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COASTAL FLOOD AND WIND EVENT SUMMARIES 

This resource supplements Chapter 2 of Coastal Construction Manual. It summarizes coastal flood and wind events 

that have affected the continental United States, Alaska, Hawaii, and U.S. Territories 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 

geographicallyðonly the area near the point of landfall will experience effects associated with the 

reported storm category. 

 

NORTH ATLANTIC COAST 

1938, September 21 ï ñLong Island Expressò Hurricane. The 1938 hurricane was one of the strongest 

ever to strike New York and New England. Although the maximum sustained wind speed at the stormôs 

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 Gloria in 1985), had a forward 

speed of over 30 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 

(see Figure 1) (surge and wave damage) as well as those away from the coast (wind and tree-fall damage). 

Minsinger (1988) documents the storm and the damage it caused in The 1938 Hurricane, An Historical 

and Pictorial Summary. 
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WPA photograph, from Minsinger (1988). 

Figure 1. ñLong Island Expressò Hurricane. Schell Beach, Guilford, CT, before and after the storm. Non-

elevated houses at the shoreline were destroyed.  
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1985, September 27 ï Hurricane Gloria, New York . This fast-moving hurricane crossed Long Island 

near the time of low tide, causing minor storm surge and erosion damage, but substantial wind damage. 

Impacts from Hurricane Gloria were documented in a FEMA Post-Flood Disaster Assessment Report. 

The report (URS 1986) concluded the following: 

¶ Wind speeds on Long Island may have exceeded the code-specified 75 mph (fastest-mile) wind 

speed. 

¶ Tree damage, which was widespread and substantial, led to loss of overhead utility lines and 

damage to buildings.  

¶ Common causes of failures in residential construction included poor roof-to-wall connections, 

lack of hurricane clips, flat roofs, eaves with overhangs greater than 18 inches, and large plate 

glass windows facing seaward. 

¶ The density of development, combined with high incidence of first-row roof failures, led to 

significant debris and projectile damage to second- and third-row buildings. 

Oceanfront areas had been left vulnerable to flood, erosion, and wave damage by previous northeast 

storms. Accordingly, damage from 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 non-elevated buildings. 

 

1991, August 19 ï Hurricane Bob, Buzzards Bay Area, Massachusetts. Hurricane Bob, a Category 2 

hurricane, followed a track similar to that of the 1938 ñLong Island Expressò hurricane. Although 

undistinguished by its intensity (not even ranking among the 65 most intense hurricanes to strike the 

United States during the twentieth century), it caused $1.75 billion in damage (1996 dollars) (see Figure 

2). A FEMA Flood Damage Assessment Report (URS 1991c) documented damage in the Buzzards Bay 

area. The wind speeds during Hurricane Bob were below the design wind speed, and the storm tide 

(corresponding to a 15-year tide) was at least 5 feet below the base flood elevation (BFE). Nevertheless, 

the storm gave opportunity to evaluate the performance of different foundation types. 

¶ Many buildings in the area had been elevated on a variety of foundations, either in response to 

Hurricane Carol (1954) or the 1978 norôeaster, or as a result of community-enforced National 

Flood Insurance Program (NFIP) requirements. 

¶ Buildings that were constructed before the date of the Flood Insurance Rate Map (FIRM) for their 

community and that had not been elevated, or were not elevated sufficiently, suffered major 

damage or complete destruction; some destroyed buildings appeared to have had insufficient 

foundation embedment. 

¶ Post-FIRM buildings and pre-FIRM buildings sufficiently elevated performed 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. 

¶ Foundation types that appeared to survive the storm without structural damage included the 

following: 

a. Cast-in-place concrete columns, at least 10 inches in diameter 

b. Masonry block columns with adequate embedment depth 

c. 10-inch-thick shear walls with a flow-through configuration (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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Photograph by Jim OôConnell 

Figure 2. Hurricane Bob (1991) destroyed 29 homes along this reach of Mattapoisett, MA .  

 

1991, October 31 ï Norôeaster, Long Island, NY and Boston, MA . This storm, which followed closely 

on the heels of Hurricane Bob, was one of the most powerful norôeasters on record and is described by 

Dolan and Davis in Mariners Weather Log (1992) and Davis and Dolan in the Journal of Coastal 

Research (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: 

¶ Pre-FIRM at-grade buildings were generally subject to erosion and collapse; at least one was 

partially buried by several feet of sand overwash. 

