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ABSTRACT 

 Roof covering failure is one of the most prominent failures observed during post hurricane and 

tornado disaster investigations.  Roof covering failure allows water penetration leading to 

significant damages/losses to buildingsô interiors; in most cases this leads to structural failure.  

The damages caused by such disasters are significant.  Understanding the impact of such 

disasters on human lives, nature, and economies, Mr. Phil Georgeau provided funding to 

establish the Georgeau Construction Research Center (GCRC) at Western Michigan University 

to study the means and methods of improving the resilience of structures, including roofing 

systems.  The research team was initially tasked to evaluate the means of improving the 

performance of flat roof systems by using adhesives and fasteners (a hybrid system).  However, 

the team was more interested in learning state-of-the-art and practice to identify the knowledge 

gap and research needs for improving structural system resilience under damaging wind loads; of 

primary interest is the flat roof system.  Hence, a thorough review of literature and industry 

practice was performed to document roofing systems, load path within the roof system and from 

roof to the building structural system, typical failures observed during past events, roofing 

construction industry practices/ experience/ perspective, recommendations for improving 

building envelope integrity and performance, available innovative materials and methods, 

construction quality assurance methods, maintenance requirements, etc.  As a result, this report 

presents a comprehensive plan of research needs that highlights testing of components and 

assemblies of roofing systems, simulation needs for evaluating design loads by incorporating 

structural system response, and performance evaluation as part of construction quality control 

and asset management.  This plan can be used for developing future research projects and 

implementation plans for project deliverables. 
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1 INTRODUCTION  

1.1 OVERVIEW  

The Federal Emergency Management Agency (FEMA) Mitigation Assessment Teams (MATs) 

evaluate the performance of buildings subjected to natural and man-made hazards (FEMA 2016).  

In March 2005, FEMA published a summary report on building performance during the 2004 

hurricane season (FEMA 2005).  The report indicated that roof covering failure was one of the 

most consistent structural deficiencies observed during field investigations.  Another critical 

aspect documented in FEMA (2005) is the damages to many critical and essential facilities 

including shelters, fire departments, hospitals, police stations, emergency operation centers, etc., 

during high winds due to the poor performance of building envelopes.  The primary reasons for 

such failures is the lack of continuous load path to transfer a wind load from the roof system to 

the foundation.  Following Hurricane Katrina, in 2006, FEMA published a report on building 

performance.  Even though Katrinaôs wind speed is at/or below the design speeds, among other 

failure modes, roof decking blow-off was common. 

Roof covering types (tiles, asphalt shingles, metal panels, membrane systems, etc.) have shown 

distinctly low performance levels.  As an example, FEMA (2012) presents the observed failure 

of commercial and industrial buildings during the 2011 tornado outbreak in Alabama, Georgia, 

Mississippi, Tennessee, and Missouri (Figure 1-1).  Failure of the roof deck-to-joist connections 

as well as the roof-to-wall panel connections was common.  Such failures led to the collapse of 

walls leading to significant damages to buildingsô interiors and occupants.  Even though welds 

and screws were designed to carry codified wind loads, during hurricanes and tornadoes, large 

concentrated forces developed at these connections have ripped off the covering.  In addition, 

cyclic loads acting on the roof can cause the screw holes to get larger making the failure 

imminent.  Hence, there is an interest to use adhesives to enhance structural integrity of roof 

systems.  However, there is a significant resistance to such applications, but the interest among 

the adhesive manufacturers and contractors is growing.  As an example, a white paper was 

published by Fiberlite (2012) entitled ñRoofing ï Screw it or Glue it?ò  The paper discusses the 

most common reason for roof failures as blisters, open laps, splitting, punctures, penetrations, 

wrinkles, flashing, surfacing, fasteners, and abuse and neglect.  Further, it provides a few case 

studies on the performance of roofs during Hurricane Katrina.  One of the recommendations in 
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the white paper is to ñkeep the edge and /or perimeter solid and intact to restrict air infiltration 

into the roof envelope by sealing the deck and wall interfaces.ò  Even though the focus of the 

article by Fiberlite (2012) is on flat roof systems, some of the recommendations are equally 

applicable to the steep sloped roof systems.  However, the most recent design of steep sloped 

roofs allows air flow through the attic, that could completely change the wind loads acting on the 

roofing system. 

