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COASTAL FLOOD AND WIND EVENT SUMMARIES

This resource supplements Chapter Zoéstal Construction Manualt summarizes coastal flood and wind events
that have affected the continental United States, Alaska, Hawaii, and Wrigriess since the beginning of this
century.

Note: Hurricane categories should be interpreted cautiously. Storm categorization based on wind speed
may differ from that based on barometric pressure or storm surge. Also, storm effects vary
geographicdyd only the area near the point of landfall will experience effects associated with the
reported storm category.

NORTH ATLANTIC COAST

1938, September2iiLong | sl and E x phe #988harrickhe was one af the strongest

ever to strike New York nd New Engl and. Al though the maxi mum s
peak was estimated at 140 mph, by landfall the wind speeds had diminished substantially (NOAA 1996).

The storm, like most other hurricanes striking the area (e.g., Hurricane i@l2885), had a forward

speed obver30 mph at the time of landfall, and it moved through the area rapidly. Despite its high

forward speed, the storm caused widespread and significant damage to buildings close to the shoreline
(seeFigurel) (surge and wave damage well as thosaway from the coast (wind and trédl damage).

Minsinger (1988) documesithe storm and the damage it causedhe 1938 Hurricane, An Historical

and Pictorial Summary

Coastal Construction dhualResources 1
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WPA photogaph, from Minsinger (1988).

FigurelAiLong | sl and Expresso Hur CT,bdoreand affecthestbrinNoB-e ac h, Gui
elevated houses at the shoreline were destroyed.
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1985, September 27 Hurricane Gloria, New York . This fastmoving hurricane crossed Long Island

near the time of low tide, causing minor storm surge and erosion damage, but substantial wind damage.
Impactsfrom Hurricane Gloriavere documented in a FEMA Pddbod Disaster Assessment Report.

The repor{URS 1986) concluded the following:

1 Wind speeds on Long Island may have exceeded thespmaéfied 75 mph (fastestile) wind
speed.

1 Tree damage, which was widespread and substantial, led to loss of overhead utility lines and
damage to buildings.

1 Commoncauses of failures in residential construction included poortoeafll connections,
lack of hurricane clips, flat roofs, eaweith overhanggreater than 18 inches, and large plate
glass windows facing seaward.

1 The density of development, combinediwhiigh incidence of firstow roof failures, led to
significant debris and projectile damage to seeand thirdrow buildings.

Oceanfront areas had been left vulnerable to flood, erosion, and wave damage by previous northeast
storms. Accordingly, damadeom Gloria included settlement of inadequately embedded pilings, loss of
poorly connected beams and joists, failure of septic systems due to erosion, and water and overwash
damage to noelevated buildings.

1991, August 19 Hurricane Bob, Buzzards Bay Aea, MassachusettsHurricane Bob, a Category 2
hurricane, followed a track similar to that of the 1938 o n g | s | awarnitan& Alfhaughs s 0
undistinguished by its intensity (not even rankimgongthe 65 most intense hurricanes to strike the

United Sates during théwentiethcentury), it caused $1.75 billion in damage (1996 dollars)Kgpee

2). A FEMA Flood Damage Assessment Report (URS 1991c) documented damage in the Buzzards Bay
area. The wind speeds during HurricaredBvere below the design wind speadd the storm tide
(corresponding to a hear tide) was at least 5 feet below Haese flood elevatiorBFE). Nevertheless

the stormgave opportunity tevaluae the performance of different foundation types.

1 Many buldings in the area had been elevated on a variety of foundations, either in response to
Hurricane Car ol (1954) or t he -‘erdorc8dNatianalb6east er |,
Flood Insurance PrograrFIP) requirements.

9 Buildingsthat wereconstructd before the date of tHéood Insurance Rate MapIRM) for their
communityandthat had not been elevated vegrenot elevated sufficiently, suffered major
damage or complete destruction; some destroyed buildings appeared to have had insufficient
founddion embedment.

