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ABSTRACT
The US Federal Emergency Management Agency (FEMA) has developed guidelines for the
design of household and community shelters for tornadoes, published in documents FEMA 320
and FEMA 361. The International Code Council, in collaboration with National Storm Shelter
Association, has produced a standard for the design and construction of storm shelters, ICC 500.
This paper describes the criteria for storm shelters given in these documents and discusses their
applicability to Bangladesh. Additionally, design loads, design and construction guidelines, size,
siting, and other aspects of storm shelter are given in the following paper.
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1. INTRODUCTION
Shelters for tornado events are needed because tornadoes can occur at any time, can occur
suddenly and may have high damaging winds. Shelters for tornadoes can be designated as either
a household shelter or as a community shelter.
•
•

A household shelter is generally inside a residence and is designed to shelter a limited
number of people who may be part of the family or close friends. It is most commonly
part of the house.
A community shelter can be inside a community building or a stand-alone structure. It
should be large enough to provide shelter to a community of group of houses or small
rural village.

Shelters are intended to provide protection during a short-term tornado event lasting not more
than few minutes, though for safety purposes, people may take shelter whenever severe weather
threatens and hence they may be in the shelter for a couple of hours. The shelter rooms are
designed to withstand wind, the lower atmosphere that occurs inside a tornado and any windborne debris that may be prevalent during the storm. The terminology of ‘shelter’ and ‘safe
room’ is used interchangeably in this chapter; it is ascertained that the design of these rooms will
provide a very high degree ‘near absolute’ protection to the people occupying the room.
A community shelter may be constructed near or within a school building, nursing home,
commercial building, hospital or other critical building that is occupied by a large number of
people. People surrounding the shelter may be designated to go to this shelter because they lack
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shelter in their own homes or there may be people occupying the building in which shelter is
built.
Many factors influence the decision to construct a community shelter. These include the
following:
•
•
•

The likelihood of an area being threatened by an extreme wind event
The consequences (deaths and injuries) of an extreme wind event, and
The cost of constructing a shelter.

The material presented in this chapter is taken from four documents published in the United
States during the past five years. These documents are as follows:
1. Taking Shelter From the Storm, Building a Safe Room For Your Home or Small Business,
published by the U.S. Federal Emergency Management Agency, FEMA 320, third
edition, 08/2008, available on-line: http://www.fema.gov/library/viewRecord.do?id=1536
(1)
2. Design and Construction Guidance for Community Safe Rooms, published by the U.S.
Federal Emergency Management Agency, FEMA 361, second edition, 08/2008, available
on-line: http://www.fema.gov/library/viewRecord.do?id=1657 (2)
3. Design and Construction of Storm Shelters, published by the International Code Council
and the National Storm Shelter Association, ICC 500-2008, American National Standard,
June 2008 (3)
4. Minimum Design Loads for Buildings and Other Structures, published by the American
Society of Civil Engineers, ASCE Standard ASCE/SEI 7-05 (4)
This chapter discusses the need and/or desirability of a shelter (either household or community),
the siting of shelter, the loads for which the shelter needs to be designed for, the experiences of
shelter design and construction in the United States and the applicability of shelter in
Bangladesh.
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NEED FOR SHELTER

A tornado is a rotating column of air that forms a vortex. It is spawned from a thunderstorm and
descends toward the ground, and there are high winds and a lower atmospheric pressure in the
middle of it. A storm approaching a city is seen in Figure 1. The storm is visible because of
condensation of moisture in the vortex or because of flying debris in the air. When a storm goes
over a built-up area, it causes damage and destruction of buildings. The path of a storm with
damage to buildings is seen in an aerial view in Figure 2. The size of the vortex is generally less
than 150 m in diameter and the storm has a high gradient of wind speed. Different levels of
damage to houses are seen in Figure 3. The wind speed in a tornado decreases as the distance
from the center of the tornado increases, hence decreasing the damage from the center of the
tornado in Figure 3. The storm generally stays on ground for a distance of less than 1.5 km
moving at a speed of 30 to 60 km/hour.
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Figure 1. Tornado approaching a city (photo from WISE archive)
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Figure 2. An aerial view of tornado path (photo from WISE archive)
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Figure 3. Varying damage to houses due to tornado wind (photo from WISE archive)

Depending on the maximum wind speed in a tornado and the distance of a structure from the
center of the tornado, the structure will sustain different levels of damage. A tornado causes
damage from potentially three phenomena:
1. Wind induced damage
2. Atmospheric pressure change(APC) induced damage, and
3. Damage caused by impact of debris
Wind induced damage is seen in Figures 2 and 3. The collapse of a building can inflict injury to
people who are inside the building.
In the center of a tornado, there is a reduction in the ambient pressure. If a building is completely
sealed, this reduction in ambient pressure would cause outward-acting pressure on all surfaces of
the building and the failure of the building would look like an explosion. However, some part of
the building (e.g. window or a door or roof corner) would fail by wind prior to arrival of the
center of the tornado over the building. An opening through a failed door or window will allow
the pressure from inside the building to equalize with the outside ambient pressure, thus,
eliminating the effects of atmospheric pressure changes. A failed house in figure 4 illustrates the
damaging mechanism of the building. Even though it appears as if the building has exploded,
one of the walls is leaning inward indicating damage caused by wind pressure. The air flow
around a building causes outward acting pressures on all surfaces except the windward wall.
Under wind loads, the roof is likely get uplifted, leeward, the side walls are likely to collapse
outward and the windward wall is likely to collapse inward. In most ordinary buildings,
atmospheric pressure change is not a damaging mechanism.
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Figure 4. Wind induced damaging mechanism to a house (photo from archives of WISE)

