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COURSE CONTENT

Introduction:

The purpose of this design course is to provide recommended foundation designs and guidance for
rebuilding homes destroyed by hurricanes in coastal areas. In addition, the course is intended to
provide guidance in designing and building safer and less vulnerable homes to reduce the risk to
life and property.

Past storms such as Hurricanes Andrew, Hugo, Charley, Katrina, and Rita, and recent events
such as Hurricane lke continue to show the vulnerability of our “built environment” (Figure 1).
While good design and construction cannot totally eliminate risk, every storm has shown that
sound design and construction can significantly reduce the risk to life and damage to property.
With that in mind, the Federal Emergency Management Agency (FEMA) has developed this
manual to help the community of homebuilders, contractors, and local engineering professionals
in rebuilding homes destroyed by hurricanes, and designing and building safer and less vulnerable
new homes.

Figure 1. Damage to residential properties as a result of Hurricane Katrina's
winds and storm surge. Note the building that was knocked off its foundation (circled)
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Intent of the Course

The intent of the course is to provide homebuilders, contractors, and engineering professionals
with a series of recommended foundation designs that will help create safer and stronger buildings
in coastal areas. The designs are intended to help support rebuilding efforts after coastal areas have
been damaged by floods, high winds, or other natural hazards.

The foundations may differ somewhat from traditional construction techniques; however, they
represent what are considered to be some of the better approaches to constructing strong and
safe foundations in hazardous coastal areas. The objectives used to guide the development of
this course are:

= To provide residential foundation designs that will require minimal engineering oversight

= To provide foundation designs that are flexible enough to accommodate many of the homes
identified in A Pattern Book for Gulf Coast Neighborhoods prepared for the Mississippi
Governor’s Rebuilding Commission on Recovery, Rebuilding, and Renewal (see
Appendix B)

= To utilize "model"” layouts so that many homes can be constructed without significant
additional engineering efforts

The focus of this course is on the foundations of residential buildings. The assumption is
that those who are designing and building new homes will be responsible for ensuring that
the building itself is designed according to the latest building code (International Building
Code® [IBC®], International Residential Code® [IRC®], and FEMA guidance) and any local
requirements. The user of this manual is directed to other publications that also address disaster-
resistant construction (see Appendix G).

Although the foundation designs are geared to the coastal environment subject to storm surge,
waves, floating debris, and high winds, several are suitable for supporting homes on sites protected
by levees and floodwalls or in riverine areas subjected to high-velocity flows. Design professionals
can be contacted to ensure the foundation designs provided in this manual are suitable for specific
sites.

This course contains closed foundation designs for elevating homes up to 8 feet above ground
level and open foundation designs for elevating homes up to 15 feet above ground level. These
upper limits are a function of constructability limitations and overturning and stability issues for
more elevated foundations. Eight-foot-tall foundations are a practical upper limit for 8-inch thick
reinforced concrete masonry unit (CMU) walls exposed to flood forces anticipated in non-coastal
A zones. The upper limit of 15 feet for open foundations was established by estimating the amount
a home needs to be elevated to achieve the 2005 Advisory Base Flood Elevations (ABFES) as
determined in response to Hurricanes Katrina and Rita. The ABFEs published in the Hurricane
Recovery Maps were compared to local topographic maps for the Gulf Coast. The comparison
revealed that providing foundation designs up to 15 feet tall would allow over 80 percent of the
homes damaged by Hurricane Katrina to be protected from flood events reflected in the ABFEs
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and in the Hurricane Recovery Maps. Many homes can be elevated to the BFE on foundations that
are 4 feet tall or less.

The updated edition of FEMA 550 introduces the Case H foundation, which is an open/deep
foundation developed for use in coastal high hazard areas (V zones). It is also appropriate to use
the Case H foundation in Coastal A and non-coastal A zones. Case H foundations incorporate
elevated reinforced concrete beams that provide three important benefits. One, the elevated beams
work in conjunction with the reinforced concrete columns and grade beams to produce a structural
frame that is more efficient at resisting lateral loads than the grade beams and cantilevered columns
used in other FEMA 550 open foundations. The increased efficiency allows foundations to be
constructed with smaller columns that are less exposed to flood forces.

The second benefit is that the elevated reinforced concrete beams provide a continuous foundation
that can support many homes constructed to prescriptive designs from codes and standards such
as the IRC, the American Forest and Paper Association’s (AF&PA’s) Wood Frame Construction
Manual for One- and Two-Family Dwellings (WFCM), and the International Code Council’s
(ICC’s) Standard for Residential Construction in High Wind Regions (ICC-600).

The third benefit that Case H foundations provide is the ability to support relatively narrow
(14-foot wide) homes. It is anticipated that Case H foundations can be used for several styles of
modular homes.

Important Needed Information to Use this Course
The following information is needed to use this course:

Design wind speed and the Design Flood Elevation (DFE) at the site

The flood zone(s) at the site

Building layout

Topographic elevation of existing building site

Soil conditions for the site. Soil condition assumptions used in the load calculations are
intentionally conservative. Users are encouraged to determine soil conditions at the site to
potentially improve the cost-effectiveness of the design.

Most of the information can be obtained from the local building official or floodplain manager.

This document is not intended to supplant involvement from local design professionals. While the
designs included can be used without modification (provided that the home to be elevated falls
within the design criteria), consulting with local engineers should be considered. Local engineers
may assist with the following:

Incorporating local site conditions into the design

Addressing and supporting unique features of the home

Confirming the suitability of the designs for a specific home on a specific site
Allowing the use of value engineering to produce a more efficient design
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These "prescriptive™ designs have been developed to support homes with a range of dimensions,
weights, and roof pitches. Figure 2 schematically shows the diverse range of dimensions and roof
pitches. Appendix C contains a complete list of criteria and assumptions used in these designs.

Figure 2. Schematic range of home dimensions and roof pitches used as the
basis for the foundation designs presented in this manual

This course concentrates on foundations that resist the extreme hurricane wind and flooding
conditions found in many coastal areas. For successful, natural hazard-resistant installations,
both the foundation and the home it supports must be properly designed and constructed to
take all loads on the structure into the ground through the foundation. Designing and constructing
the home to meet all the requirements of the IBC or the IRC is the minimum action necessary to
producing hazard-resistant homes. However, any model code must contain minimum
requirements. FEMA supports the use of best practice approaches for improved resistance to
natural hazards.

The foundations presented in this manual have been designed to resist the flood, wind, and
gravity loads specified in Appendix C and load combinations specified in the American Society
of Civil Engineers’ (ASCE’s) Minimum Design Loads for Buildings and Other Structures (ASCE
7-05). Although the designs provide significant resistance to gravity, lateral, and uplift loads, they
have not been specifically designed for seismic events. In coastal areas where seismic risks exist,
design professionals should confirm that the foundation designs presented herein are adequate to
resist seismic loads on site.
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To gain the benefits of a “best practices” approach, readers are directed to publications such as
FEMA 499, Home Builder’s Guide to Coastal Construction Technical Fact Sheet Series, and
FEMA 55, Coastal Construction Manual. A more complete list of available publications is
contained in Appendix G.

Organization of the Course

There are five sections and nine appendices in this course. The intent is to cover the essential
information in the sections and provide all the details in the appendices. Section 1 provides a
description of the different types of hazards that must be considered in the design of a residential
building foundation in a coastal area. The primary issues related to designing foundations for
residential buildings are described in Section 2. Section 3 provides guidance on how to determine
the magnitude of the loads placed on a building by a particular natural hazard event or a
combination of events. The different foundation types and methods of construction foundation for
a residential building are discussed in Section 4. Section 5 and Appendix A present foundation
designs to assist the homebuilders, contractors, and local engineering professionals in developing
safe and strong foundations.

In addition to Chapters 1 through 5 and Appendix A, the following appendices are presented
herein:

o Appendix B presents examples of how the foundation designs in this manual can be used
with some of the homes in the publication A Pattern Book for Gulf Coast Neighborhoods.

o Appendix C provides a list of assumptions used in developing the foundation design
presented in this manual.

o Appendix D presents detailed calculations on how to design the foundation of residential
buildings. Two examples, one for open foundations and the other for closed foundations,
are included.

o Appendix E provides cost information that the homebuilders can use to estimate the cost
of installing the foundation systems proposed in this manual.

o Appendix F includes fact sheets contained in FEMA 499 (Home Builder’s Guide to Coastal
Construction Technical Fact Sheet Series) and a recovery advisory contained in FEMA P-
757 (Hurricane Ike in Texas and Louisiana: Mitigation Assessment Team Report, Building
Performance Observations, Recommendations, and Technical Guidance) that are pertinent
to construction in coastal areas.

o Appendix G presents a list of references and other FEMA publications that can be of
assistance to the users of this manual.

o Appendix H contains a glossary of terms used in this manual.

o Appendix | defines abbreviations and acronyms used in this manual.
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1- TYPES OF HAZARDS

This section discusses the following types of hazards that must be considered in the design of a
residential building foundation for coastal areas: high winds, storm surge, and associated flood
effects, including hydrostatic forces, hydrodynamic forces, waves, floodborne debris, and erosion
and scour.

1.1 High Winds

Hurricanes and typhoons are the basis for design wind speeds for many portions of the U.S. and
its territories. High winds during a hurricane can create extreme positive and negative forces
on a building; the net result is that wind forces simultaneously try to push over the building and
lift it off its foundation. If the foundation is not strong enough to resist these forces, the home
may slide, overturn, collapse, or incur substantial damage (Figure 1-1).

The most current design wind speeds are provided by the American Society of Civil Engineers
(ASCE) document Minimum Design Loads for Buildings and Other Structures (ASCE 7). ASCE
7 is typically updated every 3 years. The 2002 edition (ASCE 7-02) is referenced by the following
model building codes: the 2009 editions of the International Building Code® (IBC®) and the
International Residential Code® (IRC®).

Design wind speeds given by ASCE 7 are 3-second gust speeds, not the sustained wind speeds
associated with the Saffir-Simpson hurricane classification scale (Figure 1-2). Figure 1-3 shows
the design wind speeds for portions of the Gulf Coast region based on 3-second gusts (measured
at 33 feet above the ground in Exposure C).

Figure 1-1. Wind damage to roof structure and gable end wall from Hurricane Katrina (2005)
(Pass Christian, Mississippi).
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Figure 1-2. Saffir-Simpson Scale
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Figure 1-3. Wind speeds (in mph) for the entire U.S.
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1.2 Storm Surge

Storm surge is water that is pushed toward the shore by the combined force of the lower barometric
pressure and the wind-driven waves advancing to the shoreline. This advancing surge combines
with the normal tides to create the hurricane storm tide, which in many
areas can increase the sea level by as much as 20 to 30 feet. Figure 1-4 is a graphical depiction
of how wind-driven waves are superimposed on the storm tide. This rise in water level can cause
severe flooding in coastal areas, particularly when the storm tide coincides with high tides (Figure
1-5). Because much of the United States’ densely populated coastlines lie less than 20 feet above
sea level, the danger from storm surge is great. This is particularly true along the Gulf of Mexico
where the shape and bathymetry of the Gulf contribute to storm surge levels that can exceed most
other areas in the U.S. (Figure 1-6).

Figure 1-4. Graphical depiction of a hurricane moving ashore. In this example, a 15-foot surge
added to the normal 2-foot tide creates a total storm tide of 17 feet.
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Figure 1-5. Storm tide and waves from Hurricane Dennis
on July 10, 2005, near Panacea, Florida.

Figure 1-6. Comparison of storm surge levels along the shorelines of the Gulf Coast
for Category 1, 3, and 5 storms

10
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1.3 Flood Effects

Although coastal flooding can originate from a number of sources, hurricanes and weaker tropical
storms not categorized as hurricanes are the primary cause of flooding (Figure 1-2). The flooding
can lead to a variety of impacts on coastal buildings and their foundations: hydrostatic forces,
hydrodynamic forces, waves, floodborne debris forces, and erosion and scour.

1.3.1 Hydrostatic Forces

Horizontal hydrostatic forces against a structure are created when the level of standing or slowly
moving floodwaters on opposite sides of the structure are not equal. Flooding can also cause
vertical hydrostatic forces, resulting in flotation. Rapidly rising floodwaters can also cause
structures to float off of their foundations (Figure 1-7). If floodwaters rise slowly enough, water
can seep into a structure to reduce buoyancy forces. While slowly rising floodwaters reduce the
adverse effects of buoyancy, any flooding that inundates a home can cause extreme damage.

Figure 1-7. Building floated off of its foundation (Plaquemines Parish, Louisiana).

1.3.2 Hydrodynamic Forces

Moving floodwaters create hydrodynamic forces on submerged foundations and buildings.
These hydrodynamic forces can destroy solid walls and dislodge buildings with inadequate

11
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connections or load paths. Moving floodwaters can also move large quantities of sediment and
debris that can cause additional damage. In coastal areas, moving floodwaters are usually
associated with one or more of the following:

e Storm surge and wave runup flowing landward through breaks in sand dunes, levees, or
across low-lying areas (Figure 1-8)

e Outflow (flow in the seaward direction) of floodwaters driven into bay or upland areas by
a storm

e Strong currents along the shoreline driven by storm waves moving in an angular direction
to the shore

High-velocity flows can be created or exacerbated by the presence of manmade or natural
obstructions along the shoreline and by “weak points” formed by shore-normal (i.e., perpendicular
to the shoreline) roads and access paths that cross dunes, bridges, or shore-normal canals, channels,
or drainage features. For example, evidence after Hurricane Opal (199) struck Navarre Beach,
Florida, suggests that flow was channeled in between large, engineered buildings. The resulting
constricted flow accelerated the storm surge and caused deep scour channels across the island.
These channels eventually undermined pile-supported houses between large buildings while also
washing out roads and houses farther landward (Figure 1-9).

