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Background

ur society places great importance on the education system and

its schools, and has a tremendous investment in current and fu-

ture schools. Nearly 50 million students were expected to attend
approximately 99,000 public elementary and secondary schools in the
fall of 2009, with an additional 5.8 million expected to attend private
schools.! The sizes of these school facilities range from one-room rural
schoolhouses to citywide and mega schools that house 5,000 or more
students. The school is both a place of
learning and an important community re-
source and center.

This publication is concerned with the
protection of schools and their occu-
pants against natural hazards. Architects
and engineers deal with natural hazards
in building design and construction and
building codes have provisions for protec-
tion against natural hazards.

This manual addresses two core concepts: multi-hazard design and per-
formance-based design. Neither is revolutionary, but both represent an
evolution in design thinking that is in tune with the increasing complex-
ity of today’s buildings and that takes advantage of developments and
innovations in building technology:

1 U.S. Department of Education, National Center for Education Statistics, Fast Facts, Back to
School Stats, http:/nces.ed.gov/fastfacts/display.asp?id=372, accessed April 19, 2010.
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Multi-hazard design recognizes the fundamental characteristics of
hazards and how they interact, so that design for protection becomes
integrated with all the other design demands.

Performance-based design suggests conducting a systematic investi-
gation to ensure that the specific concerns of building owners and
occupants are addressed, rather than relying on only the minimum
requirements of the building code for protection against hazards.
Building codes focus on providing life safety, while property pro-
tection is secondary. Performance-based design provides additional
levels of protection that cover property damage and functional inter-
ruption within a financially-feasible context.

This publication stresses that the identification of hazards and their fre-
quency and careful consideration of design to resist these hazards must
be integrated with all other design issues, and be included from the in-
ception of the site selection and building design process. Although the
basic issues to be considered in planning a school construction program
are more or less common to all school districts, the specific processes
differ greatly because each school district has its own approach. Districts
vary in size, from a rural district responsible for only a few schools, to
a city district or statewide system overseeing a complex program of all
school types and sizes. Any of these districts may be responsible for new
design and construction, renovations, and additions. While one district
may have a long-term program of school construction and be familiar
with programming, financing, hiring designers, bidding procedures,
contract administration, and commissioning a new building, another
district may not have constructed a new school for decades, and have no
staff members familiar with the process.

Scope

his publication is intended to provide design guidance for the

protection of school buildings and their occupants against natu-

ral hazards. It focuses on the design of elementary and secondary
schools (K-12), as well as repair, renovation, and additions to exist-
ing schools. It is one of a series of publications in which multi-hazard
and performance-based design are addressed (FEMA 577, Design Guide
Sfor Improving Hospital Safety in Earthquakes, Floods, and High Winds, and
FEMA 543, Design Guide for Improving Critical Facility Safety from Flooding
and High Winds) .

This publication considers the safety of school buildings to occupants,
and the economic losses and social disruption caused by building dam-
age and destruction. The volume covers three natural hazards that have
the potential to result in unacceptable risk and loss: earthquakes, floods,
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and high winds. A companion volume, FEMA 428, Primer to Design Safe
School Projects in Case of Terrorist Attacks, covers the manmade hazards of
physical, chemical, biological, and radiological attacks.

This publication is intended to assist design professionals and school of-
ficials involved in the technical and financial decisions related to school
construction, repair, and renovations.

Organization and Content of the Manual

hapters 1-3 present issues and background information that are

common to all hazards. Chapters 4-6 cover the development of

specific risk management measures for each of the three natural
hazards addressed.

Chapter 1 opens with a brief outline of the past, present, and future of
school design. Past school design is important because many of these
older, and even historic, schools are still in use and may be exposed to
the effects of earthquakes, floods, and high winds.

Chapter 2 introduces the concept of performance-based design, an ap-
proach to design that is driven by the desired performance of a new or
retrofitted facility.

Chapter 3 introduces the concept of multi-hazard design and presents
a general description and comparison of the hazards, including charts
that show how the design to resist one hazard may interact with the de-
sign for other hazards.

Chapters 4, 5, and 6 outline how to address risk management
concerns for protection of schools against earthquakes, floods,
and high winds, respectively. Information is presented on the
nature of each hazard and its effect on vulnerability, as well as
and the consequences of building exposure. Procedures for
risk assessment are followed by descriptions of current meth-
ods of reducing the effects of each hazard. These methods
vary, depending on the hazard under consideration.

Appendix A contains a list of acronyms that appear in this
manual.

This publication provides recommendations to create safe
schools, but is necessarily limited. Readers should not ex-
pect to use the information directly to develop plans and
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specifications. Rather, the information is intended to help designers
and facility decision-makers, who may be unfamiliar with the concepts
involved, to understand fundamental approaches to risk mitigation plan-
ning and design. With this understanding, they can then approach the
implementation phase of detailed planning, which involves consultants,

procurement personnel, and project administration.
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This cement fiber siding was attached with blind nails (red
circle). Because of the high design wind speed, face nails
should have been used (blue circle). Hurricane Francis

(F1orida, 2004) ..eeiiieeeiiiee ettt ettt e e et e e s reeesenrteeesnsbeeesnnnreeesennnes

Three of the panel ribs opened up (one to the right of the
blue arrow and two to the left). The LPS conductor serving
the air terminal (red arrow) ran underneath the ridge
flashing. Estimated wind speed: 105-115 mph.

Hurricane Ivan (Florida, 2004) ......coooiiiiiieeee oot

The blown off insulation (red arrow) may have initiated
blow-off of the roof membrane. Estimated wind speed: 105-

115 mph. Hurricane Ivan (Florida, 2004) ..........cccoccooviiiiiiiiiiiiiiiiicee,

The orientation of the membrane fastener rows led to blow-

off of the steel deck. Hurricane Marilyn (U.S. Virgin Islands, 1995) .................

The ink pen shows an opening that the wind can catch to

cause lifting and peeling of the membrane..............cccoccoiiiiii

The metal edge flashing on this building disengaged
from the continuous cleat and the vertical flange lifted.

Hurricane Hugo (South Carolina, 1989) .........ccccooviiiiiiiii,

The coping blew off because of inadequate attachment of
the cleats. Estimated wind speed: 92 mph. Hurricane Ike

(TTEXAS, 2008) .neeeiiiieeeeeee ettt ettt e e e e e ettt et e e e s s sttt eeeeeeessabbbaeaeeeeeeannne
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These wire-tied tiles were installed over a concrete deck.
The failure was attributed to lack of vertical restraint, which
allowed the tiles to lift and then be broken when they
slammed back down onto the deck. Typhoon Paka
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This mechanically attached single-ply membrane
progressively tore after being cut by wind-borne debris.

Hurricane Andrew (Florida, 1992) ........ovviiiiiiiiiiieeeee e eeereee e

A continuous peel-stop bar over the membrane may prevent
a catastrophic progressive failure if the edge flashing or

coping is blown off. (Modified from FEMA 55, 2000) ..........cc.ccccoovviiniiiininnnnn.
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DESIGN GUIDE FOR IMPROVING SCHOOL SAFETY IN EARTHQUAKES, FLOODS, AND HIGH WINDS

XXVil



TABLE OF CONTENTS

Figure 6-94:

Figure 6-95:

Figure 6-96:

Figure 6-97:

Figure 6-98:

Figure 6-99:

Figure 6-100:

Figure 6-101:

Figure 6-102:

Figure 6-103:

These condensers were blown off their sleepers. Displaced

condensers can rupture roof membranes and refrigerant

lines. Estimated wind speed: 120 mph. Hurricane Katrina

(Y B Ty o) o ) PSSR 6-99

This condenser had supplemental attachment straps (see
red arrows). Typhoon Paka (Guam, 1997) .........ccccooiiiiiiiiiiiiiieceeee 6-99

Failure of vibration isolators that provided lateral resistance

but no uplift resistance caused equipment damage. A

damaged vibration isolator is shown in the inset. Estimated

wind speed: 120 mph. Hurricane Katrina (Mississippi, 2005).........ccccccveeniennn. 6-100

Guyed flue blew over (red arrow indicates one of the guys).
Estimated wind speed: 92 mph. Hurricane Ike (Texas, 2008) ..........ccccccvennene. 6-101

The school shown in Figure 6-63 also had an access panel

blow off. Blown-off panels can puncture roof membranes,

break glazing, and cause injury. Estimated wind speed: 85—

95 mph. Hurricane Ivan (Florida, 2004) .........ccccooiiiiiiiiiiiiiiic 6-101

The school shown in Figures 6-64 and 6-98 also experienced

gas line rupture (shown by the lines dangling over the

side of the building). Estimated wind speed: 85-95 mph.

Hurricane Ivan (Florida, 2004) .....coooiiiiiiiiiiiieeeee e 6-102

At a periodic gas line support on this roof, a steel angle

was welded to a pipe that was anchored to the roof deck. A

strap looped over the gas line and was bolted to the support

angle. Such a connection provides resistance to

lateral and uplift loads. ........ccooiiiiiiiiiiii 6-102

These two condensate drain lines detached from their
HVAC units. They had not been anchored to the roof.
Estimated wind speed: 125 mph. Hurricane Katrina (Mississippi, 2005) .......... 6-103

Equipment screen panels can puncture roof membranes,
break glazing, and cause injury. Estimated wind speed: 105—
115 mph. Hurricane Ivan (Florida, 2004) .........cccocoiiiiiiiiiiiiiiiiiiieiics 6-104

This exhaust fan was impacted by wind-borne debris.

