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COASTAL CONSTRUCTION MANUAL

Determining Site-Specific

Loads

This chapter provides guidance on determining site-specific
loads from high winds, flooding, and seismic events. The
loads determined in accordance with this guidance are applied
to the design of building elements described in Chapters 9
through 15.

The guidance is intended to illustrate important concepts
and best practices in accordance with building codes and
standards and does not represent an exhaustive collection of
load calculation methods. Examples of problems are provided
to illustrate the application of design load provisions of
ASCE 7-10. For more detailed guidance, see the applicable
building codes or standards.

Figure 8-1 shows the process of determining site-specific
loads for three natural hazards (Hood, wind, and seismic
events). The process includes identifying the applicable
building codes and standards for the selected site, identifying
building characteristics that affect loads, and determining
factored design loads using applicable load combinations.
Model building codes and standards may not provide

For resources that augment the
guidance and other information in
this Manual, see the Residential
Coastal Construction Web site
(http://www.fema.gov/rebuild/
mat/fema55.shtm).

CROSS REFERENCE

NOTE

All coastal residential
buildings must be designed
and constructed to prevent
flotation, collapse, and lateral
movement due to the effects
of wind and water loads acting
simultaneously.
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load determination and design guidance for the hazards that are listed in the figure. In such instances,
supplemental guidance should be sought.

The loads and load combinations used in this Manual are required by ASCE 7-10 unless otherwise noted.
Although the design concepts that are presented in this Manual are applicable to both Allowable Stress
Design (ASD) and Load and Resistance Factor Design (LRFD), all calculations, analyses, and load
combinations are based on ASD. Extension of the design concepts presented in this Manual to the LRFD
format can be achieved by modifying the calculations to use strength-level loads and resistances.

Typical loads types and characteristics

affecting loads for building design

Dead and live loads
|

e <
. Lo " . ¢ Hydrostatic . g

° Orl.e.ntatlo.n in relation to fI(_)W « Buoyancy ¢ Height apove grade

e Soil: erosmn/lscour potential « Hydrodynamic ° Obstruc’Flons beIO\{v BFE

e Dune protection « Breaking wave e Foundation type/size

e Building setback

e Debris impact

® Tsunami
|
Site characteristics — Wind — Building characteristics
affecting loads e Windward affecting loads
e Ground roughness around e |eeward ¢ Roof shape
site e Uplift e Building geometry
e Debris potential Acting on: e Height above gradg
e Main wind force resisting * Number and location
system of openings
e Components and cladding
|
Other environmental loads
e Snow e Rain
|
Site characteristics — Seismic <— Building characteristics
affecting loads o Base shear affecting loads
e Soil: liquefaction I ¢ Building geometry
® Depth of foundation ¢ Building weight

members
e Soil: type of support material
(e.g., bedrock, clay)

Figure 8-1.

Factored design loads
determined using
appropriate
load combinations

¢ Building system response
coefficient

e Height above grade

Number of stories

Summary of typical loads and characteristics affecting determination of design load
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8.1 Dead Loads

Dead load is defined in ASCE 7-10 as “... the weight of all materials of construction incorporated into
the building including, but not limited to, walls, floors, roofs, ceilings, stairways, built-in partitions,
finishes, cladding, and other similarly incorporated architectural and structural items, and fixed service
equipment including the weight of cranes.” The sum of the dead loads of all the individual elements equals
the unoccupied weight of a building.

The total weight of a building is usually determined by multiplying the unit weight of the various building
materials—expressed in pounds per unit area—by the surface area of the materials. Unit weights of building
elements, such as exterior walls, floors and roofs, are commonly used to simplify the calculation of building
weight. Minimum design dead loads are contained in ASCE 7-10, Commentary. Additional information
about material weights can be found in Architectural Graphic Standards (The American Institute of
Architects 2007) and other similar texts.

Determining the dead load is important for several reasons:

The dead load determines in part the required size of the foundation (e.g., footing width, pile
embedment depth, number of piles).

Dead load counterbalances uplift forces from buoyancy when materials are below the stillwater depth
(see Section 8.5.7) and from wind (see Example 8.9).

Dead load counterbalances wind and earthquake overturning moments.
Dead load changes the response of a building to impacts from floodborne debris and seismic forces.

Prescriptive design in the following code references and other code references is dependent on the
dead load of the building. For example, wind uplift strap capacity, joist spans, and length of wall
bracing required to resist seismic forces are dependent on dead load assumptions used to tabulate the
prescriptive requirements in the following examples of codes and prescriptive standards:

2012 IRC, International Residential Code for One-and Two-Family Dwellings (ICC 2011b)

2012 IBC, International Building Code (ICC 2011a)

ICC 600-2008, Standard for Residential Construction in High-Wind Regions (ICC 2008)
WECM-12, Wood Frame Construction Manual for One- and Two-Family Dwellings (AF&PA 2012)

AISI §230-07, Standard for Cold-formed Steel Framing-prescriptive Method for One- and Two-family
Duwellings (AISI 2007)

8.2 Live Loads

Live loads are defined in ASCE 7-10 as “... loads produced by the use and occupancy of the building ...
and do not include construction or environmental loads such as wind load, snow load, rain load, earthquake
load, flood load, or dead load.” Live loads are usually taken as a uniform load spread across the surface being
designed. For residential one- and two-family buildings, the uniformly distributed live load for habitable
areas (except sleeping and attic areas) in ASCE 7-10 is 40 pounds/square foot. For balconies and decks on
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one- and two-family buildings, live load
is 1.5 times the live load of the occupancy NOTE

served but not to exceed 100 pounds/ ) )
The live loads in the 2012 IBC and 2012 IRC for

square foot. 'This fequirement typ 1cally balconies and decks attached to one- and two-family

translates to a live load of 60 pounds/ dwellings differ from those in ASCE 7-10. Under the
square foot for a deck or balcony accessed 2012 IBC, the live load for balconies and decks is the
from a living room or den, or a live load same as the occupancy served. Under the 2012 IRC, a

minimum 40 pounds/square foot live load is specified
for balconies and decks. Strict adherence to the
ASCE 7-10 live loads for a residential deck requires a

of 45 pounds/square foot for a deck
or balcony accessed from a bedroom.