1 PostFIRM buildings and pré&IRM buildings sufficierly elevaedperformed well during the
storm. Where water was able to pass below buildings unobstructed by enclosed foundations,
damage was limited to loss of decks and stairs.

1 Foundatiortypes that appeared to survive the storm without structural damage included the
following:

a. Castin-place concrete columns, at least 10 inches in diameter
b. Masonry block columns with adequate embedment depth

C. 1G-inch-thick shear walls with a flowhrough conifyuration (open ends) or modified to
include garage doors at each end of the building (intended to be open during a storm)
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A

P”hotograph

by Ji m>06ConneI I‘.-
Figure 2. Hurricane Bob (1991) destroyed 29 homes along this reach of Mapoisett, MA .

1991, October 317 Noréeaster, Long Island,NY and Boston,MA . This storm, which followed closely

on the heels of Hurricane Bob, was one of the mos
Dolan and Davisn Mariners Weather Lg(1992) and Davis and Dolan theJournal of Coastal

Researci{1991). A FEMA Flood Damage Assessment Report (URS 1992) documented damage to

buildings along the south shore of Long Island and in the Boston area, and noted the following:

1 PreFIRM atgradebuildings were generally subject to erosion and collapse; at least one was
partially buried by several feet of sand overwash.

Some buildings were damaged by flemorne debris from other damaged structures.

Some pilesupported buildings sustained damagea essult of inadequate pile embedment; some
settled unevenly into the ground as a result of loss of bearing capacity; some were damaged as a
result of collapse of theendwardportion of the foundation (the seaward portion had been

repaired after recentams, while the landward portion was probably original and less deeply
embedded).

1 In areas subject to lorgrm erosion, buildings became increasingly vulnerable to damage or
collapse with each successive storm.

9 Although erosion control structures protstinany buildings, some buildings landward of
revetments or bulkheads were damaged as a result of wave overtopping and erosion behind the
erosion control structures.

Buildingson continuous masonry block foundations (such as those permitted in Zeverégommonly
damaged or destroyed when exposed to flooding, wave action, erosion, and/or localized s€wgurésee
3).

1 Buildingsoncontinuous cagn-place concrete foundations performed better than those
continuous masonry block foundations, and were generally more resistant to wave and flood
damage; however, some continuous-oagilace concrete foundations were damagadn
footings wereundermined by erosion and localized scour.
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i

Photo“graph bly JiOc“JnneI
Figure3.0ct ober 1991 norbéeaster MAamage to homes at

MID-ATLANTIC COAST

Sc

1962, March581 Gr eat Atl anti ¢ St o rOmeobthe mbsd daagiGgstmmédana st er )

record, this norheentreeastarn seaboard af the Whited $tates antd catised extreme
damage in the midtlantic region. As documented by Wood (1976), the high winds associated with this
slow-moving storm included peak gusts of up to 84 mph and continued for 65 hourshtfiveug

successive high tides. The combination of sustained high winds with spring tides resulted in extensive
flooding along the coast from the Outer Banks of North Carolina to Long I$iéh¢seeFigure4). In

many locations, waes 20 to 30 feet high were reported. The flooding caused severe beachfront erosion,
inundated subdivisions and coastal industrial facilities, toppled beachfront houses and swept them out to
sea, required the evacuation of coastal areas, destroyed letigassef coastal roads, and interrupted rail
transportation in many areas. In all, property damage was estimated at half a billion dollars (in 1962
dollars).

Coastal Construction BhualResources 5
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Figure 4. 1962 Mid-Atlantic storm. Extreme damage to homes along the beach at PoiatWoods,
Fire Island, NY.