Although it is often impractical to place all equipment such

as fans in penthouses, doing so to the extent possible avoids

debris damage. Estimated wind speed: 130 mph. Hurricane

Katrina (Mississippi, 2005) ......ccooviiiiiiiiiiiiiii 6-105

xxviii DESIGN GUIDE FOR IMPROVING SCHOOL SAFETY IN EARTHQUAKES, FLOODS, AND HIGH WINDS



TABLE OF CONTENTS

Figure 6-104:

Figure 6-105:

Figure 6-106:

Figure 6-107:

Figure 6-108:

Figure 6-109:

Figure 6-110:

Figure 6-111:

Figure 6-112:

Figure 6-113:

Figure 6-114:

Leaf debris and ponding near a scupper (red and blue

arrows). The yellow arrow indicates a piece of coping that

blew off an upper roof shown in Figure 6-71. Estimated wind

speed: 92 mph. Hurricane Ike (Texas, 2008) .......c.ccccovviiiiiiiiiiiiiiiiiiiee 6-106

Collapsed light fixtures caused by severe corrosion (see
inset). Estimated wind speed: 105-115 mph. Hurricane Ivan
(Florida, 2004) ......ooiiiiiiiiiiee e 6-107

The collapse of the antenna tower at this school caused

progressive peeling of the roof membrane. Also note that

the exhaust fan blew off the curb, but the high parapet kept

it from blowing off the roof. Hurricane Andrew (Florida, 1992) ..................... 6-108

Common anchoring method for satellite dish. Estimated
wind speed: 85-95 mph. Hurricane Ivan (Florida, 2004)
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pull out from pronged splice connectors. Estimated wind
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RISK MANAGEMENT SERIES PUBLICATION

Design Guide

for Improving School Safety
in Earthquakes, Floods, and High Winds

An Overview of
the School Design and
Construction Process

1.1 Introduction

his chapter presents an overview of the school building to provide

a context for the chapters that follow. Every building is unique and

school designs vary greatly; however, the purpose of schools, their
occupancy, their economic basis, and their role in society dictate certain
common features that distinguish them from other building types.

A summary of the national public school inventory is also presented (i.e.,
the number of students housed and the number of schools included)
and projections of future needs are outlined. The sections that follow
describe school design of the past, because many older schools are still in
use and must be renovated periodically to meet today’s needs, and cur-
rent school design with some trends and ideas that might influence the
design of future schools.
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AN OVERVIEW OF THE SCHOOL DESIGN AND CONSTRUCTION PROCESS

1.2 School Construction: The National Picture

n 2005, the estimated value of the nation’s public school inventory

was well over $361.6 billion.' In 2009, of the almost 98,800 public el-

ementary and secondary schools, 31 percent were located in small
towns and rural areas and served 43 percent of the students, while 69
percent were located in cities and suburban areas and served 57 percent
of the students (U.S. Department of Education, 2009).

The total number of schools in the U.S. increased by 10,600 between 1997
and 2007 (U.S. Department of Education, 2009). More than half of all
schools are at least 40 years old and, even with minor renovations, many
have passed their prime in terms of adaptability to
modern teaching methods and tools (e.g., comput-
ers, in-class electronic information displays, and
group learning activities). Almost all States require
school facilities to be replaced with new construc-
tion once renovation costs reach a specified level
(usually 60 percent).? Estimates from the late 1990s
indicated approximately $100 to over $300 billion would be needed to
bring our nation’s schools up to conditions considered to meet then-
current standards.

The purpose of schools, their occupancy,
their economic basis, and their role in so-
ciety dictate certain common features that
distinguish them from other building types.

In 2001, the decade-long growth in kindergarten to grade 12 (K-
12) new school construction peaked while deferred maintenance
and poor construction quality of many post-World War II schools
resulted in a huge renovation demand. From 1999 through 2008,
the National Clearinghouse for Educational Facilities reported that
$298.16 billion was spent on the construction of nearly 15,000 el-
ementary, middle, and high schools (National Clearinghouse for
Educational Facilities, 2010).

1.3 Past School Design

chools are typically in use for long periods of time. As a result,
even today, instruction continues in facilities that were designed
and constructed at the beginning of the 20th century. Early 20th-
century school design was based on late 19th-century models and few
design changes were implemented until after World War II. Schools
ranged from one-room rural school houses to major symbolic civic

1 Conservative estimate based upon elementary and secondary school averages developed
with the help of Paul Abramson, President of Stanton Leggett & Associates, Education
Consultants.

2 Use of this estimate as a decision tool was developed by Basil Castaldi, Education Facilities,
Planning, Modernization and Management (1994).
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structures in large cities (Figures 1-1 and 1-2). Many inner city schools
were more modest, inserted into small sites on busy streets and con-
strained by budget limitations (Figure 1-3).

Figure 1-1:
One-room schoolhouse,
Christiana, DE, 1923

Figure 1-2:
High school, New York
City, NY, 1929

The typical city school was one to three stories in height and consisted of
rows of classrooms on either side of a wide, noisy corridor lined with met-
al lockers. Typical outdoor recreational areas were asphalt play courts
and rooftops. The larger schools sometimes had libraries, special rooms
for art, science, and shop, and auditoriums.

The construction surge to meet the demands of the post-war baby boom
was primarily a suburban development. Much larger sites were available,
buildings were one or two stories in height, auditoriums became multi-
use facilities, and large parking lots appeared.
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Figure 1-3:
Elementary school,
Washington, DC,
constructed in 1930

Despite the growth of suburban construction, the fundamental design
with classrooms along double-loaded corridors did not change very
much. However, in warm climates, the one-story “finger plan” school,
typically constructed of wood and a small quantity of steel, was both
economical and less institutional in feel. For this design, the noisy dou-
ble-loaded corridor is replaced by a covered walkway, often open to the
air, with the classrooms on one side and a grassed court on the other
(Figure 1-4). The cross-section diagram in Figure 1-4 shows the simple
and effective means this configuration allowed for day lighting and ven-
tilation. Compact versions of these plans appeared as schools became
larger and sites smaller (Figure 1-5).

Historically, inner-city high schools have been large facilities, housing
2,000 to 3,000 students (Figure 1-6). In the 1960s and 1970s, educa-
tional methods such as team teaching prompted large open classrooms
with poor acoustics (Figure 1-7). Some of these new large high schools
were built as air-conditioned enclosures, with many windowless class-
rooms, in buildings that resembled the shopping malls that were
replacing the main street retail centers (Figure 1-7). At the same time,
many schools were expanded by adding classrooms to accommodate
increasing enrollments. Although portable classrooms were originally
intended as temporary space, many are now used as permanent class-
rooms (Figure 1-8).

1-4 DESIGN GUIDE FOR IMPROVING SCHOOL SAFETY IN EARTHQUAKES, FLOODS, AND HIGH WINDS



AN OVERVIEW OF THE SCHOOL DESIGN AND CONSTRUCTION PROCESS

Figure 1-4:

T LT T Typical finger plan
L school, 1940s

Figure 1-5:
Compact courtyard
plan, 1960s
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Figure 1-6:
Fountain Valley High
School, Huntington Social
Beach, CA, 1964 Science
Library
English
Wl
g 25 |25 ym
5 25285
=
Figure 1-7:
Open enclosure plan |
teaching area, with
movable screens and L
storage, Rhode Island, of
1970
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Figure 1-8:
Typical portable
classrooms, 1980s, still
in use

Schools built in the 1980s and 1990s assumed a wide variety of forms,

often combining classrooms into clusters and focusing on providing an

attractive learning environment (Figure 1-9). However, demographic

needs, shortage of affordable land, and limited construction budgets

also resulted in some conversions of existing buildings not original-

ly intended for educational purposes (Figure 1-10). Note the exterior

cross bracing for the converted industrial building in Figure 1-10. The

building required extensive retrofitting to meet California’s seismic re-

quirements for schools.
Figure 1-9:

Elementary school,
Fairfield, PA, 1980s
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Figure 1-10:

Private high school
located in a remodeled
industrial building, Palo
Alto, CA

1.4 Present School Design

t the beginning of the 2Ist century, evolving social, economic,
and educational concerns prompted a number of changes in
school design. New design goals have begun to emerge, though

some of the following have always been considered:

The building should provide for health, safety, and security.

The learning environment should enhance teaching and learning
and accommodate the needs of all learners.

Thelearning environmentshould serve asa center for the community.

The learning environment should result from a planning/design
process that involves all stakeholders.

The learning environment should allow for flexibility and adaptabil-
ity to changing needs.

The learning environment should make effective use of all available
resources.

These goals have lead, in turn, to a number of current design principles,
including:

Design for protection against natural hazards
Design with increased attention to occupant security
Design with increased use of day lighting and comfort control

Design for durability
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Long-life/loose-fit approach: design for internal change and
flexibility

Design for sustainability (also referred to as environmentally friendly
construction, green construction, and green building)

Some new schools already respond to these needs and, indeed, their
originators, school districts, communities, and designers are among
those defining school design for the future. Some of the changes are the
result of ideology and analysis. Other changes reflect efforts to provide
an improved learning environment and enhanced learning resources
in an economy with increasingly limited funding for school construc-
tion. Some school districts will be faced with having to provide a minimal
learning environment with buildings of the utmost simplicity, while meet-
ing the requirements for health, safety, and security.