ASCE 7-10 contains no requirements complete engineering design and does not permit use
for supporting a concentrated load in a of the prescriptive deck ledger table in the 2012 IRC
residential building, or the prescriptive provisions in AWC DCAG, which are

based on a 40 pounds/square foot live load.

8.3 Concept of Tributary or Effective Area and Application of Loads
to a Building

The tributary area of an element is the area
Rafter
member

of the floor, wall, roof, or other surface that

is supported by that element. The tributary

Tributary area

area is generally a rectangle formed by one-
for wall stud

half the distance to the adjacent element in

each applicable direction.

The tributary area concept is used to
distribute loads to various building elements.

Figure 8-2 illustrates tributary areas for
roof loads, lateral wall loads, and column

or pile loads. The tributary area is a factor Tributary area Tributary area I |~
in calculating wind pressure coefhicients, as for rafter member  CONtinues for AT~
. . length of rafter 2
described in Examples 8.7 and 8.8. o i el 2 S
of ridge Wall stud

Tributary area

Figure 8-2.

Examples of tributary
areas for different
structural elements

Center column

8-4 COASTAL CONSTRUCTION MANUAL




Volume I DETERMINING SITE-SPECIFIC LOADS 8

8.4 Snow Loads

Snow loads are applied as a vertical load on the roof or other exposed surfaces such as porches or decks.
Ground snow loads are normally specified by the local building code or building official. In the absence
of local snow load information, ASCE 7-10 contains recommended snow loads shown on a map of the
United States.

When the flat roof snow load exceeds 30 pounds/square foot, a portion of the weight of snow is added to the
building weight when the seismic force is determined.

8.5 Flood Loads

Floodwaters can exert a variety of load types on building

elements. Both hydrostatic and depth-limited breaking wave NOTE
loads depend on flood depth. 1 (Storess o] eiller et
. . o procedures cited in this
Flood loads that must be considered in design include: Manual are conservative, given
the uncertain conditions of a
Hydrostatic load — buoyancy (flotation) effects, lateral severe coastal event.
loads fron} standing water, slowly moving water, and A1 el e e f
nonbreaking waves procedures for calculating
) coastal flood loads are
Breaking wave load presented in a number
of publications, including
Hydrodynamic load — from rapidly moving water, ASCE 7-10 and the Coastal
including broken waves Engineering Manual (USACE
2008).

Debris impact load — from waterborne objects

The effects of flood loads on buildings can be exacerbated by storm-induced erosion and localized scour
and by long-term erosion, all of which can lower the ground surface around foundation elements and cause
the loss of load-bearing capacity and loss of resistance to lateral and uplift loads. As discussed in Section
8.5.3, the lower the ground surface elevation, the deeper the water, and because the wave theory used in this
Manual is based on depth-limited waves, deeper water creates larger waves and thus greater loads.

8.5.1 Design Flood

TERMINOLOGY:
In this Manual, “design flood” refers to the locally adopted FREEBOARD

regulatory flood. If a community regulates to minimum NFIP
requirements, the design flood is identical to the base flood
(the 1-percent-annual-chance flood or 100-year flood). If a

Freeboard is additional height
incorporated into the DFE to
account for uncertainties in

community has chosen to exceed minimum NFIP building determining flood elevations
elevation requirements, the design flood can exceed the base and to provide a greater level of
flood. The design flood is always equal to or greater than the flood protection. Freeboard may
base flood be required by State or local

regulations or be desired by a
property owner.

COASTAL CONSTRUCTION MANUAL 8-5



8 DETERMINING SITE-SPECIFIC LOADS Volume |l

8.5.2 Design Flood Elevation

Many communities have chosen to exceed minimum NFIP building elevation requirements, usually by
requiring freeboard above the base flood elevation (BFE) but sometimes by regulating to a more severe flood
than the base flood. In this Manual, “design flood elevation” (DFE) refers to the locally adopted regulatory
flood elevation.

In ASCE 24-05, the DFE is defined as the “elevation of the design flood, including wave height, relative to
the datum specified on the community’s flood hazard map.” The design flood is the “greater of the following
two flood events: (1) the base flood, affecting those areas identified as SFHAs on the community’s FIRM
or (2) the flood corresponding to the area designated as a flood hazard area on a community’s flood hazard
map or otherwise legally designated.” The DFE is often taken as the BFE plus any freeboard required by a
community, even if the community has not adopted a design flood more severe than the 100-year flood.

Coastal floods can and do exceed BFEs shown on FIRMs and minimum required DFEs established by
local and State governments. When there are differences between the minimum required DFE and the
recommended elevation based on consideration of other sources, the designer, in consultation with the
owner, must decide whether elevating above the DFE provides benefits relative to the added costs of
elevating higher than the minimum requirement. For example, substantially higher elevations require more
stairs to access the main floor and may require revised designs to meet the community’s height restriction.
Benefits include reduced flood damage, reduced flood insurance premiums, and the ability to reoccupy
homes faster than owners of homes constructed at the minimum allowable elevation. In both Hurricanes
Katrina and Ike, high water marks after the storms indicated that if the building elevations had been set
to the storm surge elevation, the buildings may have survived. See FEMA 549, Hurricane Katrina in the
Gulf Coast (FEMA 2006), and FEMA P-757, Hurricane Ike in Texas and Louisiana (FEMA 2009), for more

information.

