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discussed, help streamline the process, ensuring that the 
claims with actual wind damage are handled promptly. 
Enhanced damage identification, including cause, origin, 
and duration of roof covering failures, supports informed 
decision-making for roof inspectors.

The objective of this manuscript is fourfold: (1) to 
provide foundational background on roofing systems, 
with emphasis on the most commonly utilized roof cov-
ering materials; (2) to examine typical wind-induced 
damage patterns through the lens of fundamental wind 
science and wind engineering principles, highlighting 
how such damage is largely dependent on roof geometry, 
building height, configuration, and site exposure (among 
others); (3) to present illustrative case studies from field 
inspections conducted after major storm events, distin-
guishing between wind-related and nonwind-related 
damage to shingles and tiles; and (4) to summarize key 
guidelines for the assessment of wind damage in residen-
tial roofing systems by roof inspectors.

Discerning Wind-Related  
Damage to Residential Roofs
By Ziad Azzi, PhD, PE, DFE (NAFE #1343M), Krishna Sai Vutukuru, PhD, PE, and Manuel Matus, PhD

Abstract
Hurricane season brings a significant rise in wind-related insurance claims, as powerful storms lead to 

property damage (particularly to roofs). Distinguishing between wind- and nonwind-related damage, as well 
as pre-existing issues with roofing components, is critical to ensuring fair, efficient, and timely resolutions. 
This study presents an in-depth analysis of wind-related damage to two common roof covering materials: 
asphalt composition shingles and clay/concrete tiles. A series of detailed studies coupled with data from 
field inspections is utilized to differentiate wind-induced damage to roofs from issues stemming from wear 
and tear, material aging, installation deficiencies, and simulated wind damage (among other environmental 
and mechanical factors). Damage patterns, damage location, and material behavior from field observations 
coupled with wind flow around bluff-bodies (such as residential structures) are examined to highlight how 
the unique properties of each roof (including its location, height, shape, and slope) influence its response to 
wind-induced pressures during extreme wind events. These insights enhance damage identification, includ-
ing cause, origin, and duration of roof covering failures, as well as support informed decision-making for 
roof inspectors.

Keywords
Hurricane season, insurance claims, inspections, tile roofs, shingle roofs, wind damage, forensic engineering, resi-

dential roofs, weather-related roof damage

Introduction
Within the discipline of forensic engineering, civil and 

structural engineers are routinely engaged to perform eval-
uations of roofing systems in relation to alleged storm-re-
lated damage. Their objective and technically substantiated 
assessments are frequently integral to resolving matters 
that involve insurance disputes and legal proceedings. The 
expertise of these professionals is typically grounded in a 
combination of formal education, practical experience, and 
specialized training, qualifying them as expert witnesses in 
this domain.

Accurately distinguishing wind damage from other 
causes of damage on the roofs is essential for streamlining 
the insurance claims procedure and improving efficiency. 
Misclassification and improper damage attribution often 
lead to delays, disputes, and litigation, making the whole 
process expensive to both insurers and the insureds. 

Advanced assessment methods, such as those  
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Background Information
A tropical cyclone is a rotating system of low atmo-

spheric pressure characterized by organized thunderstorm 
activity and the absence of frontal boundaries, which typi-
cally separate air masses of different densities. When the 
system’s maximum sustained wind speeds are below 39 
miles per hour (mph), it is classified as a tropical depres-
sion. Once these sustained winds increase to at least 39 
mph, the system becomes a tropical storm1,2. If the storm 
intensifies further — and wind speeds reach or exceed 74 
mph — it is designated as a hurricane. 

Hurricanes are categorized using the Saffir-Simpson 
Hurricane Wind Scale, which ranks storms from Category 
1 to Category 5 based on their maximum sustained wind 
speed (higher categories indicate a greater threat of struc-
tural and environmental damage). These powerful storms 
generally develop in the Atlantic basin, encompassing the 
Atlantic Ocean, Caribbean Sea, and Gulf of Mexico as 
well as in the eastern, and, less commonly, central regions 
of the North Pacific Ocean1,2. Note that the Saffir–Simp-
son Hurricane Wind Scale classifies hurricanes according 
to their maximum sustained wind speeds, measured over 
a one-minute period at a height of 33 feet (or 10 meters) 
above open water (or unobstructed terrain).

Over the past half-century, windstorms have account-
ed for roughly 70% of all insured losses attributed to natu-
ral disasters3. Nearly 39% of the U.S. population resides in 
coastal counties vulnerable to hurricanes and severe thun-
derstorms, and data show that this number is growing4,5. 
Although advancements in building codes have signifi-
cantly improved structural resilience against wind forces 
in recent decades, substantial damage continues to occur 
primarily to the external building envelope6, particularly 
roofing components such as roof sheathing, tiles, shingles, 
and metal roofs on residential structures, among other 
components7,8,9,10.

In residential houses in the United States, two com-
monly used roof coverings are asphalt composition shin-
gles and clay or concrete tiles. 

Typically, asphalt shingles are favored for their afford-
ability and variety of design choices11,12. These systems are 
made up of overlapping strips composed of asphalt-satu-
rated organic or fiberglass mats, which act as a protective, 
water-repellent layer over the structural roof deck. Most 
asphalt shingles have been manufactured with a heat-
activated sealant strip (typically asphalt-based) located 
on either the top or underside of each shingle. When the 

roof warms above the sealant’s softening temperature, the 
adhesive bonds the shingles in place, helping to prevent 
uplift at the edges during high winds and allowing wind 
pressure to be distributed down to the underlying shingle 
layer13,14. 

On the other hand, clay and concrete tiles are com-
monly selected in roofing applications due to their strength, 
long service life, and aesthetic nature. Tiles are particularly 
valued for their ability to endure extreme weather, includ-
ing strong winds, intense rainfall, and fire exposure. Such 
roofing components are most commonly installed using 
mechanical fasteners (such as screws or nails), mortar- or 
cement-set, or adhered to the roof deck using a foam ap-
plication. It is worthwhile to note that in certain locations 
across the United States, the installation details of roofing 
components may be governed by the local jurisdiction of 
that geographical area. This manuscript will only tackle 
the most common roof covering components, including 
shingles and tiles.

