Operation of the latch activates two 1-inch x 3/8-inch
solid hookbolts. One hookbolt is located 1 foot 4 inches above the deadbolt
and the other is located 1 foot 4 inches below the deadbolt.
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This hardware system was used in the large single-door tests and the double-
door tests discussed in Sections 6.4.1.2 and 6.4.1.3, respectively. During the
pressure test on the 44-inch single door, the deflection of the door resulted in
the hookbolts (engaged in the frame) pulling out of the door itself. During the
double-door tests, this hardware was damaged during the pressure test when
the top hookbolt failed at its connection to the door (securing screws failed in
shear). During the missile impact tests, the hardware resisted the missile
impacts until a missile shot caused the center mullion to rotate, releasing the
throw from the mullion. Further testing is required to determine whether the
hardware or door can be modified to stabilize the hookbolts and prevent failure.

6.4.4 Doors and Egress Requirements

All doors must have sufficient points of connection to their frame to resist design
wind pressure and impact loads. Each door should be attached to its frame
with six points of connection (three connections on the hinge side and three
connections on the latch side). Model building codes and life safety codes
often include strict requirements for securing doors in public areas (areas with
assembly classifications). This guidance often requires panic bar hardware,
single-release mechanisms, or other hardware requirements. For example, the
IBC and the NFPA life safety code require panic bar hardware on doors for
assembly occupancies of 100 persons or more. The design professional will
need to establish what door hardware is required and what hardware is permitted.

Furthermore, most codes will not permit primary or supplemental locking
mechanisms that require more than one action to achieve egress, such as dead
bolts, to be placed on the door of any area with an assembly occupancy
classification, even if the intended use would only be during an extreme-wind
event. This restriction is also common for school occupancy classifications. .

These door hardware requirements affect not only shelter areas, but also
rooms and areas adjacent the shelter. For example in a recent project in North
Carolina, a school design was modified to create a shelter area in the main
hallway. Structurally, this was not a problem; the walls and roof systems were
designed to meet the wind pressure and missile impact criteria presented in
this manual. The doors at the ends of the hallway also were easily designed to
meet these criteria. However, the doors leading from the classrooms to the
hallway were designed as rapid-closing solid doors without panic hardware in
order to meet the wind pressure and missile impact criteria. This configuration
was not a problem when the students were in the hallway that functioned as a
shelter, but it was a violation of the code for the normal use of the classrooms.
The designer was able to meet the door and door hardware requirements of
the code for the classrooms by installing an additional door in each classroom
that did not lead to the shelter area, thereby providing egress that met the
requirements of the code.

DESIGN AND CONSTRUCTION GUIDANCE FOR COMMUNITY SHELTERS | 6-19 |
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NOTE

No window or glazing system
tested for resistance to missile
impact has met the missile
impact criteria recommended
in this manual.

Another option for protecting doors from missile impacts and meeting the
criteria of this manual is to provide missile-resistant barriers. The shelter
designs presented in Appendixes C and D of this manual use alcoves to protect
doors from missile impacts. A protective missile-resistant barrier and roof
system should be designed to meet the design wind speed and missile impact
criteria for the shelter and maintain the egress width provided by the door
itself. If this is done, the missile impact criteria for the door and code egress
requirements for the door are satisfied. Although the wind pressures at the
door should be reduced by the presence of the alcove, significant research to
quantify the reduction has not been performed. Therefore, the door should be
designed to resist wind pressures from the design wind. See Figure 6-8 for an
example of an alcove used to protect a door assembly from missile impact.

Finally, the size and number of shelter doors should be determined in
accordance with applicable fire safety and building codes. If the community
or governing body where the shelter is to be located has not adopted current
fire safety or model building codes, the requirements of the most recent
edition of a model fire safety and model building code should be used.

6.5 Windows

Natural lighting is not required in small residential shelters; therefore, little
testing has been performed to determine the ability of windows to withstand
the debris impacts and wind pressures currently prescribed. However, for non-
residential construction, some occupancy classifications require natural
lighting. Furthermore, design professionals attempting to create aesthetically
pleasing buildings are often requested to include windows and glazing in
building designs. Glazing units can be easily designed to resist high-wind
pressures and are routinely installed in high-rise buildings. However, the
controlling factor in extreme-wind events, such as tornadoes and hurricanes, is
protection of the glazing from missile perforation (the passing of the missile
through the window section and into a building or shelter area).