In addition to considering the DFE per community regulations, designers should consider the following
before deciding on an appropriate lowest floor elevation:

The 500-year flood elevation as specified in the Flood Insurance Study (FIS) or similar study. The
500-year flood elevation (including wave effects) represents a larger but less frequent event than the
typical basis for the DFE (e.g., the 100-year event). In order to compare the DFE to the 500-year flood
elevation, the designer must obtain the 500-year wave crest elevation from the FIS or convert the 500-
year stillwater level to a wave crest elevation if the latter is not included in the FIS report.

The elevation of the expected maximum storm surge as specified by hurricane evacuation
maps. Storm surge evacuation maps provide a maximum storm surge elevation for various hurricane
categories. Depending on location, maps may include all hurricane categories (1 to 5), or elevations
for selected storm categories only. Most storm surge evacuation maps are prepared by the U.S. Army
Corps of Engineers (USACE) and are usually available from the USACE District Office or State/local
emergency management agencies. Storm surge elevations are stillwater levels and do not include wave
heights, so the designer must convert storm surge elevations to wave crest elevations.

When storm surge evacuation maps are based on landmark boundaries (e.g., roads or other boundaries
of convenience) rather than storm surge depths, the designer needs to obtain the surge elevations for a
building site from the evacuation study (if available). The topographic map of the region may also provide
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information about the storm surge depths because the physical boundary elevation should establish the
most landward extent of the storm surge.

Historical information and advisory flood elevations. Historical information showing flood levels
and flood conditions during past flood events, if available, is an important consideration for comparison
to the DFE. For areas subject to a recent coastal flood event, advisory flood elevations may be available
based on the most recent flooding information unique to the site.

Community FIRMs do not account for the effects of long-term erosion, subsidence, or sea level rise, all
of which could be considered when establishing lowest floor elevations in excess of the DFE. Erosion can
increase future flood hazards by removing dunes and lowering ground levels (allowing larger waves to reach
a building site). Sea level rise can increase future flood hazards by allowing smaller and more frequently
occurring storms to inundate coastal areas and by increasing storm surge elevations.

Section 3.6 discusses the process a designer could follow to determine whether a FIRM represents flood
hazards associated with the site under present-day and future-based flood conditions.

This section provides more information on translating erosion and sea level rise data into &, (design flood
depth) calculations. Figure 8-3 illustrates a procedure that designers can follow to determine &, under a variety
of future conditions. In essence, designers should determine the lowest expected ground elevation at the base
of a building during its life and the highest expected stillwater elevation at the building during its life.

Determine subsidence effects (if any) on the site

e Obtain published subsidence rates
e Multiply the subsidence rate by the building lifetime; lower ground elevations by this amount

Determine the most landward expected shoreline location over the anticipated life of the building

e Use published or calculated long-term erosion rate (feet/year), increasing the rate to account for errors and
uncertainty. It is recommended that a minimum rate of 1.0 feet/year be used unless durable shore protection
or erosion-resistant soil is present

e Multiply the resulting erosion rate by the building lifetime (years) to compute the long-term erosion distance
(feet). Use a minimum lifetime of 50 years

e Measure landward (from the most landward historical shoreline) a distance equal to the long-term erosion
distance. This will define the most landward expected shoreline

A4

Determine the lowest expected ground elevation at the base of the building or structure

Beginning with the most landward expected shoreline location:
e calculate an eroded dune profile using a storm erosion model; or
e calculate a stable bluff profile using available guidance and data

\4

Determine the highest expected stillwater elevation at the building

e Obtain published sea level rise rates for the site
e Multiply sea level rise rate by the building lifetime; increase present SWEL by this amount

A2

Subtract future eroded ground elevation from future stillwater
elevation to obtain design stillwater flood depth

Figure 8-3. Flowchart for estimating maximum likely design stillwater flood depth at the site
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The lowest expected ground elevation is determined by considering subsidence, long-term erosion, and
erosion during the base flood.

Subsidence effects can be estimated by lowering all existing ground elevations at the site by the
product of the subsidence rate and the building lifetime. For example, if subsidence occurs at a rate of

0.005 foot/year and the building lifetime is 50 years, the profile should be lowered 0.25 foot.

Figure 8-4 illustrates a simple way to estimate long-term effects on ground elevations at the building,.
Translate the beach and dune portion of the profile landward by an amount equal to the product of
the long-term erosion rate and the building lifetime. If the erosion rate is 3 feet/year and the building

lifetime is 50 years, shift the profile back 150 feet.

Figure 8-4 also shows the next step in the process, which is to assess dune erosion (see Section 3.5.1)
to determine whether the dune will be removed during a base flood event.

The lowest expected grade will be evident once the subsidence, long-term erosion, and dune erosion
calculations are made.

The stillwater level is calculated by adding the expected sea level rise element to the base flood stillwater
elevation. For example, if the FIS states the 100-year stillwater elevation is 12.2 feet NAVD, and if sea
level is rising at 0.01 foot/year, and if the building lifetime is 50 years, the future conditions stillwater

level will be 12.7 feet NAVD (12.2 + [(50)(0.01)]).

The design stillwater flood depth, 4, is then calculated by subtracting the future conditions eroded
grade elevation from the future conditions stillwater elevation.

Figure 8-4.

Erosion’s effects o5

on ground 150 feet (3 feet/year x 50 years) .
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8.5.3 Design Stillwater Flood Depth

NOTE
In a general sense, flood depth can refer to two different depths
(see Figure 8-5): The design stillwater flood depth
(@) (including wave setup; see
Stillwater flood depth. The vertical distance between Sebitee cliienlel e Jze

for calculating wave heights and

the eroded ground elevation and the stillwater elevation flood loads.

associated with the design flood. This depth is referred to
as the design stillwater flood depth ().