¶ Some buildings were damaged by flood-borne debris from other damaged structures. 

¶ Some pile-supported buildings sustained damage as a result 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 the landward portion of the foundation (the seaward portion had been 

repaired after recent storms, while the landward portion was probably original and less deeply 

embedded). 

¶ In areas subject to long-term erosion, buildings became increasingly vulnerable to damage or 

collapse with each successive storm. 

¶ Although erosion control structures protected many buildings, some buildings landward of 

revetments or bulkheads were damaged as a result of wave overtopping and erosion behind the 

erosion control structures. 

Buildings on continuous masonry block foundations (such as those permitted in Zone A) were commonly 

damaged or destroyed when exposed to flooding, wave action, erosion, and/or localized scour (see Figure 

3). 

¶ Buildings on continuous cast-in-place concrete foundations performed better than those on 

continuous masonry block foundations, and were generally more resistant to wave and flood 

damage; however, some continuous cast-in-place concrete foundations were damaged when 

footings were undermined by erosion and localized scour. 
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Photograph by Jim OôConnell 

Figure 3. October 1991 norôeaster damage to homes at Scituate, MA .  

 

MID-ATLANTIC COAST 

1962, March 5-8 ï Great Atlantic Storm of 1962 (Norôeaster). One of the most damaging storms on 

record, this norôeaster affected almost the entire eastern seaboard of the United States and caused extreme 

damage in the mid-Atlantic 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 hours, through five 

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 Island, NY (see Figure 4). In 

many locations, waves 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 large sections of coastal roads, and interrupted rail 

transportation in many areas. In all, property damage was estimated at half a billion dollars (in 1962 

dollars). 
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UPI/Corbis-Bettmann photograph 

Figure 4. 1962 Mid-Atlantic storm.  Extreme damage to homes along the beach at Point-o-Woods, 

Fire Island, NY.  

 

1984, March 29 ï Norôeaster, New Jersey. On March 28, 1984, a large low-pressure system developed 

in the southeastern United States and strengthened dramatically as it moved across Tennessee, 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 hurricane-force 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 (USDC, NOAA 1984). 

Measurements of local tidal flooding indicate that this storm had a recurrence interval of approximately 

10 to 20 years (NJDEP 1986). 

In its 1986 Hazard Mitigation Plan, the New Jersey Department of Environmental Protection (NJDEP) 

reported the following regarding damage from the 1984 storm: ñIn general, damage along the oceanfront 
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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 revetments, areas 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 to severe 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 beach erosion and 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 County, made evacuations impossible.ò 

 

1988, April 13 ï Norôeaster, Sandbridge Beach, VA, and Nags Head, NC. This storm, although not 

major, resulted in damage to several piling-supported oceanfront houses in North Carolina and Virginia. 

Long-term shoreline erosion coupled 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) concluded the following: 

¶ 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. 

¶ Several pile-supported single-family houses sustained 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. 

¶ Post-storm inspections revealed that foundations of many of the affected houses had been 

repaired previously (by jetting of new piles and splicing/bolting to old piles, adding cross-

bracing, or adding timber grade beams). Previous repairs were only partially effective in 

preventing structural damage during the storm. 

¶ Followup examinations of some of the houses in August 1988 showed the same types of 

foundation repairs that had previously failed. 

¶ Standard metal hurricane clips and joist hangers were observed to have suffered significant to 

severe corrosion damage. Alternative connectors, such as heavier gauge connectors, wooden 

anchors, or noncorrosive connectors, should be used in oceanfront areas. 

 

1989, March 6-10 ï Norôeaster, Nags Head, NC, Kill Devil Hills, NC, and Sandbridge Beach, VA. 

Damage from the March 1989 norôeaster was much greater than that caused by the April 1988 storm, 

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 for over 59 hours) 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 Assessment Report (URS 1990) concluded the following: 

¶ 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 loads (see Figure 5). 

¶ Failure of the pile-to-beam connection was observed where a bolt head lacked a washer and 

pulled through the beam. 
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¶ Cracks in piles and deck posts, or failed connections to them, were in some cases attributed to 

cross-bracing oriented parallel to the shore or the attachment of closely spaced horizontal planks. 