Polycarbonate sheets in thicknesses of 3/8 inch or greater have proven capable
of preventing missile perforation. However, this material is highly elastic and
extremely difficult to attach to a supporting window frame. When these
systems were impacted with the representative missile, the deflections
observed were large, but were not measured.

For this manual, window test sections included Glass Clad Polycarbonate
(2-ply 3/16-inch PC with 2-ply 1/8-inch heat-strengthened glass) and four-
layer and five-layer laminated glass (3/8-inch annealed glass and 0.090 PVB
laminate). Test sheets were 4 feet x 4 feet and were dry-mounted on neoprene
in a heavy steel frame with bolted stops. All glazing units were impact-tested
with the representative missile, a 15-1b wood 2x4 traveling at 100 mph.
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‘ Summarizing the test results, the impact of the test missile produced glass
shards, which were propelled great distances and at speeds considered
dangerous to shelter occupants. Although shielding systems can contain glass
spall, their reliability is believed to degrade over time. Further testing of the
previously impacted specimen caused the glass unit to pull away from the frame. .

Testing indicates that glass windows in any configuration are undesirable for
use in tornado shelters. The thickness and weight of the glass systems
required to resist penetration and control glass spall, coupled with the
associated expense of these systems, make them impractical for inclusion in
shelter designs.

Tt is therefore recommended that glazing units subject to debris impacts not be
included in shelters until products are proven to meet the design criteria.
Should the shelter design require windows, the designer should have a test
performed consistent with the impact criteria. The test should be performed
on the window system with the type and size of glass specified in the design
and mounted in the actual frame as specified in the design. A “PASS” on the
test must agree with the following: 1) the missile must not perforate the
glazing, 2) the glazing must remain attached to the glazing frame, and 3) glass
fragments or shards must remain within the glazing unit. It is important to
note that glass block is also not acceptable. Glass block, set in beds of

‘ unreinforced lime-rich mortar, offers little missile protection.
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Chapters 5 and 6 discuss wind load and debris impact design criteria specific
to wind shelters. This chapter discusses additional issues that should be
considered in the design of wind shelters and buildings in general. These
issues include flood and seismic hazards, fire protection and life safety,
permitting and code compliance, and quality assurance/quality control,

7.1 Flood Hazard Considerations

The designer should investigate all sources of flooding that could affect the N\

use of the shelter. These include floods up to and including the 500-year S
flood; any flood of record; flooding from storm surge (in coastal areas); and =

flooding from local drainages. If it is not possible to locate a shelter outside an MNOTE

area subject to the flooding described above, special precautions must be - The lowest floor of a shelter
taken to ensure the safety and well-being of anyone using the shelter. The located in the SFHA must be

lowest floor of the shelter must be elevated above the flood elevation from any

. oo . . elevated above the 500-year
of the flooding sources described. All utilities or services provided to the

) flood elevation or elevated to
‘ shelter must be protected from flooding as well. the BFE + 1 foot, whichever is
higher.

A shelter in a floodprone area must be properly equipped to meet any
emergency medical, food, and sanitation needs during the time the occupants
could be isolated by flooding. Access to the shelter must be maintained during
flooding conditions. If access is not possible by ground transportation during
flooding, alternative access must be provided. An example of how alternative
access can be achieved is the installation of a helicopter pad that is above the
flood levels. In all cases, both the designer and the owner will need to work
with local and state emergency managers to ensure that these special
requirements are met, both in the shelter design and construction and in
emergency operation procedures.

7.2 Seismic Hazard Considerations
When a shelter is in a seismically active area as defined by the IBC, ASCE
7-98, or FEMA’s NEHRP provisions, the structure should be checked for
resistance to seismic forces. However, wind loads, as described in this
manual, and earthquake (seismic) loads differ in the mechanics of loading.
The difference is created by how the load is applied. In a wind event, the load
is applied to the exterior of the envelope of the structure. Typically, internal
building elements that are not part of the MWFRS of the building will not
receive load unless there is a breach of the building envelope. Earthquakes
' induce loads based on force acceleration relationships. This relationship
requires that all objects of mass develop loads. Therefore, all structural
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elements and all non-structural components within, and attached to, the .
structure will be loaded. As a result, seismic loading requires both exterior

building elements and internal building elements (including non-loadbearing

elements and fixtures) to be designed for the seismically induced forces.