Design flood protection depth. The vertical distance between the eroded ground elevation and the
DFE. This depth is referred to as the design flood protection depth (4) but is not used extensively in
this Manual. This Manual emphasizes the use of the DFE as the minimum elevation to which flood-
resistant design and construction efforts should be directed.

Determining the maximum design stillwater flood depth over the life of a building is the most important
flood load calculation. Nearly every other coastal flood load parameter or calculation (e.g., hydrostatic load,
design flood velocity, hydrodynamic load, design wave height, DFE, debris impact load, local scour depth)
depends directly or indirectly on the design stillwater flood depth.

Figure 8-5.
_______________ i Parameters that are
_______ ¥_ BFE=Wave Crest —~ Lo =o=====———_ determined or affected by
== } --------- F ___________ flood depth
4 H,

design flood protection depth in feet
BFE Base Flood Elevation in feet above datum
Freeboard vertical distance in feet between BFE and DFE

H, breaking wave height = 0.784,
(note that 70 percent of wave height lies above £, )

d, design stillwater flood depth in feet

G ground elevation, existing or pre-flood, in feet above
datum

Erosion loss of soil during design flood event in feet
(not including effects of localized scour)

GS lowest eroded ground elevation adjacent to building in
feet above datum (including the effects of localized scour)
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In this Manual, the design stillwater flood depth (4) is defined as the difference between the design
stillwater flood elevation (£,) and the lowest eroded ground surface elevation (GS) adjacent to the building
(see Equation 8.1) where wave setup is included in the stillwater flood elevation.

é EQUATION 8.1. DESIGN STILLWATER FLOOD DEPTH
d =E, -GS (Eq. 8.1)

where:

d, design stillwater flood depth (ft)

E,, = design stillwater flood elevation in ft above datum (e.g., NGVD, NAVD)

Sw

GS = lowest eroded ground elevation, in ft above datum, adjacent to a building, excluding
effects of localized scour around the foundation
Figure 8-5 illustrates the relationships among the various flood §—§
parameters that determine or are affected by flood depth. Note that NG
in Figure 8-5 and Equation 8.1, GS is not the lowest existing pre- CROSS REFERENCE
flood ground surface; it is the lowest ground surface that will result For adisclss oniaiie it
from long-term erosion and the amount of erosion expected to occur scour, see Section 8.5.10.

during a design flood, excluding local scour effects. The process for
determining GS is described in Section 3.6.4.

Values for E,,, are not shown on FEMA FIRMs, but they are given in the FISs, which are produced in
conjunction with the FIRM for communities. FISs are usually available from community officials and NFIP
State Coordinating Agencies. Some states have made FISs available on their Web sites. Many FISs are also
available on the FEMA Web site for free or are available for download for a small fee. For more information,
go to http://www.msc.fema.gov.

Design stillwater flood depth (4)) is determined using Equation A in Example 8.1 for scenarios in which a
non-100-year frequency-based DFE is specified by the Authority Having Jurisdiction (AHJ). Freeboard tied
to the 100-year flood should not be used to increase 4, since load factors in ASCE 7 were developed for the
100-year nominal flood load.

Example 8.1 demonstrates the calculation of the design stillwater flood depth for five scenarios. All solutions
to example problems are in bold text in this Manual.

8-10 COASTAL CONSTRUCTION MANUAL
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@ EXAMPLE 8.1. DESIGN STILLWATER FLOOD DEPTH CALCULATIONS

Given:

Oceanfront building site on landward side of a primary frontal dune (see Illustration A)

Topography along transect perpendicular to shoreline is shown in Illustration B; existing
ground elevation at seaward row of pilings = 7.0 ft NGVD

Soil is dense sand; no terminating stratum above —25 ft NGVD

Data from FIRM is as follows: flood hazard zone at site is Zone VE; BFE = 14.0 ft NGVD

Data from FIS is as follows: 10-year stillwater elevation = 5.0 ft NGV D; 50-year stillwater
elevation = 8.7 ft NGVD; 100-year stillwater elevation = 10.1 ft NGV D; 500-year stillwater
elevation = 12.2 ft NGVD

500-year wave crest elevation (DFE) specified by AHJ = 18.0 ft NGVD
Local government requires 1.0 ft freeboard; therefore DFE = 14.0 ft NGVD (BFE) + 1.0 ft =

15.0 ft NGVD

Direction of wave and flow approach during design event is perpendicular to shoreline

The eroded ground elevation (base flood conditions) at the seaward row of pilings =

5.5 ft NGVD

Assume sea level rise is 0.01 ft/yr

Assume long-term average annual erosion rate is 2.0 ft/yr, no beach nourishment or shoreline

stabilization

Assume building life = 50 years

Shoreline

g

Site boundary

|
| |
See : Existing - . :
illustration , dune crest | | Building |
B 1 I footprint |
1 : : | Q
| I ! |
1 ! ! I *
] \ I I
| | : |
! | | : Zone VE >
: | : | (Elevation
" I 12 ft)
([ R N R e |
Zone VE Zone VE Zone VE Zone VE
(Elevation (Elevation (Elevation (Elevation
16 ft) 15 ft) 14 ft) 13 ft)
lllustration A. Plan view of site and building location with flood hazard zones
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EXAMPLE 8.1. DESIGN STILLWATER FLOOD DEPTH CALCULATIONS (continued)