There can be a significant amount of debris in a tornado, and generally consists of failed
components of residences or commercial buildings. Figure 5 shows the large number of pieces of
wood that were deposited in front of a school building in one of the tornadoes. Some of the
pieces of wood can penetrate the outside wall and cause damage to the interior of a building or
its contents (see figure 6). Wood pieces of this type are very dangerous to occupants of the
building, and it is important that storm shelters are designed so that the walls and roof can resist
debris of this type.
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Figure 5. Debris caused by a tornado (photo from WISE archive)

Figure 6. Piece of wood embedded in bedroom furniture.
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SITING AND SIZE OF SHELTER

A tornado shelter can be part of a building or a stand-alone structure. A household shelter is
generally part of the residence while the community shelter can be inside the building (e.g. in a
school building or as a stand-alone structure if it is serving several houses). A properly designed
and constructed shelter is expected to provide protection to its occupants if it is impacted by a
tornado; hence it can be sited anywhere. However, to gain extra protection, its siting can be as
follows:
•
•
•
•

Basement or underground
Lowest floor of the building
Central hallway away from outside walls
Interior small room

The size of the shelter depends on the number of occupants who are likely to use the shelter
during a storm. FEMA 361(2) recommends occupant density shown in Table 1.

Table 1. Occupant density for tornado community shelter (2)
Type of occupant
Standing or seated
Wheelchair-bound
Bedridden
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Minimum recommended area per occupant
5 sq.ft.
10 sq.ft.
30 sq.ft.

DESIGN LOADS

As indicated previously, a tornadic storm produces damaging loads with three phenomena; 1.
wind induced loads, 2. Atmospheric pressure change (APC) induced loads, and 3. Debris impact
induced loads. All components of a shelter such as the walls, the roof, and the doors should be
designed to resist these loads.
a) Wind-induced loads
Wind-induced loads can be determined using the procedure specified in the US standard ASCE
7-05 (4). Wind speed for design should be determined using the local tornadic climate and risk.
In the US, wind speed used for shelter design is based on the geographical location. FEMA
361(2) specifies wind speed, V = 250, 200, 160 or 130 mph (402, 322, 258, or 210 km/hour) for
different regions of the country. These design winds speeds are 3-second gust speeds, and are
considered as providing limit state (strength) design loads.
ASCE 7-05(4) provides two equations to determine design loads. FEMA 361(2) recommends
using these equations with some simplifications. The equations and recommendations are as
follows:
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Wind pressure p = q (GCp + (GCpi ))

and

Where q = 0.613 Kz Kzt Kd V2 I (Newton/sq. m) and (V in mps)
FEMA 361(2) recommendations are:
Importance factor I = 1.0 for limit state design
Exposure coefficient Kz is related to Exposure C
Directionality factor Kd = 1.0
Topographic effects Kzt = 1.0
Gust effect factor G = 0.85 unless calculated, and
Internal pressure coefficient (GCpi ) = + 0.55 related to partially open
building (see discussion on atmospheric pressure change)

b)

Design wind speed for shelter

As indicated in the paper by Thomas W. Schmidlin, Risk factors and Social Vulnerability in this
forum (5) reports of tornadoes in Bangladesh are not well documented. Ono (6, 7, and 8) has
reported an average of 9 tornadoes per year during 1990 – 1994. Almost half of the reported
tornadoes caused fatalities, although the intensities of tornadoes have not been ascertained. In the
US recently, the National Weather Service adopted the rating of tornadoes using the EF scale
(implemented starting February 2007) which has lower wind speeds for EF3–EF5 as compared
to F3-F5 intensity scale (9). Without the recorded intensity of tornadoes, the hazard model for
tornadoes cannot be developed. The number of fatalities in a tornado is not a good indication of
the intensity of the tornado because fatality and injury depend on such variables as the
occupancy and the construction of the building itself.
A weak tornado can cause larger
number of injuries to people who are in a tent as compared to a strong tornado impacting an
engineered building. Thus, the tornado with the most fatalities is not a good indication of tornado
intensity. At the same time, a design to provide shelter for the maximum perceived wind speed in
a tornado is also not appropriate due to the cost of shelter. It is therefore suggested that a
consensus be developed among meteorologists and engineers in Bangladesh to decide a suitable
design wind speed for a tornado shelter.
c)