Another important seismic consideration for the designer is the assumed
response of the structure during an event. Buildings are designed to remain
elastic during a wind event—elastic in the sense that no permanent
deformation of any of the structural members will occur. For earthquakes, this
is not the case. Design for earthquakes is based on a two-earthquake scenario.
The first earthquake is the common earthquake that can occur many times in
the life of a structure and the second is the larger, rare earthquake. The design
process requires that the structure remain elastic for the common earthquake.
But for the rare earthquake, permanent deformation is allowed as long as it
does not result in structural collapse of the building. Building elements that
can “stretch and bend” give a structure the ability to withstand a large
earthquake without the economic penalty of having to accommodate the rare
earthquake without any permanent deformation.

7.2.1 Design Methods

After earthquakes in the 1920s and 1930s in California, engineers began to
recognize the need to account for the lateral seismic-induced loads on
structures. The first seismic codes calculated lateral seismic-induced loads
using a percentage of the weight of the structure. This allowed common
analysis procedures to be used. This method has been retained and is seen in
today’s building codes. It is commonly called the equivalent static force
method. Over the years, this percentage coefficient has been refined and put
on a more rational basis derived from the dynamic analysis of structures.

There are cases in which a more complicated dynamic analysis procedure is
required. This dynamic analysis is common in the design and construction of

- very tall, irregular structures. The structures are considered irregular in that

they are not rectangular or cube-like. They may have wings or appendages
like an “L” or they may be “cross-shaped” structures. Figure 7-1 shows
examples of buildings with an irregular shape.

The dynamic analysis procedure for these types of structures consists of three
parts:

1. a time history analysis

2. aresponse spectrum is developed

3. amodal analysis of the final structure
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Figure 7-1
Examples of buildings with
regular and irregular shapes.

Regular Irregular

Unless a seismic event has occurred and is documented at the exact building
site, some sort of computed ground movement must be developed. This can
be done in several ways. One is to use existing earthquake records and
average several of them to produce a composite ground motion. Figure 7-2 is
an actual graphical representation of a time response of the ground during a
seismic event.

Figure 7-2
Time response of ground
during seismic event.

Displacement (inches)

Time (seconds)

Another way is to synthetically generate this motion using models of geologic
phenomena and soil conditions. In either case, the result is a description of the
movement and acceleration of the ground. Once this acceleration is defined,
the acceleration is used as input in a single-degree-of-freedom system,
illustrated in Figure 7-3. The single-degree-of-freedom system is a model of
the building system with mass from floors and roof systems consolidated
together to represent the building as a mass (M) supported by vertical building
elements, with stiffness (k), acted upon by a lateral force (F) representative of
the ground acceleration.

The stiffness (k) of the system can be varied to change the period of the
building response to the applied lateral force. When this is done, a plot is
made of the acceleration versus the period of the structure (see Figure 7-4).
This type of plot is known as a Response Spectrum for the induced
earthquake motion and illustrates the elastic structural system response to a
particular earthquake motion.
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Figure 7-3
Example of single-degree-of-
freedom system.

F—= M

T

Single-Degree-of-Freedom System

Figure 7-4
Acceleration vs. period of
structure.

Response Spectrum

Response Acceleration

Period

The last step in the dynamic analysis is to perform a modal analysis on the
actual building. This type of analysis provides the motion of the building in
terms of a single-degree-of-freedom system. Therefore, the response spectrum
can be input into the modal analysis to give the building’s response to the
earthquake.

Both the static method and the dynamic method result in lateral forces
induced on the structure. The geographic region of the country in which the
shelter is located will dictate which analysis should be used. Once the forces
are calculated, they can be input into the load combinations (as seismic load
E) used for the design of the shelter.
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7.2.2 Code Development

Earthquake codes are under continual refinement as new data become
available. This continual refinement attempts to give more accurate models of
how a structure responds to ground motion. Seismic events, like wind events,
are constantly occurring and continue to test buildings constructed to recently
improved codes and standards. An earthquake provides a test for the current
procedures; after every event, those procedures are reviewed to ensure they
are acting as intended.

