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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 r i
and the consequences of building exposure. Procedures for .ﬂ
risk assessment are followed by descriptions of current meth- M }
ods of reducing the effects of each hazard. These methods
vary, depending on the hazard under consideration.

9-'5\5'\-5\-
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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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Blow-off of metal fascia panels due to inadequate
attachment of wood furring to the CMU wall. Estimated

wind speed: 85-95 mph. Hurricane Ivan (Florida, 2004)............cccoccevinnnnn.

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) ..c.eeviieeeiiiee ettt ettt e e et e e s reeesenreeeesnsbeeesennseeesennnes

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) ......cooooiiiiiieeeeeeecciieeee et

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) .........cccccccoiviiiiiiiiiiiiniiiici,

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) .........ccccoeiiiiiiiinie

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

(TTEXAS, 2008) .neieieiieeeeeee ettt e ettt e e e e e ettt et e e e s s sttt eeeeeeessabrbaaaeeeeeeannnres
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Figure 6-82:
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Both vertical faces of the coping were attached with exposed
fasteners instead of concealed cleats. Typhoon Paka (Guam, 1997) ................... 6-81

Because this gutter was not attached to the bracket, wind

lifted the gutter along with the metal edge flashing that

lapped into the gutter. Bracket fasteners are indicated by the

red arrows. Hurricane Francis (Florida, 2004) ......ccccevviiiiiiiiiiiiiieeeeeeeeciieeeeee e 6-82

The original modified bitumen membrane was blown away

after the gutter lifted in the area shown by the red arrow

(the black membrane is a temporary roof).

Hurricane Francis (Florida, 2004) ......ccuouiiiiiiiiiiee e 6-82

At this gutter, a fastener connected the bracket to the gutter.

Note: To avoid leakage at the fasteners between the bracket

and gutter, the bracket should extend near or to the top of

the gutter so that the fastener would be above the waterline.

Estimated wind speed: 95 mph. Hurricane Ike (Texas, 2008) ..........cccoceevnnnin. 6-83

Sheet metal straps were attached to an existing gutter that
lacked sufficient uplift resistance. ..........cccccoovviiviiiiiiiiiiii 6-84

Blow-off of this downspout resulted in glazing breakage.
Estimated wind speed: 105-115 mph. Hurricane Ivan
(Florida, 2004) .....c.ooiiiiiiiiiiei e 6-85

If mechanically attached base flashings have an insufficient
number of fasteners, the base flashing can be blown away.
Hurricane Andrew (Florida, 2004) ...........uuvuiiiiiieiiiiiiieiieeeieeeeeeeeeeeeeeeeeesseeeeeeeeeeeeeee 6-85

The secondary membrane prevented significant leakage into
the building after the copper roof blew off. Hurricane Andrew (Florida, 1992) 6-87

Although a missile cut into the SPF, the roof was still

watertight. The ink pen (blue arrow) shows the relative

size of the impact area. Estimated wind speed: 110 mph.

Hurricane Ike (Texas, 2008) .......uuuuuuuuiuriiiiiiiiiiiiiieeeieesrerrrerereresesreseereereerreee———————. 6-88

Significant interior water damage and facility interruption
occurred after the standing seam roof blew off. Hurricane
Marilyn (U.S. Virgin Islands, 1995) ......c.cccccoiviiiiiiiiiiiie, 6-89

Brittle roof coverings, like slate and tile, can be broken by
missiles, and tile debris can break other tiles. Estimated wind
speed: 140-160 mph. Hurricane Charley (Florida, 2004) .........c..ccoovviiviininnnnn. 6-90
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Figure 6-91:

Figure 6-92:

Figure 6-93:

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

(GUAI, 1997) oo ee e e e e e s e s s es e esee

This mechanically attached single-ply membrane
progressively tore after being cut by wind-borne debris.

Hurricane Andrew (Florida, 1992) .......ovviiiiiiiiiiiiieeee et eeeireee 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.ccccoovviiniiininnnnn.