In recent years, building methods that recognize “green” building prac-
tices for both new construction and renovation have become increasingly
available. One example is the California Green Building Standards Code,
which became effective in August 2009 (California Building Standards
Commission, 2009). As interest in sustainability increases and more
school districts seek to implement various aspects of green building
design, construction, and maintenance practices, design professionals
are incorporating new approaches to make buildings more energy effi-
cient and sustainable with respect to impacts on the environment. These
approaches are already having a significant influence on building con-
struction, and are likely to have greater influence as proven, innovative
designs are incorporated into regular practice. A wealth of guidance on
green design and construction practices that is specific to schools—both
for new construction and renovations—is being developed, and rating
systems are being strengthened and utilized to better guide those in-
volved in the process to more sustainable solutions.

1.5 Future School Design

chools will continue to vary widely in size. However, even in many

suburban areas suitable land has become increasingly scarce and

expensive. Sprawling one-story campuses will become less com-
mon and more schools will be more compact and multi-story (Figure
1-11). The desire for more humanistic environments and the rejection
of traditional school plans will likely result in more imaginative and
more complex layouts (Figure 1-12), while the move to re-populate in-
ner cities may result in the construction of dense and compact schools.
Despite evidence of a trend towards larger buildings, many educational
researchers believe that students improve their learning skills best in
smaller schools.
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Figure 1-11:
West High School,
Aurora, IL, 2000

Although constructing more small schools may
be economically unrealistic, methods of orga-
nization are being explored that provide some
of the benefits of small size within a large phys-
ical complex. Some schools are organized into
“learning academies” for each grade, with class-
rooms that can expand and contract, along with
other activity rooms of various sizes.

Other researchers believe that the convention-
al library will disappear. The trend in many new
schools is for the library to take the form of a
multi-media center and material collections, in-
cluding laptop computers that are distributed
from mobile units to “classroom clusters.”

Schools are increasingly seen as community

Figure 1-12:
Elementary school,
Oxnard, CA, 2000

resources that go beyond their primary educa-
tional functions. Adult education and community
events now take place on evenings, weekends, and throughout tradition-
al vacation periods. These uses provide affordable means to enhance
community service resources by maximizing a facility’s utilization.

There is a growing awareness of the importance of recognizing natural
hazards that may affect schools. The likelihood of earthquakes, floods,
hurricanes, and tornadoes will continue to be, at some locations, a source
of worry and fear. Aside from protecting students, schools in earthquake-
prone regions are often used as post-earthquake shelters and schools
in hurricane- and tornado-prone regions are also used as shelters. In
California, the State’s Field Act, enacted in 1933 following the Long
Beach earthquake, requires public schools to be designed by a licensed
architect or engineer and the Department of the State Architect is re-
quired to check plans and inspect construction. Elsewhere, floods and
high winds occur with sufficient frequency that resistance to their effects
must be addressed by knowledgeable designers and good construction
practices.
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Regardless of the size and scope of a project, a num-
ber of planning steps should be taken by school
districts and their design teams. For a small project,
the steps may entail relatively informal meetings
among a few district staff, the school board, and
others. For a larger program, formal procedures should be established
to include the following steps.

1.6 The Design and Construction Process

ertain basic steps are necessary and certain basic procedures must
be followed for any school construction program. The actual pro-
cedures followed will vary greatly in scope between the design of

a single small elementary school and the development of a multi-school
program that involves both new and remedial construction. Review
and regulation procedures by outside agencies will also vary. Internal
decisions by a school district regarding the design and construction
process (e.g., conventional architect design and
competitive construction bid, design/build, or
construction manager) will affect the scope and
timing of some of the activities.

Conduct an in-house assessment of the educational needs, often
with the assistance of a public education committee and consultants.
Contributions of the committee continue throughout the program-
ming and design process, and may involve acquiring input from
specialists as necessary at different stages for a large program.

Determine the size and scope of the proposed program. (In a small
district, an architect may be employed to assist the school district
with this task; the architect may later become the design architect.)

Conduct a siting assessment to determine the size and availability
of sites (and lease/purchase as necessary) and to identify avoidable
site constraints such as the presence of flood hazard areas, wetlands,
and steep slopes.

Develop educational specifications by in-house staff and/or
consultants.

Conduct a financial assessment.

Identify financial resources, including alternative sources of fund-
ing (e.g., State and Federal programs, local taxes, bond issues).

Ensure funding is made available (e.g., obtain State grants or pass
bond issue).

Many of the steps in the design and con-
struction process are appropriate when
evaluating existing schools for proposed
renovation. Specific factors to consider
when evaluating seismic, flood, and wind
hazards at existing schools are described
in this design guide.
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Appoint district building program management staff (appointed of-
ficials or a committee).

Determine the design and construction process (i.e., conventional
design and bid, design/build, or construction management).

Select and hire architects and other special design consultants or de-
sign/build team members; the timing of hiring will vary depending
on the number of projects, whether programming is involved, and
other variables.

Develop building programs, including building size, room size,
equipment, and environmental requirements; this may be done by in-
house staff and/or architects or independent program consultants.

Appoint a district staff and public stakeholders committee for the
design phase.

Develop designs (architects) and cost estimates. Hold public meet-
ings with architects and encourage public input into the design;
conduct district progress reviews.

Complete design and conduct district review of contract documents.

Submit construction documents to permitting agencies for review
and approval.

Submit documents to building department and other required
agencies.

Select the contractor (bidding) or finalize design/build or construc-
tion management contracts.

Begin school construction.

Administer construction contract.

Initiate architect observations and inspections as required.
Complete school construction.

Obtain occupancy permit from the building department.
Obtain architect acceptance.

Obtain school district acceptance.

Commission and occupy school.

The sequence of the above steps may vary, depending on the complex-
ity of the program, and some steps may be implemented simultaneously.
The flow chart in Figure 1-13 illustrates the typical process and identifies
how specific activities related to design for natural hazards fit into the
general planning and design process.
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Figure 1-13: Design and construction process flow chart
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Design

2.1 Background

he model building codes define the minimum design require-
ments to ensure the safety of occupants during specific design
events. Recent natural disasters have prompted recognition that
significant damage can occur even when buildings are compliant with
the building code. Many critical facilities, including school buildings,
are closed after natural disasters, even if damage is relatively minor, sug-
gesting that satisfying the minimum code criteria may not be sufficient
to ensure continued functionality. Communities also depend on school
buildings to provide reliable shelter and critical services. In order to meet

that need, school buildings should be designed
and constructed according to criteria that result in
continued and uninterrupted functionality.

Building performance is an indicator of how well
a structure supports the defined needs of its users.
Acceptable performance indicates acceptable (or
tolerable) levels of damage or condition that allow

The term “performance,’ as it relates
to exposure to natural hazards, usually
refers to a building’s condition after

a disaster, i.e., it signifies a level of
damage expected or a load that can be
resisted.
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uninterrupted facility operation. Consequently, performance-based de-
sign is the process or methodology used by design professionals to create
buildings that protect functionality and the continued availability of
services.

The performance-based design approach is not proposed as an immedi-
ate substitute for design to traditional codes. Rather, it can be viewed as
an opportunity to enhance and tailor the design to match the objectives
of the community’s stakeholders. For a school project, the stakeholders
include everyone who has an interest in the successful completion of
a school project (i.e., the school board members, responsible officials,
members of the design team, the builders, the community at large, par-
ents, and code enforcement officials). The design team is made up of the
architects, engineers, and other design professionals and consultants.

Performance-based codes define acceptable or tolerable levels of risk
for a variety of health, safety, and public welfare issues. Currently, codes
include the International Code Council Performance Code for Buildings and
Facilities (ICC PC) produced by the International Code Council (ICC,
2009), and the NFPA 5000. Building Construction and Safety Code (NFPA,
2009) and NFPA 101: Life Safety Code (NFPA, 2008) produced by the
National Fire Protection Association (NFPA). The ICC PC addresses all
types of building issues, while the provisions of NFPA 101, “Performance-
Based Option,” address only issues related to “life safety systems.” NFPA
5000 sets forth both performance and prescriptive options for design
and construction.

The various prescriptive building, fire, and life safety codes all contain
provisions for what is known as “alternative methods and materials” or
“equivalency.” These provisions allow for the use of methods, equip-
ment, or materials not specified or prescribed in the code, provided
the alternative is approved by the code official. A performance-based
design approach can be employed under these provisions. While the
“alternative methods and materials” clause of the prescriptive codes
allows the use of performance-based design procedures, the 2010 edi-
tion of the American Society of Civil Engineers (ASCE) Standard 7,
Minimum Design Loads for Buildings and Other Structures, addresses per-
formance-based design when the standard is used directly, without
reference from a building code.

Within ASCE 7-10, “Performance-based Procedures” represent one of
three approaches for design. Under the performance-based approach,
both structural and nonstructural components and their connections
must be shown to provide a reliability not less than that expected under
the approach referred to as the “strength procedures.” A combination
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of testing and analysis can be used to demonstrate the achievement of
target reliability that is described in the Commentary that accompa-
nies ASCE 7. Factors that affect target reliability include Risk Category
(or Occupancy Category), extent of structural failure, and whether
loading conditions include or exclude earthquake.