Figure 1-8. Aerial view of damage to one of the levees caused by Hurricane Katrina (photo taken
on
August 30, 2005, the day after the storm hit, New Orleans, Louisiana).

12
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Figure 1-9. During Hurricane Opal (1995), this house was in an area of channeled flow between
large buildings. As a result, the house was undermined and washed into the bay behind a barrier
island.

1.3.3 Waves

Waves can affect coastal buildings in a number of ways. The most severe damage is caused by
breaking waves (Figures 1-10 and 1-11). The height of these waves can vary by flood zone: V
zone wave heights can exceed 3 feet, while Coastal A zone wave heights are between 1.5 and 3
feet. The force created by waves breaking against a vertical surface is often ten or more times
higher than the force created by high winds during a storm event. Waves are particularly damaging
due to their cyclic nature and resulting repetitive loading. Because typical wave periods during
hurricanes range from about 6 to 12 seconds, a structure can be exposed to 300 to 600 waves per
hour, resulting in possibly several thousand load cycles over the duration of the storm.

Wave runup occurs as waves break and run up beaches, sloping surfaces, and vertical surfaces.
Wave runup can drive large volumes of water against or around coastal buildings, creating
hydrodynamic forces (although smaller than breaking wave forces), drag forces from the current,
and localized erosion and scour. Wave runup under a vertical surface (such as a wall) will create
an upward force by the wave action due to the sudden termination of its flow. This upward force
is much greater than the force generated as a wave moves along a sloping surface.
In some instances, the force is large enough to destroy overhanging elements such as carports,
decks, porches, or awnings. Another negative effect of waves is reflection or deflection occurring
when a wave is suddenly redirected as it impacts a building or structure.

13
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Figure 1-10. Storm waves breaking against a seawall in front of a coastal residence at Stinson
Beach, California.

Figure 1-11. Storm surge and waves overtopping a coastal barrier island in Alabama (Hurricane
Frederic, 1979).

14
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1.3.4 Floodborne Debris

Floodborne debris produced by coastal flood events and storms typically includes carports,
decks, porches, awnings, steps, ramps, breakaway wall panels, portions of or entire houses, fuel
tanks, vehicles, boats, piles, fences, destroyed erosion control structures, and a variety of smaller
objects (Figure 1-12). In some cases, larger pieces of floodborne debris can strike buildings (e.g.,
shipping containers and barges), but the designs contained herein are not intended to withstand the
loads from these larger debris elements. Floodborne debris is capable of destroying unreinforced
masonry walls, light wood frame construction, and small-diameter posts and piles (and the
components of structures they support). Debris trapped by cross-bracing, closely spaced piles,
grade beams, or other components is also capable of transferring flood and wave loads to the
foundation of an elevated structure.

Figure 1-12. Pier piles were carried over 2 miles by the storm surge and waves
of Hurricane Opal (1995) before coming to rest near this elevated house in Pensacola Beach,
Florida.

1.3.5 Erosion and Scour

Erosion refers to the wearing and washing away of coastal lands, including sand and soil. It is
part of the larger process of shoreline changes. Erosion occurs when more sediment leaves a
shoreline area than enters from either manmade objects or natural forces. Because of the dynamic
nature of erosion, it is one of the most complex hazards to understand and difficult to
accurately predict at any given site along coastal areas.

15
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Short-term erosion changes can occur from storms and periods of high wave activity, lasting
over periods ranging from a few days to a few years. Because of the variability in direction
and magnitude, short-term erosion (storm-induced) effects can be orders of magnitude greater
than long-term erosion. Long-term shoreline changes occur over a period of decades or longer
and tend to average out the short-term erosion. Both short-term and long-term changes should
be considered in the siting and design of coastal residential construction. Refer to Chapter 7 of
FEMA 55, Coastal Construction Manual for additional guidance on assessing short- and long-
term erosion.

Scour can occur when water flows at high velocities past an object embedded in or sitting on soil
that can be eroded. Scour occurs around the object itself, such as a pile or foundation element, and
contributes to the loss of support provided by the soil. In addition to any storm or flood-induced
erosion that occurs in the general area, scour is generally limited to small, cone-shaped
depressions. Localized scour is capable of undermining slabs, piles, and grade beam structures,
and, in severe cases, can lead to structural failure (Figure 1-13). This document considers these
effects on the foundation size and depth of embedment requirements.

Figure 1-13. Extreme case of localized scour undermining a slab-on-grade house in
Topsail Island, North Carolina, after Hurricane Fran (1996). Prior to the storm, the lot was
several hundred feet from the shoreline and mapped as an A zone on the FIRM. This case

illustrates the need for open foundations in Coastal A zones.

FEMA 55 contains guidance on predicting scour, much of which is based on conditions observed
after numerous coastal storms. FEMA 55 suggests that scour depths around individual plies be
estimated at two times the pile diameter for circular piles and two times the diagonal
dimension for square or rectangular piles.

16
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In some storms (e.g., Hurricane Ike, which struck the Texas coast in October 2008), observed
scour depths exceed those suggested in FEMA 55. Because erosion and scour reduce the resistance
of the pile (by reducing its embedment) and increases stresses within the pile (by
increasing the bending moment within the pile that the lateral forces create), they can readily
cause failure of a coastal foundation. To help prevent failure, erosion and scour depths should
be approximated conservatively. After Hurricane lke, FEMA developed eight Hurricane lke
Recovery Advisories (RAs). One of the RAs, Erosion, Scour, and Foundation Design, discusses
erosion and scour and their effects on coastal homes with pile foundations and is presented in
Appendix F. All of  the Hurricane Ike RAs are available at
http://www.fema.gov/library/viewRecord.do?id=3539.

17



http://www.fema.gov/library/viewRecord.do?id=3539

Recommended Foundation Designs for Rebuilding Homes After Hurricanes in Coastal Areas — S06-010

2. FOUNDATIONS

This section discusses the primary issues related to designing foundations for residential buildings
in coastal areas: foundation design criteria, National Flood Insurance Program (NFIP)
requirements on coastal construction in A and V zones, the performance of various foundation
types, and foundation construction.

2.1 Foundation Design Criteria

Foundations in coastal areas should be designed in accordance with the 2006 or 2009 edition
of the IBC or IRC; both contain up-to-date wind provisions and are consistent with NFIP flood
provisions. In addition, any locally adopted building ordinances must be addressed. Foundations
should be designed and constructed to:

e Properly support the elevated home and resist all loads expected to be imposed on the
home and its foundation during a design event

e Prevent flotation, collapse, or lateral movement of the building

e Function after being exposed to the anticipated levels of erosion and scour that may occur
over the life of the building.

In addition, the foundation should be constructed with flood-resistant materials below the Base
Flood Elevation (BFE).

2.2 Foundation Design in Coastal Areas
Building in a coastal environment is different from building in an inland area because:

e Storm surge, wave action, and erosion in coastal areas make coastal flooding more
damaging than inland flooding.

e Design wind speeds are higher in coastal areas and thus require buildings and their
foundations to be able to resist higher wind loads.

Foundations in coastal areas must be constructed such that the top of the lowest floor (in A
zones) or the bottom of the lowest horizontal structural members (in V zones) of the buildings
are elevated above the BFE, while withstanding flood forces, high winds, erosion and scour,
and floodborne debris. Deeply embedded pile or other open foundations are required for V
zones because they allow waves and floodwaters to pass beneath elevated buildings. Because of
the increased flood, wave, floodborne debris, and erosion hazards in V zones, NFIP design and
construction requirements are more stringent in V' zones than in A zones.

Some coastal areas mapped as A zones may also be subject to damaging waves and erosion
(referred to as “Coastal A zones”). A Coastal A zone is also known as the Limit of Moderate Wave
Action (LIMWA), which is the landward extent of coastal areas designated Zone AE where waves
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higher than 1.5 feet can exist during a design flood. Buildings in these areas that are constructed
to minimum NFIP A zone requirements may sustain major damage or be destroyed during the base
flood. It is strongly recommended that buildings in A zones subject to breaking waves and
erosion be designed and constructed with 'V  zone type foundations
(Figure 2-1). Open foundations are often recommended instead of solid wall, crawlspace, slab, or
shallow foundations, which can restrict floodwaters and be undermined easily. Figure 2-2 shows
examples of building failures due to erosion and scour under a slab-on-grade foundation.

Figure 2-1. Recommended open foundation practice for buildings in A zones, Coastal A zones,
and V zones
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Figure 2-2. Slab-on-grade foundation failure due to erosion and scour undermining and closeup of
the foundation failure from Hurricane Dennis, 2005 (Navarre Beach, Florida).

2.3 Foundation Styles in Coastal Areas

Several styles of foundations can be used to elevate homes. In discussing foundation styles, it is
beneficial to categorize them as open, closed, shallow, or deep.

As the name implies, open foundations generally consist of piles, piers, or columns and
present minimal obstructions to moving floodwaters. With open foundations, moving floodwater,
breaking waves, and smaller pieces of floodborne debris should meet relatively few obstructions
and hopefully be able to pass under the home without imparting large flood loads on the
foundation. Open foundations have the added benefit of disrupting flood flows less than larger
obstructions. This can help to reduce scour around foundation elements.

On the other hand, closed foundations typically consist of continuous foundation walls
(constructed of masonry, concrete, or treated wood) that can enclose crawlspaces or, as in the case
of stem walls, areas of retained soil. Closed foundation walls create large obstructions to moving
floodwater and large flood forces can be imparted on them by breaking waves, floodborne debris,
and the hydrodynamic loads associated with moving water. Closed foundations are also more
vulnerable to scour than open foundations.

The terms shallow and deep signify the relative depth of the soils on which the homes are
founded. Shallow foundations are set on soils that are relatively close to the surface of the
surrounding grade, generally within feet of the finished grade. In cold climates, shallow
foundations may need to be extended feet or more below grade to set the foundation beneath the
design frost depth. Shallow foundations can consist of discrete concrete pad footings, strip
footings, or a matrix of strip footings placed to create a mat foundation. Mat foundations have the
added benefit of better resisting uplift and overturning forces than foundations consisting of
discrete pad footings.

20
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Deep foundations are designed to be supported on much deeper soil or rock. These foundations
frequently are used where soils near the surface have relatively weak bearing capacities (typically
700 pounds per square foot [psf] or less), when soils near the surface contain expansive clays (also
called shrink/swell soils because they shrink when dry and swell when wet) or where surface soils
are vulnerable to being removed by erosion or scour.

Although typical foundation styles vary geographically, deep foundations for residential
construction in coastal areas generally consist of driven treated timber piles or treated square piles.
Driven concrete piles are common in other areas.

Only open foundations with base members or elements (piles or beams) located below expected
erosion and scour are allowed in V zones; as a “best practices” approach, open foundations
are recommended, but are not NFIP required, in Coastal A zones. Table 2-1 shows the
recommended type of foundation depending on the coastal area. Additional information
concerning foundation performance in coastal areas can be found in FEMA 499, Fact Sheet No.
11 (see Appendix F).

Table 2-1. Foundation Type Dependent on Coastal Area

2.3.1 Open Foundations

Open foundations are required in V zones and recommended in Coastal A zones. As previously
mentioned, this type of foundation allows water to pass beneath an elevated building through
the foundation and reduces lateral flood loads on the structure. Open foundations also have the
added benefit of being less susceptible to damage from floodborne debris because debris is less
likely to be trapped.

2.3.1.1 Piles

Pile foundations consist of deeply placed vertical piles installed under the elevated structure.
The piles support the elevated structure by remaining solidly placed in the soil. Because pile
foundations are set deeply, they are inherently more tolerant to erosion and scour. Piles rely
primarily on the friction forces that develop between the pile and the surrounding soils (to resist
gravity and uplift forces) and the compressive strength of the soils (to resist lateral movement).
The soils at the ends of the piles also contribute to resist gravity loads.

Piles are typically treated as wood timbers, steel pipes, or pre-cast concrete. Other materials like
fiber reinforced polyester (FRP) are available, but are rarely used in residential construction.
Piles can be used with or without grade beams. When used without grade beams, piles extend
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to the lowest floor of the elevated structure. Improved performance is achieved when the piles
extend beyond the lowest floor to the roof (or an upper floor level) above. Doing so provides
resistance to rotation (also called “fixity”’) in the top of the pile and improves stiffness of the
pile foundation. Occasionally, wood framing members are installed at the base of a wood pile
(Figure 2-). These members are not true grade beams but rather are compression struts. They
provide lateral support for portions of the pile near grade and reduce the potential for column
buckling; however, due to the difficulties of constructing moment connections with wood, the
compression struts provide very little resistance to rotation.

Critical aspects of a pile foundation include the pile size, installation method, and embedment
depth, bracing, and their connections to the elevated structure (see FEMA 499, Fact Sheet
Nos. 12 and 13 in Appendix F). Pile foundations with inadequate embedment will not have the
structural capacity to resist sliding and overturning (Figure 2-4). Inadequate embedment and
improperly sized piles greatly increase the probability for structural collapse. However, when
properly sized, installed, and braced with adequate embedment into the soil (with consideration
for erosion and scour effects), a building’s pile foundation performance will allow the
building to remain standing and intact following a design flood event (Figure 2-5).