During severe wind events, damage is typically caused 
by intense wind-induced uplift or suction forces concen-
trated at roof corners, edges, and ridge lines, also referred 
to as high suction pressure zones15,16. Elevated suction 
pressures develop at the roof corners of low-rise build-
ings due to conical vortex formation17,18,19. Consequently, 
roofing elements like tiles or pavers and rooftop equip-
ment may become detached, transforming into hazardous 
windborne debris. Additionally, the detachment of roofing 
materials and rooftop appurtenances exposes structures 
to rainwater penetration and consequent interior dam-
age16,20,21,22,23,24,25,26. Moreover, past research in wind engi-
neering has clearly demonstrated that the aerodynamic be-
havior and overall wind performance of low-rise buildings 
are heavily influenced by roof design, roof shape, and roof 
pitch, among other characteristics27,28,29.

Typical Wind Damage Patterns
Wind-related damage to residential roofs is largely 

influenced by wind speed, wind duration, wind direction, 
and the amount of turbulence inherent in the oncoming 
wind. The most common damage patterns include wind-
induced uplift, windborne debris impact, and progressive 
failure. The damage caused by wind-induced uplift is clas-
sified under direct wind effects, and the damage caused by 
windborne debris is classified under indirect wind effects. 
Uplift (or suction) occurs when the wind pressure on the 
roof covering exceeds the wind resistance of the roof 
covering, leading to detachment of shingles or tiles. De-
bris impact can cause punctures or fractures. Progressive  
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Figure 1
Contour plots of critical peak pressure coefficients for:  

a) gable roof, b) hip roof, and c) flat roof.  
Courtesy of Tokyo Polytechnic University (TPU)32,33
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failure refers to the cascading effect — where initial dam-
age weakens the roof covering and exposes the underlay-
ment, making it more susceptible to further wind forces 
from one particular windstorm event and subsequent 
moisture intrusion.

Studies have shown that asphalt composition shingle 
roofs are particularly vulnerable to wind-induced damage 
due to their layered structure30. This structure consists of 
individual overlapping shingles that are installed in suc-
cessive courses, where each course partially covers the 
one beneath it. While this arrangement facilitates water 
shedding and is effective for waterproofing under normal 
conditions, it also creates multiple points of uplift vulnera-
bility. Wind forces can exploit the edges and gaps between 
these layers, particularly at the leading edges of the shin-
gles, initiating progressive detachment or lifting and ex-
posing underlying layers to moisture intrusion. Addition-
ally, once one shingle is displaced, it can compromise the 
sealing of adjacent shingles, leading to a cascading failure 
across the roof surface12,13. 

While heavier and more resistant to uplift, concrete 
and clay tile roofs can suffer from breakage due to wind-
borne debris. The American Society of Civil Engineering 
(ASCE) building code, Minimum Design Loads and Asso-
ciated Criteria for Buildings and Other Structures (ASCE 
7-22)31, provides updated design guidelines for wind load 
calculations on buildings and structures. One of the key 
aspects of ASCE 7-22 is the identification of high-pres-
sure zones, particularly at roof edges, corners, and ridges. 
These areas experience intensified wind forces due to flow 
separation and vortex formation leading to turbulence. 

Figure 1 shows the peak pressure distributions (or 
contour plots) for three roof configurations: gable, hip, and 
flat as well as the locations of the high-pressure zones for 
each configuration, courtesy of Tokyo Polytechnic Uni-
versity (TPU)32,33. Note that the peak pressure coefficients 
(which are directly proportional to the peak pressures) are 
negative, indicating the wind forces are pulling away from 
the surface of the roof (or exerting uplift or suction pres-
sures).

This graphic demonstrates that a typical wind damage 
pattern is generally located near the roof edges, corners, 
and ridges (or hip lines in case of hip roof configuration) 
before the wind can cause uplift to other areas, such as 
the field of the roof. While this is true for shingle and tile 
roofs, flat or low-slope roofs are typically covered with 
membranes, which may call for stricter guidelines or  

attachment methods for membranes located in zones of 
high-suction pressures. Additionally, during a high wind 
event, severe winds are typically recorded from a partic-
ular direction. Although the predominant wind direction 
might sometimes shift during rotational storms such as 
hurricanes, the roof inspector should first consider the pre-
dominant windward slope direction for wind damage as-
sessment. As such, the above criteria can help the inspec-
tors understand and segregate wind-related damage from 
other types of damage noted on the roofs.

On the other hand, wind flow characteristics around a 
building are significantly affected by terrain exposure and 
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building height. ASCE 7-22 classifies terrain into three ex-
posures — mainly B, C, and D — where:

•	 Exposure B represents urban or suburban areas 
with numerous obstructions. 

•	 Exposure C includes open terrain with scattered 
obstructions. 

•	 Exposure D pertains to coastal regions with unob-
structed wind flow. 

Buildings in Exposure D experience the highest wind 
loads due to minimal surface roughness (such as structures 
directly facing the ocean), and buildings in Exposure B 
experience the lowest wind loads due to numerous ob-
structions to the wind flow (such as structures located far-
ther inland). Additionally, building height plays a crucial 
role in the distribution of wind pressure. Taller structures 
encounter increased wind speeds at higher elevations, ne-
cessitating stronger roof anchoring systems and stringent 
design. Hence, in general, a two-story residential building 
experiences higher wind forces than a one-story residential 
building in a similar location. Thus, in jurisdictions where 
no stricter attachment methods are enforced for roofing 
components located in high-suction pressure zones, it is 
highly unlikely that a lower roof gets damaged during a 
windstorm with no wind-related damage to the higher roof 
of the same structure.

The shape and configuration of a roof determine how 
wind interacts with its surface, as depicted in Figure 1. 
Gable roofs, for instance, create strong uplift forces at the 
ridges due to flow separation, making them more vulner-
able to wind-induced damage. In contrast, hip roofs tend to 
distribute wind loads more evenly, reducing the likelihood 
of localized failure. Flat roofs, on the other hand, are par-
ticularly susceptible to vortex-induced suction, which can 
lead to the detachment of the roof covering at the corners. 
Roof slope is another critical factor influencing wind pres-
sure distribution. Studies using computational fluid dy-
namics (CFD) simulations indicate that steeper slopes can 
reduce uplift forces, while flatter roofs experience higher 
suction forces34. Optimizing roof slope can significantly 
enhance wind resistance, particularly in hurricane-prone 
regions.

Aerodynamic mitigation strategies, such as parapets, 
roof overhangs, and curved roof designs, can significantly 
reduce wind-induced damage35,36. Parapets disrupt wind 
flow, reducing suction forces on flat roofs, while curved 

roofs help streamline airflow, minimizing turbulence. 
Overhangs, however, must be carefully designed, as ex-
cessive extension can amplify wind loads rather than miti-
gate them18. In addition, the presence of non-rectangular-
shaped buildings also significantly affects the wind loads 
on the roof. 