40 - Ground elevation at seaward
i pile before loss of dune
Crest of primary 7.0 ft NGVD
30 — Dune reservoir frontal dune

cross section 16.0 ft NGVD

< 1,100 ft2

— Building
Q 20— : : BFE
5 100-year stillwater elevation il [m| / 14.0 ft NGVD
= ///1Q1ﬂNGVD ¥
E 10 e e o o
c
i<l
=
> _
o O /
17} Toe of primary Heel of primary
frontal dune frontal dune
-10 - 4.1 ft NGVD Ground elevation 6.0 ft NGVD
Shoreline at seaward pile after
0.0 ft NGVD Ground elevation loss of dune
after loss of dune 5.5 ft NGVD
[ [ [ [ [ [ [ [ [ [ [ [ [
0 20 40 60 80 100 120 140 160 180 200 220 260
Distance from shoreline (ft)
lllustration B. Primary frontal dune will be lost to erosion during a 100-year flood
because dune reservoir is less than 1,100 ft2 (Section A of lllustration A)

Find:

The design stillwater flood depth (&) at the seaward row of piles for varying values of stillwater
elevation, presence of freeboard, and consideration of the effects of future conditions (e.g., sea-level

rise and long-term erosion).

The basis of the design flood for four scenarios are as follows:

1. 100-year stillwater elevation (NGVD). Future conditions not considered.

2. 100-year stillwater elevation (NGVD) plus freeboard. Future conditions not considered.

3. 100-year stillwater elevation (NGVD). Future conditions (sea-level rise and long-term erosion)

in 50 years considered.

4. 500-year wave crest elevation (NGVD). Future conditions not considered.

Note: Design stillwater flood depth (d,) is determined using Equation A for scenarios in which a non-100-
year frequency-based DFE is specified by the AHJ. Freeboard tied to the 100-year flood should not be used

to increase d, since load factors in ASCE 7 were developed for the 100-year nominal flood load.

8-12
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EXAMPLE 8.1. DESIGN STILLWATER FLOOD DEPTH CALCULATIONS (continued)

e EQUATION A

[ DFE
BFE

s

j(ESW)—GS

where:

d, = design stillwater flood depth

DFE = design flood elevation for a greater than 100-year flood event
BFE = base flood elevation

Egy = design stillwater flood elevation in feet above datum (e.g. NGVD,
NAVD)

GS = lowest eroded ground elevation, in feet above datum, adjacent to
building, excluding effects of localized scour around foundations

Solution for Scenario #1: The design stillwater flood depth (&) at seaward row of pilings using the
100-year stillwater elevation can be calculated using Equation 8.1 as follows:

d = E,—GS
d. = 10.1 ft NGVD - 5.5 ft NGVD
d = 4.6ft

g

Note: This is the same solution that is calculated in Example 8.4, #3

Solution for Scenario #2: The design stillwater flood depth (<)) at seaward row of pilings using the
100-year stillwater elevation and freeboard will be calculated just as in Scenario #1—freeboard should

not be included in the stillwater depth calculation but is used instead to raise the building to a higher-
than-BFE level:

d = E,—GS
d. = 10.1 ff NGVD - 5.5 ft NGVD
d = 4.6ft

g

Solution for Scenario #3: The design stillwater flood depth (,) at seaward row of pilings using the
100-year stillwater elevation and the future conditions of sea-level rise and long-term erosion can be
calculated as follows:

Step 1: Increase 100-year stillwater elevation 50 years in the future to account for sea-level rise

Egyw=10.1 ft NGVD + (0.01 ft/yr)(50 years) = 10.6 ft NGVD

Step 2: Calculate the lowest ground elevation in ft above the datum adjacent to the seaward
row of pilings in 50 years

COASTAL CONSTRUCTION MANUAL
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EXAMPLE 8.1. DESIGN STILLWATER FLOOD DEPTH CALCULATIONS (concluded)

In 50 years, the front toe of the dune will translate horizontally toward the building by (50 yr)
(2 ft/yr) = 100 ft landward

Taking into account the 1:50 (z:4) slope of the eroded dune, the ground at the seaward row of
piles will drop (100 ft)(1/50) = 2 ft over 50 years

GS=55ft—2ft=3.5ft NGVD in 50 years

Step 3: Combine the effects of sea-level rise and erosion to calculate 4
d, = E,—-GS

d, 10.6 ft NGVD - 3.5 ft NGVD = 7.1 ft

g

Solution for Scenario #4: The design stillwater flood depth (<)) at seaward row of pilings using the
AHJ’s 500-year wave crest elevation (DFE) can be calculated using Equation A of Example 8.1 as
follows:

d = (DFE

ﬁ)(ESW )= &S

d = (12 ?)(10 1f)=5.5 fc=13.0 fr— 5.5 f = 7.5 fe
t

Note: Scenarios #1 through #4 show incremental increases in the design stillwater flood depth d,, depending
on how conservative the designer wishes to be in selecting the design scenario. As the design stillwater flood
depth increases, the flood loads to which the building foundation must be designed also increase. The
increase factor listed in Table A represents the square of the ratio of stillwater flood depth to the stillwater
flood depth from Scenario #1(reference case).