1984, March29i Nor 6 ea st er ,0On March 28] 84 sadayge lepressure system developed

in the southeastern United States and strengthened dramatically as it mogsd aaressee, Kentucky,

and Virginia. In the early morning hours of March 29, the storm system moved northeastward past the
Delmarva Peninsula, gaining additional strength from the Atlantic Ocean. The storm continued tracking

to the northeast with near hmimaneforce winds (sustained winds ranged from 40 to 60 mph). The

barometric pressure dropped from a normal of 29.92 inches to 28.5 inches, and it was estimated that tides
along the New Jersey coast ranged from 4 to 7 feet above normal at high tide \USE1984).
Measurements of local tidal flooding indicate that this storm had a recurrence interval of approximately
10to 20 years (NJDEP 1986).

In its 1986 Hazard Mitigation Plan, the New Jersey Department of Environmental ProtiGIEP)
reportedte f ol | owi ng regarding damage from the 1984 st
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from this storm varied depending on whether beaches and dunes were present or absent. In more
structurally fortified areas with seawalls, bulkheads, and revetnagetss usually with little or no beach,

there was more structural and wave damage. In areas of moderate beaches with little or no dune
protection, particularly at street ends, there was significant overwash of sand into streets and property, in
addition tosevere beach erosion. There was also significant amounts of sand blown down streets and onto
adjacent properties in areas where there were unvegetated dunes. In areas with wider beaches and
cultivated dunes, damage was limited to the ubiquitous beaclra®l scarping (or cliffing) of dunes.
Because of the short duration of the storm, there was remarkably little structural damage to private homes.
Undoubtedly, better building practices and better dunes instituted since the 1962 storm contributed to this
fairly low loss. In more inland areas, along the baysides behind the barriers, there was significant flooding
from the elevated tidal waters. Although evacuations were called for in many areas, low causeways and
highways, particularly in Atlantic Countyand e evacuati ons i mpossible. 0

1988, April13i Nor deaster, S avA ,caindrNagd ligeadNB. & laiscstorm, although not

major, resulted in damage to several pHswpported oceanfront houses in North Carolina and Virginia.
Longterm shoreline erosiotoupled with the effects of previous coastal storms (January 1987, February
1987, April 8, 1988) left these areas vulnerable to the erosion caused by the April 13 storm. The Flood
Damage Assessment Report completed after the storm (URS 1989) concluddidwilieg:

1 The storm produced sustained winds in excess of 30 mph for over 40 hours; storm tide stillwater
levels were approximately 3 feet above normal; the dune face retreated landward 20 to 60 feet in
places.

1 Several pilesupported singléamily housesustained damage to decks and main structures as a
result of insufficient pile penetration; in North Carolina, the affected houses appeared to predate
1986 North Carolina Building Code pile embedment requirements.

1 Poststorm inspections revealed that foations of many of the affected houses had been
repaired previously (by jetting of new piles and splicing/bolting to old ,ldding cross
bracing oraddingtimber grade beams). Previous repairs were only partially effective in
preventing structural daage during the storm.

1 Followup examinations of some of the houses in August 1988 showed the same types of
foundation repairtghat had previously failed

9 Standard metal hurricane clips and joist hangers were observed to have suffered significant to
severe orrosion damage. Alternative connect@gch as heavier gauge connectors, wooden
anchors, or noncorrosive conneci@sould be used in oceanfront areas.

1989, March 610i Nor 6 ea st er NC,IKid Qesil HHse BG@ and Sandbridge BeachYA.

Damagd rom t he March 1989 nordeaster was much great e
despite lower peak wind speeds and storm surge during the latter event. The increased damage was

caused by a longer storm duration (sustained winds of 33 mph fos@v¥murs) coincident with spring

tides. The storm reportedly destroyed or damaged over 100 cottages and motels.

In addition to reaffirming the conclusions of the FEMA report of the April 1988 storm (URS 1989), the
March 1989 FEMA Flood Damage Assessieaport (URS 1990) concluded the following:

1 Once undermined, plain concrete slabs, and grade beams cast monolithically with them, failed
under their own weight or as a result of wave and debris loadEitgee5).