Atmospheric pressure change (APC) induced loads

The APC induced loads is outward acting pressure on all surfaces of the shelter room. It is
possible to calculate APC induced loads and combine them with external wind induced loads and
lower value of internal pressure coefficient to obtain design loads. However, it is determined that
use of internal pressure coefficient value of (GCpi ) = +0.55 is sufficient and conservative to
account for APC induced loads. It is suggested by FEMA 361(2) to use this value of internal
pressure coefficient instead of calculating APC induced load. Combined external and internal
pressures induce outward pressures on all surfaces as shown in Figure 7.
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Figure 7. Combined external and internal wind induced loads

d)

Debris impact induced loads

It is common to see flying debris in tornadic storms, most of which consists of pieces of wood,
tree branches, sheet metal, or other building components. The technology has not advanced as
yet to analytically calculate the loads that the impacting debris creates because impact loads
depend on the rate of compressing of the debris (e.g. crushing of wood or crumpling of sheet
metal) and the characteristics of the wall and roof material. Hence, ICC 500 (3) specifies the
protocol of testing of debris to meet the criteria of flying objects. The size of the test missile and
its associated speed are specified in FEMA 361(2) and are shown in Table 2. The speeds of the
missile are related to the intensity of tornado or design wind speed.

10

Table 2. Tornado missile impact criteria (2)
Shelter design wind speed
250 mph
200 mph
160 mph
130 mph

Missile speed of 15 lb 2x4 in board member
Vertical surface: 100 mph
Horizontal surface: 67 mph
Vertical surface: 90 mph
Horizontal surface:60 mph
Vertical surface: 84 mph
Horizontal surface: 56 mph
Vertical surface: 80 mph
Horizontal surface: 53 mph

It is necessary that all components of the shelter room including doors and windows be tested for
debris impact, and for the shelter area, it has been difficult to find acceptable material for
windows that can pass the test of debris impact. In some cases, the shelter area can be designed
without windows.
Doors made of steel can pass the requirements of debris impact although extra hinges and deadbolt locks are required. The door component has been found to be an expensive item for the
shelter design, primarily because of the debris impact requirements. One of the newer innovative
approaches to entry and egress from the shelter area is to provide alcove or baffle entry system.
Figure 8 shows a possible system that can be used for entry to the shelter room.

Figure 8. Missile resistant barrier for shelter area(2)

e) Load combinations
For the design of a shelter room, using the strength design method load combination of ASCE 705 (4) is recommended with minor changes. Since the design wind speed of an extreme event is
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selected for shelter design, it is reasonable to use a load factor of 1.0 for wind load for the
strength (ultimate stress) design method. The uncertainty or safety factors are incorporated in the
selection of wind speed and thus the load factor need not be greater than 1.0. In the case of using
allowable stress design method, the wind load should be multiplied by a factor of 0.6. For the
allowable stress method, the uncertainty or safety factors are part of the reduced allowable
stresses of the material. ASCE 7-05(4) provides several load combinations involving wind loads,
and they could be followed in design of shelter room.
5. DESIGN AND CONSTRUCTION
Beyond the loading consideration for shelter designs, the stability of the structural system and
the design for the load paths should be carefully considered. Wind-induced loads are primarily
horizontal loads and uplift loads, and these two loads act simultaneously to cause racking,
overturning or sliding. The structural system and the foundation should be designed to resist the
actions shown in Figure 9.

Figure 9. Wind load action on the frame of a building (2)
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The combination of both the horizontal and the uplift loads requires that the continuous load path
design should be considered carefully to resist wind loads. Most of the damage and failure of the
buildings documented in the past indicate that components have failed if a continuous load path
for loads is not provided. Critical points for continuous load paths are shown in Figure 10.
FEMA 320(1) provides construction drawings for household shelters.

Figure 10. Critical connections for a continuous load path (2)

ICC-500(3) and FEMA 361(2) provide guidelines for shelter design and construction that are
important considerations. The duration of protection, any potential fire hazard, the occupation
density, ventilation, sanitation, power and other non-structural items should be considered for
any type of shelter -- tornado shelters are not an exception.
6. APPLICATION TO BANGLADESH
Shelters are unique structures, and they have special requirements of sustaining minimum
damage in an extreme event (i.e. a tornado). The design and the construction guidelines that are
available for ordinary buildings can be extended to shelter design, and because of the special
requirements for shelters, it is appropriate to adopt the guidelines from other countries to make
them applicable to Bangladesh. Admittedly, the materials and construction practices differ in
each country, and the tornadic hazards and risks in Bangladesh and USA are both different. In
addition, social and political climates which affect building codes and standards are different.
However, the basic physics of natural phenomena and its interaction with the building remain the
same. Keeping this in mind, the knowledge of science and the engineering of design can be
transferred across the nation. The aspects of hazard and risk, as well as the construction
materials and methods, can be adopted as appropriate for Bangladesh. The ultimate goal is to
provide protection to people from a tornadic storm that is consistent with cost.
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