  

(a) Failed puddle welds that connected the metal roof 

deck to the top chord of the joist (red arrows) 

(FEMA 2012) 

(b) Roof system purlins intact with metal roof clips 

released (red arrows) (FEMA 2012) 

Figure 1-1.  Roof system failure during the 2011 tornado outbreak 

Roof covering failure allows water penetration leading to significant damages/losses to 

buildingsô interiors; in most cases this leads to structural failure (FEMA 2012; FEMA 2005).  

The social and economic impacts of such disasters are significant.  As an example, the damages 

during 2004 hurricane season required assisting more than 548,000 citizens utilizing the disaster 

recovery centers located in Florida, approving more than $605 million as public assistance and 

individual assistance disaster aid, and cleaning 53 million cubic yards of debris (FEMA 2005).  

Therefore, it is necessary to document the following: roof systems commonly used in hurricane 

prone and high wind areas, load path within the roof system and from roof to the building 

structural system, typical failures observed during past events, roofing construction industry 

practices/ experience/ perspective, recommendations for improving building envelope integrity 

and performance, available innovative materials and methods, construction quality assurance 

methods, maintenance requirements, etc.  This process helps to identify the knowledge gap and 

research needs for improving structural resilience under damaging wind loads. 
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1.2 PROJECT OBJECTIVE S AND SCOPE 

The primary goal is to develop a research agenda that allows utilizing the research facilities 

currently being developed by the Center and identifying the expertise and additional resources 

needed for evaluating various roof systems and materials or mechanisms for improving 

structural/load path integrity to improve structural resilience under damaging wind loads.  

The following are the objectives of this study: 

1. Document roof structural systems and load paths. 

2. Document means and methods for improving structural performance of roofs. 

3. Develop an education and research agenda with short- and longer-term goals. 

1.3 REPORT ORGANIZATION  

The report is organized into five chapters: 

¶ Chapter 1 includes an overview and project goals and objectives.  

¶ Chapter 2 includes roofing system types, design, and performance; standards and 

specifications as well as the experimental, analytical, and numerical procedures used for 

calculating design loads; and roofing system performance evaluation methods.  

¶ Chapter 3 includes a summary of the inputs collected from adhesive manufacturers, 

product manufacturers, roofing contractors, and consultants through a survey 

questionnaire. 

¶ Chapter 4 presents a comprehensive plan of research needs that highlights testing of 

components and assemblies of roofing systems, simulation needs for evaluating design 

loads by incorporating structural system response, and performance evaluation as part of 

construction quality control and asset management.  

¶ Chapter 5 includes the reference list. 

The following appendices are included in the report. 

¶ Appendix A: Abbreviations  

¶ Appendix B: Recommendations for Improving Building Envelope Integrity and 

Performance During High Wind Events 

¶ Appendix C: Survey Questionnaire 

¶ Appendix D: Project Specification Standards 

¶ Appendix E: Product Performance Evaluation Standards  
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2 STATE-OF-THE-ART AND PRACTICE  

2.1 OBJECTIVE AND APPROACH 

Figure 2-1 illustrates the major topics (roofing system types, design, and performance) and the 

sub-topics covered in this chapter.  Roofing system types and associated components are 

discussed.  Standards and specifications used for the design of roofing systems as well as the 

experimental, analytical, and numerical procedures used for calculating design loads are 

discussed.  Roofing system performance is evaluated using laboratory and field tests, numerical 

and experimental simulations, and by visual inspection supported with limited application of 

non-destructive testing methods.  As an example, wind uplift tests are conducted to evaluate the 

performance of roofing systems under laboratory conditions while insurance agencies and 

government agencies conduct visual inspection to assess post-disaster damages.  The tools (if 

any) used for such inspection and the findings documented in post-disaster reconnaissance 

reports are documented in this chapter.  The manuals, guides, specifications, post disaster 

reconnaissance reports published by agencies such as the Federal Emergency Management 

Agency (FEMA), product manufacturer technical datasheets, and national and international 

scholarly articles are used as the primary sources of information. 

