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Abstract:Wind fragility curves for roof sheathing were developed for single-family building models to investigate the effects of roof shape
and roof pitch on the wind performance of roof sheathing. For gable roofs, it was found that more complex roof shapes are more likely to
suffer roof sheathing damage when subjected to high winds. The probability of no roof sheathing failure can be up to 36% higher for a simple
gable roof than for a complex gable roof. For hip roofs with different configurations, variation in roof shape has minimal effect on roof
sheathing fragility. Roof pitch effects were also evaluated for 10 pitch angles, ranging from 14° to 45°. Results suggest that for roof pitches
smaller than 27°, the effects of this angle are more substantial on the performance of gable roofs than on hip roofs. For gable roofs, the
probability of no roof sheathing failure can be up to 23% higher for a 23° roof pitch than that for an 18° roof pitch. Furthermore, the inclusion
of complex roof shapes in a regional hurricane loss model for New Hanover County, North Carolina, accounted for a 44% increase in
estimated annual expected losses from roof sheathing damages compared to a scenario in which all roofs are assumed to have rectangular
roof shapes. Therefore, to avoid an underestimation of roof damages due to high-wind impact, the inclusion of complex roof geometries in
hurricane loss modeling is strongly recommended. DOI: 10.1061/JSENDH.STENG-11846. © 2023 American Society of Civil Engineers.

Introduction

Damage to the roofs of single-family residential buildings is fre-
quently observed in extreme wind hazard events. Uplift pressure
acting on roofs can remove roof sheathing panels from roof fram-
ing. Loss of a single piece of the roof sheathing can cause rainwater
penetration, resulting in severe interior damage and corresponding
content losses (Sparks et al. 1994). Moreover, the loss of roof sheath-
ing can induce sudden internal pressurization and affect the wind
pressure applied on other building components (Liu and Saathoff
1981). Hence, accurately predicting the performance of roof sheath-
ing is critical for damage and loss estimation of the whole building
structure.

Based on functional and aesthetic needs, most single-family
residential buildings in the United States have nonrectangular foot-
prints with resulting complex roof configurations. The roof pitch
for residential buildings can vary from 3∶13 (14°) to 12∶12 (45°).
Existing wind vulnerability models, including the FEMA HAZUS-
MH model (Vickery et al. 2006) and the Florida Public Hurricane
Loss Model (FPHLM) (Pinelli et al. 2011; Hamid 2019), only adopt
archetype building models with rectangular footprints and a single

roof pitch. Variations of roof shape and roof pitch have not been
considered in the regional loss estimation in these existing models
to date.

Previous research on the reliability of roof sheathing subjected
to high wind has mostly focused on simple roof shapes with rec-
tangular building plans (Ellingwood et al. 2004; Lee and Rosowsky
2005; Li 2005; van de Lindt and Dao 2009). Only a limited number
of studies considered building models with complex roof shapes
and nonrectangular building plans (Amini and van de Lindt 2014;
Masoomi et al. 2018; Stewart et al. 2018). Amini and van de Lindt
(2014) developed tornado fragilities for four complex gable-roofed
buildings and one simple hip-roofed building using wind loads cal-
culated based on ASCE 7-10 (ASCE 2010). Masoomi et al. (2018)
conducted fragility analysis on the same set of building models
considering both straight-line winds and tornadoes using ASCE
7-10 (ASCE 2010) and ASCE 7-16 (ASCE 2016). Stewart et al.
(2018) developed fragility curves for metal roof sheeting on a com-
plex hip-roofed building using wind pressure data obtained from
wind tunnel tests. Nevertheless, due to the limited number of build-
ing models, the effects of roof shape and roof pitch on roof sheath-
ing fragilities remain unclear.

Recent advancements in remote sensing and computer vision
have provided powerful tools to extract detailed building geometry
from three-dimensional point cloud data and two-dimensional aer-
ial images. Kashani et al. (2016) introduced a lidar-based method-
ology for extracting roof geometry and developing detailed fragility
models for buildings with complex roof shapes. El Merabet et al.
(2015) applied machine learning techniques to model roof ridges
and segment roofs from aerial images. The enriched building data
can facilitate the development of site-specific roof fragility models,
which can then be applied to regional hurricane loss models. There-
fore, the inclusion of more complex roof geometries that reflect
ground conditions has the potential to provide more realistic loss
estimates.