An example of code development is the recent acknowledgment that seismic
events occurring on the west and east coasts are not expected to be the same
type of seismic event. On the west coast, the difference between the common
earthquake and the rare earthquake is small. Design codes assume that the
rare earthquake is only 50 percent larger than the common earthquake. On the
¢ast coast, this is not the case. In this region, the rare earthquake can be as
much as 400 percent larger than the common earthquake. Therefore, prior to
the release of the 2000 IBC, western U.S. design codes did not fit well to
eastern U.S. earthquake requirements.

This poor fit has led to refinements in seismic design procedures. The new
procedures attempt to provide a process for evaluating the response of a
building when it begins to deform from seismic loads. This approach is
needed to ensure that the structure can stretch and bend to resist the rare
earthquake. Whereas, in the western U.S. this is ensured because of the
minimal difference betweem the two different earthquakes, this cannot also be
assumed in the eastern U.S.

7.2.3 Other Design Considerations

All the elements of the structure must be evaluated for earthquake forces. Not
only are the exterior walls loaded, but the interior walls can also receive
substantial out-of-place loads. For wind loading, these interior building
components are not usually considered, although most codes require interior
walls to be designed for some lateral pressure. Often, seismically induced
forces are larger than the code-specified lateral wind pressures and, as a result,
govern the design. Therefore, the design of these elements and their
connections to the main structure are essential to a complete design—one in
which both non-structural and structural elements are considered.

Earthquake requirements considered in the design of a shelter can enhance the
lateral resistance of the structure to wind loads. For example, seismic loads
tend to govern the designs of “heavy” structures constructed with concrete or
masonry walls and concrete slab or roofs. In “lighter” structures constructed
from framing and light structural systems supporting lightweight (metal or
wood) roof systems, wind loads tend to govern. But even if wind loads

DESIGN AND CONSTRUCTION GUIDANCE FOR COMMUNITY SHELTERS ~7-9

114



CHAPTER 7

ADDITIONAL CONSIDERATIONS

%‘%

CROSS-REFERENCE

The hazard associated with a
live gas line servicing a shelter
is addressed in the case study
in Appendix D, on Sheet P-1 of
the design plans.

govern, consideration should be given to the calculated seismic loads to allow
the structure to deform without immediate failure. This ability gives the
structure reserve capacity that can be used in severe-wind events.

7.3 Other Hazard Considerations

It is important that the designer consider other hazards at the building site, in
addition to the wind, flood, and seismic hazards already considered. One such
consideration is the location of a shelter on a building site with possible
physical hazards (e.g., other building collapses or heavy falling debris). These
siting and location issues are discussed in Chapter 4, and design guidance is
provided in Section 6.3.

Another consideration is the presence of a hazardous material (HAZMAT)
threat on site. Older buildings that are retrofitted for shelter use should be
inspected for hazardous materials that may be stored near the shelter (e.g.,
gasoline, chlorine, or other chemicals) or that may have been used in the
construction of the surrounding building (e.g., lead paint or asbestos). For
example, asbestos may become airborne if portions of the surrounding
building are damaged, resulting in the chemical contamination of breathable
air. Live power lines, fire, and gas leaks are also shelter design concerns that
may need to be addressed at some shelter sites. For example, the case study in
Appendix D (Sheet P-1) shows how a gas line, required for gas service to the
shelter area when in normal daily use, was fitted with an automatic shutoff
valve. This precaution greatly reduces the risk of a gas-induced fire occurring
while the shelter is occupied.

7.4 Fire Protection and Life Safety

The shelter must comply with the fire protection and life safety requirements
of the model building code, the state code, or the local code governing
construction in the jurisdiction where the shelter is constructed. For single-use
high-wind shelters, the model building codes, life safety codes, and
engineering standards do not indicate square footage requirements or
occupancy classifications. For multi-use high-wind shelters, the codes and
standards address occupancy classifications and square footage requirements
for the normal use of the shelter. The shelter designer is advised to comply
with all fire and life safety code requirements for the shelter occupant load
and not the normal use load; the shelter occupancy load is typically the
controlling occupancy load. Chapter 8, Section 8.2, discusses the
recommended square footage requirements for tornado and hurricane shelters.