Table A. Stillwater Flood Depths for Various Design Scenarios and Approximate Load Increase Factor from
Increased Values of d,

DeS|gn Approximate Load

(reference case) 100-year
#2 100-year + freeboard 4.6 1.0
#3 100-year + future conditions 71 2.4
#4 500-year 7.5 2.7

Note: In subsequent examples, the building in Hllustrations A and B and d_ in Scenario #1 are used.
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8.5.4 Wave Setup Contribution to Flood Depth

Pre-1989 FIS reports and FIRMs do not usually include
the effects of wave setup (4,,), but some post-1989 FISs and
FIRMs do. Because the calculation of design wave heights and
flood loads depends on an accurate determination of the total
stillwater flood depth, designers should review the effective
FIS caretully, using the following procedure:

NOTE

Flood loads are applied to
structures as follows:

m Lateral hydrostatic loads -
at two-thirds depth point of
stillwater elevation

® Breaking wave loads - at

Check the hydrologic analyses section of the FIS for sl oo

mention of wave setup. Note the magnitude of the wave m Hydrodynamic loads - at

setup. mid-depth point of stillwater
elevation

Check the stillwater elevation table of the FIS for footnotes m Debris impact loads - at

regarding wave setup. If wave setup is included in the stillwater elevation

listed BFEs but not in the 100-year stillwater elevation,
add wave setup before calculating the design stillwater

flood depth, the design wave height, the design flood

Velocity,‘ flood loa‘ds, and localized ?cour. If wave‘setup is TERMINOLOGY:
already included in the 100-year stillwater elevation, use WAVE SETUP
the 100-year stillwater elevation to determine the design

stillwater flood depth and other parameters. Wave setup Wave setup is an increase in

the stillwater surface near the
shoreline due to the presence
of breaking waves. Wave setup
typically adds 1.5 to 2.5 feet

to the 100-year stillwater

8.5.5 Design Breaking Wave Height flood elevation and should be

discussed in the FIS.

should not be included in the 100-year stillwater elevation
when calculating primary frontal dune erosion.

The design breaking wave height () at a coastal building

site is one of the most important design parameters. Unless

detailed analysis shows that natural or manmade obstructions will protect the site during a design event,
wave heights at a site should be calculated as the heights of depth-limited breaking waves, which are
equivalent to 0.78 times the design stillwater flood depth (see Figure 8-5). Note that 70 percent of the
breaking wave height lies above the stillwater elevation. In some situations, such as steep ground slopes
immediately seaward of a building, the breaking wave height can exceed 0.78 times the stillwater flood
depth. In such instances, designers may wish to increase the breaking wave height used for design, with an
upper limit for the breaking wave height equal to the stillwater flood depth.

8.5.6  Design Flood Velocity
WARNING

Estimating design flood velocities (V) in coastal flood hazard

areas is subject to considerable uncertainty. There is little This Manual does not provide
guidance for estimating flood
velocities during tsunamis. The
issue is highly complex and site-

reliable historical information concerning the velocity of
floodwaters during coastal flood events. The direction and

velocity of floodwaters can vary significantly throughout a specific. Designers should look
coastal flood event. Floodwaters can approach a site from one for model results from tsunami
direction during the beginning of a flood event and then shift inundation or evacuation studies.
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to another direction (or several directions). Floodwaters can inundate low-lying coastal sites from both the
front (e.g., ocean) and 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 floodwaters can approach from the most critical direction relative to the site and
by assuming flow velocities can be high (see Equation 8.2).

é EQUATION 8.2. DESIGN FLOOD VELOCITY
4,

Lower bound V= — (Eq. 8.22)
Upper bound V' =(gd.)*” (Eq. 8.2b)
where:
V' = design flood velocity (ft/sec)
d, = design stillwater flood depth (ft)
t = lsec
¢ = gravitational constant (32.2 ft/sec?)

For design purposes, flood velocities in coastal areas should be assumed to lie between V' = (gd )°5 (the
expected upper bound) and V' = 4, /¢ (the expected lower bound). It is recommended that designers consider
the following factors before deciding whether to use the upper- or lower-bound flood velocity for design:

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 Zone V, in Zone AO adjacent to Zone V, in Zone A subject to velocity flow and wave action, on steeply
sloping terrain, or adjacent to other large buildings or obstructions that will confine or redirect floodwaters
and increase local flood velocities. The lower bound is a more appropriate design flood velocity if the site is
distant from the flood source, in Zone A, on flat or gently sloping terrain, or unaffected by other buildings
or obstructions.

Figure 8-6 shows the velocity versus design stillwater flood depth relationship for non-tsunami, upper- and
lower-bound velocities. Equation 8.2 shows the equations for the lower-bound and upper-bound velocity
conditions.
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Figure 8-6.
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8.5.7 Hydrostatic Loads

Hydrostatic loads occur whenever floodwaters come into contact with a foundation, building, or building
element. Hydrostatic loads can act laterally or vertically.

Lateral hydrostatic forces are generally not sufficient to cause deflection or displacement of a building or
building element unless there is a substantial difference in water elevation on opposite sides of the building or
component. This is why the NFIP requires that openings be provided in vertical walls that form enclosures

below the BFE for buildings constructed in Zone A (see Section 5.2.3.2).

Likewise, vertical hydrostatic forces (buoyancy or flotation) are not generally a concern for properly
constructed and elevated coastal buildings founded on adequate foundations. However, buoyant forces
can have a significant effect on inadequately elevated buildings on shallow foundations. Such buildings are
vulnerable to uplift from flood and wind forces because the weight of a foundation or building element is
much less when submerged than when not submerged. For example, one cubic foot of a footing constructed
of normal weight concrete weighs approximately 150 pounds. But when submerged, each cubic foot of
concrete displaces a cubic foot of saltwater, which weighs about 64 pounds/cubic foot. Thus, the foundation’s
submerged weight is only 86 pounds if submerged in saltwater (150 pounds/cubic foot — 64 pounds/cubic
foot = 86 pounds/cubic foot), or 88 pounds if submerged in fresh water (150 pounds/cubic foot — 62 pounds/
cubic foot = 88 pounds/cubic foot). A submerged footing contributes approximately 40 percent less uplift
resistance during flood conditions.