 

Figure 2-1.  An illustration of major and sub-topics covered in Chapter 2 

2.2 ROOFING SYSTEMS 

A roofing system protects an interior of a building from different climatic conditions such as 

rain, snow, and wind.  It also helps to regulate the interior condition of the building.  According 

to the National Roofing Contractors Association (NRCA), two roofing system categories are 
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defined based on the pitch: steep slope roofs (pitch > 140) and flat roofs (pitch Ò 140).  The steep 

slope roofs are further classified into four groups based on the orientation of the roof pitch.  They 

are gabled roofs, hipped roofs, mansard roofs, and shed roofs.  The steep slope roofs are used 

abundantly in residential construction while the flat roofs are mostly used in commercial 

buildings. 

A typical roofing system consists of one or more of these components: roof covering (waterproof 

membranes, shingles, tiles etc.), insulation, membranes (single ply membranes, Spray 

Polyurethane Foam (SPF) membranes, etc.), air barriers, vapor barriers, and vapor retarders.  

According to the Handbook of Accepted Roofing Knowledge by NRCA (1983), the deck is not a 

part of a roofing system.  A roofing assembly is formed when a roofing system is integrated with 

a deck (metal, concrete, or wooden deck) to safely transfer the loads to the supporting structure.  

Steel and concrete are favored as roof decks in commercial buildings.  Lightweight, strength, and 

economy make steel the deck of choice for longer spans.  The wooden deck, which is often 

supported over a roof truss, is a popular choice in residential construction.  Irrespective of the 

roof angle and the exposure conditions, the roof covering forms the surface layer and the roof 

deck forms the support in a roofing system.  The arrangement of the interior layers depends on 

the roof angle and the climatic exposure conditions. 

2.3 STEEP SLOPED ROOF SYSTEMS 

Shingled roofs (with asphalt shingles, concrete tiles, slate shingles, clay tiles or wooden 

shingles), thatched roofs and metal roofs are examples for steep sloped roofs (Figure 2-2). 

    

Clay-tiled roof Asphalt-shingled roof Thatched roof Metal roofs 

Figure 2-2.  Types of steep sloped roofs (Turner Roofing Company Inc. 2018) 
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2.3.1 Components of a Steep Sloped Roof Assembly 

Figure 2-3 illustrates an exploded view of a typical steep sloped roof assembly. 

 
Figure 2-3.  A typical steep sloped roof assembly (OldProRoofing 2014) 

2.3.1.1 Roof Covering 

Asphalt shingles, clay tiles, concrete tiles, slate shingles, metal shingles and wooden shingles are 

the popular choices as roof coverings in steep sloped roofs.  Shingles are made of asphalt, metal, 

plastic, wood, slate, flagstone, and composite materials.  Shingles are produced in a single layer 

or in two or more layers.  For example, asphalt shingles have a base layer and a surface layer.  

The base layer is made with asphalt and fillers, and gives strength to the shingle.  The Surface 

layer is mostly composed of mineral granules and provides necessary protection.  Tiles are made 

of local materials such as clay and slate or modern materials such as concrete and plastic.  

Material and testing standards published by the American Society for Testing and Materials 

(ASTM), Factory Mutual (FM), and Underwriters Laboratory (UL) define the suitability of 

shingles and tiles for roofing application.  Natural thatching, such as reed and palm, and 

synthetic thatching are used as roof coverings in thatched roofs. 

2.3.1.2 Underlayment and Sheathing 

An underlayment is provided over a roof deck as the second barrier against moisture intrusion 

through unsealed locations on the roof and in situations where shingles tear off due to 

undesirable weather conditions.  A majority of the underlayments are asphalt based products 



Means and Methods for Improving Structural Integrity of Roof Systems 

 

 7 
 

such as saturated felts, synthetic underlayments and rubberized asphalt underlayments.  Asphalt 

saturated felts, one of the oldest underlayments used in the industry, are the weakest 

waterproofing material among the three types.  Synthetic underlayments are of an asphalt 

saturated fiberglass material with relatively better wearing resistance.  Because of their ability to 

be used with waterproofing products, they are more popular than the asphalt saturated felts.  On 

the other hand, the rubberized underlayment contains asphalt and rubber polymers thereby 

making it both waterproof and expensive.  Selection of the type of underlayment depends on the 

expected weather in the region, slope of the roof and the specific location of the roof.  For 

instance, waterproof underlayments are used at roof eaves, valleys, and at the joints with 

chimneys and skylights (Long roofing 2017).  In certain scenarios, sheathings are applied in 

addition to the underlayment laid over the deck, but this is not mandatory.  Oriented Strand 

Board (OSB) and plywood are the most commonly used roof sheathings. 