Figure 2-3. Compression strut at base of a wood pile. Struts provide some
lateral support for the pile, but very little resistance to rotation.
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Figure 2-4. Near collapse due to insufficient pile embedment (Dauphin
Island, Alabama)

Figure 2-5. Successful pile foundation following Hurricane Katrina (Dauphin Island, Alabama)

When used with grade beams, the piles and grade beams work in conjunction to elevate the
structure, provide vertical and lateral support for the elevated home, and transfer loads imposed on
the elevated home and foundation to the ground below.
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Pile foundations with grade beams must be constructed with adequate strength to resist all lateral
and vertical loads. Failures experienced during Hurricane Katrina often resulted from inadequate
connections between the columns and footings or grade beams below (Figure 2-6). Pile and grade
beam foundations should be designed and constructed so that the grade beams act only to provide
fixity to the foundation system and not to support the lowest elevated floor. If grade beams support
the lowest elevated floor of the home, they become the lowest horizontal structural member and
significantly higher flood insurance premiums would result. Also, if the grade beams support the
structure, the structure would become vulnerable to erosion and scour. Grade beams must also be
designed to span between adjacent piles and the piles must be capable of resisting both the weight
of the grade beams when undermined by erosion and scour, and the loads imposed on them by
forces acting on the structure.

Figure 2-6. Column connection failure (Belle Fontaine Point, Jackson County, Mississippi).
2.3.1.2 Piers

Piers are generally placed on footings to support the elevated structure. Without footings, piers
function as short piles and rarely have sufficient capacity to resist uplift and gravity loads. The
type of footing used in pier foundations greatly affects the foundation’s performance (Figure
2-7). When exposed to lateral loads, discrete footings can rotate so piers placed on discrete
footings are only suitable when wind and flood loads are relatively low. Piers placed on continuous
concrete grade beams or concrete strip footings provide much greater resistance to lateral loads
because the grade beams/footings act as an integral unit and are less prone to rotation. Footings
and grade beams must be reinforced to resist the moment forces that develop at the base of the
piers due to the lateral loads on the foundation and the elevated home (Figure
2-8).
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Since pier foundation footings or grade beams are limited in depth of placement, they are
appropriate only where there is limited potential for erosion or scour. The maximum estimated
depth for long- and short-term erosion and localized scour should not extend below the bottom
of the footing or grade beam.

Figure 2-7. Performance comparison of pier foundations. Piers on discrete footings (foreground)
failed by rotating and overturning while piers on more substantial footings (in this case a
concrete mat) survived (Pass Christian, Mississippi).

2.3.2 Closed Foundations

A closed foundation is typically constructed using foundation walls, a crawlspace foundation, or a
stem wall foundation (usually filled with compacted soil). A closed foundation does not allow
water to pass easily through the foundation elements below the elevated building. Thus, these types
of foundations are said to obstruct the flow. These foundations also present a large surface area
upon which waves and flood forces act; therefore, they are prohibited in V zones and not
recommended for Coastal A zones. If foundation or crawlspace walls enclose space below the
Base Flood Elevation (BFE), they must be equipped with openings that allow floodwaters to flow
in and out of the area enclosed by the walls (Figure 2-9 presents an isometric view). The entry and
exit of floodwaters will equalize the water pressure on both sides of the wall and reduce the
likelihood of the wall collapsing (see FEMA 499, Fact Sheet No. 15 in Appendix F). Two types
of closed foundations are discussed in this manual, perimeter walls and slab-on-grade.
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2.3.2.1 Perimeter Walls
Perimeter walls are conventional walls (typically masonry or wood frames) that extend from the

ground up to the elevated building. They typically bear on shallow footings. Crawlspaces and
stem walls are two types of foundations with perimeter walls.

Figure 2-8. Isometric view of an open foundation with grade beam.

26




Recommended Foundation Designs for Rebuilding Homes After Hurricanes in Coastal Areas — S06-010

Figure 2-9. Isometric view of a closed foundation with crawlspace

Crawlspace foundations are typically low masonry perimeter walls, some requiring interior piers
supporting a floor system if the structure is wide. These foundations are usually supported by
shallow footings and are prone to failure caused by erosion and scour.

This type of foundation is characterized by a solid perimeter foundation wall around a structure
with a continuous spread footing with reinforced masonry or concrete piers. All crawlspace
foundation walls in the Special Flood Hazard Area (SFHA) must be equipped with flood openings.
These openings are required to equalize the pressure on either side of the wall (see FEMA 499,
Fact Sheet Nos. 15 and 26 in Appendix F). However, even with flood vents, hydrodynamic and
wave forces in Coastal A zones can damage or destroy these foundations.

Stem Walls. Stem walls (i.e., a solid perimeter foundation wall on a continuous spread footing
backfilled to the underside of the floor slab) are similar to crawlspace foundations, but the interior
that would otherwise form the crawlspace is filled with soil or gravel that supports a floor slab.
Stem wall foundations have been observed to perform better than crawlspace foundations in
Coastal A zones (but only where erosion and scour effects are minor). Flood openings are not
required in filled stem wall foundations.
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2.3.2.2 Slab-on-Grade

A slab-on-grade foundation is concrete placed directly on-grade (to form the slab) with generally
thickened, reinforced sections around the edges and under loadbearing walls. The slab itself is
typically 4 inches thick where not exposed to concentrated loads and 8 to 12 inches thick under
loadbearing walls. The thickened portions of slab-on-grade foundations are typically reinforced
with deformed steel bars to provide structural support; the areas not thickened are typically
reinforced with welded wire fabrics (WWFs) for shrinkage control. While commonly used in
residential structures in A zones, slab-on-grade foundations are prone to erosion, prohibited in V
zones, and not recommended for Coastal A zones.

Slab-on-grade foundations can be used with structural fill to elevate buildings. Fill is usually
placed in layers called “lifts” with each lift compacted at the site. Because fill is susceptible to
erosion, it is prohibited for providing structural support in V zones. Structural fill is not
recommended for Coastal A zones, but may be appropriate for non-Coastal A zones.

2.4 Introduction to Foundation Design and Construction

This section introduces two main issues related to foundation design and construction: site
characterization and types of foundation construction. Construction materials and methods are
addressed in section 4.

2.4.1 Site Characterization

The foundation design chosen should be based on the characteristics that exist at the building
site. A site characteristic study should include the following:

e The type of foundations that have been installed in the area in the past. A review of the
latest FIRM is recommended to ensure that construction characteristics have not been
changed.

e The proposed site history, which would indicate whether there are any buried materials or
if the site has been regarded.

e How the site may have been used in the past, from a search of land records for past
ownership.

e A soil investigation report, which should include:

= Soil borings sampled from the site or taken from test pits

= Areview of soil borings from the immediate area adjacent to the site

= |Information from the local office of the Natural Resource Conservation Service
(NRCS) (formerly the Soil Conservation Service [SCS]) and soil surveys published
for each county
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One of the parameters derived from a soil investigation report is the bearing capacity, which
measures the ability of soils to support gravity loads without soil shear failure or excessive
settlement. Measured in psf, soil bearing capacity typically ranges from 1,000 psf for relatively
weak soils to over 10,000 psf for bedrock.

Frequently, designs are initially prepared on a presumed bearing capacity. It is then the
homebuilder’s responsibility to verify actual site conditions. The actual soil bearing capacity
should be determined. If soils are found to have higher bearing capacity, the foundation can be
constructed as designed or the foundation can be revised to take advantage of the better soils.

Allowable load bearing values of soils given in Section 1806 of the 2009 IBC can be used when
other data are not available. However, soils can vary significantly in bearing capacity from one
site to the next. A geotechnical engineer should be consulted when any unusual or unknown soil
condition is encountered.

2.4.2 Types of Foundation Construction
2.4.2.1 Piles

A common type of pile foundation is the elevated wood pile foundation, where the piles extend
from deep in the ground to an elevation at or above the Design Flood Elevation (DFE).
Horizontal framing members are used to connect the piles in both directions. This grid forms a
platform on which the house is built (see FEMA 499, Fact Sheet No. 12 in Appendix F).

The method of installation is a major consideration in the structural integrity of pile foundations.
The ideal method is to use a pile driver. In this method, the pile is held in place with leads while a
single-acting, double-acting diesel, or air-powered hammer drives the pile into the ground (Figure
2-10).

Figure 2-10. Pile installation methods
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If steel piles are used, only the hammer driving method mentioned above should be used. For
any pile driving, the authority having jurisdiction or the engineer-of-record may require that a
driving log is kept for each pile. The log will tabulate the number of blows per foot as the driving
progresses. This log is a key factor used in determining the pile capacity.

Another method for driving piles is the drop hammer method. It is a lower cost alternative to
the pile driver. A drop hammer consists of a heavy weight raised by a cable attached to a power-
driven winch and then dropped onto the pile.

Holes for piles may be excavated by an auger if the soil has sufficient clay or silt content. Augering
can be used by itself or in conjunction with pile driving. If the hole is full-sized, the
pile is dropped in and the void backfilled. Alternatively, an undersized hole can be drilled and
a pile driven into it. When the soil conditions are appropriate, the hole will stay open long
enough to drop or drive in a pile. In general, this method may not have as much capacity as
those methods previously mentioned. Like jetted piles, augered piles are not appropriate for the
designs provided in this manual unless the method for compressing the soil is approved
by a geotechnical engineer.

A less desirable but frequently used method of inserting piles into sandy soil is “jetting,” which
involves forcing a high-pressure stream of water through a pipe that advances with the pile. The
water creates a hole in the sand as the pile is driven until the required depth is reached.
Unfortunately, jetting loosens the soil both around the pile and the tip. This results in a lower load
capacity due to less frictional resistance. Jetted piles are not appropriate for the designs provided
in this manual unless capacity is verified by a geotechnical engineer.

2.4.2.2 Diagonal Bracing of Piles

The foundation design may include diagonal bracing to stiffen the pile foundation in one or
more directions. When installed properly, bracing lowers the point where lateral loads are applied
to the piles. The lowering of load application points reduces the bending forces that piles must
resist (so piles in a braced pile foundation do not need to be as strong as piles in an unbraced pile
foundation) and reduces lateral movement in the building. Outside piles are
sufficiently designed to withstand external forces, because bracing will not assist in countering
these forces. A drawback to bracing, however, is that the braces themselves can become
obstructions to moving floodwaters and increase a foundation’s exposure to wave and debris
impact.

Because braces tend to be slender, they are vulnerable to compression buckling. Therefore,
most bracing is considered tension-only bracing. Because wind and, to a lesser extent, flood
loads can act in opposite directions, tension-only bracing must be installed in pairs. One set of
braces resists loads from one direction while the second set resists loads from the opposite
direction. Figure 2-11 shows how tension only bracing pairs resist lateral loads on a home.
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The braced pile design can only function when all of the following conditions are met:

= The home must be constructed with a stiff horizontal diaphragm such as a floor
system that transfers loads to laterally braced piles.

= Solid connections, usually achieved with bolts, must be provided to transmit forces
from the brace to the pile or floor system.

The placement of the lower bolted connection of the diagonal to the pile requires some judgment.
If the connection is placed too high above grade, the pile length below the connection is not braced
and the overall bracing is less strong and stiff. If the connection is placed too close to grade, the
bolt hole is more likely to be flooded or infested with termites. Because the bolt hole passes through
the untreated part of the pile, flooding and subsequent decay or termite infestation will weaken the
pile at a vulnerable location. Therefore, the bolt hole should be treated with preservative after
drilling and prior to bolt placement.

The braced wood pile designs developed for this manual use steel rods for bracing. Steel rods
were used because:

= Steel has greater tensile strength than even wide dimensional lumber.
=  There are fewer obstructions to waves and floodborne debris.

= The rod bracing can easily be tensioned with turnbuckles and can be adjusted throughout
the life of the home.

= A balanced double shear connection is two to three times stronger than a wood to wood
connection made with 2-inch thick dimensional lumber.

Alternative bracing should only be installed when designed by a licensed engineer.
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Figure 2-11. Diagonal bracing schematics.
2.4.2.3 Knee Bracing of Piles

Knee braces involve installing short diagonal braces between the upper portions of the piles
and the floor system of the elevated structure. The braces increase the stiffness of an elevated
pile foundation and can be effective at resisting the lateral forces on a home. Although knee
braces do not stiffen a foundation as much as diagonal bracing, they do offer some advantages
over diagonal braces. For example, knee braces present less obstruction to waves and debris,
are shorter than diagonal braces, and are usually designed for both tension and compression
loads. Unlike diagonal braces, knee braces do not reduce bending moments in the piles (they
can actually increase bending moments) and will not reduce the diameter of the piles required
to resist lateral loads.

The entire load path into and through the knee brace must be designed with sufficient capacity.
The connections at each end of each knee brace must have sufficient capacity to handle both
tension and compression and to resist axial loads in the brace. The brace itself must have sufficient
cross-sectional area to resist compression and tensile loads. Due to the complexity of knee bracing,
they have not been used in the foundation designs included in Appendix A herein.

2.4.2.4 Wood-Pile-to-Wood-Girder Connections

Wood piles are often notched to provide a bearing surface for a girder. However, a notch should
not reduce more than 50 percent of the pile cross-section (such information is typically provided
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by a designer on contract documents). For proper load transfer, the girder should bear on the
surface of the pile notch.

Although connections play an integral role in the design of structures, they are typically regarded
as the weakest link. The connection between a wood pile and the elevated structure should be
designed by a licensed engineer (see FEMA 499, Fact Sheet No. 13 in Appendix F).

2.4.2.5 Grade Beams in Pile/Column Foundations

Grade beams are sometimes used in conjunction with pile and column foundations to generate
more stiffness. They generate stiffness by forcing the piles to move as a group rather than
individually and by providing fixity (i.e., resistance to rotation) at the ends of the piles. Typically,
they extend in both directions and are usually made of reinforced concrete. The mix design, the
amount and placement of reinforcement, the cover, and the curing process are important
parameters in optimizing durability. To reduce the effect of erosion and scour on foundations,
grade beams must be designed to be self-supporting foundation elements. The supporting piers
should be designed to carry the weight of the grade beams and resist all loads transferred to the
piers.