In 2006, FEMA published FEMA 445, Next-Generation Performance-Based
Seismic Design Guidelines. Program Plan for New and Existing Buildings.
This document includes guidance for developing detailed modeling,
simulation of building response to extreme loading, and estimates of
potential casualties, loss of occupancy, and economic losses. The out-
lined process allows the design of a building to be adjusted to balance
the level of acceptable risks and the cost of achieving the required lev-
el of building performance. Although the process outlined in FEMA
445 is applied to seismic hazards, it can be generalized for application
to other hazards.

2.2 Prescriptive vs. Performance-Based Design

esign and construction in the United States is generally regulated

by building codes and standards. Building codes are intended to

ensure the health, safety, and well-being of people in buildings
by establishing minimum requirements to address structural strength,
adequate means of egress, sanitary equipment, light and ventilation,
and fire safety. Building codes may also promote other objectives, such
as energy efficiency, serviceability, quality or value, and accessibility for
persons with disabilities. These prescriptive standards are easy for archi-
tects and engineers to understand, and easy for community inspectors
to monitor. This ease of use is their great strength.

Historically, building codes have been based on a prescriptive approach
that limits the available solutions for compliance. Prescriptive or spec-
ification-based design emphasizes the “input,” or the materials and
methods required. In contrast, the focus of performance-based design is
the “output,” or the expectations and requirements

of the building’s primary users and stakeholders. The ICC PC dsfines performance-based

design as “An engineering approach to
design elements of a building based on
agreed upon performance goals and objec-
tives, engineering analysis and quantitative
assessment of alternatives against the
design goals and objectives using ac-
cepted engineering tools, methodologies
and performance criteria.”

This approach provides a systematic method for as-
sessing the performance capabilities of a building,
system, or component, which can then be used to
verify the equivalent performance of alternatives,
deliver standard performance at a reduced cost, or
confirm the higher performance needed for criti-
cal facilities such as schools.
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Figure 2-1:
Performance-based
design flow diagram
SOURCE: HAMBURGER, 2003

2.3 The Performance-Based Design Process

he performance-based design process explicitly evaluates how

building systems are likely to perform under a variety of conditions

associated with potential hazard events. The process takes into
consideration the uncertainties inherent in quantifying the frequency
and magnitude of potential events and assessing the actual responses of
building systems and the potential effects of the performance of these
systems on the functionality of buildings. Identifying the performance
capability of a facility is an integral part of the design process and guides
the many design decisions that must be made. Figure 2-1 presents the
key steps in this iterative process.

Performance-based design starts with selecting design criteria articu-
lated through one or more performance objectives. Each performance
objective is a statement of the acceptable risk of incurring different lev-
els of damage and the consequential losses that occur as a result of this
damage. Losses can be associated with structural or nonstructural dam-
age, and can be expressed in the form of casualties, direct economic
costs, and loss of service costs. Loss of service costs may be the most
important loss component to consider, especially for critical facilities
such as schools.

Select Performance
Objectives

____________ Develop Preliminary
Design

Assess Performance
Capability

Revised Does Performance
Design and/or Meet
Objectives Objectives?

YES

Y

DONE
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Acceptable risks are typically expressed as accept-
able losses for specific levels of hazard intensity Hazard. A source of potential danger or

and frequency. They take into consideration all adverse conditions. Natural hazards in-
the potential hazards that could affect the build- clude events such as floods, earthquakes,
ing and the probability of their occurrence during tornadoes, tsunamis, coastal storms, land-
a specified time period. The overall analysis must slides, and wildfires.

consider not only the intensity and frequency of
occurrence of hazard events, but also the effec-
tiveness and reliability of the building systems to
survive the event without significant interruption
in the operation.

Risk. The estimated impact that a hazard
event would have on people, services,

an adverse condition that causes injury or
damage.

2.4 Acceptable Risk and
Performance Levels

he performance-based design process begins with establishing

the acceptable risk and appropriate performance levels for the

building and its systems. Acceptable risk is the maximum level of
damage to the building that can be tolerated from a realistic risk event
scenario or probability. The ICC PC formalizes four performance levels
in terms of tolerable levels of damage to the building, its contents, and
its occupants that apply to all types of hazards. Types of damage vary ac-
cording to the hazard. The four performance levels are as follows:

Mild Impact. At the mild impact level, there is no structural damage
and the building is safe to occupy. Injuries are minimal in num-
ber and minor in nature. Nonstructural systems needed for normal
use and emergency operations are fully functional. Damage to con-
tents is minimal in extent and minor in cost. Minimal hazardous
materials are released to the environment.

Moderate Impact. At the moderate level, moderate, repairable
structural damage, and some delay in re-occupancy is expected.
Nonstructural systems needed for building use are fully operational,
although some cleanup and repair may be required. Emergency sys-
tems remain fully operational. Injuries may be locally significant, but
are generally moderate in number and in nature; the likelihood of
a single life loss is low and the likelihood of multiple life loss is very
low. Some hazardous materials are released to the environment, but
the risk to the community is minimal.

High Impact. At the high impact level, significant damage to struc-
tural elements, but no large falling debris, is expected. Repair of
structural damage is possible, but significant delays in re-occupancy
can be expected. Nonstructural systems needed for normal building
use are significantly damaged and inoperable. Emergency systems

facilities, and structures in a community, or
the likelihood of a hazard event resulting in
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may be significantly damaged, but remain operational. Injuries to
occupants may be locally significant with a high risk to life, but are
generally moderate in number and nature. The likelihood of a sin-
gle life loss is moderate, and the likelihood of multiple life loss is low.
Hazardous materials are released to the environment and localized
relocation is required.

Severe Impact. At the severe impact level, substantial structural dam-
age is expected and repair may not be technically feasible, though
all significant structural components continue to carry gravity load
demands. The building is not safe for re-occupancy, because re-oc-
cupancy could cause collapse. Nonstructural systems for normal
use may be inoperable, and emergency systems may be substantially
damaged and inoperable. Injuries to occupants may be high in num-
ber and significant in nature. Significant hazards to life may exist.
The likelihood of single life loss is high and the likelihood of multi-
ple life loss is moderate. Significant amounts of hazardous materials
may be released to the environment and relocation beyond the im-
mediate vicinity is required.

The 2012 edition of the ICC PC will use the same system to classify per-
formance groups that is used in ASCE 7-05 to classify structures. The
groups are based on use or occupancy and each has different require-
ments. Prior to the 2010 edition, the ASCE 7 classification of structures
included schools in Occupancy Category III and Occupancy Category
IV, based on capacity. ASCE 7-10 categorizes buildings and structures
into “risk categories” and no longer includes occupancy type. The risk
categories are equivalent to the “performance groups” that are used in
the ICC PC. The performance groups that apply to schools include:

Performance Group IV (Risk Category IV) includes buildings and
structures designated as essential facilities, and those for which fail-
ure could pose a substantial hazard to the community. Essential
facilities are defined as those “intended to remain operational in
the event of extreme environmental loading from wind, snow, or
earthquakes.”

Performance Group lll (Risk Category III) includes buildings and
structures for which failure could pose a substantial risk to human
life and those not included in Risk Category IV with “potential to
cause a substantial economic impact and/or mass disruption of day-
to-day civilian life in the event of failure.”
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The ICC PC relates performance group and the maximum level of dam-
age to be tolerated for different magnitudes of design events, as shown
in Figure 2-2. Figure 2-3 relates the magnitude of design event to the
mean return period (recurrence interval) for seismic, flood, and wind
hazards. For example, consider a Performance Group III building that
the stakeholders determine should be designed such that it will have
a “moderate” level of performance (or moderate damage is the maxi-
mum level of damage to be tolerated). As indicated by Figure 2-2, to
provide that level of performance, the building must be designed for
large (or rare) events. And, based on Figure 2-3, if it is located in an area
exposed to seismic risk, it should be designed for a seismic event that
has a 475-year return period. To address flooding, the designers would
have to determine the site-specific exposure (i.e., whether the location
is exposed to flood hazards in addition to the 1l-percent-annual-chance
[100-year] flood, such as levee failure or dam failure). And to address
high winds, the building should be designed for winds with a 100-year
return period.

INCREASING LEVEL OF PERFORMANCE

Performance Groups

Performance Performance Performance Performance
Group | Group I Group Il Group IV

Very Large

(Very rare)

High Moderate

Large

(Rare) High Moderate Mild

Medium
(Less Frequent)

High Moderate Mild Mild

Small
(Frequent)

Moderate Mild Mild Mild

MAGNITUDE OF DESIGN EVENT
Increasing Magnitude of Event

Figure 2-2: Maximum
level of damage to be
tolerated based on

performance groups and

magnitude of design
event

SOURCE: ICC, 2009
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Figure 2-3:

Relative magnitude

and return period for
seismic, flood, and wind
events

SOURCE: ICC, 2009
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2.5 Considerations For Achieving Continuous
Operation Performance Level

fter the preliminary design has been developed based on the

selected performance level, the next step in the performance-

based design process is to perform a series of simulations
(analyses of building response to loading) to estimate the probable per-
formance of the building under various design scenario events. Using
fragility relationships (vulnerability functions defining the relationship
between load and damage) developed through testing or calculation,
building responses are equated to damage states expressed as levels of
performance. If the simulated performance meets or exceeds the per-
formance objectives, the design may be considered complete. If not,
the design must be revised in an iterative process until the performance
objectives are met. In some cases, meeting the stated objective at a rea-
sonable cost will not be possible, in which case the team of designers,
decisionmakers, and stakeholders may elect to modify some of the orig-
inal performance objectives.