Section 3.2.2 of ASCE 7-10 states that the full hydrostatic pressure of water must be applied to floors and
foundations when applicable. Sections 2.3.3 and 2.4.2 of ASCE 7-10 require factored flood loads to be
considered in the load combinations that model uplift and overturning design limit states. For ASD, flood
loads are increased by a factor of 1.5 in Zone V and Coastal A Zones (and 0.75 in coastal flood zones with
base flood wave heights less than 1.5 feet, and in non-coastal flood zones). These load factors are applied to
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account for uncertainty in establishing design flood intensity. As indicated in Equations 8-3 and 8-4 (per
Figure 8-7), the design stillwater flood depth should be used when calculating hydrostatic loads.

Any buoyant force (£,,,) on an object must be resisted by the weight of the object and any other opposing
force (e.g., anchorage forces) resisting flotation. The contents of underground storage tanks and the live load
on floors should not be counted on to resist buoyant forces because the tanks may be empty or the building
may be vacant when the flood occurs. Buoyant or flotation forces on a building can be of concern if the
actual stillwater flood depth exceeds the design stillwater flood depth. Buoyant forces are also of concern for
empty or partially empty aboveground tanks, underground tanks, and swimming pools.

Lateral hydrostatic loads are given by Equation 8.3 and illustrated in Figure 8-7. Note that f,, (in
Equation 8.3) is equivalent to the area of the pressure triangle and acts at a point equal to 2/3 4, below
the water surface (see Figure 8-7). Figure 8-7 is presented here solely to illustrate the application of lateral
hydrostatic force. In communities participating in the NFIP, local floodplain ordinances or laws require
that buildings in Zone V be elevated above the BFE on an open foundation and that the foundation walls of
buildings in Zone A be equipped with openings that allow floodwater to enter so that internal and external
hydrostatic pressures will equalize (see Section 5.2) and not damage the structure.

Vertical hydrostatic forces are given by Equation 8.4 and are illustrated by Figure 8-8.

é EQUATION 8.3. LATERAL HYDROSTATIC LOAD

1
f;ta = E ywdxz

(Eq. 8.3a)
where:
fua = hydrostatic force per unit width (Ib/ft) resulting from flooding against vertical

element

Y, = specific weight of water (62.4 Ib/ft3 for fresh water and 64.0 Ib/ft3 for saltwater)

d, = design stillwater flood depth (ft)
Fo=foa @) (Eq. 8.3b)
where:
F,, = total equivalent lateral hydrostatic force on a structure (Ib)
fa = hydrostatic force per unit width (Ib/ft) resulting from flooding against vertical
element
w = width of vertical element (ft)
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NOTE

F,, hydrostatic force

d, design stillwater flood depth

Flood level \v
? )1 No flooding
Eroded
ground
surface

F.

Figure 8-7.
Lateral flood force on a

Vertical component vertical component

2/3 d,

sta

<~ N ————

é EQUATION 8.4. VERTICAL (BUOYANT) HYDROSTATIC

FORCE

‘Fbua}/ = }/w(VOZ)

where:

F/moy
Yw

Vol

(Eq. 8.4)

= vertical hydrostatic force (Ib) resulting from the

displacement of a given volume of floodwater

specific weight of water (62.4 1b/ft3 for fresh water and
64.0 1b/ft3 for saltwater)

volume of floodwater displaced by a submerged

object (ft3)
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Figure 8-8.

Vertical (buoyant) flood
force; buoyancy forces
are drastically reduced
for open foundations
(piles or piers)

8.5.8 Wave Loads

—
u u u E e

Ground

A A 444 Continuous wall foundation

Buoyancy:affects a building onza:continuous wall:

Ground

Partially:fillediunderground storageitank

Saturated:soil

Underground structures can be affected by
buoyancy when the soil below them becomes saturated.

Calculating wave loads requires the designer to estimate expected \Eé

wave heights, which, for the purposes of this Manual, are limited CROSS
by water depths at the site of interest. These data can be estimated REFERENCE
using a variety of models. FEMA uses its Wave Height Analysis for

Flood Insurance Studies (WHAFIS) model to estimate wave heights

For additional guidance
in calculating wave loads,

and wave crest elevations, and results from this model can be used see ASCE 7-10.
directly by designers to calculate wave loads.

Wave forces can be separated into four categories:

From nonbreaking waves — can usually be computed as hydrostatic forces against walls and
hydrodynamic forces against piles

From breaking waves — short duration but large magnitude

From broken waves — similar to hydrodynamic forces caused by flowing or surging water

8-20
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Uplift — often caused by wave run-up, deflection, or =
peaking against the underside of horizontal surfaces CROSS REFERENCE
The forces from breaking waves are the highest and produce For more information about

FEMA’s WHAFIS model, see
http://www.fema.gov/plan/
prevent/fhm/dl_wfis4.shtm.

the most severe loads. It is therefore strongly recommended
that the breaking wave load be used as the design wave load.

The following three breaking wave loading conditions are of
interest in residential design:

Waves breaking on small-diameter vertical elements below the DFE (e.g., piles, columns in the
foundation of a building in Zone V)

Waves breaking against walls below the DFE (e.g., solid foundation walls in Zone A, breakaway walls
in Zone V)

Wave slam, where just the top of a wave strikes a vertical wall

8.5.8.1 Breaking Wave Loads on Vertical Piles

The breaking wave load on a pile can be assumed to act at the stillwater elevation and is calculated using
Equation 8.5.