In V zones, grade beams must be used only for lateral support of the piles. If, during construction,
the floor is made monolithic with the grade beams, the bottom of the beams become the lowest
horizontal structural member. This elevation must be at or above the BFE.

If grade beams are used with wood piles, the possibility of rot occurring must be considered
when designing the connection between the grade beam and the pile. The connection must
not encourage water retention. The maximum bending moment in the piles occurs at the grade
beams, and decay caused by water retention at critical points in the piles could induce failure
under high-wind or flood forces.
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3. Foundation Design Loads

This section provides guidance on how to determine the magnitude of the loads placed on a
building by a particular natural hazard event or a combination of events. The methods presented
are intended to serve as the basis of a methodology for applying the calculated loads
to the building during the design process.

The process for determining site-specific loads from natural hazards begins with identifying the
building codes or engineering standards in place for the selected site (e.g., the International
Building Code 2009 (IBC 2009) or ASCE 7-05, Minimum Design Loads for Buildings and Other
Structures), if model building codes and other building standards do not provide load
determination and design guidance for each of the hazards identified. In these instances,
supplemental guidance such as FEMA 55 should be sought, the loads imposed by each of the
identified hazards should be calculated, and the load combinations appropriate for the building site
should be determined. The load combinations used in this manual are those specified by ASCE 7-
05, the standard referenced by the IBC 2009. Either allowable stress design (ASD) or strength
design methods can be used to design a building. For this manual, all of the calculations, analyses,
and load combinations presented are based on ASD. The use of strength design methods will
require the designer to modify the design values to accommodate strength design concepts.
Assumptions utilized in this manual can be found in Appendix C.

3.1 Wind Loads

Wind loads on a building structure are calculated using the methodology presented in ASCE 7-05.
This document is the wind standard referenced by the 2003 editions of the IBC and IRC. Equations
used to calculate wind loads are presented in Appendix D.

The most important variable in calculating wind load is the design wind speed. Design wind
speed can be obtained from the local building official or the ASCE 7-05 wind speed map (Figure
3-1). The speeds shown in this figure are 3-second gust speeds for Exposure Category C at a 33-
foot (10-meter) height. ASCE 7-05 includes scaling factors for other exposures and
heights.

ASCE 7-05 specifies wind loads for structural components known as a main wind force resisting
system (MWFRS). The foundation designs developed for this manual are based on
MWERS pressures calculated for Exposure Category C, the category with the highest anticipated
wind loads for land-based structures.

ASCE 7-05 also specifies wind loads for components and cladding (C&C). Components and
cladding are considered part of the building envelope, and ASCE 7-05 requires C&C to be
designed to resist higher wind pressures than a MWFRS.

34




Recommended Foundation Designs for Rebuilding Homes After Hurricanes in Coastal Areas — S06-010

3.2 Flood Loads

This manual develops in more detail flood load calculations and incorporates the methodol ogy
presented in ASCE 7-05. Although wind loads can directly affect a structure and dictate the actual
foundation design, the foundation is more affected by flood loads. ASCE 24-05-
discusses floodproof construction. Loads developed in ASCE 24-05 come directly from ASCE 7-
05, which is what the designs presented herein are based upon.

The effects of flood loads on buildings can be exacerbated by storm-induced erosion and localized
scour, and by long-term erosion. Erosion and scour lower the ground surface around
foundation members and can cause the loss of load-bearing capacity and resistance to lateral
and uplift loads. Erosion and scour also increase flood depths and, therefore, increase depth
dependent flood loads.

3.2.1 Design Flood and DFE

The design flood is defined by ASCE 7-05 as the greater of the following two flood events:
1. Base flood, affecting those areas identified as SFHAs on the community’s FIRM, or

2. The flood corresponding to the area is designated as a flood hazard area on a community’s
flood hazard map or otherwise legally designated.
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Figure 3-1. Wind speeds (in mph) for the entire U.S.
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The DFE is defined as the elevation of the design flood, including wave height and freeboard,
relative to the datum specified on a community’s flood hazard map. Figure 3-2 shows the
parameters that determine or are affected by flood depth.

Figure 3-2. Parameters that determine or are affected by flood depth.
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3.2.2 Design Stillwater Flood Depth (ds)

Design stillwater flood depth (ds) is the vertical distance between the eroded ground elevation
and the stillwater flood elevation associated with the design flood. Determining the maximum
design stillwater flood depth over the life of a building is the single most important flood load
calculation that will be made; nearly all other coastal flood load parameters or calculations (e.g.,
hydrostatic load, design flood velocity, hydrodynamic load, design wave height, DFE, debris
impact load, local scour depth) depend directly or indirectly on the design stillwater flood depth.
The design stillwater flood depth (ds) is defined as:

GS is not the lowest existing pre-flood ground surface; it is the lowest ground surface that will
result from long-term erosion and the amount of erosion expected to occur during a design
flood, excluding local scour effects. The process for determining GS is described in Chapter 7
of FEMA 55.

Values for Esw are not shown on a FIRM, but they are given in the Flood Insurance Study (FIS)
report, which is produced in conjunction with the FIRM for a community. FIS reports are usually
available from community officials, from NFIP State Coordinating Agencies, and on the web at
the FEMA Map Service Center (http://store.msc.fema.gov). Some States have FIS reports
available on their individual web sites.

3.2.3 Design Wave Height (Hb)

The design wave height at a coastal building site will be one of the most important design
parameters. Therefore, unless detailed analysis shows that natural or manmade obstructions will
protect the site during a design event, wave heights at a site will be calculated from Equation 5-2
of ASCE 7-05 as the heights of depth-limited breaking waves (Hb), which are equivalent to 0.78
times the design stillwater flood depth:
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3.2.4 Design Flood Velocity (V)

Estimating design flood velocities in coastal flood hazard areas is subject to considerable
uncertainty. Little reliable historical information exists concerning the velocity of floodwaters
during coastal flood events. The direction and velocity of floodwaters can vary significantly
throughout a coastal flood event, approaching a site from one direction during the beginning
of the flood event before shifting to another (or several directions). Floodwaters can inundate
some low-lying coastal sites from both the front (e.g., ocean) and the back (e.g., bay, sound,
river). In a similar manner, flow velocities can vary from close to zero to high velocities during
a single flood event. For these reasons, flood velocities should be estimated conservatively by
assuming that floodwaters can approach from the most critical direction and that flow velocities
can be high.

For design purposes, the Commentary of ASCE 7-05 suggested a range of flood velocities from:

Factors that should be considered before selecting the upper- or lower-bound flood velocity for
design include:

Flood zone

Topography and slope

Distance from the source of flooding
Proximity to other buildings or obstructions

The upper bound should be taken as the design flood velocity if the building site is near the
flood source, in a V zone, in an AO zone adjacent to a V zone, in an A zone subject to velocity
flow and wave action, steeply sloping, or adjacent to other buildings or obstructions that will
confine floodwaters and accelerate flood velocities. The lower bound is a more appropriate design
flood velocity if the site is distant from the flood source, in an A zone, flat or gently sloping, or
unaffected by other buildings or obstructions.
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3.3 Hydrostatic Loads

Hydrostatic loads occur when standing or slowly moving water comes into contact with a building
or building component. These loads can act laterally (pressure) or vertically (buoyancy).

Lateral hydrostatic forces are generally not sufficient to cause deflection or displacement of
a building or building component unless there is a substantial difference in water elevation
on opposite sides of the building or component; therefore, the NFIP requires that floodwater
openings be provided in vertical walls that form an enclosed space below the BFE for a building
in an A zone.

Lateral hydrostatic force is calculated by the following:

Vertical hydrostatic forces during design flood conditions are not generally a concern for properly
constructed and elevated coastal buildings. Buoyant or flotation forces on a building can be of
concern if the actual stillwater flood depth exceeds the design stillwater flood depth.

Vertical (buoyancy) hydrostatic force is calculated by the following:

Buoyant force acting on an object must be resisted by the weight of the object and any other
opposing force (e.g., anchorage forces) resisting flotation. In the case of a building, the live load
on floors should not be counted on to resist buoyant forces.
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3.4 Wave Loads

Calculating wave loads requires information about expected wave heights. For the purposes of this
course, the calculations will be limited by water depths at the site of interest. Wave forces can be
separated into four categories:

o Non-breaking waves (can usually be computed as hydrostatic forces against walls and
hydrodynamic forces against piles)

o Breaking waves (short duration but large magnitude forces against walls and piles)

Broken waves (similar to hydrodynamic forces caused by flowing or surging water)

o Uplift (often caused by wave runup, deflection, or peaking against the underside of
horizontal surfaces)

(@]

Of these four categories, the forces from breaking waves are the largest and produce the most
severe loads. Therefore, it is strongly recommended that the breaking wave load be used as the
design wave load.

Two breaking wave loading conditions are of interest in residential construction: waves breaking
on small-diameter vertical elements below the DFE (e.g., piles, columns in the foundation of a
building in a V zone) and waves breaking against vertical walls below the DFE (e.g., solid
foundation walls in A zones, breakaway walls in V zones).

3.4.1 Breaking Wave Loads on Vertical Piles

The breaking wave load (Fbrkp) on a pile can be assumed to act at the Stillwater flood level and
is calculated by Equation 5-4 from ASCE 7-05:
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3.4.2 Breaking Wave Loads on Vertical Walls

The net force resulting from a normally incident breaking wave (depth limited in size, with
Hb = 0.78ds) acting on a rigid vertical wall, can be calculated by Equation 5-from ASCE 7-05:

Table 3-1. Building Category and Corresponding Dynamic Pressure Coefficient (Cp)

This formula assumes the following:

o The vertical wall causes a reflected or standing wave against the seaward side of the wall
with the crest of the wave, reaching a height of .2ds above the design stillwater flood
elevation, and

The space behind the vertical wall is dry, with no fluid balancing the static component of
the wave force on the outside of the wall (Figure 3-3).

If free-standing water exists behind the wall (Figure 3-4), a portion of the hydrostatic component
of the wave pressure and force disappears and the net force can be computed using
Equation 5-7 from ASCE 7-05:
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Post-storm damage inspections show that breaking wave loads have virtually destroyed all wood
frame or unreinforced masonry walls below the wave crest elevation; only highly engineered,
massive structural elements are capable of withstanding breaking wave loads. Damaging wave
pressures and loads can be generated by waves much lower than the 3-foot wave currently used by
FEMA to distinguish between A and V zones.

3.5 Hydrodynamic Loads

Water flowing around a building (or a structural element or other object) imposes additional loads
on the building. The loads (which are functions of flow velocity and structural geometry) include
frontal impact on the upstream face, drag along the sides, and suction on the downstream side.
This course assumes that the velocity of the floodwaters is constant (i.e., steady state flow).

Figure 3-3. Normally incident breaking wave pressures against a vertical wall (space
behind vertical wall is dry).
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Figure 3-4. Normally incident breaking wave pressures against a vertical wall (stillwater
level equal on both sides of wall)

One of the most difficult steps in quantifying loads imposed by moving water is determining the
expected flood velocity. Refer to Section 3.2.4 for guidance concerning design flood velocities.

The following equation from FEMA 55 can be used to calculate the hydrodynamic load from
flows with velocity greater than 10 ft/sec:
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Note that the use of this formula will provide the total force against a building of a given impacted
surface area (A). Dividing the total force by either length or width would yield a force
per unit length; dividing by “A” would yield a force per unit area.

The drag coefficient used in the previously stated equations is a function of the shape of the
object around which flow is directed. If the object is something other than a round, square, or
rectangular pile, the drag coefficient can be determined using Table 3-2.

Table 3-2. Drag Coefficient Based on Width to Depth Ratio

Flow around a building or building component will also create flow-perpendicular forces (lift
forces). If the building component is rigid, lift forces can be assumed to be small. But if the
building component is not rigid, lift forces can be greater than drag forces. The formula for
lift force is similar to the formula for hydrodynamic force except that the drag coefficient
(Cd) is replaced with the lift coefficient (Cl). For the purposes of this manual, the foundations of
coastal residential buildings can be considered rigid, and hydrodynamic lift forces
can therefore be ignored.

3.6 Debris Impact Loads

Debris or impact loads are imposed on a building by objects carried by moving water. The
magnitude of these loads is very difficult to predict, yet some reasonable allowance must be made
for them. The loads are influenced by where the building is located in the potential debris stream:

o Immediately adjacent to or downstream from another building

o Downstream from large floatable objects (e.g., exposed or minimally covered storage
tanks)

o Among closely spaced buildings

45




Recommended Foundation Designs for Rebuilding Homes After Hurricanes in Coastal Areas — S06-010

The following equation to calculate the magnitude of impact load is provided in the Commentary
of ASCE 7-05:

This equation is very similar to the equation provided in ASCE 7-98 and FEMA 55. The only
difference is the m/2 term, which results from the half-sine form of the impulse load.

The following uncertainties must be quantified before the impact of debris loading on the
building can be determined using the above equation:

Size, shape, and weight (W) of the waterborne object

Flood velocity (V)

Velocity of the object compared to the flood velocity

Portion of the building that will be struck and most vulnerable to collapsing
Duration of the impact (t)

0O O O O O

Once floodborne debris impact loads have been quantified, decisions must be made on how to
apply them to the foundation and how to design foundation elements to resist them. For open
foundations, the Coastal Construction Manual (FEMA 55) advises applying impact loading to a
corner or critical column or pile concurrently with other flood loads (see FEMA 55, Table 11-6).
For closed foundations (which are not recommended in Coastal A zones and are not allowed in V
zones), FEMA 55 advises that the designer assume that one corner of the foundation will be
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destroyed by debris and recommends the foundation and the structure above be designed to contain
redundancy to allow load redistribution to prevent collapse or localized failure. The following
should be considered in determining debris impact loads:

Size, shape, and weight of the debris. It is recommended that, in the absence of information
about the nature of the potential debris, a weight of 1,000 pounds be used for the debris weight
(W). Objects of this weight could include portions of damaged buildings, utility poles, portions
of previously embedded piles, and empty storage tanks.