For instance, protruding sections of a structure may 
induce tunneling effects that could exacerbate the genera-
tion of wind-induced pressures on different roof sections. 
In addition, re-entrant flows shed from sections located 
upwind may introduce unconventional pressure distribu-
tions on areas of the roof that may deviate from typical 
wind-induced pressure distributions37,38,39. Furthermore, 
roof openings and ventilation systems can alter wind flow 
patterns. 

Research indicates that buildings with strategically 
placed openings experience lower wind pressure coeffi-
cients than fully enclosed structures40,41. This highlights 
the importance of integrating ventilation designs that en-
hance wind resistance by reducing suction pressures on 
the roofs while maintaining structural stability. While the 
previous methods, strategies, or configurations are mostly 
related to enhancing the design and performance of roof-
ing components during severe winds, the forensic engi-
neer would greatly benefit from understanding how winds 
flow around bluff-bodies and irregularities in roof configu-
rations to make an accurate determination in a roof dam-
age case.

Asphalt Shingle Roofs
Asphalt shingles are a widely used roofing material in 

residential construction. They are made from a base mat 
that can be organic (such as cellulose fibers) or fiberglass, 
which is saturated and coated with asphalt to provide it 
with its waterproof capabilities. The top surface is then 
embedded with mineral granules, which provide color, 
protect against ultraviolet (UV) rays, and enhance fire 
resistance. Asphalt shingles come in a variety of styles, 
including 3-tab and architectural (dimensional) shingles, 
allowing homeowners to choose options that suit both aes-
thetic preferences as well as desired and/or required per-
formance needs. 

The history of asphalt shingles dates to 1901, when 
they were developed as a more affordable and practical 
alternative to wood shingles and slate tiles. They began to 
be mass-produced and marketed across the United States 
by 191142. Initially, organic-based shingles dominated the 
market; however, by the 1960s, fiberglass-based shingles 
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were introduced and quickly gained popularity due to their 
superior durability, lighter weight, and improved resistance 
to fire and weathering43. Throughout the decades, advance-
ments in materials science and manufacturing techniques 
have significantly improved the performance of asphalt 
shingles. Modern shingles can feature algae resistance, en-
hanced wind ratings, and impact-resistant designs. Asphalt 
shingles remain one of the most popular roofing materials 
in North America due to their advantageous balance of du-
rability, affordability, and aesthetic flexibility11.

Although the design of asphalt shingles has improved 
over the past several decades, the susceptibility to wind-
induced damage has not been fully mitigated. Therefore, 
problems such as design, manufacturing, installation, and 
durability of asphalt shingles continue to play a crucial 
role in their performance during extreme weather condi-
tions. In fact, there are numerous research efforts aimed at 
better understanding the performance of asphalt shingles 
and their particular modes of failure12,14,29,44,45.

Types of Shingles
Traditional Shingles

Traditional shingles, commonly referred to as 3-tab 
asphalt shingles, are composed of a single fiberglass mat 
layer embedded in asphalt and topped with mineral gran-
ules for UV protection. From a materials engineering per-
spective, their uniform geometry and minimal thickness 
contribute to their lighter dead load on structural systems 
(Figure 2). However, due to their lower tensile strength 
and limited dimensional stability, they exhibit reduced re-
sistance to uplift forces, making them more vulnerable in 
high-wind zones. 

In forensic evaluations, traditional shingles are fre-
quently associated with failure modes, such as edge lift-
ing, granular loss, and tab separation, particularly in aging 
systems or after moderate wind events. Their service life 
typically ranges from 15 to 20 years, contingent on envi-
ronmental exposure and installation quality (according to 
the International Association of Certified Home Inspectors 
or InterNACHI).

Architectural Shingles
Architectural, or dimensional, shingles consist of 

multiple laminated layers of asphalt-saturated fiberglass 
mats, providing increased mass and enhanced mechanical 
interlock. This multi-layered configuration improves their 
modulus of elasticity and resistance to wind uplift forces. 
The irregular geometry and increased thickness contribute 
to better impact resistance. From a structural engineering 
standpoint, the higher unit weight imposes a slightly great-
er dead load but offers improved inertia against fluttering 
and delamination. These shingles generally exhibit a ser-
vice life of 25 to 30 years (when adequately maintained). 
They are better suited for regions with moderate to high 
wind loads, offering enhanced aesthetic and functional 
performance (according to the International Association 
of Certified Home Inspectors or InterNACHI), as shown 
in Figure 2.

You can identify dimensional shingles by their unique 
look. Unlike 3-tab shingles, these shingles are not cut into 
identical shapes. Instead, each shingle is manufactured 
with alternating areas or tabs of single and double layers. 
This pattern is often referred to as “dragon’s teeth.” Some 
manufacturers also add a shadow line to some products, 

Figure 2
Types of shingles: a) 3-tab, b) architectural.  

A B
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which is a band of darker granules. The intermittent dou-
ble-layer tabs, in conjunction with the intermittent shadow 
band on the single-layer areas, add dimension to the roof 
— intended to enhance the home’s look and style. It is 
important to note that, from a forensic engineering stand-
point, the loss or debonding of the architectural tabs re-
duces the overall performance of this shingle type.

There are other types of shingles available in the mar-
ket, such as premium shingles and “hip and ridge shin-
gles.” This paper will be limited to field observations gath-
ered from inspections of 3-tab, architectural, and ridge or 
hip shingles.

Wind-Related Damage
Asphalt shingles are susceptible to damage resulting 

from a combination of intrinsic material characteristics 
and extrinsic environmental and structural influences. In-
trinsic factors include the physical and mechanical proper-
ties of the shingle itself, such as the shingle mat (whether 
organic or fiberglass-based) chemical composition and 
aging resistance of the asphalt binder as well as the min-
eralogical composition and adhesion of surface granules. 
These elements collectively determine the shingles’ re-
sistance to thermal degradation, moisture infiltration, and 
UV-induced brittleness. 

Extrinsic factors, such as improper installation tech-
niques, insufficient sealing, or curing time, and the in-
fluence of structural aerodynamics (e.g., uplift pressures 
from turbulent flow separation at roof edges), significantly 
impact the shingles’ performance under wind-induced 
loading conditions. While the mechanics of asphalt shin-
gles’ damage under high-wind scenarios have been exten-
sively documented11,12,14,24,29,43,44,45, distinguishing genuine 
wind-induced failures from damage due to aging, manu-
facturing defects, or mechanical impacts remains a critical 
challenge in forensic engineering investigations. Misat-
tribution of wind damage to shingles can lead to incor-
rect failure diagnoses or disputes in insurance and legal 
contexts. Therefore, it is essential to understand damage 
attributable to excessive wind-induced pressures and how 
it manifests on roof sections. 