é EQUATION 8.5. BREAKING WAVE LOAD ON VERTICAL PILES

1 2
e = 5 Cuv.,DH,

(Eq. 8.5)
where:
Fy,y, = dragforce (Ib) acting at the stillwater elevation
C; = breaking wave drag coefficient (recommended values are 2.25 for square and

rectangular piles and 1.75 for round piles)
Yw = specific weight of water (62.4 1b/ft3 for fresh water and 64.0 Ib/ft3 for saltwater)

D = pile diameter (ft) for a round pile or 1.4 times the width of the pile or column for a
square pile (ft)

H, = breaking wave height (0.78 4)), in ft, where 4, = design stillwater flood depth (ft)

Wave loads produced by breaking waves are greater than those produced by nonbreaking or broken waves.
Example 8.3 shows the difference between the loads imposed on a vertical pile by nonbreaking waves and
by breaking waves.
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8.5.8.2 Breaking Wave Loads on Vertical Walls @
NOTE

Breaking wave loads on vertical walls are best calculated
according to the procedure described in Criteria for Evaluating Equation 8.6 includes the

Coastal Flood-Protection Structures (Walton et al. 1989). The hydrostatigicompenentestiEEs
using Equation 8.3. If Equation

8.6 is used, lateral hydrostatic

procedure is suitable for use in wave conditions typical during

coastal flood and storm events. The relationship for breaking force from Equation 8.3 should
wave load per unit length of wall is shown in Equation 8.6. not be added to avoid double
counting.

é EQUATION 8.6. BREAKING WAVE LOAD ON VERTICAL WALLS

Case 1 (enclosed dry space behind wall):

_ 2 2

f}?rkw - 1lcp7wd5 + 247/ wdx (Eq 8.6a)

Case 2 (equal stillwater elevation on both sides of wall):

_ 2 2

ﬂrkw - llcp ywdx + 19}/14/0’]5 (Eq 86b)

where:
Jforww = total breaking wave load per unit length of wall (Ib/ft) acting at the stillwater
elevation
C, = dynamic pressure coefficient from Table 8-1

Y., = specific weight of water (62.4 Ib/ft3 for fresh water and 64.0 Ib/ft3 for saltwater)
d, = design stillwater flood depth (ft)

g

Fypis = Jiriew (@) (Eq. 8.6¢)
where:
Fy 4., = total breaking wave load (Ib) acting at the stillwater elevation
Jforww = total breaking wave load per unit length of wall (Ib/ft) acting at the stillwater
elevation

w = width of wall (ft)

The procedure assumes that the vertical wall causes a reflected or standing wave to form against the seaward
side of the wall and that the crest of the wave reaches a height of 1.2 4, above the stillwater elevation. The
resulting dynamic, static, and total pressure distributions against the wall and resulting loads are as shown

in Figure 8-9.
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Table 8-1. Value of Dynamic Pressure Coefficient (Cp) as a Function of Probability of Exceedance

Probability of

Al e Exceedance
16 Buildings and other structures that represent a low hazard to human life or 0.5
) property in the event of failure )
2.8 Coastal residential building 0.01
Buildings and other structures, the failure of which could pose a substantial
3.2 . . 0.002
risk to human life
High-occupancy building or critical facility or those designated as essential
SA5) o 0.001
facilities
Figure 8-9.
Wall Breaking wave pressure

distribution against a
vertical wall

/— Crest of reflected wave

1.24d, . .
Design stillwater flood
elevation (£,,)
Y __ Static ~Dynamic
A [ D
\ / Total force
(acting at 0.1, below E, )
d,

Y / Eroded ground elevation

NOTE
d; design stillwater flood depth

E,, design stillwater flood elevation above datum

Equation 8.6 includes two cases: (1) a wave breaks against a vertical wall of an enclosed dry space, shown
in Equation 8.6a, and (2) the stillwater elevation on both sides of the wall is equal, shown in Equation
8.6b. Case 1 is equivalent to a situation in which a wave breaks against an enclosure in which there is
no floodwater inside the enclosure. Case 2 is equivalent to a situation in which a wave breaks against a
breakaway wall or a wall equipped with openings that allow floodwaters to equalize on both sides of the
wall. In both cases, waves are normally incident (i.e., wave crests are parallel to the wall). If breaking waves
are obliquely incident (i.e., wave crests are not parallel to the wall; see Figure 8-10), the calculated loads
would be lower.
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Figure 8-10.

Wave crests not parallel Wall NOTE:

to wall BREAKAWAY WALLS

Wave
crests

Wave crests not
parallel to wall

Figure 8-11 shows the relationship between water depth and wave height, and between water depth and
breaking wave force, for the 1 percent and 50 percent exceedance interval events (Case 2). The Case 1

When designing breakaway versus
solid foundation walls using Equation
8.6, the designer should use a Cp of
1.0 rather than the Cp of 1.6 shown

in Table 8-1. For more information on
breakaway walls, see Section 9.3.

WARNING

The likelihood of damage or loss can
be reduced by installing louvered
panels in solid walls or creating
flood openings in breakaway walls
for small flood depths, so that the
panels do not break away under
minor (nuisance) flood conditions.

breaking wave force for these two events is approximately 1.1 times those shown for Case 2.

The breaking wave forces shown in Figure 8-11 are much
higher than the typical wind forces that act on a coastal
building, even wind pressures that occur during a hurricane
or typhoon. However, the duration of the wave pressures
and loads is brief; peak pressures probably occur within 0.1
to 0.3 second after the wave breaks against the wall. See
Wave Forces on Inclined and Vertical Wall Surfaces (ASCE
1995) for a discussion of breaking wave pressures and
durations.

Post-storm damage inspections show that breaking wave
loads have destroyed virtually all types of wood-frame
walls and 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 Zone A from Zone V. This fact was
confirmed by the results of FEMA-sponsored laboratory

tests of breakaway wall failures in which measured pressures

WARNING

Even waves less than 3 feet high can
impose large loads on foundation
walls. Buildings in Coastal A Zones
should be designed and constructed
to meet Zone V requirements (see
Section 6.5.2 in Chapter 6).

WARNING

Under the NFIP, construction of solid
foundation walls (such as those

that the calculations of Figure 8-11
represent) is not 