9 Failure of thepile-to-beam connection was observed where a bolt head lacked a washer and
pulled through the beam.
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1 Cracks inpilesand deck postor failed connections titnem were in some cases attributed to
crossbracing oriented parallel to the shore or the attachmieclosely spaced horizontal planks.

9 Construction in areas subject to high rates of f@mm erosion is problematic. Buildings become
increasingly vulnerable to the effects of even minor stormsHigeee6). This process
eventually necessitates their removal or results in their destruction.

1 Many of the buildings affected during the April 1988 storm were further damaged during the
March 1989 storngitherbecause of additional erosion and undermining or debris damage to
crossbracing and foundation piles (segure7 andFigure8).

Figure5.Mar ch 1989 nordbeaster. This plain concrete pe
places.
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Figure6.Mar ch 1989 nor deast er .onktohakedostgldtkstitda gorcth o us e s e
the loss of supporting soicompromisesits structural integrity.

Figure7.Mar ch 1989 noedigmsriong.. Fail ur
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/ Overnotcfﬁed
Piles =
Cracked

| Pile Broken
by Debris
Impact

Figure8.Mar ch 1989 nordeaster. Deck pile broken by de
to crack at overnotched connections to floor beam.

1992, January 4 Nor 6 easter, Del awhre mnodOoOMasybandas t he
damaging in coastal Delaware and Maryland since the Ash Wednetl®&/2 nor 6 easter . A
Building Performance Assessment Te®BRAT) inspected damage in six Delaware and Maryland
communities (se€igure9). In their report (FEMA 1992), the BPAT concluded the following:

m (
FI

1 Damage was principally due to storm surge, wave action, and erosion. Beaches affected by the
January storm had not fully recovered from the Halloween 1991 storm, whicbdstal areas
vulnerable to further damage.

1 Buildings constructed to NFIP requirements fared well during the storm. For those buildings
damaged, a combination of ineffective construction techniques and insufficient building elevation
appeared to be the noajcauses of damage.

1 For some pilesupported buildings, inadequate connection of floor joists to beams led to building
damage or failure. Obliquely incident waves are believed to have produceaifamm loads
and deflections on pile foundations, causnoeg-uniform beam deflections and failure of
inadequate joisto-beam connections. The report provides three possible techniques to address
this problem.

10 Coastal Construction ManuRlesources
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1

Some buildings had poorly located or fastened utility lines. For example, some sewer stacks and
sewer aterals failed as a result of erosion and flood forces. The report provides guidance on
locating and fastening sewer connections to minimize vulnerability.

Many pile-supported buildings were observed to have sustained damaggraaator
inadequately eleated mechanical equipment, including air conditioning compressors, heat
pumps, furnaces, ductwork, and hot water heaters. The report provides guidance on proper
elevation of these units.

Photograph by Anthony Pratt

Figure 9. 1992 storm impacts at Dewey Beacl)E. Note collapse of deck on landward side of
building.

SOUTH ATLANTIC COAST

1926, Hurricane, Miami, FL . Those who believe we have only recently come to understand-storm
resistant design and construction will be sisgd by the insight and conclusions contained in a 1927
article by Theodore &ting, a south Florida engineer, 1 year after the 1926 hurrican&ipee 10)
struck Miami, Florida (Eefting 1927). The article points out many wesses in buildings and
construction that we still discuss today:

)l
)l
T
T
T

Light wooden truss roof systems and trtessvall connections

Faults and weaknesses in windows and doors, and their attachment to the main structure
Poor quality materials

Poor workmanshipsupervision, and inspection

Underequipped and undermanned building departments

Eefting makes specific comments on several issues that are still relevant:

Coastal Construction BhualResources 11
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Buildings under three storiééghi . . . t he most pertinent cefadtl usi on
lies in the actual construction in the field, such as lack of attention to small detail, anchors, ties, bracing,
reinforcing, carpentry, and masonry work.o