¶ Construction in areas subject to high rates of long-term erosion is problematic. Buildings become 

increasingly vulnerable to the effects of even minor storms (see Figure 6). This process 

eventually necessitates their removal or results in their destruction. 

¶ Many of the buildings affected during the April 1988 storm were further damaged during the 

March 1989 storm, either because of additional erosion and undermining or debris damage to 

cross-bracing and foundation piles (see Figure 7 and Figure 8). 

 

 

Figure 5. March 1989 norôeaster. This plain concrete perimeter grade beam cracked in several 

places. 
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Figure 6. March 1989 norôeaster. Although this house seems only to have lost decks and a porch, 

the loss of supporting soil compromises its structural integrity.  

 

 

Figure 7. March 1989 norôeaster. Failure of cross-bracing. 
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Figure 8. March 1989 norôeaster. Deck pile broken by debris impact. Flood forces also caused piles 

to crack at overnotched connections to floor beam. 

 

1992, January 4 ï Norôeaster, Delaware and Maryland. This norôeaster was the most intense and 

damaging in coastal Delaware and Maryland since the Ash Wednesday 1962 norôeaster. A FEMA 

Building Performance Assessment Team (BPAT) inspected damage in six Delaware and Maryland 

communities (see Figure 9). In their report (FEMA 1992), the BPAT concluded the following: 

¶ 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, which left coastal areas 

vulnerable to further damage. 

¶ 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 major causes of damage. 

¶ For some pile-supported buildings, inadequate connection of floor joists to beams led to building 

damage or failure. Obliquely incident waves are believed to have produced non-uniform loads 

and deflections on pile foundations, causing non-uniform beam deflections and failure of 

inadequate joist-to-beam connections. The report provides three possible techniques to address 

this problem. 
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¶ Some buildings had poorly located or fastened utility lines. For example, some sewer stacks and 

sewer laterals 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 damage to at-grade or 

inadequately elevated 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 Beach, DE. 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 surprised by the insight and conclusions contained in a 1927 

article by Theodore Eefting, a south Florida engineer, 1 year after the 1926 hurricane (see Figure 10) 

struck Miami, Florida (Eefting 1927). The article points out many weaknesses in buildings and 

construction that we still discuss today: 

¶ Light wooden truss roof systems and truss-to-wall connections 

¶ Faults and weaknesses in windows and doors, and their attachment to the main structure 

¶ Poor quality materials 

¶ Poor workmanship, supervision, and inspection 

¶ Underequipped and undermanned building departments 

Eefting makes specific comments on several issues that are still relevant: 
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Buildings under three stories high ï ñ... the most pertinent conclusion that may be reached is that the fault 

lies in the actual construction in the field, such as lack of attention to small detail, anchors, ties, bracing, 

reinforcing, carpentry, and masonry work.ò 

The role of the designer ï ñEngineers and architects are too prone to write specifications in which 

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 supervision.ò 

Building codes ï ñIn the repeated emphasis on inspection and the importance of good workmanship we 

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 carefully analyze the existing codes and strengthen them where weak.ò 

 

 

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

 

1989, September 2 1-22 ï Hurricane Hugo, SC. Hurricane Hugo was one of the strongest hurricanes 

known to have struck South Carolina. Widespread damage was caused by a 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 hurricane itself, often exceeded the value of direct 

hurricane damage. 

Damage from Hurricane Hugo and consequent repairs were documented in a FEMA Flood Damage 

Assessment Report (URS 1991a) and a Follow-Up Investigation Report (URS 1991b). The reports 

concluded the following: 

¶ Post-FIRM buildings that were both properly constructed and elevated survived the storm (see 

Figure 11). These buildings stood in sharp contrast to pre-FIRM buildings and to post-FIRM 

buildings that were poorly designed or constructed. 
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Figure 11. Hurricane Hugo (1989), Garden City Beach, SC. House on pilings survived while others 

did not. 

 

¶ Many buildings elevated on masonry or reinforced concrete columns supported by shallow 

footings failed. In some instances, the columns were undermined; in others, the columns failed as 

a result of poor construction (see Figure 12). 

¶ Several pile-supported buildings not elevated entirely above the wave crest showed damage or 

destruction of floor beams, floor joists, floors, and exterior walls. 