Guidance and requirements concerning fire protection systems may be found -
in the model building codes and the life safety codes. Depending on the
occupancy classification of the shelter (in normal use), automatic sprinkler

7-6
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. systems may or may not be required. For many shelters, an automatic
sprinkler system will not be required. However, when automatic sprinkler
systems are not required and fire extinguishers are used, all extinguishers
should be mounted on the surface of the shelter wall. In no case should a fire
extinguisher cabinet or enclosure be recessed into the interior face of the
exterior wall of the shelter. This requirement is necessary to ensure that the
integrity of the shelter walls is not compromised by the installation of fire
extinguishers. Finally, any fire suppression system specified for use within
shelters should be appropriate for use in a closed environment with human
occupancy. If a fire occurs during a tornado or hurricane, it may not be
possible for occupants of the shelter to ventilate the shelter immediately after
the discharge of the fire suppression system.

7.5 Permitting and Code Compliance

Before construction begins, all necessary state and local building and other
permits should be obtained. Because model building codes and engineering
standards do not address the design of a tornado or hurricane shelter, the
design professional should meet with the local code official to discuss any
concerns the building official may have regarding the design of shelter. This
meeting will help ensure that the shelter is properly designed and constructed

‘ to local ordinances or codes.

Complete detailed plans and specifications should be provided to the building
official for each shelter design. The design parameters used in the structural
design of the shelter, as well as all life safety, ADA, mechanical, electrical,
and plumbing requirements that were addressed, should be presented on the
project plans and in the project specifications.

Egress requirements should be based on the maximum occupancy of the
shelter area. This will likely occur when the designer calculates the occupancy
load based on the 5 ft? or 10 ft? per person recommended in Section 8.2 for
tornado and hurricane shelters, respectively. For multi-use shelters, reaching
the maximum occupancy will be a rare event. For life safety considerations,
egress points for the shelter area should be designed to the maximum possible
occupancy until a code or standard governing the design of shelters is
developed. As a result, the design professional will likely have difficulty
providing doors and egress points with hardware (specifically latching
mechanisms) that comply with code and resist the design missile impact
criteria presented earlier in this chapter. Design professionals who are limited
to door hardware that is acceptable to the building official but that does not
meet the impact resistance criteria should refer to Section 6.4.4 and Figure 6-8
for guidance on the use of missile-resistant barriers to protect doors from

. debris impact.
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NOTE

The square footage recom-
mendations for shelters
designed to meet the criteria
presented in this manual are
as follows:

Tornado shelters: 5 ft? per
person

Hurricane shelters: 10 ft? per
person

These square footage recom-
mendations are discussed in
Section 8.2.

Regarding code requirements not related to life safety or structural
requirements—typically those for mechanical, electrical, and plumbing
systems—the designer should design for the normal use of a multi-use shelter
unless otherwise directed by the authority having jurisdiction. It would not be
reasonable to consider the additional cost of and need for providing additional
mechanical, electrical, and plumbing equipment and facilities for the high-

~ occupancy load that would occur only when the shelter is providing protection

from a tornado or hurricane. Shelters designed to the criteria in this manual
are for short-duration use, and the probability of their use at maximum
occupancy is low.

7.6 Quality Assurance/Quality Control Issues

Because a tornado or hurricane shelter must perform well during extreme
conditions, quality assurance and quality control for the design and
construction of the shelter should be at a level above that for normal building
construction. Design calculations and shop drawings should be thoroughly
scrutinized for accuracy. When the design team is satisfied that the design of
the shelter is acceptable, a registered design professional should prepare the
quality assurance plan for the construction of the shelter.

The quality assurance plan should be based on the Special Inspection
Requirements listed in Sections 1704, 1705, and 1706 of the IBC; however,
because of the design wind speeds involved, exceptions that waive the need
for quality assurance when elements are prefabricated should be not allowed.
The IBC recommends using these special inspections and quality assurance
program when the design wind speeds are in excess of 110-120 mph
(3-second gust), depending on exposure or if the building is in a high seismic
hazard area. Sufficient information to ensure that the shelter is built in
accordance with the design and the performance criteria of this manual should
be provided by the design professional. The quality of both construction
materials and methods should be ensured through the development and
application of a quality control program.