The role of the designéri Engi neer s and architects nahioh t oo prone
everything is covered to the minutest detail, and to draw plans on which requirements are shown with hair
splitting accuracy, and then allow the contractor to build the building, sewer, pavement or structure in

general with little or no supervisiond

Buildingcodes il n t he repeated emphasis on inspection an
should not lose sight of the value of good building codes. . . Every city in the state whether damaged by
the storm or not would do well to carefullyapat e t he exi sting codes and str

*,‘,
:

! o2
sl

g

i
,Iwg
ne

NE b

¢
.. e I

Figure 10. Building damage from 1926 hurricane, Miami,FL.

1989, September 2-227 Hurricane Hugo, SC. Hurricane Hugo was one of the strongest hurricanes

known to ha&e struck South Carolina. Widespread damageoaased by number of factors: flooding,

waves, erosion, debris, and wind. In addition, building and contents damage caused by rainfall penetration
into damaged buildings, several days after the hurricaelg ibéten exceeded the value of direct

hurricane damage.

Damage fronHurricane Hug@andconsequentepairs were documented in a FEMA Flood Damage
Assessment Report (URS 1991a) and a FollipMnvestigation Report (URS 1991b). The reports
concluded the fobwing:

1 PostFIRM buildings that were both properly constructed and elevated survived the storm (see
Figurell). These buildings stood in sharp contrast tefifeM buildings and to pogtIRM
buildings that were poorly designedammstructed.

12 Coastal Construction ManuRlesources
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Figure 11. Hurricane Hugo (1989), Garden City BeachSC. House on pilings survived while others
did not.

1 Many buildings elevated on masonry or reinforced concrete columns supported by shallow
footings failedIn some instances, the columns were undermined; in others, the columns failed as
a result of poor construction (semurel2).

1 Several pilesupported buildings not elevated entirely above the wave crest showed damage or
destructon of floor beams, floor joists, floors, and exterior walls.

1 Some of the most severely damaged buildings were in the second, third, and fourth rows back
from the shoreline. These areas were mapped as Zone A on the FIRMs for the affected
communities. Consefation should be given to more stringent design standards for Coastal A
Zones.

1 The storm exposed many deficiencies in residential roofing practices: improper flashing, lack of
weatherresistant ridge vents, improper shingle attachment, and failure sxeepdjing roofing
materials.

Coastal Construction BhualResources 13
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Figure 12 Hurricane Hugo (1989), South Carolina. Failure of reinforced masonry column.

1992, August 24 Hurricane Andrew, Dade County, FL. Hurricane Andrew was a strong Category 4
hurricanewhen it made landfall in southern Dade County and caused over $26 billion in damage (NOAA
1997). The storm surge and wave effects of Andrew were localized and minor when compared with the
damage due to wind. A FEMA BPAT evaluated damage tetortevo-story woodframe and/or masonry
residential construction in Dade County. In its report (FEMA 1993a), the team concluded the following:

9 Buildings designed and constructed with components and connections that transferred loads from

the envelope to the foundatipne r f or med wel |l . When these critice
in evidence, damage ranged from considerable to total, depending on the type of architecture and
construction.

1 Catastrophic failures of light woefdame buildings were observed more freggliethan
catastrophic failures of other types of buildings constructed on site. Catastrophic failures were
due to a number of factors:

a. Lack of bracing and load path continuity at wdame gable ends

b. Poor fastening and subsequent separation of rooflsihgdtom roof trusses
c. Inadequate roof truss bracing or bridging (see Figure 13)
d

Improper sil plateto-foundation or sliplateto-masonry connections

14 Coastal Construction ManuRlesources
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Figure 13. Hurricane Andrew (1992). Roof failure due to inadequate braing.