Debris velocity. Flood velocity can be approximated by one of the equations discussed in Section
3.2.4. For the calculation of debris loads, the velocity of the waterborne object is assumed to be
the same as the flood velocity. Note that, although this assumption may be accurate for small
objects, it will overstate debris velocities for large objects (e.g., trees, logs, pier piles). The
Commentary of ASCE 7-05 provides guidance on estimating debris velocities for large debris.

Portion of building to be struck. The object is assumed to be at or near the water surface level
when it strikes the building. Therefore, the object is assumed to strike the building at the
stillwater flood level.

Duration of impact. Uncertainty about the duration of impact (At) (the time from initial impact,
through the maximum deflection caused by the impact, to the time the object leaves) is the most
likely cause of error in the calculation of debris impact loads. ASCE 7-05 showed that measured
impact duration (from initial impact to time of maximum force) from laboratory tests varied from
0.01 to 0.05 second. The ASCE 7-05 recommended value for At is 0.03 second.

3.7 Erosion and Localized Scour

Erosion is defined by Section 05 as the "wearing away of the land surface by detachment and
movement of soil and 1-2 of ASCE 24-05 rock fragments, during a flood or storm or over a period
of years, through the action of wind, water, or other geological processes."” Section 7.5
of FEMA 55 describes erosion as “the wearing or washing away of coastal lands.” Since the exact
configuration of the soil loss is important for foundation design purposes, a more specific
definition is used in this document (see the text box above and Figure 3-5).
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Figure 3-5. Distinguishing between coastal erosion and scour. A building may be subject to
either or both, depending on the building location, soil characteristics, and flood conditions.

Waves and currents during coastal flood conditions are capable of creating turbulence around
foundation elements and causing localized scour, and the moving floodwaters can cause
generalized erosion. Determining potential for localized scour and generalized erosion is
critical in designing coastal foundations to ensure that failure during and after flooding does
not occur as a result of the loss in either bearing capacity or anchoring resistance around the posts,
piles, piers, columns, footings, or walls. Localized scour and generalized erosion
determinations will require knowledge of the flood depth, flow conditions, soil characteristics,
and foundation type.

In some locations, soil at or below the ground surface can be resistant to localized scour, and
scour depths calculated below will be excessive. In instances where the designer believes the soil
at a site will be scour-resistant, a geotechnical engineer should be consulted before calculated scour
depths are reduced.

3.7.1 Localized Scour around Vertical Piles

The methods for calculating localized scour (Smax) in coastal areas have been largely based on
empirical evidence gathered after storms. Much of the evidence gathered suggests that localized
scour depths around piles and other thin vertical members are approximately equal to 1.0 to 1.5
times the pile diameter. Figure 3-6 illustrates localized scour at a pile, with and without a scour-
resistant terminating stratum. Currently, there is no design guidance in ASCE 7-05 on how to
calculate scour. FEMA 55 suggests that localized scour around a foundation element be calculated
by the following equation:

48




Recommended Foundation Designs for Rebuilding Homes After Hurricanes in Coastal Areas — S06-010

However, recent storms (e.g., Hurricane Ike, which struck the Texas coast in October 2008)
have produced localized scour that exceeded the suggested depths. Because scour, coupled with
erosion, can cause foundation systems to fail, a more conservative approach should be considered.
Foundation systems should be analyzed for their ability to resist scour depths of 3 to 4 times pile
diameters in addition to anticipated erosion levels. This guidance is more conservative than what
has been recommended in FEMA 55, FEMA 499, and other publications.

Erosion and scour can have several adverse impacts on coastal foundations:

o Erosion and scour can reduce the embedment of the foundation into the soil, causing
shallow foundations to collapse and making buildings on deep foundations more
susceptible to settlement, lateral movement, or overturning from lateral loads.

o Erosion and scour can increase the unbraced length of pile foundations, increase the
bending moment to which they are subjected, and overstress piles.

o Erosion over a large area between a foundation and a flood source can expose the
foundation to increased lateral flood loads (i.e., greater stillwater depths, possible higher
wave heights, and higher flow velocities).

o Local scour around individual piles will not generally expose foundations to greater flood
loads, but scour across a building site may do so.
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Figure 3-6. Scour at vertical foundation members stopped by underlying scour-resistant stratum.

To illustrate these points, calculations were made to examine the effects of erosion and scour on
foundation design for a simple case — a 32-foot x 32-foot two-story home (10-foot story height),
situated away from the shoreline and elevated 8 feet above grade on 25 square timber piles (spaced
8 feet apart), on medium dense sand. The home was subjected to a design wind event with a 130-
mph (3-second gust speed) wind speed and a 4-foot stillwater depth above the uneroded grade,
with storm surge and broken waves passing under the elevated building. Lateral wind and flood
loads were calculated in accordance with ASCE. For simplicity, the piles were analyzed under
lateral wind and flood loads only; dead, live, and wind uplift loads were neglected. If dead, live,
and wind uplift loads were included in the analysis, deeper pile embedment and possibly larger
piles may be needed.

Three different timber pile sizes (8-, 10-, and 12-inch square) were evaluated using pre-storm
embedment depths of 10-, 15-, and 20-feet, and five different erosion and scour conditions (erosion
= 0 or 1 foot; scour ranges from 2.0 times the pile diameter to 4.0 times the pile diameter). The
results of the analysis are shown in Table 3-3. A shaded cell indicates the combination of pile size,
pre-storm embedment, and erosion and scour would not provide the bending resistance and/or
embedment required to resist the lateral loads imposed on them. The reason(s) for a foundation
failure is indicated in each shaded cell, using “P” for pile failure due to bending and overstress
within the pile and “E” for an embedment failure from the pile/soil interaction. An unshaded cell
with “OK” indicates bending and foundation embedment criteria would both be satisfied by the
particular pile size/pile embedment/erosion and scour combination.
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Table 3-3. Example Foundation Adequacy Calculations for a Two-Story Home Supported on
Square Timber Piles (and situated away from the shoreline, with storm surge passing under the
home, a 130-mph wind zone, and soil is medium dense sand)

A review of Table 3-3 shows several key points:

o Increasing pile embedment will not offset foundation inadequacy (bending failure)
resulting from too small a pile cross-section or too weak a pile material.

o Increasing cross-section (or material strength) will not compensate for inadequate pile
embedment.

o Given the building and foundation configuration used in the example, the 8-inch square
pile is not strong enough to resist the lateral loads resulting from the 130-mph design wind
speed under any of the erosion and scour conditions evaluated, even if there is no erosion
or scour. Homes supported by 8-inch square timber piles, with embedment depths of 10
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feet or less, will likely fail in large numbers when subjected to design or near design loads
and conditions. Homes supported by deeper 8-inch piles may still be lost during a design
event due to pile (bending failures).

o The 10-inch square pile is strong enough to resist bending under all but the most severe
erosion and scour conditions analyzed.

o The 12-inch pile is the only pile size evaluated that satisfies bending requirements under
all erosion and scour conditions analyzed. This pile works with 10 feet of embedment
under the no erosion and scour condition. However, introducing as little as 1 foot of
erosion and scour equal to twice the pile diameter was enough to render the foundation too
shallow.

o Fifteen feet of pile embedment is adequate for both 10- and 12-inch piles subject to 1 foot
of erosion and scour up to three times the pile diameter. However, when the scour is
increased to four times the pile diameter (frequently observed following Hurricane lke),
15 feet of embedment is inadequate for both piles. In general terms, approximately 11 feet
of embedment is required in this example home to resist the loads and conditions after
erosion and scour are imposed.

o The 12-inch pile with 20 feet of embedment was the only foundation that worked under
all erosion and scour conditions analyzed. This pile design may be justified for the example
home analyzed when expected erosion and scour conditions are unknown or uncertain.

CAUTION: The results in Table
3-3 should not be used in lieu of

building- and site-specific engi-
neering analyses and foundation design. The
table is intended for illustrative purposes only
and is based upon certain assumptions and
simplifications, and for the combinations of
building characteristics, soil conditions, and
wind and flood conditions described above.
Registered design professionals should be

consulted for foundation designs.

These analyses were based on only foot of erosion, which historically is a relatively small
amount. Many storms like Hurricanes Isabel, Ivan, and Ike caused much more extensive erosion.
In some areas, these storms stripped away several feet of soil.
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A foot of erosion is more damaging than a foot of scour. While scour reduces pile embedment
and increases stresses within the pile, erosion reduces embedment, increases stresses, and, since
it increases stillwater depths, it also increases the flood loads that the foundation must resist.
Table 3-3 suggests that increasing embedment beyond 15 feet is not necessary for 10- and 12- inch
piles. This is only the case for relatively small amounts of erosion (like the 1 foot of erosion in the
example). If erosion depths are greater, pile embedment must be increased.

3.7.2 Localized Scour Around Vertical Walls and Enclosures

Localized scour around vertical walls and enclosed areas (e.g., typical A zone construction) can
be greater than that around vertical piles and should be estimated using Table 3-4.

Table 3-4. Local Scour Depth as a Function of Soil Type

3.8 Flood Load Combinations

Load combinations (including those for flood loads) are given in ASCE 7-05, Sections 2.3.2 and
2.3.3 for strength design and Sections 2.4.1 and 2.4.2 for allowable stress design.

The basic load combinations are:
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Flood loads were included in the load combinations to account for the strong correlation between
flood and winds in hurricane-prone regions that run along the Gulf of Mexico and the
Atlantic Coast.

In non-Coastal A zones, for ASD, replace the 1.5Fa with 0.75Fa in load combinations 5, 6, and 7
given above. For strength design, replace coefficients W and Fa in equations 4 and 6 above with
0.8 and 1.0, respectively.

Designers should be aware that not all of the flood loads will act at certain locations or against
certain building types. Table 3-5 provides guidance to designers for the calculation of appropriate
flood loads in V zones and Coastal A zones (non-Coastal A zone flood load combinations are
shown for comparison).

The floodplain management regulations enacted by communities that participate in the NFIP
prohibit the construction of solid perimeter wall foundations in V zones, but allow such
foundations in A zones. Therefore, the designer should assume that breaking waves will impact
piles in V zones and walls in A zones. It is generally unrealistic to assume that impact loads will
occur on all piles at the same time as breaking wave loads; therefore, this manual recommends that
impact loads be evaluated for strategic locations such as a building corner.

Table 3-5. Selection of Flood Load Combinations for Design
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4. Overview of Recommended Foundation Types and Construction for Coastal Areas

Sections 1 through 3 discussed foundation design loads and calculations and how these issues can
be influenced by coastal natural hazards. This section will tie all of these issues together with a
discussion of foundation types and methods of constructing a foundation for a residential
structure.

4.1 Critical Factors Affecting Foundation Design
Foundation construction types are dependent upon the following critical factors:
o Design wind speed
o Elevation height required by the BFE and local ordinances
o Flood zone
o Soil parameters

Soil parameters, like bearing capacities, shear coefficients, and subgrade moduli, are important
in designing efficient and effective foundations. But, for the purpose of creating the standardized
foundation concepts for use in a variety of sites, some soil parameters have been assumed (as in
the case of bearing capacity for shallow foundations) and others have been stipulated (as those
required to produce specific performance — as in the case for deep driven piles). Assumptions used
in developing the foundations are listed in Appendix C, where stipulations on pile capacity are
also listed in individual drawings.

4.1.1 Wind Speed

The basic wind speed determines the wind velocity used in establishing wind loads for a building.
It can also have a significant influence on the size and strength of foundations that support homes.
Contemporary codes and standards like the IRC, IBC, and ASCE 7 specify basic wind speeds as
3-second gust wind speeds. Earlier versions of codes and standards specified wind speeds with
different averaging periods. One example is the fastest mile wind speed that was specified in the
1988 (and earlier) versions of ASCE 7 and in pre-2000 versions of most model building codes.

The wind speed map shown in Figure 3-1 illustrates that the basic (3-second gust) wind speeds
along most of the Gulf of Mexico, the Atlantic coast, and coastal Alaska range between 120 and
150 mph. The basic wind speed for most of the Pacific coast is 85 mph. Several areas in the Pacific
Northwest are designated as special wind regions and wind speeds are dictated locally. The design
wind speeds for many of the U.S. territories and protectorates are tabulated in ASCE 7.
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To determine forces on the building and foundation, the wind speed is critical. Wind speed creates
wind pressures that act upon the building. These pressures are proportional to the square
of the wind speed, so a doubling of the wind speed increases the wind pressure by a factor of
four. The pressure applied to an area of the building will develop forces that must be resisted.
To transfer these forces from the building to the foundation, properly designed load paths are
required. For the foundation to be properly designed, all forces including uplift, compression,
and lateral must be taken into account.

Although wind loads are important in the design of a building, in coastal areas flood loads often
have a much greater effect on the design of the foundation itself.

4.1.2 Elevation

The required height of the foundation depends on three factors: the DFE, the site elevation,
and the flood zone. The flood zone dictates whether the lowest habitable finished floor must
be placed at the DFE or, in the case of homes in the V zone, the bottom of the lowest horizontal
member must be placed at the DFE. Figure 4-1 illustrates how the BFE, freeboard, erosion,
and the ground elevation determine the foundation height required. While not required by the
NFIP, V zone criteria are recommended for Coastal A zones. Stated mathematically:
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Figure 4-1. The BFE, freeboard, erosion, and ground elevation determine the foundation height
required.