A typical quality assurance plan should require that special inspections be
performed on the following building elements:

¢ roof cladding and frafming connections

¢ wall-to-roof connections and wall-to-floor connections

¢ roof and floor diaphragm systems, including framing, collectors, struts, and
boundary elements

« vertical and lateral MWFRS, including braced frames, moment frames, and
shearwalls
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connections of the MWFRS to the foundation

all prefabricated elements and their connections to other shelter
components during on-site assembly

fabrication and installation of components and assemblies required to meet
the missile impact resistance requirements of this chapter

To ensure that the elements described above are properly inspected, the
quality assurance plan should identity the following:

the elements and connections of the MWERS that are subject to inspection

the special inspections and testing to be provided according to IBC Section
1704, including the applicable references standards provided referred to in
the IBC

the type and frequency of testing required
the type and frequency of special inspections required

the required frequency and distribution of testing and special inspection
reports

the structural observations to be performed

the required frequency and distribution of structural observation reports
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® & Human Factors Criteria

Human factors criteria for the community shelters build on existing guidance
provided in Chapters 5 and 6. Although existing documents do not address all
the human factors involved in the design of high-wind shelters, they provide
the basis for the criteria summarized in this chapter. If shelters are located in
areas at risk for both tornadoes and hurricanes, the design should incorporate
the human factor criteria for hurricanes. These criteria are detailed in the
following sections.

8.1 Ventilation

Ventilation for a shelter should comply with the building codes or ordinances
adopted by the local jurisdiction. Ventilation should be provided to the shelter
area through either the floor or the ceiling. Although horizontal ventilation
openings may be easier to design and construct, vertical ventilation openings
have a smaller probability of being penetrated by a missile. Nevertheless, a
protective shroud or cowling that meets the missile impact requirements of
Chapters 5 and 6 should be provided to protect any ventilation openings in the

‘ shelter that are exposed to possible missile impacts, such as the point where
ductwork for a normal-use ventilation system penetrates the wall or roof of
the shelter.

The ventilation system for both single- and multi-use shelters must be capable
of providing the minimum number of air changes required by the building
code for the shelter’s occupancy classification. For single-use shelters, 15 ft}
per person per minute is the minimum air exchange recommended—this
recommendation is based on guidance outlined in the International
Mechanical Code (IMC). For multi-use shelters, the design of mechanical
ventilation systems is recommended to accommodate the air exchange
requirements for the occupancy classification of the normal use of the shelter
area. Although the ventilation system may be overwhelmed in a rare event
when the area is used as a shelter, air exchange will still take place. The
designer should still confirm with the local building official that the
ventilation system may be designed for the normal-use occupancy. In the
event the community where the shelter is to be located has not adopted a
model building and/or mechanical code, the requirements of the most recent
edition of the IBC are recommended.

Passive means of ventilation may be used as long as the building code
requirements for normal use are met. Ventilation may be accomplished with
‘ passive air systems using ducts that open to an outside air supply. For
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example, the 1997 Uniform Building Code (UBC) provisions for natural
ventilation requires exterior openings with a minimum area of 1/20 of the total
floor area. When complying with code requirements for openings, the
designer needs to protect the openings to prevent windborne debris from
entering the shelter.

However, any buildings that support hospitals or other life-critical operations
should consider appropriate design, maintenance, and operational plans that
ensure continuous operation of all mechanical equipment during and after a
tornado or hurricane. In these instances, a failure of the air-handling system
may have a severe effect on life safety. For these types of facilities, protecting
the backup power supply that provides power to the ventilation system of the
shelter is recommended.

8.2 Square Footage/Occupancy Requirements

Occupancy recommendations for tornado and hurricane shelter design are
provided in this section. The recommended minimums are 5 ft? per person for
tornado shelters and 10 ft? per person for hurricane shelters. Additional
guidance is provided in Sections 8.2.1 and 8.2.2 for square footage
requirements other than the minimum requirements.