A previous study was able to identify four primary 
modes of asphalt shingle failures, which were obtained 
from field observations performed after Hurricane Frances 
in 200445. According to the study, the four identified wind-
induced damage modes are: 1) creasing (Figure 3a); 2) 
flipping/flapping (Figure 3b); 3) tearing/removal (Figure 
3c, Figure 3d and Figure 3e); and 4) abrading from flying 

or falling debris (Figure 3f)45. In addition, the study identi-
fied factors that can lead to asphalt shingle failure during 
windstorms, such as degree of weathering, design, quality 
of manufacture, and quality of installation.

The resistance of asphalt shingles against wind-in-
duced uplift forces is primarily dependent on the sealant 
strip, which is a strip comprised of bituminous material 
that acts as a “Velcro” type of attachment between the 
top and bottom shingle tabs. However, the integrity of the 
sealant strip is susceptible to age-related deterioration due 
to exposure to environmental weather conditions (e.g., 
temperature swings, rain, ice, among others), causing re-
duction of the bonding capacity between the two asphalt 
shingle layers, which can lead to complete debonding of 
the layers. To assess wind-induced damage on asphalt 
shingles, the material transfer will differentiate between 
age-related deterioration of the bonding material — where 
the observations of material transfer between the two as-
phalt shingle layers would indicate external forces with 
magnitudes greater than those provided by the bonding 
force of the sealant strip12.

Creasing
Shingle creasing refers to the visible lines or ridges 

often generated because of wind damage. When strong 
winds lift and flap shingles, they can bend and develop 
creases, which not only affect the roof's appearance but 
also indicate potential structural issues of the shingle’s in-
ternal components (e.g., mat integrity). Creased shingles 
may lose granules, making them more vulnerable to sun 
damage, water leaks, and microbial growth. 

The creasing of shingles occurs due to excessive 
wind suction pressures, which generate a lifting force that 
overcomes the predominant hold-down force provided by 
the shingle tab sealant plus the shingle self-weight. In a 
structure under the influence of hurricane wind forces, the 
highest suction pressures develop on the windward-facing 
roof slopes and in the roof critical zones identified as roof 
edges as well as ridges (see Figure 1 for exact locations 
of critical zones)31. Thus, the creasing of shingles will 
first develop in windward-facing roof edges/eaves, rakes 
and hip/ridge lines and then in the roof field. The lack of 
creased shingles in the most susceptible areas of the wind-
ward roof sections, while finding creased shingles in areas 
less susceptible (e.g., field and leeward roof sections), may 
indicate that the creasing was caused by external forces 
unrelated to wind. Note that this statement typically ap-
plies when the attachment method of the shingles is uni-
form across the entire roof area12,14,45,46.

Copyright © National Academy of Forensic Engineers (NAFE). Redistribution or resale is illegal. 
Originally published in the Journal of the NAFE volume indicated on the cover page.



DISCERNING WIND-RELATED DAMAGE TO RESIDENTIAL ROOFS 	 PAGE 7

A B

C D

E F
Figure 3

Wind-related damage: a) creasing, b) flipping/flapping, c) tearing of hip shingles,  
d) tearing of ridge shingles, e) removal, and f) windborne debris impact (linear pattern).

It must be noted that the capacity of asphalt shingles 
to counteract the suction pressures induced by wind load-
ing is achieved by the shingles’ sealant strip, which bonds 
the upper layer shingle (bottom edge) with the lower layer 

shingle (upper edge). The sealant strip is made out of bi-
tuminous material, which ages with time, causing a reduc-
tion in the wind resistance44 and making the roof prone to 
premature wind-induced damage such as creasing.
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Flipping/Flapping
Shingle flipping/flapping is a failure mechanism ob-

served in asphalt shingles, characterized by the uplift and 
permanent deformation of individual shingles due to aero-
dynamic loading. This phenomenon initiates when the 
shingle is detached from its asphalt sealant strip, typically 
as a result of wind-induced pressures exceeding the adhe-
sive bond strength. Once unsealed, the leading edge of the 
shingle is susceptible to uplift and rotation. 

If the imposed deformation exceeds the elastic limit 
of the shingle assembly (comprising the asphalt coating 
and the fiberglass or organic mat), the material undergoes 
localized creasing. This creasing represents a plastic de-
formation process in which the mat’s flexural stiffness 
is irreversibly compromised, and the asphalt matrix may 
exhibit both macro and micro fracturing or cohesive fail-
ure. The result is a permanent loss of structural and elas-
tic recovery capacity. Once this threshold is exceeded, the 
shingle is unable to return to its original installed position, 
thereby losing its functional performance in terms of wind 
resistance, water shedding, and overall system integrity. 
Similar to the shingle creasing phenomenon, shingle flip-
ping/flapping will develop in the roof slopes facing the 
predominant wind direction and should first appear in roof 
edges/eaves, rakes and hip/ridge lines, before manifesting 
in the roof field12,14,45,46. 

Tearing/Removal
Wind-induced forces pose a significant challenge to the 

integrity of roof shingles, often leading to tearing or com-
plete removal of roof covering sections. High wind speeds 
generate dynamic pressures and suction forces across the 
roof surface, particularly at edges and corners where air-
flow separation creates localized low-pressure zones. These 
forces exert uplift and shear stresses on shingles, exceeding 
their adhesive and mechanical fastening capacities. 

Factors such as material properties, installation qual-
ity, and roof geometry further influence susceptibility to 
damage. Prolonged exposure to cyclic wind loading can 
weaken adhesive bonds and fatigue shingle tabs, initiat-
ing cracks or tears that propagate under subsequent wind 
events. In extreme wind events, such as hurricanes, intense 
uplift forces can dislodge entire shingle sections that com-
promise the roof’s protective barrier, especially in the most 
susceptible areas of the roof, and expose the underlayment 
to environmental and wind damage. Understanding these 
mechanisms is critical for developing wind-resistant roof-
ing systems and improving building codes in high-wind 
regions12,14,45,46.

Windborne Debris Impact to Shingle Roofs
As defined by ASCE 7-2231, the 2023 Florida Build-

ing Code (FBC)47 and the 2024 International Building 
Code (IBC)48, windborne debris refers to objects propelled 
by high winds during extreme weather events, posing a 
risk to the building envelope, particularly glazed openings.