Several rubber walkway pads were blown off the single-ply
membrane roof. Estimated wind speed: 130 mph. Hurricane

Katrina (Mississippi, 2005) .......ccooiiiiiiiiiiiiiiiiiiii

Base flashing protected by metal wall panels attached with
exposed screws. Estimated wind speed: 120 mph. Hurricane

Katrina (Mississippi, 2005) ......c.cccooviiiiiiiiiiiiiiiiiicccc

This gooseneck was attached with only two small screws.
Emergency repairs had not been made at the time this
photograph was taken, which was 5 days after the hurricane
struck. A substantial amount of water was able to enter the

school. Hurricane Francis (Florida, 2004) ........ccccvvvieiiieiieiiireeeeeeeeeeeeeeeeeeeeeeeeens

Although this 18,000-pound HVAC unit was attached to
its curb with 16 straps, it blew off the building during

Hurricane Ivan. (Florida, 2004) ...........uuueiiiiiiieiiiiiieiieeeieeeeeeereeeereeereeesees—..

The gooseneck on this building remained attached to the
curb, but the curb detached from the deck. Typhoon Paka

(GUAIN, 1997) oo e e e e s e s e s e s es e s es e esee

Cowlings blew off two of the three fans. Note also the loose
LPS conductors and missing walkway pad (red arrow).
Estimated wind speed: 140-160 mph. Hurricane Charley

(FLOTIAR, 2004) 1. oo e ee e e e e e e s e ee e se e s e e eseeseeeeee

Cables were attached to prevent the cowling from blowing

off. Typhoon Paka (Guam, 1997) ......cccoceviriririniiiiieicccecceeeeee e
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Figure 6-99:

Figure 6-100:

Figure 6-101:
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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

(LY BT Ty o) o ) SRR 6-99

This condenser had supplemental attachment straps (see
red arrows). Typhoon Paka (Guam, 1997) ........cccccciiiiiiiiiiiiiiiceee 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).........cccccecveieinnen. 6-100

Guyed flue blew over (red arrow indicates one of the guys).
Estimated wind speed: 92 mph. Hurricane Ike (Texas, 2008) ..........cccccevennenne. 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) ..........cccoooiiiiiiiiiiiiiiiiice 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) .....cooouiiiiiiiiieieeeeee et 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) .........cccocoiiiiiiiiiiiniiiiiiiiiics 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) ......ccooiiiiiiiiiiiiiic 6-105
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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.ccccovvviiiiiiiiiiiiiiiiiece 6-106

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

A satellite dish anchored similarly to that shown in Figure
6-106 was blown off this five-story building. Estimated wind
speed: 140-160 mph. Hurricane Charley (Florida, 2004) ............cccoooviiiiininne 6-109

An air terminal (red arrow) debonded from the roof.

Even though the school had a tough membrane (modified

bitumen), the displaced air terminal punctured the

membrane in two locations (blue arrows).

Hurricane Charley (Florida, 2004) .........cccoooiiiiiiiiiiiiiiiiii 6-110

View of an end of a conductor that became disconnected.
Estimated wind speed: 130 mph. Hurricane Katrina
(Mississippi, 2005)

This conductor connector was adhered to the coping.

The conductor deformed the connector prongs under wind

pressure, and pulled away from the connector. Estimated

wind speed: 130 mph. Hurricane Katrina (Mississippi, 2005)........ccccccevevinnnnen. 6-111

This conductor was attached to the coping with a looped
connector. Estimated wind speed: 130 mph. Hurricane
Katrina (Mississippi, 2005) .......cccooviiiiiiiiiiiiiiiiic 6-112

Plan showing conductor attachment ...........cccccceviiiiiiiiiiiiiiiii 6-112

Use of intermittent membrane flashing strips to secure an
LPS conductor, as illustrated in Figure 6-113
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Figure 6-123:

Adhesively attached conductor connector that does
NIOT USE PIOIIGS ..ottt sttt sa e bbbttt bebe e saeen e

If conductors detach from the roof, they are likely to
pull out from pronged splice connectors. Estimated wind
speed: 90-100 mph. Hurricane Charley (Florida, 2004) ..........ccccccoviiiininnnn.