This study adds to the existing literature by quantitatively evalu-
ating the effects of roof shape and roof pitch on roof sheathing fra-
gility for single-family houses with rectangular and nonrectangular
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roof shapes using ASCE 7-16 wind loading (ASCE 2016). Addi-
tionally, the study compares the expected annual roof sheathing
losses when a simple roof inventory (only rectangular roof shapes)
or a complex roof inventory (rectangular and nonrectangular) is uti-
lized in a regional component-based loss model, using New Hanover
County, North Carolina, as a case study.

Following a description of the building models used, the fragil-
ity modeling methodology is explained. Next, the fragility curves
for building models with different roof shapes and roof pitches are
presented, and the results are discussed in terms of failure proba-
bilities and fragility parameters. Then the impact of roof shapes on
regional loss estimation is evaluated using a case study. In the end,
the limitations of the analysis are discussed, and suggestions on
roof modeling for wind vulnerability models are provided.

Building Models

Two sets of building models were used to evaluate roof type and
roof pitch effects on roof sheathing fragility, respectively. The first
set includes 47 building models (five rectangular gable-roofed, 18
complex gable-roofed, one rectangular hip-roofed, and 23 com-
plex hip-roofed cases), designated Types 1–47 (Figs. 1 and 2). The
47 building models were classified into Groups 1–12 based on roof
complexity, with the number of ridgelines for gable roofs (one to
five) and the number of roof corners for hip roofs (four to nine)
used as the primary features representing the roof complexity.
Groups 1 and 3–6 represent buildings with rectangular gable roofs
and complex gable roofs, respectively. Groups 7 and 8–12 represent
buildings with rectangular hip roofs and complex hip roofs, respec-
tively. Building models were designed to have similar plan areas and
dimensions. Roof configurations and building properties of building
models were developed based on common practice in residential
construction. They are intended to be representative of most single-
family houses in hurricane-prone areas of the United States. Table 1
presents the properties of Building Model Set 1. The building
dimensions and roof configuration for Structure Type 6 are shown
in Fig. 3 as an example. Roof dimensions and panel layouts for
gable- and hip-roofed building models are shown in Figs. 1 and 2,
respectively.

The second set of 40 building models includes four baseline
structures, designated Types A–D, with 10 different roof pitches
(Fig. 4). The baseline structures are considered representative of
gable- and hip-roofed buildings with rectangular and nonrectangu-
lar footprints. The roof pitches vary from 3∶12 (14°) to 12∶12 (45°),
covering commonly used pitch angles in residential buildings.
Building properties for the four baseline models are summarized
in Table 2.

Fragility Modeling Methodology

Damage States

The failure of roof sheathing due to wind load is usually caused by
negative wind pressure (suction) acting on the panel, which causes
multiple nail withdrawals and leads to the removal of roof sheath-
ing from roof framing. The limit state for the uplift of an individual
roof sheathing panel can be expressed by

gðR;W;DÞ ¼ R − ðW −DÞ ð1Þ
where R = uplift capacity of roof sheathing; W = uplift wind load
acting on the roof sheathing; and D = dead load. The failure of
individual roof sheathing is defined as gð·Þ < 0. For the fragility

of a roof sheathing system that consists of multiple roof panels,
five damage states were considered, which are consistent with pre-
vious studies (Lee and Rosowsky 2005; Amini and van de Lindt
2014): (DS1) no roof sheathing failure; (DS2) one roof sheathing
panel fails; (DS3) more than one, and less than or equal to 10% of
roof sheathing panels fail; (DS4) more than 10%, and less than or
equal to 25% of roof sheathing panels fail; and (DS5) more than
25% of roof sheathing panels fail.

Fragility Analysis

Fragility analysis was applied to evaluate the performance of roof
sheathing under high wind incorporating the uncertainties in loads
and resistance. Following the method described by Masoomi et al.
(2018), the wind fragilities for the roof sheathing system can be
defined as the conditional probability of exceeding a specific dam-
age state under a given wind speed v

FrðVÞ ¼ P½DS > dsijV ¼ v� ð2Þ
The fragility curves were developed using Monte Carlo simu-

lations with 10,000 samples, which led to the convergence of fail-
ure probabilities. Fig. 5 summarizes the main steps of the Monte
Carlo simulation for the roof sheathing fragility assessment.