Mechanical damage to asphalt shingles resulting from 
windborne debris is a significant failure mode observed in 
residential and light commercial roofing systems subject-
ed to severe wind and storm events. This damage mecha-
nism arises when solid objects entrained by high winds 
impact the shingle surface with sufficient kinetic energy to 
compromise its protective and structural function. Wind-
borne debris, such as branches, loose construction materi-
als, or gravel, can cause tearing, puncturing, edge lifting, 
or complete shingle detachment, especially in older or 
poorly fastened roofing systems. The nature and severity 
of the damage depend on various factors, including debris 
shape, mass, and velocity; impact angle; shingle composi-
tion; installation quality; and exposure age. Granular loss 
leaves the underlying bitumen layer exposed to UV radia-
tion and moisture, initiating premature aging and leakage 
pathways12,14,45,46.

The Federal Emergency Management Agency 
(FEMA) has extensively documented such damage pat-
terns through post-disaster assessments, highlighting their 
widespread occurrence and role in initiating progressive 
roof system failures. For instance, the FEMA findings 
after Hurricane Charley in 200549 note that windborne 
debris and hail often work in tandem with uplift forces 
to weaken the roof covering, especially in cases where 
shingles are not rated for high-wind or impact resistance. 
FEMA’s analysis emphasizes that improperly installed or 
inadequately secured shingles are particularly susceptible 
to damage, even under moderate impact loads. The report 
further recommends the use of asphalt shingles that meet 
or exceed Class 4 impact resistance standards as defined 
by UL 221850 and high-wind performance classifications 
under ASTM D715851, particularly in regions designated 
as high-wind or hail-prone zones49.

Nonwind-Related Damage
Asphalt shingles are susceptible to a variety of non-

wind-related damage mechanisms that compromise the 
roof system’s integrity over time. From a forensic engi-
neering perspective, several contributory factors must be 
considered in diagnosing shingle failure unrelated to wind 
uplift forces46. Improper installation practices, including 
misalignment, under-driven or over-driven fasteners, and 
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inadequate surface preparation, can create stress concen-
trations and initiate premature distress12,14,45,30. Sealant 
strip failure (whether due to contamination, poor adhesion, 
insufficient activation, or age) can diminish inter-shingle 
bonding, making the system more vulnerable to moisture 
infiltration and material displacement. 

Manufacturing inconsistencies, such as variable as-
phalt saturation, granule loss, or dimensional irregularities, 
further affect shingle performance and durability. Age-re-
lated material degradation, exacerbated by UV radiation 
and environmental exposure, leads to embrittlement and 
cracking. Thermal expansion and contraction cycles in-
troduce fatigue stresses, often manifesting as buckling or 
splitting along the shingle body. Additionally, mechanical 
damage from foot traffic or tool impact, as well as external 
abrasions from overhanging vegetation or animal inter-
ference, contribute to localized wear and physical com-
promise. A comprehensive evaluation of these factors is 
essential in forensic assessments aimed at distinguishing 
between wind-induced and other failure modes in asphalt 
shingle roofing systems that are nonwind-related. The most 
common field observations of nonwind-related damage to 
asphalt shingles are presented in the following paragraphs.

Shingle Debonding
Shingle debonding, specifically the loss of adhesion 

along the sealant strip, is a critical issue in asphalt shingle 
roofing systems and has been widely documented across 
in-situ assessments and post-storm evaluations. The seal-
ant strip, a thermally activated bitumen-based adhesive lo-
cated along the leading edge of each shingle, is essential in 
transferring uplift forces through the roofing assembly13. 

Field investigations have shown that partial or full un-
sealing of shingles can occur as roofs age, independent of 
wind loading. A comprehensive survey in Florida revealed 
that up to 79% of shingle strips on roofs older than six 
years exhibited signs of unsealing, with the phenomenon 
notably absent in roofs younger than six years12,14. The pri-
mary mechanism behind field shingle debonding appears 
to be internal shear failure of the sealant strip, driven by 
long-term thermal cycling that imposes repetitive expan-
sion and contraction stresses on the shingle system45. Un-
sealing patterns tend to follow the geometry of shingle 
installation — that is diagonal patterns for diagonally laid 
shingles and vertical patterns for vertically laid ones. Ad-
ditionally, the unsealing patterns are often localized to the 
extreme end tabs of 3-tab shingles or along specific cours-
es in laminate shingles12,14 (Figure 4).

In contrast, debonding observed at hip and ridge caps 
frequently stems from either inadequate sealant applica-
tion during installation or weak initial adhesive bonding, 
rather than aging-related mechanisms. Typically, field in-
spections of debonded shingles reveal improper nailing 
or nailing over the sealant strip, in which fasteners were 
driven over the sealant strip of the downslope shingles. 
This phenomenon results in a reduced uplift capacity of 
the shingles to resist wind forces.

Shingle Mechanical Damage
Mechanical damage to asphalt shingles encompasses 

a broad spectrum of nonwind-related physical impacts that 
compromise the integrity, performance, and longevity of 
roofing systems. As described in previous investigations/
assessments45,30, this type of damage often results from  

A B
Figure 4

Shingle diagonal debonding pattern.
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incidental contact with overhanging tree limbs, animal ac-
tivity, foot traffic, or even deliberate actions. Such impacts 
may lead to localized abrasions, granule displacement, 
tears, marring, or deformation of individual shingle ele-
ments.

Scuffing from foot traffic, displacement under pres-
sure (especially on hot shingles) and flaking due to weak 
granule adhesion are examples of mechanically induced 
conditions that expose the asphalt-impregnated base mat, 
accelerating degradation through UV radiation.

Unlike wind-induced uplift damage, mechanical dam-
age tends to appear in irregular patterns, typically concen-
trated in walkable areas away from zones of high suction 
pressures. Intentional or misattributed damage may also 
be identified by specific patterns, such as the removal of 
shingle corners rather than complete tab displacement. 
Marshall et al. (2010)45 further noted that the presence of 
torn sealant remnants can indicate that shingles were origi-
nally well bonded, requiring significant force for separa-
tion (likely caused by forceful attempts to manually simu-
late wind damage), a key distinction in post-storm forensic 
evaluations (Figure 5). Given the potential for mechanical 
damage to reduce a roof’s water-shedding capability or 
service life, accurately identifying its source may be valu-
able for an owner requesting insurance assessments and 
structural evaluations of roofing systems.

Shingle Cupping and Clawing
Cupping and clawing are deformation patterns in as-

phalt shingles that affect both the visual appearance and 
functional performance of steep-slope roofing systems, 
often leading to misidentification as wind damage. Cup-
ping refers to the upward curling of the shingle corners 
or the butt edge, producing a concave distortion that can 
protrude up to 1 inch above the roof surface, while clawing 
is the downward curling of the shingle corners toward the 
roof deck45,46. These anomalies typically begin within the 
first few years of service (sometimes as early as 18 months 
after the shingles have been installed), and said damage 
is observed in both square-tab and traditional 3-tab fiber-
glass shingles. Such anomalies result from a combination 
of factors, including long-term material fatigue, aging of 
the asphalt binder, thermal cycling, and inadequate attic 
ventilation44.