Continued and uninterrupted operation is an important performance
requirement for schools, regardless of the level of structural and non-
structural building damage, especially schools that are designated
as community shelters. In other words, the acceptable performance
is achieved as long as the structural and nonstructural damage to the
building does not disrupt or impair the continued operation and
functionality. In recent hurricanes, structures that did not sustain any
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structural damage were rendered inoperable as a result of nonstructural
damage resulting in unacceptable performance (FEMA, 2006).

In terms of affecting the functionality and performance of a facility, the
failure of nonstructural systems (roofing; exterior envelope; heating,
ventilation, and air-conditioning [HVAC]; emergency systems) can be as
significant as the failure of structural components. Performance-based
design provides a framework for considering the potential hazards that
can affect a facility or site, and for explicitly evaluating the performance
capability of the facility and its components—including nonstructural
systems and components.

Designers must also consider the likelihood that at least a portion of
the distribution systems of critical infrastructure services (e.g., electri-
cal power, communications, potable water, and sanitary sewer) could be
interrupted. The impact of interruptions in service should be assessed,
and the time until service could be restored or supplemented should
be estimated. To protect the continued operation of schools, especially
those designated as community shelters, the most reliable approach is to
provide alternative onsite systems in the form of: (1) emergency power
generation capabilities; (2) local wireless communications; (3) potable
water supplies; and (4) temporary onsite storage for sanitary waste.

While the practice of performance-based design is more advanced in the
field of seismic design than the fields of flood and high-wind design, the
theory of performance-based design is transferable to all hazards. The
practice of performance-based design will prompt designers and owners
of buildings in flood- or high-wind-prone regions to begin thinking in
terms of a few basic objectives:

Can the real probabilities and frequencies of flood and high-wind
events during the useful life of the building be defined with an ac-
ceptable degree of accuracy?

Can the extentand kinds of damage that can be tolerated be defined?

Are there ways in which an acceptable level of performance can be
achieved?

Are there alternative levels of performance that can be achieved,
and how much do they cost over the lifetime/ownership of the
building compared to the benefits of reduced damage and improved
performance?

How do these levels compare to the performance levels of designs
using the minimum requirements of the applicable building code?
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2.6 Performance-Based Flood Design

The performance levels and objectives for schools and other critical fa-
cilities exposed to flood hazards are:

Mild Impact. The facility sustains no structural or nonstructural dam-
age, emergency operations are fully functional, and the building is
immediately operational. The site is not affected by erosion, but may
have minor debris and sediment deposits.

Moderate Impact. The facility is affected by flooding above the low-
est floor, but damage is minimal due to low depths and the short
duration of flooding. Cleanup, drying, and minor repairs are re-
quired, especially of surface materials and affected equipment, but
the building can be back in service in a short period of time.

High Impact. The facility may sustain structural or nonstructural
damage that requires repair or partial reconstruction, but the threat
to life is minimal and occupant injuries are few and minor. Water
damage to the interior of the facility requires cleanup, drying, and
repairs, and may preclude occupancy of all or a portion of the facil-
ity for several weeks to several months.

Severe Impact. The facility is severely damaged and likely requires
demolition or extensive structural repair. Threats to occupants are
substantial, and warning plans should prompt evacuation prior to
the onset of this level of flooding. This performance level is applica-
ble to facilities affected by all types of flooding, including those that
result from failure of dams, levees, or floodwalls.

Planning and design to achieve an appropriate level of flood protection
should include avoidance of flood hazard areas and the addition of a fac-
tor of safety (freeboard) to the anticipated flood elevation. Performance
evaluation of a facility affected by flooding should consider the building
response to the following load conditions (fragility functions must be de-
veloped to relate calculated response to actual damage states):

Lateral hydrostatic forces

Vertical (buoyant) hydrostatic forces
Hydrodynamic forces

Surge forces

Impact forces of floodborne debris
Breaking wave forces

Localized scour

2-10
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2.7 Performance-Based High-Wind Design

The performance levels and objectives for schools and other critical fa-
cilities exposed to high-wind hazards are:

Mild Impact. The facility is essentially undamaged and is immediately
operational.

Moderate Impact. The facility is damaged and needs some repairs but
can be functional and occupied after minor repairs to nonstructural
components are complete.

High Impact. The facility may be structurally damaged but the threat
to life is minimal and occupant injuries are few and minor. However,
damage to nonstructural components (e.g., roofing, building enve-
lope, exterior-mounted equipment) is great, and the cost to repair
the damage is significant. If rain accompanies the windstorm, or if
rain occurs prior to execution of emergency repairs, water damage
to the interior of the facility may preclude occupancy of all or a por-
tion of the facility for several weeks to several months.

Severe Impact. The facility is severely damaged and will probably need
to be demolished. Significant collapse may have occurred, and there isa
great likelihood of occupant casualties unless the facility has a specially
designed occupant shelter. This performance level is applicable to facili-
ties struck by strong or violent hurricanes or tornadoes. For other types
of windstorms, this performance level should not be reached.

The challenge with respect to performance-based high-wind design
is assessing the wind resistance of the building envelope and exterior-
mounted equipment, and the corresponding damage susceptibility.
Several factors make this assessment challenging:

Analytical tools (i.e., calculations) are currently not available for
many envelope systems and components, and realistic long-term
wind resistance data is lacking.

Because of the complexity of their wind load responses, many envelope
systems and components require laboratory testing, rather than analyti-
cal evaluation, in order to determine their load-carrying capacities.

Eventually, finite element analysis will likely augment or replace
laboratory testing, but substantial research is needed before finite el-
ement analysis can be used for the broad range of existing building
envelope systems.

Significant research is needed before design professionals can accu-
rately assess the response of buildings and components to the effects
of high winds.
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2.8 Performance-Based Seismic Design

or performance-based seismic design, the performance levels

described in ASCE 41, Seismic Rehabilitation of Existing Buildings

(2007), for both structural and nonstructural systems are the most
widely-recognized characterizations. These performance levels are sum-
marized in a matrix (see Table 2-1) and allow specification of an overall
performance level by combining the desired structural performance
with a desired nonstructural performance.

Table 2-1: Combinations of structural and nonstructural seismic performance

Structural Performance Levels and Ranges

Nonstructural S-1 S-2 S-3 S-4 S-5 S-6
Performance Immediate Damage Life Limited Safety Collapse Not
Levels Occupancy Control Range Safety Range Prevention Considered
N-A Operational oA Not Not Not Not
Operational 1-A Recommended | Recommended | Recommended | Recommended
N-B Immediate Not Not Not
Immediate Occupancy 1-B e A Recommended | Recommended | Recommended
Occupancy

N-C 1-C 2-C Life Safety 3-C 4-C 5-C 6-C

Life Safety

WA Not

Hazards Recommended 2-D 3-D 4-D 5-D 6-D
Reduced

N-E Not Not Not 4E Collapse No

Not Considered | Recommended | Recommended | Recommended Prevention 5-E | Rehabilitation

Four of the ASCE 41 performance levels identified in Table 2-1 are analo-
gous to the ICC PC performance levels. “Mild” is similar to Operational
(1-A); “Moderate” Is similar to Intermediate Occupancy (1-B); “High
Impact” is similar to Life Safety (3-C); and “Severe” is similar to Collapse
Prevention (5-C). These four performance levels are described below.

Operational Building Performance Level (1-A)

Buildings that meet this building performance level are expected to
sustain minimal or no damage to their structural and nonstructural com-
ponents. The building is able to continue its normal operations with only
slight adjustments for power, water, or other utilities that may need to be
provided from emergency sources.
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Under low levels of earthquake ground motion, most schools should be
able to meet or exceed this target building performance level. However,
designing buildings to achieve this performance level under very rare, in-
tense ground shaking, may not be cost effective except for buildings that
offer unique services or that contain exceptionally hazardous material.

Full functionality is normally considered difficult to achieve in the imme-
diate aftermath of strong earthquake shaking. Offsite issues, such as staff
availability and potential loss of utilities that are not under the control of
the facility, may more seriously impair operations. In addition, relatively
minor onsite damage to key components can significantly affect overall
functionality. For example, failure of a single anchor point for a primary
emergency generator could disrupt functionality at least for a short pe-
riod of time.

Immediate Occupancy Building Performance Level (1-B)

Buildings that meet this building performance level are expected to
sustain minimal damage to their structural elements and only minor
damage to their nonstructural components. While it is safe to reoccupy
a building designed for this performance level immediately following a
major earthquake, nonstructural systems may not function due to pow-
er outage or damage to fragile equipment. Consequently, although
immediate occupancy is possible, some cleanup and repair and res-
toration of utility services may be necessary before the building can
function in a normal mode. The risk of casualties at this target perfor-
mance level is very low.