Bolted splice connectors are recommended to prevent free

ends of connectors from being whipped around by wind.

Estimated wind speed: 130 mph. Hurricane Katrina

(MissisSippi, 2005) c..eovuviiiiiiiiiiiiiiciiec s

In lieu of permanent on-site emergency generators,

portable generators can be an economical way to provide

electrical power to schools used as hurricane recovery

centers. Estimated wind speed: 108 mph. Hurricane Ike

(TT@XAS, 2008) ...eeeeiieiee ettt e ettt e e e e et e e e e e e st eeeeeeeenannes

The tree shown by the red line nearly fell on the emergency
generator (red arrow). Estimated wind speed: 110 mph.
Hurricane Tke (Texas, 2008) ......ciiiiiiiiiiiiiiiieeeeeeriiiiieeee e e e essiirreeeeeessssannreeeeeeesens

The roof and a portion of the EIFS on this 5-year-old

building blew off. Water leaked into the floor below. The

floor was taken out of service for more than a month.

Estimated wind speed: 130 mph. Hurricane Katrina

(Mississippi, 2005) ...veouviiiiiiiiiieiieicce e

The cementitious wood-fiber deck panels blew off of much

of the overhang at this school. Deck panel failure resulted

in lifting and peeling of the roof system over a large area,

exposure of the decking in the area shown by the blue

arrows, and extensive interior water infiltration. Estimated

wind speed: 105-115 mph. Hurricane Ivan (Florida, 2004).............cccccceeeni.

The steel truss superstructure installed on this school as part
of a steep-slope conversion blew away because of inadequate
attachment. Hurricane Marilyn (U.S. Virgin Islands, 1995) .............ccccoco

Wind pressure caused the window frames on the upper
floors to fail (red arrow). Estimated wind speed: 130 mph.
Hurricane Katrina (Mississippi, 2005) .......ccoooiiiiiiiniiiiiiiic
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On-site water-spray testing in accordance with ASTM E 1105
can be used to evaluate wind-driven rain resistance. Older
window assemblies such as the ones at this school are often
quite susceptible to leakage. Estimated wind speed: 125

mph. Hurricane Katrina (Mississippi, 2005) .......cccccovviiiiiiiiiniiiiiiiiicien,

This school has accordion shutters. Estimated wind

speed: 105-115 mph. Hurricane Ivan (Florida, 2004)...........cccoceiviiiinnnnnn.

A metal panel shutter. Hurricane Georges (Puerto Rico, 1998) .....................

Polycarbonate shutters were temporary screwed to the doors
and wall adjacent to the window opening. An advantage of
polycarbonate is its translucence, which allows daylight to
enter the building without removing the shutters. Hurricane

Francis (Florida, 2004) .......oooiiiiiiiieiieee ettt e

This school has roll-down shutters. The toggle in the red
circle allows the shutter to be manually raised. Estimated

wind speed: 130-140 mph. Hurricane Charley (Florida, 2004) .......................

Collapsed unreinforced masonry parapet. Greensburg

Tornado (Kansas, 2007) ........c.cccieieeiieeirieiie ettt et veeevae s

View of a 5-foot by 5-foot negative pressure chamber used to

evaluate roof system uplift resiStance. .........cccovvviiiiiiiiiiiiiiiinii

The built-up roof on this school was blown off after a few of
the rotted wood planks detached from the joists. Estimated

wind speed: 120 mph. Hurricane Katrina (Mississippi, 2005).........ccccecvenennnn

The nailer (red arrow) blew off an upper roof and landed
on the roof below. The nailer was anchored to a brick wall.
Some of the anchors pulled out of the brick, and some
of the bricks blew away with the nailer. Estimated wind

speed: 105-115 mph. Hurricane Ivan (Florida), 2004..............cccoeoiiiiinnnnn.

Failed base flashing adhered directly to the brick parapet.

Estimated wind speed: 105 mph. Hurricane Katrina (Louisiana, 2005) .........

..6-128
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attached. A strap between the hood and unit can be
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