The shelter designer should be aware of the occupancy requirements of the
building code governing the construction of the shelter. The occupancy loads
in the building codes have historically been developed for life safety
considerations. Most building codes will require the maximum occupancy of
the shelter area to be clearly posted. Multi-use occupancy classifications are
provided in the IBC and state and local building codes. Conflicts may arise
between the code-specified occupancy classifications for normal use and the
occupancy needed for sheltering. For example, according to the IBC, the
occupancy classification for educational use is 20 ft? per person; however, the
recommendation for a tornado shelter is S ft? per person. Without proper
signage and posted occupancy requirements, using an area in a school as a
shelter can create a potential conflict regarding the allowed numbers of
persons in the shelter. If both the normal maximum occupancy and the shelter
maximum occupancy are posted, and the shelter occupancy is not based on a
minimum less than the recommended 5 ft? per person, the shelter design
should be acceptable to the building official. The IBC and the model building
codes all have provisions that allow occupancies as concentrated as 5 ft? per person.

8.2.1 Tornado Shelter Square Footage Recommendations

Section 8.2 recommends a minimum of 5 ft? per person for tornado shelters.
However, other circumstances and human factors may require the shelter to
accommodate persons who require more than 5 ft*. Square footage
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‘ recommendations for persons with special needs are presented below; these
recommendations are the same as those provided in the FEMA 1999 National
Performance Criteria for Tornado Shelters:

o 5 ft? per person adults standing

* 6 ft? per person adults seated

* 5 ft? per person children (under the age of 10)
* 10 ft* per person wheelchair users

30 ft? per person bedridden persons

8.2.2 Hurricane Shelter Square Footage Recommendations
Section 8.2 recommends a minimum of 10 ft? per person for hurricane
shelters (for a hurricane event only—an event expected to last less than 36
hours). This square footage requirement is a result of discussions among the
Project Team and the Review Committee, who considered many issues
regarding sheltering, including the recommendations of American Red Cross
(ARC) Publication No. 4496. The ARC publication recommends the
following minimum floor areas (Note: the ARC square footage criteria are
based on long-term use of the shelter, i.e., use of the shelter both as a refuge
‘ area during the event and as a recovery center after the event):

* 20 ft? per person for a short-term stay (i.e., a few days)

* 40 ft? per person for a long-term stay (i.e., days to weeks)

Again, the designer should be aware that there can be conflicts between the
occupancy rating for the intended normal use of the shelter and the occupancy
required for sheltering. This occupancy conflict can directly affect egress
requirements for the shelter. For example, for a 5,000-ft? proposed shelter
area, the normal occupancy load is 5,100/20 = 255 people, while the shelter
occupancy load is 5,100/10 = 510 people. For both educational and shelter
uses, the IBC requires 0.20 inch of egress per person for buildings not
equipped with a sprinkler system. For normal (educational) use, this
calculates to 51 inches of required egress and, because of code, a minimum of
two doors. Therefore, two 32-inch doors (64-inch total net egress) should be
provided. For shelter use, the requirement is for 102 inches and a minimum of
three doors. Therefore, three 36-inch doors (108-inch total net egress) should
be provided. Although guidance concerning code compliance is provided in
Chapter 6 of this manual, the conflicts between these two occupancy
requirements for egress must be resolved with state and/or local officials.
Future code requirements concerning occupancies and egress may address

‘ extreme events and temporary circumstances.

DESIGN AND CONSTRUCTION GUIDANCE FOR COMMUNITY SHELTERS | 8-3 |

121




CHAPTER8 . ‘

HUMAN FACTORS CRITERIA

%1%

CROSS-REFERENCE

Chapter 4 discusses how the
siting of shelters can affect
access routes and travel time.

8.3 Distance/Travel Time and Accessibility

The shelter designer should consider the time required for all occupants of a
building or facility to reach the shelter. The National Weather Service (NWS)
has made great strides in predicting tornadoes and hurricanes and providing
warnings that allow time to seek shelter. For tornadoes, the time span is often
short between the NWS warning and the onset of the tornado. This manual
recommends that a tornado shelter be designed and located in such a way that
the following access criteria are met: all potential users of the shelter should
be able to reach it within 5 minutes, and the shelter doors should be