Uplift Capacity

For this study, the statistics of the wind-uplift capacity (R) of roof
sheathing were obtained for 13 mm × 1.2 m × 2.4 m (1=2 in:×
4 ft × 8 ft) oriented strand board (OSB) fastened to nominal 51
by 102 mm (2 by 4 in.) Southern Yellow Pine (SYP) lumber spaced
24 in. on-center, using 8d common nails [3.33 mm (0.131 in.) diam-
eter, 63.5 mm (2.5 in.) long]. The nail spacing is 15.2 cm (6 in.)
along the edge of the panel and 30.5 cm (12 in.) at interior locations.
The statistics of uplift capacity were obtained from experimental re-
sults by Datin et al. (2011) (Table 3). The uplift capacities of roof
panels in the same building are assumed to be partially correlated due
to similar environment, material, and construction conditions (He
and Hong 2012). For each building sample, the resistance for roof
panels is generated from a multivariate lognormal distribution with
correlation coefficients equal to 0.4, as suggested by Peng (2013).

Dead Load and Wind Load

The dead load (D) considered in Eq. (1) is the self-weight of the
roof sheathing panel. The self-weight of the roof cover, which is
assumed to be an asphalt shingle in this study, is negligible com-
pared to the weight of roof sheathing. The dead load is assumed to
remain constant in time and is modeled by a normal distribution
(Lee and Rosowsky 2005). The statistics of dead load are summa-
rized in Table 3.

In this study, wind loads acting on individual roof panels were
calculated based on ASCE 7-16 (ASCE 2016). Wind provisions in
ASCE 7-16 focus solely on rectangular buildings, and buildings
with nonrectangular footprints are not included. Shao et al. (2018)
conducted wind tunnel experiments on L- and T-shaped struc-
tures and concluded that wind provisions in the ASCE 7 standard
could provide a reasonable estimation of wind pressures acting on
complex-shaped roofs. In ASCE 7-16 (ASCE 2016), roof sheathing
is modeled as components and cladding (C&C). The wind pres-
sures on C&C of low-rise buildings were determined by the follow-
ing equation:

W ¼ qhðGCp − GCpiÞ ð3Þ
where qh = velocity pressure evaluated at mean roof height;
GCp = external pressure coefficient; and GCpi = internal pressure

© ASCE 04023093-2 J. Struct. Eng.
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Fig. 1. Dimensions and panel layouts for gable-roofed building models (all dimensions are given in meters).

© ASCE 04023093-3 J. Struct. Eng.

 J. Struct. Eng., 2023, 149(7): 04023093 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

U
C

LA
 D

ig
ita

l C
ol

l S
vc

s o
n 

05
/1

3/
23

. C
op

yr
ig

ht
 A

SC
E.

 F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
rig

ht
s r

es
er

ve
d.



Fig. 2. Dimensions and panel layouts for hip-roofed building models (all dimensions are given in meters).
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coefficient. The nominal value of the external pressure coefficient
(GCp) for roof panels was determined using the weighted average
method explained by Lee and Rosowsky (2005). The GCp values
for different wind pressure zones are functions of the roof slope
given in ASCE 7-16 (ASCE 2016). The velocity pressure, qh,
was determined from ASCE (2016)

qh ¼ 0.00256KzKztKdV2ðlb=ft2Þ; V inmi=h ð4Þ

where Kz = velocity pressure exposure coefficient; Kzt = topo-
graphic factor; Kd = wind directionality factor; and V = 3-s gust
speed at 10 m (33 ft) aboveground in open terrain. The velocity
pressure exposure coefficient (Kz) is determined based on the mean
roof height and the exposure category. For this study, the exposure
category is assumed to be Exposure C for open terrain with scat-
tered obstructions. Wind pressures for C&C were determined based
on the assumption that wind comes from any possible direction.
The wind directionality factor (Kd) was applied to account for
the reduced probability of maximum winds coming from any di-
rection and maximum wind pressure occurring for any given wind
direction. It is assumed thatGCp follows a normal distribution with

the mean-to-nominal value equal to 0.95 and a coefficient of varia-
tion equal to 0.12 (Ellingwood and Tekie 1999). The wind zones for
GCp on complex roofs adopted in this paper are illustrated in Fig. 6,
which are modified from the wind zones defined for rectangular
roofs in ASCE 7-16 (ASCE 2016). The statistics for other wind
load parameters used in this study are summarized in Table 3.