9 Failures in masonry wall buildings were usually attributable to one or maore of the following:
a. Lack of or inadequate vertical wall reinforcing
b. Poor mortar joints between masonry walls and monolithic slab pours
c. Lack of or inadequate tie beams, horizbneinforcement, tie columns, and tie anchors
d. Missing or misplaced hurricane straps between the walls and roof structure

1 Composite shingle and tile (extruded concrete and clay) roofing systems sustained major damage
during the storm. Failures were usuallye to improper attachment, impacts of windborne debris,
or mechanical failure of the roof covering itself.

1 Loss of roof sheathing and consequent rainfall penetration through the roof magnified damage by
a factor of five over that suffered by buildingsogle roofs remained intact or suffered only minor
damage (Sparks et al. 1994).

9 Exterior wall opening failures (particularly garage doors, sliding glass doors, French doors, and
double doors) frequently led to internal pressurization and structural danage s8utters and
the covering of windows and other openings reduced such failures significantly.

1 Quality of workmanship played a major role in building performance. Manycsealtructed
buildings survived the storm intact, even though they were adjaennear other buildings that
were totally destroyed by wind effects.

Coastal Construction BhualResources 15
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1996, September % Hurricane Fran, Southeastern North Carolina.Hurricane Fran, a Category 3
hurricane, made landfall near Cape Fear, North Carolina. Erosion and surge damagtato c

construction were exacerbated by the previous effects of a weaker storm, Hurricane Bertha, which struck
2 months earlier. A FEMA BPAT reviewed building failures and successes and concluded the following
(FEMA 1997):

1 Many buildings in mapped Zone Aanre exposed to conditions associated with Zone V, which
resulted in building damage and failure from the effects of erosionvkighity flow, and
waves. Remapping of flood hazard zones after the storm, based on analyses that accounted for
wave runup, wee setup, and dune erosion, resulted in a significant landward expansion of Zone
V.

1 Hundreds of oceanfront houses were destroyed by the storm, mostly as a result of insufficient pile
embedment (seleigure14) and wave effects. Most of the destroyed bujdinad been
constructed under an older building code provision that required that piling foundations extend
only 8 feet below the original ground elevation. Erosion around the destroyed oceanfront
foundations was typicallyi® feet. In contrast, foundatidailures were rare in similar, piling
supported buildings located farther from the ocean and not subject to erosion.

9 A significant reduction in building losses was observed in similarly sized oceanfront buildings
constructed after the North Carolina Birld Code was amended in 1986 to require a minimum
embedment t95.0 feet National Geodetic Vertical Datum (NGVD) or 16 feet below the original
ground elevation, whichever is shallower, for pilings near the ocean. A study of Topsail Island
found that 98 peent of postl986 oceanfront houses (200 of 205) remained after the hurricane.
Ninety-two percent of the total displayed no significant damage to the integrity of the piling
foundation. However, 5 percent (11) were found to have leaning foundatiof3gse=l6). A
nontdestructive test used to measure piling length in a partial sample of the leaning buildings
revealed that none of the leaning pilings tested met the required piling embedment standard.
Many were much shorter. However, given the uncertahpredicting future erosion, the BPAT
recommended that consideration be given to a piling embedment standaédOofeet NGVD.
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Figure 14: Hurricane Fran (1996). Many oceanfront houses built before the enactment of th&®86
North Carolina State Code were found to be leaning or destroyed.

1 The BPAT noted a prevalence of midtory decks and roofs supported by posts resting on
elevated decks; these decks, in turn, were often supported by posts or piles wiit6dabt &f
embedment. Buildings with such deck and roof structures often sustained extensive damage when
flood forces caused the deck to separate from the main structure or caused the loss of posts or
piles and left roofs unsupported.

1 Design or construction flaws weoften found in breakaway walls. These flaws included the
following:

a. Excessive connections between breakaway panels and the building foundation (however, the
panels were observed generally to have failed as intended)

b. Placement of breakaway wall sectiansmediately seaward of foundation crdsacing
C. Attachment of utility lines to breakaway wall panels

1 Wind damage to poorly connected porch roofs and large roof overhangs was frequently observed.
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