The height to which a home should be elevated is one of the key factors in determining which
pre-engineered foundation to use. Elevation height is dependent upon several factors, including
the BFE, local ordinances requiring freeboard, and the desire of the homeowner to elevate
the lowest horizontal structural member above the BFE (see also Section 2). This manual
provides designs for closed foundations up to 8 feet above ground level and open foundations up
to 15 feet above ground level. Custom designs can be developed for open and closed
foundations to position the homes above those elevation levels. Foundations for homes that need
to be elevated higher than 5 feet should be designed by a licensed professional
engineer.

4.1.3 Construction Materials

The use of flood-resistant materials below the BFE is also covered in FEMA NFIP Technical
Bulletin 2, Flood Damage-Resistant Materials Requirements for Buildings Located in Special
Flood Hazard Areas in accordance with the National Flood Insurance Program and FEMA 499,
Fact Sheet No. 8 (see Appendix F). This manual will cover the materials used in masonry and
concrete foundation construction, and field preservative treatment for wood.

4.1.3.1 Masonry Foundation Construction

The combination of high winds, moisture, and salt-laden air creates a damaging recipe for masonry
construction. All three can penetrate the tiniest cracks or openings in the masonry joints. This can
corrode reinforcement, weaken the bond between the mortar and the brick, and create fissures in
the mortar. Moisture resistance is highly influenced by the quality of the materials and the
workmanship.

58




Recommended Foundation Designs for Rebuilding Homes After Hurricanes in Coastal Areas — S06-010

4.1.3.2 Concrete Foundation Construction

Cast-in-place concrete elements in coastal environments should be constructed with 3 inches or
more of concrete cover over the reinforcing bars. The concrete cover physically protects the
reinforcing bars from corrosion. However, if salt water penetrates the concrete cover and reaches
the reinforcing steel, the concrete alkalinity is reduced by the salt chloride, thereby corroding the
steel. As the corrosion forms, it expands and cracks the concrete, allowing the additional entry of
water and further corrosion. Eventually, this process weakens the concrete structural element and
its load carrying capacity.

Alternatively, epoxy-coated reinforcing steel can be used if properly handled, stored, and placed.
Epoxy-coated steel, however, requires more sophisticated construction techniques and more highly
trained contractors than are usually involved with residential construction.

Concrete mix used in coastal areas must be designed for durability. The first step in this process
is to start with the mix design. The American Concrete Institute (ACI) 38 manual recommends
that a maximum water-cement ratio by weight of 0.40 and a minimum compressive strength of
4,000 pounds per square inch (psi) be used for concrete used in coastal environments. Since
the amount of water in a concrete mix largely determines the amount that concrete will shrink
and promote unwanted cracks, the water-cement ratio of the concrete mix is a critical parameter
in promoting concrete durability. Adding more water to the mix to improve the workability
increases the potential for cracking in the concrete and can severely affect its durability.

Another way to improve the durability of a concrete mix is with ideal mix proportions. Concrete
mixes typically consist of a mixture of sand, aggregate, and cement. How these elements are
proportioned is as critical as the water-cement ratio. The sand should be clean and free of
contamination. The aggregate should be washed and graded. The type of aggregate is also very
important.

Recent research has shown that certain types of gravel do not promote a tight bond with the paste.
The builder or contractor should consult expert advice prior to specifying the concrete mix.

Addition of admixtures such as pozzolans (fly ash) is recommended for concrete construction
along the coast. Fly ash when introduced in concrete mix has benefits such as better workability
and increased resistance to sulfates and chlorates, thus reducing corrosion from attacking the
steel reinforcing.

4.1.3.3 Field Preservative Treatment for Wood Members

In order to properly connect the pile foundation to the floor framing system, making field
cuts, notches, and boring holes are some of the activities associated with construction. Since
pressure-preservative-treated piles, timbers, and lumber are used for many purposes in coastal
construction, the interior, untreated parts of the wood are exposed to possible decay and infestation.
Although treatments applied in the field are much less effective than factory treatments, the
potential for decay can be minimized. The American Wood Preservers’ Association (AWPA)
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AWPA M4-08 Standard for the Care of Preservative-Treated Wood Products (AWPA 008)
describes field treatment procedures and field cutting restrictions for poles, piles, and sawn lumber.

Field application of preservatives should always be done in accordance with instructions on the
label. When detailed instructions are not provided, dip soaking for at least 3 minutes can be
considered effective for field applications. When this is impractical, treatment may be done by
thoroughly brushing or spraying the exposed area. It should be noted that the material is more
absorptive at the end of a member, or end grains, than it is for the sides or side grains. To safeguard
against decay in bored holes, the holes should be poured full of preservative. If the hole passes
through a check (such as a shrinkage crack caused by drying), it will be necessary to brush the
hole; otherwise, the preservative would run into the check instead of saturating the hole.

Waterborne arsenicals, pentachlorophenol, and creosote are unacceptable for field applications.
Copper napthenate is the most widely used field treatment. Its deep green color may be
objectionable, but the wood can be painted with alkyd paints in dark colors after extended
drying. Zinc napthenate is a clear alternative to copper napthenate. However, it is not quite as
effective in preventing insect infestation, and it should not be painted with latex paints. Tributyltin
oxide (TBTO) is available, but should not be used in or near marine environments, because the
leachates are toxic to aquatic organisms. Sodium borate is also available, but it does not readily
penetrate dry wood and it rapidly leaches out when water is present. Therefore, sodium borate is
not recommended.

4.1.4 Foundation Design Loads

To provide flexibility in the home designs, tension connections have been specified between the
tops of all wood piles and the grade beams. Depending on the location of shear walls, shear wall
openings, and the orientation of floor and roof framing, some wood piles may not experience
tension forces. Design professionals can analyze the elevated structure to identify compression
only piles to reduce construction costs. For foundation design and example calculations, see
Appendix D.

Figure 4-2 illustrates design loads acting on a column. The reactions at the base of the elevated
structure used in most of the foundation designs are presented in Tables 4-1a (one-story) and
4-1b (two-story). These reactions are the controlling forces for the range of building weights
and dimensions listed in Appendix A and shown in Figure 2 of the Introduction. Design
reactions have been included for the various design wind speeds and various building elevations
above exterior grade. ASCE 7-05 load combination 4 (D + 0.75L + 0.75Lr) controls for gravity
loading and load combination 7 controls for uplift and lateral loads. Load combination 7 is 0.6D +
W + 075Fa in non-Coastal A zones and 06D + W + 15Fa
in Coastal A and V zones. Refer to Section 3.8 for the list of flood load combinations.
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Figure 4-2. Design loads acting on a column

Loads on the foundation elements themselves are more difficult to tabulate because they depend
on the foundation style (open or enclosed), foundation dimensions, and foundation
height. Table 4-2 provides reactions for the 8-inch square columns used in most of the open

foundation designs.
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Table 4-1a. Design Perimeter Wall Reactions (lb/If) for One-Story Elevated Homes (Note:
Reactions are taken at the base of the elevated home/top of the foundation element.)

Table 4-1b. Design Perimeter Wall Reactions (Ib/If) for Two-Story Elevated Homes (Note:
Reactions are taken at the base of the elevated home/top of the foundation element.)
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Table 4-2. Flood Forces (in pounds) on an 18-Inch Square Column

4.1.5 Foundation Design Loads and Analyses

Load analyses used to develop Case H foundations are similar to the analyses completed for the
original FEMA 550 designs. Live loads used were those specified by the IRC and the original
and augmented foundations were developed to support a range of dead loads. Wind and flood
loads were calculated per ASCE 7, Minimum Design Loads for Buildings and Other Structures
(the Case H design loads were calculated using ASCE 7-05; loads used in the original designs
were calculated using ASCE 7-05, which are consistent with the 2005 edition). Design
assumptions are listed in Appendix C.

Some noteworthy differences exist. Wind loads used in the original FEMA 550 designs were the
worst case loads for a home that varied in width from 4 feet to 4feet and in roof slope from 3:12
to 12:12. The foundation reactions for the original designs are listed in Table 4-b. In the Case H
designs, separate wind loads were determined based on the number of stories (one or two) and the
building width (14 feet for the 3-bay designs, 28 feet for the 6-bay designs, and 42 feet for the 9-
bay designs). The more precise matching of wind loads to building widths and heights provide
greater design efficiencies.

Wind loads used to develop the Case H foundations are listed in Table 4-3.
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Table 4-3. Wind Reactions Used to Develop Case H Foundations

To account for shear panel reactions from segmented shear walls, the analyses of foundations
supporting one-story homes included 6.72 kip quarter span point loads for the 3-bay design
(point loads were applied at mid-span for the - and 9-bay models, Figure 4-3). The loads
correspond to 0-foot tall wood framed shear panels constructed with 7/16-inch blocked wood
structural panels fastened with 8d common nails inches on center (o.c.). Foundations supporting
two-story homes were analyzed with 3.44 Kkip shear panel reactions or twice that of the one-story
home. The foundations will also support homes constructed with perforated shear walls.

Another difference in design methodology was required due to the nature of structural frames.
In the original designs, the concrete columns were considered statically determinant and analyzed
as such. The structural frames created by the concrete grade beams, concrete columns,
and elevated beams, however, are not statically determinant and computer modeling was
warranted. To analyze the frame action developed by those structural elements, computer models
using RISA® structural software were created. Design loads were applied to the frames and critical
shears and moments were tabulated for the grade beams, columns, and elevated beams. Critical
axial forces were also tabulated for the columns.

Tables 4-4 through 4-9 summarize the critical shears, moments, and axial loads of the computer
models used to develop the Case H foundations.
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Figure 4-3. Shear panel reactions for the 3- and 6-bay models. Reactions for the 9-bay model
were similar to those of the 6-bay.
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Table 4-4. Design Moments (K-ft), Axial Loads (in kips), and Shears (in kips) for 10-Foot Tall 3-
Bay Foundations
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Table 4-5. Design Moments (K-ft), Axial Loads (in kips), and Shears (in kips) for 15-Foot Tall 3-
Bay Foundations
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Table 4-6. Design Moments (K-ft), Axial Loads (in kips), and Shears (in kips) for 10-Foot Tall 6-
Bay Foundations
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Table 4-7. Design Moments (K-ft), Axial Loads (in kips), and Shears (in kips) for 15-Foot Tall 6-
Bay Foundations
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Table 4-8. Design Moments (K-ft), Axial Loads (in kips), and Shears (in kips) for 10-Foot Tall 9-
Bay Foundations
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Table 4-9. Design Moments (K-ft), Axial Loads (in kips), and Shears (in kips) for 15-Foot Tall 9-
Bay Foundations

4.2 Recommended Foundation Types for Coastal Areas

Table 4-10 provides six open (deep and shallow) foundation types and two closed foundations
discussed in this manual. Appendix A provides the foundation design drawings for the specified
cases.
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Table 4-10. Recommended Foundation Types Based on Zone

The foundation designs contained in this manual are based on soils having a bearing capacity
of 1,500 pounds per square foot (psf). The 1,500-psf bearing capacity value corresponds to the
presumptive value contained in Section 1806 of the 2009 IBC. The presumptive bearing capacity
is for clay, sandy clay, silty clay, clayey silt, and sandy silt (CL, ML, MH, and CH soils).

The size of the perimeter footings and grade beams are generally not controlled by bearing capacity
(uplift and lateral loads typically control footing size and grade beam dimensions). Refining the
designs for soils with greater bearing capacities may not significantly reduce construction costs.
However, the size of the interior pad footings for the crawlspace foundation (Table 4-10, Case E)
depends greatly on the soil’s bearing capacity. Design refinements can reduce footing sizes in
areas where soils have greater bearing capacities. The following discussion of the foundation
designs listed in Table 4-10 is also presented in Appendix A. Figures 4-4 through 4-10 are based
on Appendix A.
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4.2.1 Open/Deep Foundation: Timber Pile (Case A)

This pre-engineered, timber pile foundation uses conventional, tapered, treated piles and steel
rod bracing to support the elevated structure. No concrete, masonry, or reinforcing steel is
needed (see Figure 4-4). Often called a “stilt” foundation, the driven timber pile system is suitable
for moderate elevations if the homebuilder prefers to minimize the number of different
construction trades used. Once the piles are driven, the wood guides and floor system are
attached to the piles; the remainder of the home is constructed off the floor platform.

Figure 4-4. Profile of Case A foundation type (see Appendix A for additional drawings)
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The recommended design for Case A that is presented in this manual accommodates home
elevations up to 10 feet above grade. With customized designs and longer piles, the designs can
be modified to achieve higher elevations. However, elevations greater than 10 feet will likely
be prevented by pile availability, the pile strength required to resist lateral forces, and the pile
embedment required to resist erosion and scour. A construction approach that can improve
performance is to extend the piles above the first floor diaphragm to the second floor or roof
diaphragm. Doing so allows the foundation and the elevated home to function more like a single,
integrated structural frame. Extending the piles stiffens the structure, reduces stresses in
the piles, and reduces lateral deflections. Post disaster assessments of pile supported homes
indicate that extending piles in this fashion improves survivability. Licensed professional
engineers should be consulted to analyze the pile foundations and design the appropriate
connections.

One drawback of the timber pile system is the exposure of the piles to floodborne debris. During
a hurricane event, individual piles can be damaged or destroyed by large, floating debris. With the
home in place, damaged piles are difficult to replace. Two separate ways of addressing this
potential problem is to use piles with a diameter larger than is called for in the foundation design
or to use a greater number of piles to increase structural redundancy.

4.2.2 Open/Deep Foundation: Steel Pipe Pile with Concrete Column and Grade Beam
(Case B)

This foundation incorporates open-ended steel pipe piles; this style is somewhat unique to the
Gulf Coast region where the prevalence of steel pipe piles used to support oil platforms has created
local sources for these piles. Like treated wood piles, steel pipe piles are driven but have the
advantage of greater bending strength and load carrying capacity (see Figure 4-5). The open steel
pipe pile foundation is resistant to the effects of erosion and scour. The grade beam can be
undermined by scour without compromising the entire foundation system.