In Florida Public Hurricane Loss Model (Gurley et al. 2005), a
reduction factor is applied to Eq. (3) to remove the embedded safety
factor for wind pressure coefficients provided by ASCE 7. The roof
sheathing fragility was reassessed for Building Model Set 1 with
the reduction factor to evaluate the potential effect of the reduction
factor. The median wind speeds for the fragility curves were in-
creased by 7–9 m=s (15–20 mi=h). The relationships for the fragil-
ities between different groups described in the following sections
are still valid, however.

Openings in the building envelope created by failed roof sheath-
ings are likely to change the internal pressure (Stewart et al. 2018;
Qin and Stewart 2019; Dev Sarma et al. 2023). The approach pro-
posed by Lee and Rosowsky (2005) was applied in this study to
consider this effect. Damage conditions for roof sheathings were
first checked with the internal pressure coefficient (GCpi) for an
enclosed building. If at least one roof sheathing fails, the internal
pressure is recalculated based on a partially enclosed structure. The
damage conditions for undamaged roof panels were checked with
the updated internal pressure. The positive GCpi values, which re-
sult in the worst loading condition for roof sheathing, were used in
this study. The statistics for GCpi and other wind load parameters
used in this study are summarized in Table 3.

Fragility Curves

Effect of Roof Shape

Gable Roofs
Fig. 7 shows the fragility curves for exceeding DS1 and DS4 of
all gable-roofed building models (Types 1–23). The median wind
speeds of fragility curves of all gable-roofed buildings are shown in
Fig. 8 to illustrate the differences in fragilities between different
building models. All building models have very similar standard
deviations, and the fragility curves with higher median values have
lower failure probability given the same wind speed. As shown in
Figs. 7 and 8, the failure probabilities increase with the higher com-
plexity of roof shapes. The rectangular gable roofs (Groups 1–2)
experience lower failure probabilities than nonrectangular gable
roofs (Groups 3–6), and the difference increases for more severe
damage states. For rectangular gable roofs, the simple gable roof
(Group 1) is less vulnerable than cross-gable roofs (Group 2), and
the difference decreases drastically for more severe damage states.
For nonrectangular gable roofs, the structures in the same group
show similar performance under high winds, as shown in Fig. 7.

Table 1. Dimensions and characteristics of building models (Set 1)

Property Types 1–5 Types 6–23 Type 24 Types 25–47

Plan dimension (m) 11.0 × 17.7 14.6 × 17.7 11.0 × 17.7 14.6 × 17.7
Roof area (m2) 211.8 209.0 − 210.9 211.8 209.0 − 213.7
Roof type Gable Gable Hip Hip
No. of stories 1 1 1 1
Wall height (m) 2.4 2.4 2.4 2.4
Roof slope 6∶12 (∼26.6°) 6∶12 (∼26.6°) 6∶12 (∼26.6°) 6∶12 (∼26.6°)
Roof framing spacing (m) 0.61 0.61 0.61 0.61
Overhang (m) 0.30 0.30 0.30 0.30

Fig. 3. Dimensions and roof sheathing layout, Structure Type 6 (all
dimensions are given in meters).
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The probability of no roof sheathing failure for Type 1 (rectangular,
one ridgeline) is 13% higher than Type 2 (rectangular, two ridge-
lines), and 36% higher than Type 21 (complex, five ridgelines) for a
wind speed of 63 m=s (142 mi=h). The probability of at least 25%
roof sheathing failure for Type 1 is 35% lower than Type 20 (com-
plex, five ridgelines) for a wind speed of 73 m=s (163 mi=h). The
aforementioned difference in fragility curves demonstrates that the
effect of roof shape on roof sheathing fragility is considerable for
gable roofs. The increased roof sheathing failure probabilities with
more complex gable roofs can be explained by the distribution of
wind pressure on gable roofs. It was observed in wind tunnel tests
conducted on rectangular and nonrectangular gable-roofed build-
ings (Marshall 1975; Gavanski et al. 2013) that peak suction appears
along roof ridges, roof edges, and roof corners. A larger portion of
the roof panels is located in the high-wind-pressure zones for more
complex gable roofs, which results in overall higher wind loads and
a higher likelihood of experiencing roof sheathing damage for gable
roofs with higher complexity.