Cupping occurs when the top layers of the shingles 
shrink more than the lower layers, whereas clawing ini-
tiates at the exposed corners and progresses inward. The 
progression of both distortions is characterized by initial 

deformation on the shingle tabs edges (Figure 6). Although 
commonly dismissed as aesthetic issues, these forms of 
deformation may signal underlying structural degradation 
and increase susceptibility to cracking or wind uplift over 
time. Differentiating them from true wind-induced fail-
ures, such as creasing or tearing, is essential for accurate 
roofing evaluations and insurance assessments45,46.

Shingle Blistering and Granular Loss
Blistering and granular loss are common asphalt shin-

gle anomalies (both of which are nonwind-related), and 
can compromise the long-term performance of residential 
roofing systems. 

Granular loss refers to the shedding of the protective 
granule layer from the shingle surface, which exposes the 
underlying asphalt-impregnated base mat to UV radiation 
and mechanical damage, thereby accelerating deteriora-
tion and potentially shortening the roof’s service life30. 
While hail and windborne debris impacts can cause acute 
and localized granule displacement (meeting the defini-
tion of “damage” due to reduced water-shedding capabil-
ity), granular loss can also result from non-impact-related 
mechanisms such as aging, scuffing from foot traffic, mar-
ring, flaking, and general mechanical abrasion50. 

Blistering, on the other hand, is a material defect 
caused by gas pockets within the base mat that rise to the 
surface and release, displacing granules in small, scattered 
patterns. This condition typically manifests in areas of 
poor ventilation of the attic below the damaged shingles 
and is distinguished from hail impact by the size and dis-
tribution of the affected areas. Unlike hail damage, which 
is round and localized, blistering produces smaller and 
more random granule loss that can be mistaken for impact 
damage (Figure 5). Differentiating between these forms 
of deterioration is crucial during forensic assessments to 
ensure accurate attribution of cause and to avoid misclas-
sification in roofing evaluations30.

Shingle Splitting
Shingle splitting is a failure mode that results from 

long-term thermal cycling and material fatigue, typi-
cally manifesting as cracks or splits in asphalt shingles. 
According to previous studies12,14, splitting often occurs 
at the end joint of the shingle course below, with cracks 
emanating from this point due to internal tensile failures 
in the fiberglass reinforcement mat. This type of failure 
is exacerbated by the repeated expansion and contraction 
of the shingle material caused by fluctuating temperatures 
over its service life. Over time, the tensile strength of the  
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Figure 5
Nonwind-related damage: a) debonding, b) tree abrasion, c) animal activity, d) blistering, e) granular loss, and f) alligatoring.

A B

C D

E F

reinforcement mat may degrade to the point where the mat 
can no longer withstand thermal stresses, leading to split-
ting. 

Koonts (1990)52 further attributes this failure to insuf-
ficient tensile strength of the mat, which, when combined 
with the shear forces acting on the sealant strip, results in 
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cracking. These splits are typically observed more fre-
quently in aged shingles, with studies showing that the 
likelihood of such failures increases as the roof ages, par-
ticularly after six years of service12,14. 

Shingle splitting can take several forms, including 
horizontal, vertical, random, and in-line cracking. Hori-
zontal splitting occurs between the two lines of restraint, 
with one part of the shingle fastened to the roof deck and 
the other edge secured by the sealant strip. Vertical split-
ting typically occurs when the top shingles shrink over 
the butted joints of the underlying shingles, with splits 
extending vertically upslope in racked installations and in 
curved patterns in diagonally installed shingles45. A couple 
of examples of shingle thermal splitting are provided in  
Figure 6.

Severe splitting of aged shingles is typically referred 
to as “alligatoring,” since the cracked and wrinkled ap-
pearance of the shingles surface resembles the hide of an 

alligator (Figure 5). Random cracking does not follow any 
distinct pattern, often starting as surface crazing and even-
tually leading to complete splits as the shingle ages, while 
in-line cracking occurs directly above joints in the sheath-
ing panels, depending on the movement of the roof deck-
ing46. These cracks can significantly compromise the roof's 
structural integrity, increasing the risk of water infiltration 
and wind damage, making shingle splitting a critical con-
cern for designers and contractors.

Concrete/Clay Tile Roofs
Globally recognized for its timeless design and resil-

ience, tile roofing stands apart with a heritage unmatched 
by any other roofing material. Although tiles have played 
a vital role in architecture for thousands of years, the mod-
ern era has seen a remarkable surge in innovation and in-
dustry development53,54. As such, concrete and clay tiles 
are among the most prevalent types of roofing materials. 

Concrete tiles are typically made from a blend of  

Figure 6
Nonwind-related damage: a) clawing, b) cupping (or curling), c) random thermal splitting, and d) horizontal thermal splitting.
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Portland cement, sand, and water in varying ratios. This 
mixture is then shaped under high pressure using individ-
ual molds. Often, the tile surface is treated with cement-
based materials and enhanced with synthetic oxides to 
create a glossy finish, or colored by adding pigments di-
rectly to the mix. The final surface can be either smooth or 
textured. Once molded, the tiles are placed in controlled 
environments with regulated temperature and humidity to 
undergo hydration and achieve the necessary strength pri-
or to distribution. Among concrete tiles, the most widely 
used designs in the roofing industry are the high-profile S-
curved tiles and the flat-style varieties, both represented in  
Figure 755.

Conversely, clay tiles are derived from natural materi-
als such as clay, shale, or similar earth-based substances. 
These tiles are shaped and then hardened through a high-
temperature firing process. In the United States, S-shaped 
clay tiles are the most popular configuration, also illus-
trated in Figure 741. Despite the aesthetic and historical 

appeal of clay tiles, concrete tiles are often favored due 
to their superior durability, strength, and resilience against 
long-term weathering effects56.

Concrete tiles are produced in a range of sizes, pro-
files, and colors. They are generally thicker at the top and 
bottom, with strengthening ribs between those points. The 
upper part of the tile, which rests on a wooden batten, is 
known as the “head lug,” while the “nose lug” refers to 
the section that overlaps with the course of tiles below it 
(Figure 7). Modern flat and curved tiles often feature in-
terlocking systems with ribs and grooves along their edg-
es. These interlocks enhance structural alignment, ensure 
consistent spacing and mitigate moisture intrusion beyond 
the tile. The interlocking strip is usually about 1 inch wide 
and half the tile’s thickness on either side55.