2.3.1.3 Insulation 

The insulation materials used in steep sloped roofs are similar to those discussed under flat roof 

systems.  The location of the insulation layer can be at the ceiling level (as shown in Figure 2-3) 

or between the rafters. 

2.4 FLAT ROOF SYSTEMS 

Built-up roofs (BURs), spray polyurethane foam (SPF) roofs, single ply membrane roofs, and 

metal panel roofs are the prominent flat roof systems.  Figure 2-4 shows the roof systems and 

their components.  

BURs are commonly known as ñtar and gravelò roofs and have been in the US for over 100 

years.  Alternating layers of ply sheets (often referred as roofing felts) and bitumen add strength 

to the BUR systems.  The bitumen can be asphalt, coal tar or a cold applied adhesive, and it acts 

as the bonding agent that binds the ply sheets together.  Reflective coatings, aggregates, glass 

fiber or mineral surfaced cap sheets, aluminum coatings, elastomeric coatings or hot asphalt 

mopping are a few surfacing types used in BURs (NRCA n.d.). 

In SPF roof systems, the foam is sprayed over the roof deck up to a desired thickness.  The 

thickness of the foam determines the drainage and the thermal resistance of the roof.  The foam 

is composed of two components: isocyanate and polyol.  The two components are heated, 
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proportioned at a 1:1 ratio, mixed together and sprayed over the deck using a spray gun.  Later, a 

protective coating of acrylic, butyl rubber, silicon or elastomers is applied over the foam.  In 

certain cases, mineral granules or sand is incorporated into a surface coating (NRCA n.d.). 

  

Built -up roof (Roofing Southwest n.d.) Spray polyurethane foam roof (Roofing Southwest n.d.) 

  

Single ply membrane roof (Roofing 

Southwest n.d.) 

Metal panel roof (Copper Development Association Inc. 

n.d.) 

Figure 2-4.  Flat roof types and their components  

In single ply membrane roofs, factory manufactured single ply sheet membranes are either 

mechanically attached or adhered onto the roof deck over an insulation layer.  These single ply 

membranes can be thermoset or thermoplastic.  Thermoplastic membranes (thermoplastic 

polyolefin (TPO) and poly vinyl chloride (PVC)) and thermoset membranes (ethylene propylene 

diene monomer (EPDM)) are the main two types of single ply membranes used in roofing.  The 

installation of a surfacing layer over the single ply membrane is optional (NRCA n.d.). 

The metal roof systems consist of structural metal panels due to their inherent hydrostatic nature.  

The panels are installed over continuous or closely spaced supports such as purlins.  If spaced 

supports are used, underlayments are often installed under the metal panels.  Installation of vapor 
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retarders, air barriers, and insulation as needed help to prevent the moisture condensation 

problems that occur within metal panel systems (NRCA n.d.). 

2.4.1 Components of a Flat Roof Assembly 

Figure 2-5 illustrates a typical section of a flat roof assembly. 

 
Figure 2-5.  Typical section of a flat roofing assembly (Lstiburek  2016) 

2.4.1.1 Roof Covering 

Mostly in flat roofs, except in metal roof systems, the roof covering is a waterproof membrane 

with adequate physical resistance, thermal resistance, wearing resistance, and durability.  

Occasionally, this membrane is paved with a loose ballast to hold down the membrane.  In non-

metal roof systems, surfacing techniques such as aggregate surfacing with bitumen and 

protective coatings are applied over the roof covering to improve its durability and wearing 

resistance.  Use of a vegetative surface cover has been the latest trend to minimize the heat island 

effect and to improve energy efficiency and aesthetics. 