¶ 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. Consideration should be given to more stringent design standards for Coastal A 

Zones. 

¶ The storm exposed many deficiencies in residential roofing practices: improper flashing, lack of 

weather-resistant ridge vents, improper shingle attachment, and failure to replace aging roofing 

materials. 
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Figure 12. Hurricane Hugo (1989), South Carolina. Failure of reinforced masonry column. 

 

1992, August 24 ï Hurricane Andrew, Dade County, FL. Hurricane Andrew was a strong Category 4 

hurricane when 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 to one- to two-story wood-frame and/or masonry 

residential construction in Dade County. In its report (FEMA 1993a), the team concluded the following: 

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

the envelope to the foundation performed well. When these critical ñload transfer pathsò were not 

in evidence, damage ranged from considerable to total, depending on the type of architecture and 

construction. 

¶ Catastrophic failures of light wood-frame buildings were observed more frequently than 

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 wood-frame gable ends 

b. Poor fastening and subsequent separation of roof sheathing from roof trusses 

c. Inadequate roof truss bracing or bridging (see Figure 13) 

d. Improper sill plate-to-foundation or sill plate-to-masonry connections 
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Figure 13. Hurricane Andrew (1992). Roof failure due to inadequate bracing. 

 

¶ Failures in masonry wall buildings were usually attributable to one or more 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, horizontal reinforcement, tie columns, and tie anchors 

d. Missing or misplaced hurricane straps between the walls and roof structure 

¶ Composite shingle and tile (extruded concrete and clay) roofing systems sustained major damage 

during the storm. Failures were usually due to improper attachment, impacts of windborne debris, 

or mechanical failure of the roof covering itself. 

¶ Loss of roof sheathing and consequent rainfall penetration through the roof magnified damage by 

a factor of five over that suffered by buildings whose roofs remained intact or suffered only minor 

damage (Sparks et al. 1994). 

¶ Exterior wall opening failures (particularly garage doors, sliding glass doors, French doors, and 

double doors) frequently led to internal pressurization and structural damage. Storm shutters and 

the covering of windows and other openings reduced such failures significantly. 

¶ Quality of workmanship played a major role in building performance. Many well-constructed 

buildings survived the storm intact, even though they were adjacent to or near other buildings that 

were totally destroyed by wind effects. 

 

 

 



 Coastal Flood and Wind Event Summaries 

16  Coastal Construction Manual Resources 

1996, September 5 ï Hurricane Fran, Southeastern North Carolina. Hurricane Fran, a Category 3 

hurricane, made landfall near Cape Fear, North Carolina. Erosion and surge damage to coastal 

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): 

¶ Many buildings in mapped Zone A were exposed to conditions associated with Zone V, which 

resulted in building damage and failure from the effects of erosion, high-velocity flow, and 

waves. Remapping of flood hazard zones after the storm, based on analyses that accounted for 

wave runup, wave setup, and dune erosion, resulted in a significant landward expansion of Zone 

V. 

¶ Hundreds of oceanfront houses were destroyed by the storm, mostly as a result of insufficient pile 

embedment (see Figure 14) and wave effects. Most of the destroyed buildings had 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 typically 5ï8 feet. In contrast, foundation failures were rare in similar, piling-

supported buildings located farther from the ocean and not subject to erosion. 

¶ A significant reduction in building losses was observed in similarly sized oceanfront buildings 

constructed after the North Carolina Building Code was amended in 1986 to require a minimum 

embedment to ï5.0 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 percent of post-1986 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 foundations (see Figure 16). A 

non-destructive 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 uncertainty of predicting future erosion, the BPAT 

recommended that consideration be given to a piling embedment standard of ï10.0 feet NGVD. 

 



Coastal Flood and Wind Event Summaries  

Coastal Construction Manual Resources  17 

 

Figure 14:  Hurricane Fran (1996). Many oceanfront houses built before the enactment of the 1986 

North Carolina State Code were found to be leaning or destroyed. 

 

¶ The BPAT noted a prevalence of multi-story decks and roofs supported by posts resting on 

elevated decks; these decks, in turn, were often supported by posts or piles with only 2ï6 feet of 

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. 

¶ Design or construction flaws were often 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 sections immediately seaward of foundation cross-bracing 

c. Attachment of utility lines to breakaway wall panels 

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












