Wind-Related Damage
The impact of wind forces on roofs with permeable 

coverings, such as tiles, is influenced by several factors, 

A B

C D
Figure 7

a) S-shaped concrete tile, b) flat concrete tile, c) S-shaped clay tile, d) head and nose lugs in flat tiles.  
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including the overall roof profile (e.g., configuration and 
slope), the design details of the roof covering elements, 
and the degree of roof porosity. Tile systems are generally 
known for their strong resistance to environmental stress-
ors, yet extreme weather conditions can still affect them 
to varying extents. During high wind events, damage to 
tile roofs becomes clearly visible. Common signs include 
displaced tiles, tiles entirely blown off the roof (indicating 
direct wind damage), and fractured tiles caused by impact 
with windborne debris (signifying indirect wind damage). 
This section will focus on direct and indirect wind damage 
to tile roofs.

Tile Uplift
As previously noted in the discussion on common 

wind damage patterns, hip, ridge, and perimeter tiles are 
particularly vulnerable to wind-related damage. This in-
creased susceptibility arises because these tiles are situ-
ated in regions (previously referred to as “high suction 
pressure zones”) where wind flow separation and conical 
vortex formation generate intense, localized suction forc-
es or uplift pressures. While field tiles may also experi-
ence the effects of these conical vortices, the strength of 
the vortices and the resulting negative pressures tend to 
diminish as wind moves away from the roof corners and 
edges19,57,58,59,60,61,62. 

Some roof manufacturers, especially in recent times, 
have included additional fasteners in these zones to in-
crease wind resistance in these zones. Further studies have 
shown that most roof damage tends to occur on the wind-
ward side, where tiles are subjected to higher net uplift 
forces. This is because both external and internal pressures 
(with internal pressure forming in the gap between the tiles 
and the roof deck) align in the same direction, increasing 
the overall forces on these tiles. In contrast, tiles on the 
leeward side benefit from a reduction in stress, as the inter-
nal and external forces act in opposite directions, provid-
ing a degree of relief63,64,65,66 (Figure 8).

According to the 2023 Florida Building Code (FBC)47, 
to dislodge a tile, the overturning moment produced by 
wind-induced suction must exceed the resisting moment, 
which is determined by factors such as the tile’s weight, 
attachment method to the roof deck, tile size, tile profile, 
and other related parameters. As previously noted, clay 
and concrete tiles are typically secured to the roof with 
fasteners or adhesives such as foam or mortar in high wind 
zones such as coastal Florida. However, in certain regions 
as well as in the case of the hip and ridge zones, tiles are 
installed using mortar. 

Field investigations and past reconnaissance have 
shown that mortar attachments are often inadequate to 
withstand the high uplift pressures experienced during 
hurricanes, particularly in storm-prone areas. This is main-
ly because mortar tends not to bond effectively with the 
tiles unless the tiles are pre-wetted — a practice indicative 
of less effective construction53. Consequently, when sub-
jected to extreme wind forces, tiles either detach from the 
mortar or tear the underlayment, leading to significant roof 
damage54 (Figure 8).

Windborne Debris Impact to Tile Roofs
Roof tiles are highly susceptible to damage from 

windborne debris during high-wind events such as hurri-
canes, where debris may originate from various sources, 
including broken tree limbs, dislodged rooftop equipment, 
cladding components, or even other roof coverings like 
tiles and pavers. As established by Kordi and Kopp67, the 
likelihood of roof tiles becoming airborne and contribut-
ing to further damage is closely tied to their orientation 
relative to the oncoming wind. 

When the angle of exposure aligns with favorable 
aerodynamic conditions, tiles can be uplifted and trans-
formed into projectiles, traveling downwind and potential-
ly compromising the roof coverings of both the originating 
structure and neighboring buildings. Their study67  found 
that tile flight velocities typically range between 30% and 
60% of the mean roof-height gust speed at the moment of 
failure. This underscores the significance of initial aerody-
namic conditions in the behavior of roof-covering compo-
nents as debris.

Beyond the hazards posed by flying tiles, the impact 
of such debris on intact roofing systems can be severe. 
According to a previous research investigation, projectile 
impacts on tiled roofs often result in localized cracking 
or shattering of the impacted tiles (Figure 8). However,  
the damage extends beyond the point of impact; loss 
of tiles due to projectile strikes can lead to breaches in 
the roof covering that promote wind infiltration beneath  
adjacent tiles, thereby escalating the overall damage 
through progressive failure68. Comparative testing be-
tween concrete and clay tiles revealed key performance 
differences: concrete tiles exhibited 39% greater re-
sistance to impact forces than clay tiles67. Moreover, 
concrete tiles tended to break in larger, more localized 
pieces, particularly when bonded with mortar, absorbing 
the impact energy. In contrast, clay tiles tended to shat-
ter extensively, creating larger areas of failure around the 
impact zone68.
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Damage to concrete roof tiles induced by windborne 
debris displays distinct failure mechanisms and fracture 
characteristics when compared to mechanical damage 
from nonwind-related sources. Windborne debris impacts 
are typically high-velocity and irregular, arising during 
extreme wind events such as hurricanes. These impacts 
frequently result in localized, brittle failures manifesting 
as transverse cracking, edge fragmentation, or surface 
spalling with the most damage observed on roof slopes 
oriented toward the prevailing wind direction (Figure 8). 

Such damage can undermine the aerodynamic per-
formance of the roof system, potentially triggering pro-
gressive dislodgement of adjacent tiles68. The severity 
and pattern of failure are influenced by multiple factors, 
including the tile’s orientation relative to the wind, the 
quality of its underlying support, and the method of in-
stallation, among others.

Nonwind-Related Damage
While known for their aesthetic appeal and long-term 

durability, clay and concrete tile roofing systems are none-
theless susceptible to various nonwind-related degradation 
mechanisms that can compromise performance and re-
duce service life. From a forensic engineering perspective, 
identifying and differentiating these modes of failure from 
wind-induced damage is essential for accurate post-event 
assessments and insurance determinations69.70.71. The most 
common field observations of nonwind-related damage to 
the roofing tiles are presented below.

Improper Tile Installation
Tile roofs are particularly vulnerable to damage result-

ing from improper installation practices. Common errors 
include insufficient fastening (e.g., using incorrect nails or 
omitting required fasteners), poor alignment, and improp-
er mortar bedding or foam adhesive application72,73. These 

Figure 8
Wind-related damage: a) uplifting of hip cap tiles, b) uplifting of ridge cap tiles, c) impact with windborne debris,  

d) fractures from impact with windborne debris (black arrows indicate oncoming wind direction on the date of loss).  
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deficiencies introduce localized stress concentrations, re-
duce mechanical interlock, and create voids or misalign-
ments that may lead to premature tile cracking or slippage 
under normal thermal or mechanical loads69 (Figure 9). 