Many building owners may wish to achieve this level of performance
when the building is subjected to moderate earthquake ground mo-
tion. In addition, some owners may desire such performance for very
important buildings even if exposed to severe earthquake ground
shaking. This level provides most of the protection obtained under the
Operational Building Performance Level without the costs of standby
utilities and rigorous seismic equipment performance.

Designing to the Immediate Occupancy Building Performance Level
is more realistic than the Operational Building Performance Level
for most buildings, and at a minimum, should be the design goal for
all new school buildings. However, because even the smallest disrup-
tion of nonstructural systems may be too detrimental for continued
operation of a school that is designated as a shelter, owners and de-
signers should consider an even higher level of protection for critical
functions associated with this use. For instance, stakeholders should
consider providing for the independent operation of critical utilities
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for a minimum of 4 days. Critical utilities usually include electric power,
water, sanitary sewer, and, depending on the local weather conditions,
fuel for heating and cooling.

Life Safety Building Performance Level (3-C)

Buildings that meet this building performance level may experience ex-
tensive damage to structural and nonstructural components. Repairs
may be required before re-occupancy, though in some cases extensive
restoration or reconstruction may not be cost effective. The risk of casu-
alties at this target performance level is low.

This building performance level allows somewhat more extensive
damage than would be anticipated for new buildings designed and con-
structed for seismic resistance. The Life Safety Building Performance
Level should prevent significant casualties among able-bodied school
occupants.

Collapse Prevention Building Performance Level (5-E)

Although buildings that meet this building performance level may pose
a significant hazard to life safety resulting from failure of nonstructural
components, significant loss of life may be avoided by preventing col-
lapse of the entire building. However, many buildings designed to meet
this performance level may be complete economic losses.

Sometimes this performance level is selected as the basis for mandatory
seismic rehabilitation ordinances enacted by regulatory authorities be-
cause it mitigates the most severe life-safety hazards at the lowest cost.
The Collapse Prevention Building Performance Level is intended to pre-
vent only the most egregious structural failures, and does not allow for
continued occupancy and functionality or cost-effective damage repair
of structural and nonstructural components.
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RISK MANAGEMENT SERIES PUBLICATION

Design Guide

for Improving School Safety
in Earthquakes, Floods, and High Winds

Multihazard
Design

3.1 Introduction

his chapter compares the effects of three natural hazards that are

the subject of this publication, in terms of their geographical loca-

tions, relative warning times, and how likely they are to occur. Fire
and life safety considerations are discussed. The design methods used
to resist the effects of each natural hazard are discussed in the context
of the design methods for the other natural hazards. This integrated ap-
proach is a key aspect of multihazard design that must be reflected in a
larger integrated approach to the whole building design.

3.2 The Hazards Compared

his section compares the three natural hazards together with is-
sues relating to designing for fire protection, which is required for
all school buildings. A general understanding of all hazards is nec-
essary in order to develop an integrated approach which is important
for locations subject to more than one hazard. Designs for two or more
hazards may reinforce one another, thus reducing cost and improving
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protection. They may also conflict with each other. This section presents
a systematic analysis of these multihazard protection methods. The anal-
ysis takes the form of the matrices shown in Section 3.5. Facility planners
and designers faced with the challenge of multihazard design require-
ments may find this section beneficial to stimulate discussion and to
prompt analysis at the outset of project design. The threat of physical at-
tack is covered in a companion publication, FEMA 428, Primer to Design
Safe School Projects in Case of Terrorist Attacks.

3.2.1 Location: Where do Hazards Occur?

The common public perception of natural hazards is that earthquakes
occur in California, floods involve major rivers, tornadoes strike the
Midwest, and hurricanes affect the shorelines of the southern Atlantic
and Gulf of Mexico. Although there is some truth to this perception as it
relates to the highest probabilities, maps that show past disasters reveal
that the entire United States is vulnerable to one or more of the three
primary natural hazards: earthquakes, floods, or high winds.

Earthquakes are predominant in the West, but also threaten specific
regions in the Midwest, Northeast, and Southeast, and the U.S. ter-
ritories." The great earthquakes centered on the little town of New
Madrid, MO, in 1811 and 1812 caused little damage and only a few
casualties; a recurrence of these earthquakes would impact some of
the most populous cities of the Midwest. The worst earthquake in the
eastern States occurred in Charleston, SC, in 1886; 60 people were
killed and the modest sized city suffered the equivalent of about $25
million damage in today’s dollars.

Riverine floods occur along rivers and streams of all sizes, and coastal
flooding is associated with storm surges caused by high winds along
the entire U.S. shoreline and Great Lakes. Flash floods caused by
sudden, intense rainstorms may occur anywhere. Some of the worst
floods in U.S. history have been caused by dam failures, often when
rivers are already swollen by flood waters.

Extreme winds are regional (e.g., hurricanes along the Atlantic and
Gulf coasts, the Caribbean, and the South Pacific; tornadoes typically
in the Midwest; and downslope winds adjoining mountain ranges),
but high winds can also occur anywhere.

Alaska, Hawaii, parts of the East Coast, and the U.S. territories may
all be affected by earthquakes, floods, and high winds.

1 The U.S. territories include American Samoa, Guam, Northern Mariana Islands, Puerto Rico,
and the U.S. Virgin Islands.

3-2
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Figure 3-1 illustrates the areas where earthquakes are likely to occur on
the U.S. mainland. The contour lines indicate the 2-percent probability
of exceedance of ground motion accelerations within each contour area
(or the “odds” [2 percent] that the accelerations will be exceeded in a 50-
year period). Figure 3-2 is the basic wind speed map from ASCE 7 that is
cited in the model building codes and used to select design wind speeds.
In addition to high wind regions around the Gulf and Atlantic Coasts, it
identifies “special wind regions” in mountainous areas where high winds
are likely. Locations where flooding is likely cannot be illustrated in a
similar manner because flooding occurs along virtually every body of wa-
ter, whether large or small. Flood hazard maps are available at the county
and municipality level. Chapters 4, 5, and 6 provide information that will
help establish the risk for each of these hazards (earthquakes, floods,
and high winds) in a local region, respectively.

Explanation
Contour intervals, % g

\ &

) W\

Note: contours are irregularly spaced

Il 1 Areas with a constant spectral response acceleration
of 150% g

4 :: Point value of spectral response acceleration
expressed as a percent of gravity

—1o—— Contours of spectral response acceleration expressed
as a percent of gravity. Hachures point in direction of
""" decreasing values.

Source: Minimum Design Loads for Buildings and Other Structures, ASCE/SEI 7-05.
Used with permission of ASCE.

Figure 3-1:

Areas where earthquakes are likely to occur on the U.S. mainland. The contour lines indicate the 2-percent
probability of exceedance of ground motion accelerations within each contour area (or the “odds” [2-percent]
that the accelerations will be exceeded in a 50-year period).
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Figure 3-2:

Basic wind speed map from ASCE 7 for Risk Category Ill and IV buildings and other structures. ASCE 7 is cited
in the model building codes and used to select design wind speeds.

SOURCE: ASCE 7-10

3.2

.2 Warning: How Much Warning is There?

The warning times for the three primary natural hazards vary as a func-
tion of many variables:

Earthquakes are unique among the natural hazards because there is
no warning at all, although new sensing devices can give a few sec-
onds warning to locations far from the epicenter. Although much
work has been done throughout the world to develop a scientific
prediction methodology (based on characteristics such as changes in
the dimensional or physical nature of the ground prior to an earth-
quake, detailed investigation of the geologic strata, or statistical data
on the incidence of previous earthquakes), earthquakes must still be
regarded as random events within a general envelope of probability.

Riverine floods (except flash floods) can usually be predicted to give
hours or days of warning. National and regional river monitoring
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systems and numerous local weather and flood warning systems pro-
vide improved warning along many waterways.

Coastal flooding associated with hurricanes can be anticipated be-
cause tropical systems can be tracked for days before making landfall.
Hurricanes are tracked by the National Hurricane Center and their
movements are carefully and thoroughly reported although there
are many variables that limit the precision of predictions. Other
coastal storms, such as nor’easters and those that affect the Pacific
and Great Lakes shorelines are less predictable.

Tornadoes are localized, though sometimes visible from a distance.
However, modern technology allows the National Weather Surface to
identify conditions that are conducive to the formation of tornadoes.
Typically, they hit a specific location with only a few minutes notice.

3.2.3 Frequency: How Likely are They to Occur?

For all hazards, the probability that an event will occur within a region
is much higher than the probability that an event will occur at a specific
location. Extreme events are relatively rare for a given site. Some level of
inundation in riverine floodplains and coastal shorelines occurs relative-
ly frequently. Storms that produce sufficient rainfall-runoff to cause river
and stream flooding can occur throughout the year, although are more
prevalent during specific seasons in some areas of the country. Coastal
nor’easter storms generally occur in the winter and early spring months,
while hurricanes roam the Gulf Coast and Atlantic seaboard between
June Ist and the end of November, bringing both high winds and storm
surge flooding.

Earthquakes are perhaps the most difficult to deal with, because of their
complete lack of warning, their rarity, and their possible extreme con-
sequences. Although an earthquake of a given magnitude is still, in
practical terms, unpredictable, its probability of occurrence can rea-
sonably be predicted as far higher in California or Alaska than in, for
example, Massachusetts or Tennessee. Even in California, the rarity of
a large earthquake is such that many people will not experience one in
their lifetime. In less seismically active parts of the country, the probabil-
ity of an event is even smaller.