The number of piles required depends on local soil conditions. Like other soil dependent
foundation designs, consideration should be given to performing soil tests on the site so the
foundation design can be optimized. With guidance from engineers, the open-ended steel pipe
pile foundation can be designed for higher elevations. Additional piles can be driven for increased
resistance to lateral forces, and columns can be made larger and stronger to resist the
increased bending moments that occur where the columns join the grade beam. Because only a
certain amount of steel can be installed to a given cross-section of concrete before the column
sizes and the flood loads become unmanageable, a maximum elevation of 5 feet exists for the
use of this type of foundation.

4.2.3 Open/Deep Foundation: Timber Pile with Concrete Column and Grade Beam (Case C)

This foundation is similar to the steel pipe pile with concrete column and grade beam foundation
(Case B). Elevations as high as 15 feet can be achieved for wind speeds up to 150 mph for both
one- and two-story structures. However, because wood piles have a lower strength to resist the
loads than steel piles, approximately twice as many timber piles are needed to resist loads imposed
on the home and the exposed portions of the foundation (Figure 4-6).
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While treated to resist rot and damage from insects, wood piles may become vulnerable to
damage from wood destroying organisms in areas where they are not constantly submerged by
groundwater. If constantly submerged, there is not enough oxygen to sustain fungal growth and
insect colonies; if only periodically submerged, the piles can have moisture levels and oxygen
levels sufficient to sustain wood destroying organisms. Consultation with local design
professionals in the area familiar with the use and performance of driven treated wood piles will
help quantify this potential risk. Grade beams can be constructed at greater depths or alternative
pile materials can be selected if wood destroying organism damage is a major concern.

Figure 4-5. Profile of Case B foundation type (see Appendix A for additional drawings).
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Figure 4-6. Profile of Case C foundation type (see Appendix A for additional drawings).

4.2.4 Open/Deep Foundation: Timber Pile with Concrete Grade and Elevated Beams and
Concrete Columns (Case H)

Case H foundation designs augment designs contained in the first edition of FEMA 550. They
incorporate elevated reinforced beams into the V zone timber pile foundation design. The elevated
beams provide two important benefits:

1. The elevated beams, columns, and grade beams function as structural frames that resist
lateral loads. The frame action allows smaller concrete columns to be used. Smaller

columns reduce the flood loads imposed on the foundation and provide more efficient
designs.
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2. The elevated beams provide attachment points for homes constructed per prescriptive
codes and standards like ANSI/AF&PA Wood Frame Construction Manual, American
Iron and Steel Institute (AISI) Standard for Cold-Formed Steel Framing — Prescriptive
Method for One and Two Family Dwellings, SSTD10-99 Standard for Hurricane Resistant
Residential Construction, and ICC-600 Standard for Residential Construction in High
Wind Regions

Case H designs include a 3-bay design suitable for homes as narrow as 4 feet. Designs for
foundation heights of 10 and 15 feet are provided.

As previously stated, the Case H designs are more precise and foundation strengths more closely
match design loads. In addition, the structural frame action provided by the grade beams, columns,
and elevated beams allow smaller columns to be constructed. One drawback of the design,
however, is that constructing elevated concrete beams is more complicated than constructing grade
beams and reinforced columns; therefore, more knowledgeable and experienced contractors would
be needed (Figure 4-7).

Figure 4-7. Profile of Case H foundation type (see Appendix A for additional drawings).
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Sections were designed with an emphasis on strength, ductility, and constructability. To simplify
detailing and construction, axial and shear reinforcement were made consistent through each
section. Section properties throughout each member were selected to resist the maximum
forces (positive and negative moments, axial loads, and shears) that exist within the elements
(grade beams, columns, or elevated beams). To simplify forming, the dimensions of the elevated
beams matched the columns into which they frame. The designs were based on a belief that the
potential increase in concrete costs would be more than offset by the savings in labor costs in
constructing simple forms. Design professionals using the guidance contained in this manual may
find it beneficial to vary from this approach.

The approach used to design and detail the Case H foundation system was to develop easily
scalable column and beam systems. The size allows for the use of variable amounts of steel while
keeping rebar congestion to a minimum. A 16-inch wide system to allow for the economical use
of structural form panels with minimal waste was selected. The consistent column and elevated
beam sizes also allow for reuse of the concrete forms between columns and beams. The member
size and aspect ratio (member shape factor) allow for high lateral capacities.

The continuous bars in the beams provide a tie around the entire structure, imparting redundancy
should an element fail, as well as the ability for the system to bridge over failed elements below.
This redundancy improves the foundation performance, especially with impact from floodborne
debris that exceeds design loads.

4.2.5 Open/Shallow Foundation: Concrete Column and Grade Beam with Slabs (Cases D
and G)

These open foundation types make use of a rigid mat to resist lateral forces and overturning
moments. Frictional resistance between the grade beams and the supporting soils resists lateral
loads while the weight of the grade beam and the above grade columns resist uplift. Case G
(foundation with slab) contains additional reinforcement to tie the on-grade slab to the grade
beams to provide additional weight to resist uplift (Figure 4-8). With the integral slab, elevations
up to 15 feet above grade are achievable. Without the slab (as for Case D), the designs are limited
to 10-foot elevations (Figure 4-9).

Unlike the deep driven pile foundations, both shallow grade beam foundation styles can be
undermined by erosion and scour if exposed to waves and high flow velocities. Neither style of
foundation should be used where anticipated erosion or scour would expose the grade beam.

4.2.6 Closed/Shallow Foundation: Reinforced Masonry - Crawlspace (Case E)

The reinforced masonry with crawlspace type of foundation utilizes conventional construction
similar to foundations used outside of SFHAs. Footings are cast-in-place reinforced concrete;
walls are constructed with reinforced masonry (Figure 4-10). The foundation designs presented
in Appendix A permit elevated homes to be raised to 8 feet. Higher elevations are achievable
with larger or more closely spaced reinforcing steel or with walls constructed with thicker masonry
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The required strength of a masonry wall is determined by breaking wave loads for wall heights
3 feet or less, by non-breaking waves and hydrodynamic loads for taller walls, and by uplift
for all walls. Perimeter footing sizes are controlled by uplift and must be relatively large for
short foundation walls. The weight of taller walls contributes to uplift resistance and allows for
smaller perimeter footings. Solid grouting of perimeter walls is recommended for additional
weight and improved resistance to water infiltration.

Interior footing sizes are controlled by gravity loads and by the bearing capacity of the supporting
soils. Since the foundation designs are based on relatively low bearing capacities, obtaining soils
tests for the building site may allow the interior footing sizes to be reduced.

The crawlspace foundation walls incorporate NFIP required flood vents, which must allow
floodwaters to flow into the crawlspace. In doing so, hydrostatic, hydrodynamic, and breaking
wave loads are reduced. Crawlspace foundations are vulnerable to scour and flood forces and
should not be used in Coastal A zones; the NFIP prohibits their use in V zones.

Figure 4-8. Profile of Case G foundation type (see Appendix A for additional drawings).
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4.2.7 Closed/Shallow Foundation: Reinforced Masonry - Stem Wall (Case F)

The reinforced masonry stem walls (commonly referred to as chain walls in portions of the Gulf
Coast) type of foundation also utilizes conventional construction to contain fill that supports the
floor slab. They are constructed with hollow masonry block with grouted and reinforced cells
(Figure 4-11). Full grouting is recommended to provide increased weight, resist uplift, and
improve longevity of the foundation.

The amount and size of the reinforcement are controlled primarily by the lateral forces created by
the retained soils and by surcharge loading from the floor slab and imposed live loads.
Because the retained soils can be exposed to long duration flooding, loads from saturated soils
should be considered in the analyses. The lateral forces on stem walls can be relatively high and
even short cantilevered stem walls (those not laterally supported by the floor slab) need to be
heavily reinforced. Tying the top of the stem walls into the floor slab provides lateral support for
the walls and significantly reduces reinforcement requirements. Because backfill needs to be
placed before the slab is poured, walls that will be tied to the floor slab need to be temporarily
braced when the foundation is backfilled until the slab is poured and cured.

Figure 4-10. Profile of Case F foundation type (see Appendix A for additional drawings).
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Figure 4-11. Profile of Case E foundation type (see Appendix A for additional drawings).
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5. Foundation Selection

This section provides foundation designs, along with the use of the drawings in Appendix A, to
assist the homebuilder, contractor, and local engineering professional in developing a safe and
strong foundation. Foundation design types, foundation design considerations, cost estimating, and
details on how to use this manual are presented.

5.1 Foundation Design Types

The homebuilder, contractor, and local engineering professional can utilize the designs in this
section and Appendix A to construct residential foundations in coastal areas. The selection
of appropriate foundation designs for the construction of residences is dependent upon the coastal
zone, wind speed, and elevation requirements, all of which have been discussed in the
previous chapters. The following types of foundation designs are presented in this course:

Each of these foundation types designed for coastal areas have advantages and disadvantages
that must be taken into account. Modifications to the details and drawings might be needed to
incorporate specific home footprints, elevation heights, and wind speeds to a given foundation
type. Consultation with a licensed professional engineer is encouraged prior to beginning
construction.

The foundation designs and materials specified in this document are based on principles and
practices used by structural engineering professionals with years of coastal construction
experience. This manual has been prepared to make the information easy to understand.

Guidance on the use of the foundation designs recommended herein is provided in Appendix
B. Examples of how the foundation designs can be used with some of the homes in the publication
A Pattern Book for Gulf Coast Neighborhoods are presented in Appendix B. Design drawings for
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each of the foundation types are presented in Appendix A, and any assumptions used in these
designs are in Appendix C.

5.2 Foundation Design Considerations

The foundation designs proposed are suitable for homes with dimensions, weights, and roof
pitches within certain ranges of values. A licensed professional engineer should confirm the
appropriateness of the foundation design of homes with dimensions, weights, or roof
pitches that fall outside of those defined ranges.

Most of the foundation designs are based on a 14-foot wide (maximum) by 24-foot deep
(minimum) “module” (Figure 5-1). From this basic building block, foundations for specific homes
can be developed. For example, if a 30-foot deep by 42-foot wide home is to be constructed, the
foundation can be designed around three 14-foot wide by 50-foot deep sections. If a 24-foot deep
by 50-foot wide home is desired, four 12.5-foot wide by 24-foot deep sections can be used. If a
24-foot deep home is desired, the foundation designs presented here should only be used after a
licensed professional engineer determines that they are appropriate since the shallow depth of the
building falls outside the range of assumptions used in the design.

Figure 5-1. Schematic of a basic module and two footprints
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The licensed professional engineer should also consider the following:

®  Local soil conditions. The pile foundations have been developed for relatively soft
subsurface soils. For driven treated lumber piles, the presumptive allowable working load
values of 7 tons per pile gravity, 4.65 tons per pile uplift, and tons per pile lateral were
used. For steel pipe piles, the presumptive allowable working load piles were greater (O
tons per pile for gravity loading, 6.7 tons per pile for uplift, and 4 tons per pile for lateral
loading). Soil testing on the site should also be considered to validate the assumptions
made.

In some areas of the coastal U.S. (e.g., portions of Louisiana), soils may exist that will
not provide the presumptive pile values. In those areas, aspects of the FEMA 550 deep foundation
designs are still valid, but geotechnical engineers will need to be involved in portions of the design
to determine required pile parameters. In poor soils, additional piles may need to be installed or
long piles may need to be driven; however, the portions of the designs from the grade beams
upward should remain valid.

The FEMA 550 shallow foundations are based on a presumptive bearing capacity of 1,500
psf. This value is consistent with the presumptive bearing capacity of Section 806 of the
2009 IBC for clay, sandy clays, clayey silts, and sandy silts (CL, ML, MH, and CH soails). In
areas where soils will not provide this presumed bearing capacity, the shallow FEMA 550 designs
should not be used until their ability to support the required loads can be confirmed
by design professionals.

®  Building weight. The foundations have been designed to resist uplift forces resulting from
a relatively light structure. If the actual home is heavier (e.g., from the use of concrete
composite siding or steel framing), it may be cost-effective to reanalyze and redesign the
footings. This is particularly true for a home that doesn’t need to be elevated more than
several feet or has short foundation walls that can help resist uplift.

®  Footprint complexity. By necessity, the foundations have been designed for relatively
simple rectangular footprints. If the actual footprint of the home is relatively complex, the
engineer may need to consider torsional wind loading, differential movement among the
“modules” that make up the home, concentrated loading in the home’s floor and roof
diaphragms, and shear wall placement.

5.3 Cost Estimating

Cost information that homebuilders can use to estimate the cost of installing the founda tion
systems proposed in this manual are presented in Appendix E. These cost estimates are based on
May 2006 prices from information provided by local contractors for the FirstEdition of this
manual.
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5.4 How to Use This Manual

The rest of this chapter is designed to provide the user with step-by-step procedures for the
information contained in this course.

1. Determine location of the dwelling on a general map. Identify the location relative to key
features such as highways and bodies of water. An accurate location is essential for using
flood and wind speed maps in subsequent steps of the design process.

2. Determine location of dwelling on the appropriate FIRM

= Determine the flood insurance risk zone from the FIRM (Select V zone, Coastal A zone,
non-Coastal A zone, or other). Refer to FEMA 258, Guide to Flood Maps, How to Use
Flood Maps to Determine Flood Risk for a Property, for instructions.

= Determine the BFE or the interim Advisory Base Flood Elevations (ABFEs) for the
location from the FIRM. If the dwelling is outside of flood-prone areas, flood loads do not
need to be considered.