Additionally, improper installation includes nail heads 
that are installed flush with the tile surface restraining the 

tiles from any movement. Such practices lead to premature 
linear cracking of the tiles at the nail penetration location. 
Improper installation also renders the tiles susceptible to 
flutter/chatter during repeated windstorm events, which 
loosens the fasteners further, abrade the underlayment 
and exposes the roof underlayment to moisture intru-
sion. The loosening of these fasteners aggravates the tile  

A B

C D
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Figure 9

Nonwind-related damage: a) downward shifted tile due to missing fastener, b) improperly sized tile and poor alignment, c) corner chipped tile, 
d) premature cracking and chipping of mortar, e) cracked mortar around a plumbing vent, f) cracked mortar at roof-to-wall interface. 
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movement and furthers deterioration. It is important to 
note that the fluttering/chattering of tiles is commonly ob-
served in steeper roofs and such tiles are recommended 
to be installed with wind clips along with a construction-
grade sealant as a precaution to prevent instability and 
movement of the tiles from excessive pressures, especially 
in the high suction pressure zones48. 

Material Quality Control and Defects in Tiles
Tile manufacturing and material inconsistencies, such 

as a lack of quality control to ensure dimensional regulari-
ties, porosity, and proper mix proportions of mortar, can 
lead to premature deterioration and subsequent cracking. 
Concrete tiles with improper quality control are more sus-
ceptible to thermal degradation74. Clay tiles with dimen-
sional variances are more susceptible to edge/corner chip-
ping and fatigue cracking during the expected useful life 
of the roof75. The absence of gouges or holes at or near the 
intersection of the fractures may be a further indication 
that the cracking is not the result of impact with windborne 
debris. The brittleness of clay tiles and the shrinkage of ce-
ment in concrete tiles contribute to cracks or corner chips 
under cyclical loading71. The inadequate quality control of 
the mortar mix, insufficient curing time, or improper cur-

ing of the mix lead to premature cracking of the mortar 
(Figure 9).

Nonwind-Related Impact Damage to Tiles
Impact damage is a leading cause of nonwind-related 

failure in tiled roofing systems. This includes localized 
cracking from foot traffic, impacts from overhanging 
branches, and tool or ladder contact during maintenance 
activities. Such cracks are typically irregular and located 
in walkways, valley intersections, or under satellite dish 
mounts69,76. Concrete tiles, though more resilient than clay, 
are still susceptible to cracking or chipping at unsupported 
corners when subjected to concentrated loads emanating 
from foot traffic and mechanical impact70 (Figure 10).

Footfall damage to roof tiles is typically evidenced 
by a linear nature of the cracks and lack of radial cracks 
emanating from point of impact to broken tile surfaces. 
Broken tile pieces typically remain in place or are slightly 
displaced downward, depending on the age of the frac-
ture itself. As such, broken tile fragments that remained 
in place are evidence that the cracking was not caused by 
wind, as strong wind would have removed the cracked 
portion from its original position.

A B

C D
Figure 10

Nonwind-related damage: a) footfall damage, b) fractured tile due to foot traffic, c) algae accumulation, d) mildew growth.
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Biological and Environmental Effects in Tiles
Moss, algae, and lichen growth can degrade both clay 

and concrete tile surfaces. These organisms retain mois-
ture against the tile, encouraging efflorescence and bio-
logical etching over time. Root systems from lichens and 
mosses can expand existing microcracks and lead to me-
chanical tile displacement77,78. Furthermore, animal activ-
ity, such as droppings, often damages the surface of the 
tile, resulting in gradual deterioration and discoloration of 
tiles71 (Figure 10).

Conclusion
Based on extensive experience evaluating hundreds 

of roofs for potential wind damage, and understanding of 
windstorm events, wind flow around structures, and bluff-
bodies in the built environment, the following general 
guidelines are recommended for evaluating wind damage:

•	 A crucial first step involves reviewing wind 
speeds, including both sustained winds and gusts, 
during and around a particular storm event. This 
helps determine whether wind speeds were suf-
ficient to cause uplift and failure of roofing com-
ponents. This step also includes obtaining the du-
ration for which the wind speed was sustained to 
determine the amount of time the structure was 
exposed to windstorms. 

•	 Wind direction also plays a prominent role, as 
higher damage is typically observed on wind-
ward-facing roof slopes. Wind damage consis-
tently occurs in high-pressure zones, as outlined 
in the ASCE 7-22 standard as previously dis-
cussed. Therefore, the initial indications of wind 
damage are often located at the edges, corners, 
ridge lines, and hip lines of a roof. For recent con-
struction, a higher emphasis is placed on adding 
more fastening mechanisms in the high-suction 
pressure zones and hence, it is recommended to 
review the manufacturer specifications whenever 
applicable. For shingle roofs, this damage often 
manifests as compromised sealant strips, creas-
ing, tearing, folding, or missing shingles. For tile 
roofs, typical damage includes broken, missing, 
uplifted or displaced tiles.

•	 Damage caused by windborne debris during 
storms can be classified based on the randomized 
nature of debris impacts, the damage patterns 
noted on the roof covering, and the location of 
these impacts. In cases of indirect wind damage 

caused by windborne debris, a thorough evalua-
tion of collateral evidence (including oncoming 
wind direction on or around the date of loss) and 
a holistic understanding of potential damage to 
other vulnerable elements such as mechanical 
equipment, garage doors or roof top equipment 
are critical.

•	 Installation deficiencies, manufacturing imper-
fections, age-related deterioration, and nonwind-
related damage patterns should be considered. 
Such deficiencies include debonding, splitting, 
cupping and clawing, granular loss, and mechani-
cal damage to shingle roofs, footfall damage, bio-
logical growth, and thermal chipping and crack-
ing to tile roofs among other forms of damage.

Forensic experts, equipped with insights into how 
roofing materials respond to impact forces and practical 
experience examining storm damage, are exceptionally 
positioned to evaluate storm-induced damage to residen-
tial roofing systems, including both shingle and tile roofs. 
The authors’ forensic engineering experience indicates 
that engineers must adopt a holistic approach when eval-
uating a roof for wind damage. Each failure mechanism 
discussed in this paper must be considered in light of the 
roof’s history and either included or excluded based on the 
observed physical evidence at the time of the inspection.
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