Hip Roofs
Fig. 9 shows the fragility curves for hip-roofed buildings (Types
24–47). The median wind speeds for fragility curves for the four

damage states are plotted in Fig. 10. The median wind speeds for
fragility curves are similar for nonrectangular hip-roofed build-
ings (Groups 8–12). As shown in Fig. 9, the fragilities show higher
variance for more severe damage states (DS3 and DS4). Notable
differences in fragilities can be observed between the rectangular
hip-roofed building (Type 24) and nonrectangular hip-roofed build-
ings (Types 25–47) for DS3 and DS4. The probability of at least
25% roof sheathing failure for Type 24 (four roof corners) is 9%
lower than Type 37 (five roof corners) for a wind speed of 78 m=s
(174 mi=h). In contrast to the gable-roofed buildings, all nonrec-
tangular hip-roofed buildings show similar wind fragilities regard-
less of the roof complexity. Different effects of roof shape on roof
sheathing fragility for gable and hip roofs might be caused by dif-
ferent roof configurations and wind pressure distributions. As
shown in Fig. 6, the roof panels near the hip lines and roof edges
cover the majority of the roof. The variation of peak negative wind
pressures between different wind zones for hip roofs is lower than
the gable roofs. When determining the wind loads on roof sheath-
ings for hip roofs, the differentiation between different roof zones is
less critical than other building characteristics, like roof height and
roof slope, as concluded by Gavanski et al. (2013). In contrast, the
differentiation of roof zones was found to be crucial for gable roofs.

Gable versus Hip Roofs
Fig. 11 shows the fragility curves for all gable-roofed buildings are
to the left of those for hip-roofed buildings, which indicates that
roof sheathing on gable roofs is more likely to be damaged than
on hip roofs despite variation in roof shapes. This is consistent with
the observations from postdisaster surveys that hip roofs had better
performance than gable roofs during hurricanes (NRC 1991; FEMA
1992). As depicted in Fig. 11, the variance of fragilities for gable
roofs with different roof configurations is substantially higher than
for hip roofs. As summarized in the postdisaster survey of Hurricane
Andrew (Crandell et al. 1993), hip roofs experienced significantly

Fig. 4. Characteristics of building models (Set 2): (a) roof configurations and dimensions for baseline building models, with the panel layouts shown
for 4∶12 pitched roofs; and (b) selected roof pitch (all dimensions are given in meters).

Table 2. Dimensions and characteristics of building models (Set 2)

Property Type A Type B Type C Type D

Plan dimension (m) 11.0 × 17.7 14.6 × 17.7 11.0 × 17.7 14.6 × 17.7
Roof type Gable Gable Hip Hip
No. of stories 1 1 1 1
Wall height (m) 2.4 2.4 2.4 2.4
Roof framing
spacing (m)

0.61 0.61 0.61 0.61

Overhang (m) 0.30 0.30 0.30 0.30

© ASCE 04023093-6 J. Struct. Eng.
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less damage than gable roofs regardless of building shapes, and
hip-roofed buildings showed less variance in roof damage ratio
compared to gable-roofed buildings. Brown-Giammanco et al.
(2018) assessed the roof sheathing damage for residential build-
ings after Hurricane Harvey. Roof structure damage was mainly

observed in neighborhoods experiencing 54 m=s (120 mi=h) to
63 m=s (140 mi=h) gust wind. Gable roofs showed 18% higher
roof sheathing damage frequency for roof sheathing than hip roofs.
As shown in Fig. 11(a), for a wind speed of 58 m=s (130 mi=h),
the probabilities of no roof sheathing failures for a rectangular
gable-roofed building (Type 1), an L-shaped gable roof (Type 7),
and a gable roof with four ridgelines (Type 15) are 8%, 20%, and
29% lower than the T-shaped hip roof (Type 29). Considering the
variation in other building characteristics, the roof sheathing dam-
age probabilities predicted by the fragility analysis show good
agreement with the observed damage data.