Because the occurrence of natural hazards is only broadly predictable,
the frequency of occurrence of future events can only be expressed as
probabilities. The probability of occurrence of earthquakes, floods, and
high winds is commonly expressed by the term “return period” or “mean
recurrence interval,” which is defined as the average or mean time in
years between the expected occurrence of events of specified intensity.
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Prior to the 2000 International Building Code (IBC), the seismic maps in
the model buildings codes used a level of shaking (an acceleration value)
that corresponds to a 10-percent probability of exceedance in 50 years
(or a probability that it would be exceeded one time in approximately
475 years, a 475-year recurrence interval). More recently, research sug-
gests that certain areas, such as the central and eastern United States and
in particular the New Madrid Seismic Zone, may be vulnerable to much
larger but less frequent quakes. More recent seismic hazard maps pro-
duced by the U.S. Geological Survey (USGS) and appearing in the 2000
IBC and later editions show acceleration values for a 2-percent probabil-
ity of exceedance in 50 years (e.g., a recurrence interval of 2,475 years).
Designs based on this level are expected to provide significant protec-
tion in areas subject to large but less frequent earthquakes. Additional
information about seismic maps appearing in the IBC can be found in
FEMA 450, NEHRP Recommended Provisions for Seismic Regulations for New
Buildings and Other Structures (2003a).

Beginning with the 2010 edition of ASCE 7, for Risk Category III and IV
buildings, the basic wind speed is associated with a return period of 1,700
years, or an annual exceedance probability of 0.000588. The magnitude
of flood event used as the minimum design value is the 1-percent-annual-
chance flood, which has a 100-year return period (often call the “100-year
flood”). These return periods may seem very long (i.e., a business owner
confronting small crises every day and large ones every month may not be
worried about an event that might not occur for 500 years). And if the re-
turn period for an earthquake event in California is 500 years, the public
may erroneously believe that it will be another 400 years before an event
of the magnitude of the 1906 San Francisco earthquake occurs.

These expressions of frequency represent mean or average return peri-
ods over a very long period of time, but may be perceived as not pertinent
in relation to the shorter time periods that most people are interested in
(i.e., the next year or the next 10 years). Because floods and high winds
occur relatively more frequently, the discrepancy between the actual oc-
currence experienced at a given location and the mean return period
used to establish design loads is much more noticeable than the corre-
sponding probabilities for earthquakes.

3.3 A Comparison of Potential Losses

he HAZUS-MH (Hazards U.S. Multi-Hazards) program is a
Geographic Information System (GIS)-based program developed
by FEMA to estimate future losses for use by Federal, State, region-
al, and local governments to plan for damage, to prepare emergency
response and recovery programs, and to help examine options to reduce
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future damage. The methodology covers nearly all aspects of the built
environment and estimates a wide range of losses. Originally developed
to assess risks from earthquakes, the methodology has been expanded
to address floods throughout the United States and hurricanes in the
Atlantic and Gulf Coast regions.

In order to obtain an indication of the magnitude of losses and their rel-
ative significance for the three hazards considered in this design guide,
a “Level 17 HAZUS-MH analysis was conducted in 2003 for educational
facilities in six areas of the United States. The Level 1 analysis uses the
building inventory data that are packaged with the HAZUS-MH program
and is intended to give a broad picture of damage and loss on a regional
basis. Although prepared several years ago, the results remain useful to
compare potential losses between different parts of the country.

The analyses were based on the building information for the EDU 1
occupancy class (the HAZUS-MH designation for the school building
inventory) in the general building stock module of HAZUS-MH. The
regions chosen for this comparative example are each prone to two or
more of the hazards addressed in HAZUS-MH, and are deemed to pro-
vide a useful geographic range. For each region and applicable hazard,
probabilistic losses for a 100- and 500-year return period event (earth-
quake, flood, or high wind) were computed. The results are summarized
in Table 3-1, in which the column “EDU 1 Exposure” refers to the total
school inventory in each region.

The following regions were evaluated:

Charleston County, SC (Charleston) (earthquake, flood, and
hurricane)

Shelby County, TN (Memphis) (earthquake and flood)
Bexar County, TX (San Antonio) (hurricane and flood)
Salt Lake County, UT (Salt Lake City) (earthquake and flood)
Suffolk County, MA (Boston) (earthquake, flood, and hurricane)
Hillsborough County, FL. (Tampa) (hurricane and flood)
Table 3-2 shows the estimated losses expressed as a percentage of the
total school inventory. It is instructive to note, in some cases, the wide dis-
parity in losses between the 100-year and 500-year events, which supports

the idea that school facilities should be designed to resist the impacts of
events that have a lower probability of occurrence.
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Table 3-1: HAZUS-MH earthquake, hurricane, and flood losses (all values are in $1,000s—2002 valuation)

Earthquake Hurricane Flood EDU 1 Exposure

Charleston, SC
100-yr 500-yr 100-yr 500-yr

Building Damage 31 3,449 5,802 22,290 1,378 1,554 63,787 Building
Contents and 4 1,365 3,690 16,897 392 557 63,787 Contents
Inventory
Business Interruption 5 320 2,052 6,558 NE NE
TOTAL 40 5,134 11,544 45,745 1,770 2,111

Shelby, TN

Hurri

EDU 1 Exposure

Bexar, TX

Hurri

100-yr 500-yr 100-yr 500-yr
Building Damage 243 10,464 N/A N/A 4,184 6,784 137,927 Building
Contents and 58 3,723 N/A N/A 1,203 2,001 137,927 Contents
Inventory
Business Interruption 29 916 N/A N/A NE NE
TOTAL 325 15,103 - - 5,387 8,786

EDU 1 Exposure

Salt Lake, UT

Hurri

100-yr 500-yr 100-yr 500-yr
Building Damage N/A N/A 94 2,753 1,502 2,384 238,608 Building
Contents and N/A N/A 5 1,259 487 727 238,608 Contents
Inventory
Business Interruption N/A N/A 7 2,078 NE NE
TOTAL = = 106 6,090 1,989 3,111

EDU 1 Exposure

Suffolk, MA

Hurri

100-yr 500-yr 100-yr 500-yr
Building Damage 2,175 30,313 N/A N/A 15 204 177,728 Building
Contents and 881 9,016 N/A N/A 4 57 177,728 Contents
Inventory
Business Interruption 259 2,488 N/A N/A NE NE
TOTAL 3,315 41,817 - - 19 261

EDU 1 Exposure

Hillsborough, FL

Earthquake

Hurri

500-yr 100-yr 500-yr
Building Damage 0 1,544 4,837 58,640 254 907 268,311 Building
Contents and 0 484 2,258 40,665 70 305 268,311 Contents
Inventory
Business Interruption 0 172 2,871 18,316 NE NE
TOTAL 2,200 9,966 117,621 324 1,212

EDU 1 Exposure

100-yr 500-yr 100-yr 500-yr
Building Damage N/A N/A 10,257 47213 10,727 11,776 175,981 Building
Contents and N/A N/A 6,045 39,016 4,329 4,624 175,981 Contents
Inventory
Business Interruption N/A N/A 4,291 13,004 NE NE
TOTAL - = 20,593 99,233 15,056 16,400

NOTES: EDU 1 Exposure = total school and contents inventory in each region (2003).

NE = HAZUS did not estimate these losses.

0 = Evaluated, but no losses.

N/A = hazard not present in the area.
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Table 3-2: HAZUS-MH estimated losses by percentage of school building and contents inventory

Earthquake Hurricane

Charleston, SC 0.20 17.30 4.54 1750 1.38 1.65
Shelby, TN 0.12 5.47 N/A N/A 1.95 2.46
Bexar, TX N/A N/A 0.02 127 0.40 0.65
Salt Lake, UT 1.10 11.76 N/A N/A 0.01 0.07
Suffolk, MA 0 0.80 N/A N/A N/A N/A
Hillsborough, FL N/A N/A 5.85 28.20 4.27 4.65

NOTES: N/A = hazard not present in the area.

These HAZUS-MH results, though prepared in 2003, limited in scope,
and based on limited school building inventory information, provide
some interesting comparisons:

Generally, the 100-year earthquake causes insignificant damage, ex-
cept in Salt Lake City, UT ($3.3 million).

The 500-year earthquake causes the most damage in Salt Lake City,
UT ($41.8 million), followed by Shelby, TN ($15.1 million), and
Charleston, SC ($5.1 million).

The 100-year hurricane causes the most damage in Hillsborough,
FL ($20.6 million), followed by Charleston, SC ($11.5 million), and
Suffolk, MA ($10 million).

The 500-year hurricane causes $117.6 million in damage in Suffolk,
MA, $99.2 million in damage in Hillsborough, FL, and $45.7 million
in damage in Charleston, SC.

The 100-year flood causes by far the most damage in Hillsborough,
FL ($15.1 million; however, the 500-year flood causes only another
$1.3 million in damage). In Shelby, TN, the 100-year flood causes
$5.4 million in damage and the 500-year flood causes another $3.3
million.