3. Identify the local building code. Several states and municipalities in coastal areas are adopting
new building codes to govern residential construction. This manual assumes that the IRC governs
the design and construction requirements.

4. ldentify the local freeboard requirements and DFE. Using either the local building codes,
local floodplain ordinances, data obtained from local building officials, or personal preferences
(only if greater than minimum requirements), determine the minimum freeboard above the
BFE or ABFE. The DFE is the sum of the BFE or ABFE and freeboard values.
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5. Determine the required design wind velocity. The 2006 and 2009 IRCs reference ASCE
7-05 as the source of the wind speed information.

6. Establish the topographic elevation of the building site and the dwelling. Elevations can
be obtained from official topographic maps published by the National Geodetic Survey (NGS)
and/or as established or confirmed by a surveyor.

= |f the dwelling and its surrounding site are above the DFE, no flood forces need to be
considered.

= If the desired topographic elevation is below the DFE, the dwelling must be elevated above
the BFE or ABFE.

7. Determine the height of the base of the dwelling above grade. Subtract the lowest ground
elevation at the building from the lowest elevation of the structure (i.e., bottom of lowest horizontal

structural member).
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8. Determine the general soil classification for the site. For shallow foundations, confirm
that the soils on site have a minimum bearing capacity of 1,500 psf. If soils lack that minimum
capacity, contact a geotechnical engineer and/or a structural engineer to confirm that the FEMA
550 foundation solutions are appropriate.

For deep foundations, confirm that the presumptive pile capacities (for gravity loads, uplift
loads, and lateral loads) are achievable. If soils present on site will not support the presumed
pile capacities, contact a geotechnical engineer and/or a structural engineer to determine
appropriate pile plans.

Soil Classification

9. Estimate erosion and scour. Estimate accumulated erosion and episodic scour over the
life of the structure. Use accumulated erosion to determine eroded grade elevation and use
accumulated erosion and episodic scour to determine the foundation depth required to ensure
shallow foundations will not be undermined.

10. Determine the type of foundation to be used to support the structure. Depending on the
location of the dwelling, design wind speed, and local soil conditions documented above, select
the desired or required type of foundation. Note that more than one solution may be possible.
Refer to Chapter 4 for the potential foundation designs that can be used within the flood zones
determined from the FIRM maps. Drawings in Appendix A illustrate the construction details for
each of the foundations. Refer to the drawings for further direction and information about the needs
for each type of unit.

11. Evaluate alternate foundation type selections. The choice of foundation type may be on
the basis of the least cost or to provide a personal choice, functional, or aesthetic need at the site.
Refer to Appendix E for guidance on preparing cost estimates. Functional needs such as provisions
for parking, storage, or other non-habitable uses for the area beneath the living space
should be considered in the selection of the foundation design. Aesthetic or architectural issues
(i.e., appearance) also must be included in the evaluation process. Guidance for the architectural
design considerations can be obtained from A Pattern Book for Gulf Coast Neighborhoods by the
Mississippi Governor’s Commission on Recovery, Rebuilding and Renewal (see Appendix B) and
from many other sources.
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As part of the final analysis, it is strongly recommended that the selection and evaluation process
be coordinated with or reviewed by knowledgeable contractors or design professionals to arrive at
the best solution to fulfill all of the regulatory and functional needs for the construction.

12. Select the foundation design. If the home’s dimensions, height, roof pitch, and weight
are within the ranges used to develop these designs, the foundation designs can be used “as
is.” However, if the proposed structure has dimensions, height, roof pitch, or weights that fall
outside of the range of values used, a licensed professional engineer should be consulted. The
materials presented in the appendices should help reduce the engineering effort needed to develop
a custom design. Figure 5-2 is a foundation selection decision tree for determining which
foundation design to use based on the requirements of the home. Tables 5-1a and 5-1b show which
foundation design cases can be used for one- and two-story homes, respectively, based on height
of elevation and wind velocity.

Because the designs are good for a range of buildings, they will be conservative for some
applications. A licensed professional engineer will be able to provide value engineering and may
produce a more efficient design that reduces construction costs.

5.5 Design Examples

The foundation designs were developed to allow a “modular approach” for developing foundation
plans. In this approach, individual rectangular foundation components can be assembled into non-
rectangular building footprints (see Figures 5-3 through 5-5). Appendix D provides detailed
calculations and analysis for open and closed foundation designs.
There are, however, a few rules that must be followed when assembling the modules:

1. The eave-to-ridge dimension of the roof is limited to 23 feet. The upper limit on roof
height is to limit the lateral forces to those used in developing the designs.

2. Roof slopes shall not be shallower than 3:12 or steeper than 12:12. For a 12:12 roof pitch,
this corresponds to a 42-foot-deep home with a 2-foot eave overhang.
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Figure 5-2. Foundation selection decision tree
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3. The “tributary load depth” of the roof framing shall not exceed 23 feet, including the 2-
foot maximum roof overhang. This limit is placed to restrict uplift forces on the windward
foundation elements to those forces used in developing the design. As a practical matter,
clear span roof trusses are rarely used on roofs over 4feet deep; therefore, this limit should
not be unduly restrictive. The roof framing that consists of multiple spans will require vertical load
path continuity down through the interior bearing walls to resist uplift forces on the
roof. Load path continuity can be achieved in interior bearing walls using many of the same
techniques used on exterior bearing walls.

4. On the perimeter foundation wall designs (Cases E and F), foundation shear walls must
run the full depth of the building module, and shear walls can not be spaced more than
42 feet apart.

5. All foundation modules shall be at least 24 feet deep and at least 24 feet long. Although
the basic module is limited to 42 feet long, longer home dimensions can be developed, provided
that the roof does not extend beyond the building envelope as depicted in Figure 2 of
the Introduction.

Table 5-1a. Foundation Design Cases for One-Story Homes Based on Height of Elevation and
Wind Velocity
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Table 5-1b. Foundation Design Cases for Two-Story Homes Based on Height of Elevation and
Wind Velocity
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Figure 5-3. “T” shaped modular design. Note A: Overall building dimensions can exceed
42 feet. The vertical dimensions from the eave to the ridge roof shall not exceed 23 feet.
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Figure 5-4. “L” shaped modular design. Note A: Overall building dimensions can exceed
42 feet. The vertical dimensions from the eave to the ridge roof shall not exceed 23 feet.
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Figure 5-5. “Z” shaped modular design. Note A: Overall building dimensions can exceed 42 feet.
The vertical dimensions from the eave to the ridge roof shall not exceed 23 feet.
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APPNEBDIX A

A. Foundation Designs

This appendix contains the Case A through Case G drawings originally developed for the July
2006 edition of FEMA 550 and the new Case H drawings developed for this Second Edition of
FEMA 550.

Case H drawings did not appear in the First Edition of FEMA 550. The drawings developed for
the Case H designs vary in style and format from the original FEMA 550 designs for Cases A
through G. Because of the differences in style and format, and the fact that thousands of copies
of the July 2006 edition of FEMA 550 have been distributed, the Case H drawings are presented
as standalone drawings. Separate title sheets and general notes for the Case H drawings are
presented that are not intended to be used with the original drawings for Cases A through G
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APPENDIX B

B. Pattern Book Design
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APPENDIX C
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D FOUNDATION AMALYSIS AND DESIGN EXAMPLES

designers and contractors with some flexibility in selecting the home footprint and character-
istics for which these pre-engineered foundations would apply. This also simplifies application
of the pre-engmeered foundations, reducing the numhber of pre-engineered foundations, and
results in conservative designs.

For example, the designs presented were developed to resist uplift and overturning for a rela-
tively light structure with a flat roof (worst case uplift and overnurning) while gravity loads were
based on a relatively heavy structure to simulate worst case gravity loads. Sliding forces were de-
termined for a relatively deep home with a steep roof to simulate the largest lateral loads. The
range of building weights and dimensions applicable to the designs are listed in Appendix C.

Since the designs are inherently conservative for some building dimensions and weights, a local
design professional may be consulted to determine if reanalyzing to achieve a more efficient de-
sign is warranted. If a reanalysis is determined to be cost-effective, the sample calculations will
aid the designer in completing that analysis.

D.1 Sample Calculations

The sample calculations have been included to show one method of determining and calculat-
ing individual loads, and calculating load combinations.

Type of Building

The sample calculation is based on a twostory home with a 28-foot by 42-foot footprint and a
mean roof height of 26 feet above grade. The home is located on Little Bay in Harrison County,
Mississippi, approximately 1.5 miles southwest of DeLisle (see Figure D-1). The site is located
on the Harrison County Flood Recovery Map in an area with an Advisory Base Flood Eleva-
tion (ABFE) of 18 feet, located between the 1 5-foot wave contour and the 3-foot wave contour
(Coastal A zone). The local grade elevation is 15 feet North American Vertical Datum (NAVIDY).
The calculations assume short- and long-term erosion will occur and the ground elevation will
drop 1 foot during the life of the structure. This places the home in a Coastal A zone with the
flood elevation approximately 4 feet above the eroded exterior grade. Based on ASCE 705, the
Jsecond gust design wind speed at the site is 128 miles per hour (mph) Exposure Category C.
To reduce possible damage and for greater resistance to high winds, the home is being designed
for a 140-mph design wind speed.

The home has a gabled roof with a 3:12 roof pitch. The home is wood-framed, contains no brick
or stone veneer, and has an asphalt shingled roof. It has a center wood beam supporting the first
floor and a center load bearing wall supporting the second floor. Clear span trusses frame the
roof and are designed to provide a 2-foot overhang. No vertical load path continuity is assumed
to exist in the center supports, but vertical and lateral load path continuity is assumed to exist
elsewhere in the structure.
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Footing Sizing

The foundation walls and footings must be sized to prevent overturning and resist the 546 b/
If uplift. ASCE 705 load combination 6 allows 60 percent of the dead load to be considered in
resisting uplift. Medium weight 8inch masonry cores grouted at 24 inches on center weigh 50
Ib/sf or, for a 4-foot tall wall, 200 1b/1f. Sixty percent of the wall hflght (120 Ib/1) reduces the
amount of uplift the footing must resist to 426 1b/1f. At 90 b/t (G0 percent of 150 Ib/ft* for
normal weight concrete), the footing would need to have a crosssectional area of 4.7 square
feet. Grouting all cores increases the dead load to 68 1h/sf and reduces the required footing
area to 4.25 square feet. The bearing capacity of the soils will control footing dimensions. Stron-
ger soils can allow narrower footing dimensions to be constructed; weaker soils will require
wider footing dimensions.

The design also needs to be checked ro confirm that the footings are adequate to prevent slid-
ing under the simultaneous action of wind and flood forces. If marginal friction resistance
exists, footings can be placed deeper to benefit from passive soil pressures.

D.4 Open Foundation Example

For this example, the calculations are based on a two-story home raised 8 feet above grade with
an integral slab-grade beam, mat-type foundation and a 28-foot by 42-foot footprint. The home
is sited approximately 800 feet from the shore in a Coastal A zone. Subtracting the elevation
of the site (determined from a topographic map or preferably from a survey) from the ABFE
and adding estimated erosion (in feet) determines that the floodwaters during a design event
{including wave effects and runup) will extend 6 feet above the eroded exterior grade. It is im-
portant to note, however, that submittal of an elevation certificate and construction plans to
local building code and floodplain officials in many jurisdictions will require that the elevation
be confirmed by a licensed survevor referencing an established benchmark elevation.

The wood framed home has a 3:12 roof pitch with a mean roof height of 30 feet, a center wood
beam supporting the first floor, and a center load bearing wall supporting the second floor.
Clear span trusses frame the asphaltshingled roof and are designed to provide a 2-foot over-
hang. This home is a relatively light structure that contains no brick or stone veneers.

The surrounding site is flat, gently sloping approximartely 1 foot in 150 feet. The site and sur-
rounding property have substantial vegetation, hardwood trees, concrete sidewalks, and streets.
A fourdane highway and a massive concrete seawall run parallel to the beach and the estab-
lished residential area where the site is located. The beach has been replenished several times in
the last 50} years. Areas to the west of the site that have not been replenished have experienced
beach erosion to the face of the seawall. The ASCE 7-05, 3second gust design wind speed is 140
mph and the site is in an Exposure Category C.

The proposed foundation for the home incorporates a monolithic carport slab placed integrally
with a system of grade beams along all column lines (see Figure D-G). The dimensions of the
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cosT EsTiMATING  E

4. Costs presanted are based upon the general designs in this documeant. A 1,200-sf footprint for a singla-story home at
an assumead 130-mph wind speed, elevated to the average height for that foundation, is the basis for the estimates.
When diffarances in elemants of construction occur, such as number of pilas or amount of concreta, an alternate cost
is presented. Tha cost estimate presentad represants the consarvative approach to the designs in this documant. I
value engineering, different materials, or a more cost-effective design are implemented, these costs may be reduced.

5. Costs presented herein include applicable taxes, contractor general and home office overhead, profit, and other sub-
tier contract costs.

6. Concrete costs, unless otherwise noted, include bracing, reinforcing, formwoark, finishing (if necessary), and mobiliza-
tiom and demaobilization of tha contractor. Due to the anticipated shortage of skilled labor for concrete, variability in this
area should be anticipated.

7. Costs experianced by the builder or contracior will be dependeant upon confract agreements, local price variations in
labaor, material, equipmeant, and availability.

8. Costs for steel are highly variabla and dependent upan supply. Variability in costs for stael should be anticipated. Costs
for stael include materials and labor for installation.

9. Costs for block in closed foundations is based wpon standard natural gray medium weight masonry block walls, includ-
ing blocks, martar, typical reinforcing, normal waste, and walls constructad with 8 x 87 x 16" blocks laid in running bond.
Add for grouting cores pourad by hand 1o 4-foot heights.
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