2.4.1.2 Vapor Control Layer  

Vapor control layers are typically vapor barriers or vapor retarders: a vapor barrier prevents the 

migration of water vapor while a vapor retarder slows down the migration of water vapor.  In 

practice, it is hard to find a vapor barrier.  Based on the climate of a region, water can migrate 

from the exterior of the building to the interior or vice versa.  Therefore, the exact location of the 
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vapor barrier/retarder in a roofing assembly is determined based on the climatic conditions.  As 

an example, under cold climatic conditions, a vapor barrier is placed at the bottom of the 

assembly while it is placed at the top of the assembly in hot climatic conditions (Pierson 2016).  

Two of the most popular vapor retarders are polyethylene plastic sheets and two-ply fiberglass 

felts adhered with hot asphalt.  In addition, any material with a permeability rating of 1.0 or less 

in accordance to ASTM E1745 is suitable as a vapor retarder (Pierson 2016). 

2.4.1.3 Air Control Layer/Air Barrier 

The purpose of an air control layer or an air barrier is to control the airflow within a roof system; 

as a result, the vapor movement is controlled.  An air barrier needs to be continuous, durable, 

strong, and air impermeable.  The other benefits of an air barrier are improved energy efficiency, 

increased comfort, odor control, and noise control (Straube 2011). 

2.4.1.4 Thermal Control Layer/Insulation 

Insulation is often referred to as the thermal control layer.  R-value, which represents the 

capacity of a material to resist heat flow, is the primary factor used to select a material for a 

specific application.  The American Society of Heating, Refrigerating and Air-Conditioning 

Engineers (ASHRAE) 90.1 outlines required R-values and the amount of insulation required to 

achieve certain R-values based on the building location (Blum 2007).  The insulation layer needs 

to meet the design requirements for tensile strength, compressive strength, flexural strength, fire 

resistance, corrosion resistance, and moisture resistance.  Polyisocyanurate (Poly iso) boards are 

the most popular insulation used in commercial roofing applications, along with polystyrene 

foam, perlite, and wood fiberboard (Singh et al. 2005).  The compatibility of the insulation layer 

provided in a roof with the other layers is important, especially in an adhesive applied roofing 

system.  Based on the location of the insulation layer, flat roofs are termed as warm roofs 

(insulation above the roof deck), cold roofs (insulation below the roof deck), and inverted warm 

roofs (insulation above all the other layers) as in Figure 2-6 (Greenspec n.d.). 
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Warm roof  Cold roof 

 
Inverted warm roof  

Figure 2-6.  Warm roof, cold roof, and inverted warm roof (Greenspec n.d.) 

2.4.2 Historical Background and Evolution of the Flat Roof Systems 

By 1990, BUR had been dominating the flat roof market for over 140 years.  However, BURôs 

market share reduced from one third to 15% from the 1990s to 2005.  Instead, single ply roof 

systems and modified bituminous membrane roof systems increased their market dominance to 

nearly 70% in 1990 from being at less than 10% in 1980.  According to a RSI (Roofing Siding 

Insulation) survey, by the year of 2005, modified bituminous and cold applied bitumen roof 

systems held one third of the market share, EPDM roof systems held 30%, metal roofs held 10% 

and PVC and TPO membranes held about 20% of the flat roof system market.  The emergence of 

new, high strength and lightweight roofing materials, rise of concerns about the environmental 

pollution, safety and energy costs, and ease of prefabrication with less labor intensive 

installation, led to BURs decrease in popularity o during the 1990s (Griffin and Fricklas 2006). 

2.5 PERFORMANCE OF ROOFI NG AND STRUCTURAL SYSTEMS 

Roofing failure damages the building interior and potentially lead to complete structural failure.  

Based on the severity of the failures, roof failures can be categorized as performance failures and 
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structural failures.  Roofing failures that have an impact on the aesthetic appearance and hinder 

the functioning of the roof are known as performance failures.  On the other hand, structural 

failures are due to overloading or lack of capacity resulting from degradation of the components, 

connections, and primary/secondary members in the load path, or a combination thereof.   

2.5.1 Performance Failures 

Membrane failures (blisters, splitting, wrinkles, and punctures), fastener failure, surfacing 

failure, flashing failure, and ponding are a few common performance failures of flat roofs (Payne 

2012).  Figure 2-7 shows a few examples of flat roof performance failures.  Although some of 

these performance failures seem superficial, if not attended and repaired, they could lead to 

further deterioration and severe damages. 