Charleston, SC, has the greatest combined threat from earthquakes
and hurricanes; Hillsborough, FL, has the greatest combined threat
from hurricanes and floods.
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3.4 Fire and Life Safety

f the many hazards that can endanger a school, its occupants, and

its service to the community, the most prevalent is fire. Structure

fires occur more frequently than any of the hazards noted above.
However, requirements to account for fire protection and safety have
long been included in building codes in the form of requirements for
approved materials, fire-resistant assemblies, exiting, the width and de-
sign of stairs, the dimensions of corridors, fire suppression systems, and
many other issues. In fact, fire considerations are
now so embedded in the design culture and regu-
lation that some designers may not fully consider
the fire hazard as a specific design issue.

Of the many hazards that can endanger

a school, its occupants, and its service to
the community, the most prevalent is fire.
Structure fires occur more frequently than

Fires in older school buildings often resultin a total
any of the hazards noted above.

loss of the building. This is due to a variety of fac-
tors, which include: delay of discovery and alarm,
remote locations, lack of fire walls and/or compartmentation, lack of
draft stopping in combustible attics, lack of automatic fire sprinkler
systems, and inadequate water supplies for manual fire suppression ac-
tivities. Losses in buildings without automatic fire alarm and detection
systems are twice those in buildings with such systems. Additionally, fire
losses in buildings without automatic fire sprinkler protection are five
times higher than those in buildings protected by sprinklers.

Since the 1970s, the provisions of the various building codes have con-
tinued to improve the level of fire and life safety of new school facilities.
The code requirements do not apply to existing buildings until renova-
tions or additions are made, and then the requirements may apply only
to the new work. Given that the average age of school facilities in the
United States is more than 40 years, older buildings likely do not pro-
vide the same level of protection as newer buildings. In order to provide
the level of protection achieved in newer buildings, the levels of fire and
life safety of older facilities should be evaluated. After an evaluation has
been conducted, solutions using prescriptive and/or performance ap-
proaches can be developed and undertaken.

The existing structures chapter of the IBC provides a method to evaluate
the overall level of fire and life safety in an existing building. Although
the method is generally intended to be applied to an existing building
during changes in occupancy or renovation, it can provide the basis for
the evaluation of any existing building.

The evaluation method comprises three categories: fire safety, means of
egress, and general safety. The fire safety evaluation includes structural
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fire resistance, automatic fire detection, and fire alarm and fire sup-
pression systems. Included within the means of egress portion are the
configuration, characteristics, and support features for the means of
egress. The general safety section evaluates various fire safety and means
of egress parameters. The evaluation method generates a numerical
score in the various areas, which can then be compared to mandato-
ry safety scores. Deficiencies in one area may be offset by other safety
features.

The provisions of NFPA 101 provide another method of evaluating and
upgrading existing facilities. This document is intended to be applied
retroactively to existing facilities and has a chapter specifically for exist-
ing educational occupancies. Even if this code is not adopted by the local
jurisdiction, it can be used as the basis for an evaluation of any existing
facility.

Upgrading an existing school facility can be costly. However, the cost of
upgrades generally is less than the direct and indirect losses if a facil-
ity sustains major damage caused by fire. The most effective method of
providing fire protection is through automatic fire sprinklers, but other
lower cost methods can be utilized, including:

Automatic fire alarm and detection
Draft stopping in combustible attic spaces

Smoke and fire compartmentation walls in occupied spaces

Upgrades in fire and life safety can often be coordinated with other
building renovations or upgrades to help reduce costs. For instance,
draft stopping could be installed in a wood framed attic during roof deck
replacement. Fire sprinklers could be installed during asbestos abate-
ment or ceiling replacement/upgrades for seismic concerns.

3.5 Multihazard Design Interactions

n integrated approach to designing for all hazards can help to

identify potentially conflicting effects of certain mitigation mea-

sures and help to avoid aggravating the vulnerability of school
systems and components. Table 3-3 summarizes the effects that design
for more than one hazard may have on the performance of the build-
ing, addition, or repair. The columns show the five primary hazards.
The rows show examples of methods of protection that have significant
interaction (either beneficial, undesirable, or little to no significance).
These methods are taken from the extended descriptions of risk reduc-
tion methods for the three primary natural hazards (see Chapters 4, 5,
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and 6), together with the methods for security/blast protection present-
ed in FEMA 428. In addition, the interactions of these four categories
of risk protection with fire safety, where they occur, are also suggested.

The suggested interactions are intended to provoke thought and design
integration; they are not absolute restrictions nor are they recommenda-
tions. In general, beneficial conditions can be identified and undesirable
conditions and conflicts can be avoided through coordinated design be-
tween the consultants, starting at the inception of design. The table can
be used as a starting point for discussion relative to specific projects and
to structure the benefits and conflicts of multihazard design depending
on local hazards.

Table 3-3: Multihazard design system interactions

Key

Indicates desirable condition or method for designated component/system

Indicates undesirable condition or method for designated component/system

Indicates little or no significance for designated component/system

Split box indicates significance may vary, see discussion issues

Building System Protection Methods: Reinforcements and Conflicts

Existing Conditions The Hazards
System
ID or Proposed . Security/ . . .
Protection Methods |Earthquake| Flood Wind Blast Fire Discussion Issues
1 Site
1-1 Building elevated O v O O O Excellent solution for flood.
on fill
1-2 Two means of site v v v v v
access
1-3 In close proximity O O O O

to other facilities
that are high risk
targets for attack

3-12
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Table 3-3: Multihazard design system interactions

Security/

Configuration

2A-1

Building System Protection Methods: Reinforcements and Conflicts

Discussion Issues

Large roof
overhangs

2A-2

Possibly vulnerable to vertical
forces in earthquake, uplift
wind forces. The wall to roof
intersection will tend to contain
and concentrate blast forces if
the point of detonation is below
the eaves.

Re-entrant corner
(L-, U-shape, etc.)
building forms

2A-3

May concentrate wind or blast
forces; may cause stress
concentrations and torsion in
earthquakes.

Enclosed
courtyard building
forms

2A-4

May cause stress
concentrations and torsion in
earthquake; courtyard provides
protected area against high
winds. Depending on individual
design, they may offer
protection or be undesirable
during a blast event. If they

are not enclosed on all four
sides, the “U” shape or re-
entrant corners create blast
vulnerability. If enclosed on all
sides, they might experience
significant blast pressures,
depending on building and

roof design. Because most
courtyards have significant
glazed areas, this could be
problematic.

Very complex
building forms

2B

May cause stress concentrations
and torsion in highly stressed
structures, and confusing
evacuation paths and access for
firefighting. Complicates flood
resistance by means other than
fill.

Planning and Function (No significant impact)

2C

Ceilings (No significant impact)
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Table 3-3: Multihazard design system interactions

Building System Protection Methods: Reinforcements and Conflicts

Earthquake S Discussion Issues
Blast

Wind and seismic force
reactions would be similar

for heavy unreinforced

wall sections, with risk of
overturning. Tile may become
flying debris during a blast. It is
possible, but difficult, to protect
structures with blast walls, but
a weak nonstructural wall has
more chance of hurting people
as debris. Desirable against
fire and not seriously damaged
by flood.

2D Partitions

Block, hollow clay

2b-1 tile partitions

Non-rigid connections are
necessary to avoid partitions
influencing structural response.
However, gaps provided for
this threaten the fire resistance
integrity and special detailing
is necessary to close gaps but
retain ability for independent
movement.

Use of non-rigid
connections for
2D-2 attaching interior
non-load bearing
walls to structure

Although gypsum board
partitions can be constructed
to have a fire resistance rating,
they can be easily damaged
during fire operations. Such
partitions can be more easily
damaged or penetrated during
normal building use.

Gypsum board

2D-3 o
partitions

May create torsional structural
response and/or stress
concentration in earthquakes
in frame structures unless
separated and, if unreinforced,
wall is prone to damage.
Properly reinforced walls
preserve evacuation routes in
case of fire or blast.

Concrete
masonry units
(CMUs), hollow
clay tile around
exit ways and exit
stairs

2D-4
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3

Table 3-3: Multihazard design system interactions

Building System Protection Methods: Reinforcements and Conflicts

Security/

Discussion Issues

2E

Other Elements

2E-1

Heavy roof (e.g.,
slate, tile)

2E-2

3-1

Parapet

Heavy structure:
reinforced
concrete (RC)
masonry, RC

or masonry
fireproofing of
steel

Heavy roofs are undesirable
in earthquakes; slates and
tiles may detach. Heavy roofs
provide good protection from
fire spread, but can also cause
collapse of a fire-weakened
structure. Almost always

used on steep-sloped roofs; if
wind-blown debris or a blast
wave hits them, they become
flying debris and dangerous to
people outside the building.

3-2

Light structure:
steel/wood

Properly engineered parapet
is acceptable for seismic;
unbraced unreinforced
masonry (URM) is dangerous.
May assist in reducing the
spread of fire.

Increases seismic forces, but
generally beneficial against
other hazards.

3-3

URM exterior
load bearing
walls

Decreases seismic forces, but
generally less effective against
other hazards.

3-4

Concrete or
reinforced CMU
exterior structural
walls

3-5

Soft/weak first
story

Very poor earthquake
performance, and vulnerable
to blast. Generally undesirable
for flood and wind. Elevated
first floor is beneficial for flood
if well constructed, but should
not be achieved by a weak
structure that is vulnerable to
wind or flood loads.
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Table 3-3: Multihazard design system interactions
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