   
(a) Blisters (b) Splitting   (c) Wrinkles  

  
(d) Fastener failure  (e) Surface failure 

Figure 2-7.  A few examples of flat roof performance failures (Payne 2012) 

The most commonly observed performance failures of steep slope roofing are in the roof 

coverings.  A majority of performance failures are due to weathering and aging of the roofing 

components as shown in Figure 2-8(a).  The brittling and shrinkage of roof covering, patterned 

cracks, loss of mineral granules, and algae growth are few examples.  Shingle splitting, as shown 

in Figure 2-8(b), occurs in asphalt shingles due to thermal expansion and contraction.  Diagonal 

tearing in asphalt shingles, as shown in Figure 2-8(c), is observed due to underlying deck 

movement or severe foundation settlement.  Blisters, shown in Figure 2-8(d), are a result of 

heating up and vaporizing of the volatiles in asphalt shingles (Marshall et al. n.d.).  Figure 2-8(e) 

shows buckled shingles.  This is a result of having wrinkled underlayment, lack of roof 
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ventilation, roof deck movement, lack of spacers between roof deck boards, or a combination 

thereof (Roofmax n.d.). 

   
(a) Weathered roof 

covering 
(b) Splitting (c) Diagonal tearing 

  
(d) Blisters (e) Buckling 

Figure 2-8.  Failures of steep sloped roof systems (Haag Engineering n.d.) 

2.5.2 Structural Failures 

The interaction of wind with a typical structure causes positive pressure on the surfaces (walls 

and roof) on windward side and negative pressure (suction) on the leeward surfaces as well as on 

the surfaces that are parallel to the wind direction.  Figure 2-9 shows the loads acting on a flat 

roof structure.  Wind uplift of a roof occurs when the negative pressure of passing wind pulls the 

assembly (Payne 2012). 

 
Figure 2-9.  Wind flow around a typical flat roof building  (FEMA 2007) 

A wind þowing over and around a building causes the wind þow separation at locations such as 

corners of roofs and walls, ridges, hips, and overhangs.  This þow separation creates small 

vortices that cause much higher pressures in localized areas.  These þow separation regions 

generally occur along the edges and the perimeter of the roof as shown in Figure 2-10.  

Therefore, the design wind pressures used in the production of  roof cladding can be nearly three 
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times higher than the pressure used for designing structural framing of the building (FEMA 

2009).  As detailed later in the report, failures are mostly initiated at these locations. 

 
Figure 2-10.  High wind pressure zones on a roof (FEMA 2009) 

After every major event, FEMA conducts investigations, primarily visual inspections, and 

develops assessment reports.  Each of the mitigation assessment reports submitted by FEMA 

after hurricane events provides recommendations for improvements to the current design 

practice.  The observations and recommendations provided in these reports have resulted in 

modifications and additions to the existing design codes and standards, installation techniques, 

construction practices, and maintenance practices.  The goal of developing such 

recommendations is to prevent the occurrence of similar failures during future events.  Hence, 

the existing national and regional building design codes and standards were updated by 

incorporating modified design details of structural members and connections, providing clear 

definitions and details to establish structural load paths, updating wind maps, etc. 

FEMA P-55 presents two diagrams, as shown in Figure 2-11 and Figure 2-12, illustrating a 

timeline of the significant coastal flood and wind events that occurred during the period from 

1900 to 2010, along with important milestones for changes to regulations, building codes, and 

construction practices (FEMA 2011).  
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Figure 2-11.  1900 to 1990 timeline of significant coastal flood and wind events and important milestones for 

changes to regulations, building codes, and construction practices (FEMA 2011) 
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Figure 2-12.  1990 to 2000 timeline of significant coastal flood and wind events and important milestones for 

changes to regulations, building codes, and construction practices (FEMA 2011) 

Figure 2-11 and Figure 2-12 show the evolution of design and construction guidelines and 

specifications following historical events.  In 1980, the Mobile County, Al, adopted specific 

requirements for glazing, roof covering, roof reinforcements, and anchoring after Hurricane 

Frederic in 1979.  Later in 1985, Hurricane Elena proved the performance improvements due to 










































































































































































































































































































































