Statistical Analysis
To evaluate the statistical significance of the results, ANOVAwas
used to determine whether the fragility parameters (median and
standard deviation) of different groups are statistically different
at the confidence level of 95%. For gable-roofed building mod-
els (Types 1–23), ANOVA analysis shows that rectangular gable-
roofed buildings (Groups 1–2) have significantly higher median
wind speeds for fragility curves than those with nonrectangular
roofs (Groups 3–6). The median wind speeds for Group 3 (two
ridgelines) and Group 4 (three ridgelines) have no significant dif-
ference in fragility curves for DS1, DS3, and DS4. The median
wind speeds for Group 5 (four ridgelines) and Group 6 (five ridge-
lines) have no significant difference in fragility curves for DS1 and
DS2. The median wind speeds differ significantly for fragility curves
with other damage states and other groups. As the complexity of roof
configuration (i.e., the number of ridgelines) increases, the failure
probability of roof sheathing rises significantly.

Fig. 5. Simulation procedure for roof sheathing fragility assessment.

Table 3. Resistance (R), dead load (D), and wind load statistics

Parameter Category Mean COV Distribution Reference

R 8DC6/12 6.20 kPa [129.4 (psf)] 0.12 Lognormal Datin et al. (2011)
Closed-cell sprayed polyurethane foam (ccSPF) 7.42 kPa [154.9 (psf)] 0.17 Lognormal Datin et al. (2011)

D — 0.17 kPa [3.5 (psf)] 0.1 Normal Lee and Rosowsky (2005)
Kz One-story 0.82 0.14 Normal Lee and Rosowsky (2005)

Two-story 0.84 0.14 Normal Lee and Rosowsky (2005)
Kd Components and cladding 0.89 0.16 Normal Lee and Rosowsky (2005)
GCpi Enclosed 0.15 0.33 Normal Lee and Rosowsky (2005)

Partially enclosed 0.46 0.33 Normal Lee and Rosowsky (2005)
Kzt Deterministic (1.0) Lee and Rosowsky (2005)

Fig. 6. Wind zones for external wind pressure coefficient (GCp) for
complex roofs: (a) Structure Type 7; and (b) Structure Type 34.
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For hip-roofed building models (Types 24–47), ANOVA test re-
sults show that the median wind speeds for the fragility curves for
the rectangular hip roof (Type 24) are significantly higher than or
nonrectangular hip roofs (Types 25–47). For nonrectangular hip
roofs (Groups 7–11), the fragility parameters do not significantly
differ between groups. In summary, rectangular hip roofs have bet-
ter performance than nonrectangular hip roofs. For nonrectangular
hip roofs, the complexity of roof configurations shows a minor ef-
fect on the roof sheathing fragility.

Effect of Roof Pitch

Figs. 12 and 13 present the fragility curves and corresponding
median wind speeds of gable-roofed buildings (Types A and B) with

10 different roof pitches. For the rectangular gable-roofed building
(Type A), as shown in Fig. 12(a), the median wind speeds increase
significantly for 5∶12 roof pitch compared to those for 3∶12 and 4∶12
roof pitch. The probability of no roof sheathing failure for Type A of
4∶12 roof pitch is 23% lower than 5∶12 roof pitch for a wind speed
of 63 m=s (142 mi=h). With the increase of roof pitch beyond 5∶12,
the median wind speeds change moderately. For the complex gable-
roofed building (Type B), two notable increments of median wind
speeds can be observed when roof pitch exceeds 4∶12 and 6∶12.
The probabilities of more than 25% roof sheathing failure for Struc-
ture Type B of 7∶12 roof pitch are 35% and 10% higher than for 4∶12
and 5∶12 roof pitches, respectively, for a wind speed of 72 m=s
(161 mi=h). For roofs steeper than 6∶12, similar to Type A, roof pitch
shows a moderate effect on roof sheathing fragilities.

Fig. 7. Fragility curves for gable-roofed buildings (Types 1–23).

Fig. 8. Median wind speed of fragility curves for gable-roofed buildings (Types 1–23).
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For hip-roofed buildings, similar trends between roof pitch
and roof sheathing fragilities for Structure Types C and D can be
found in Figs. 14 and 15. For frequently used hip-roofed pitches
(3∶12–6∶12), the variation of roof pitch influences roof sheathing
fragilities moderately. The probability of no roof sheathing failure
for Type D with 5∶12 roof pitch is 8% higher than that for 3∶12 roof
pitch for a wind speed of 71 m=s (158 mi=h). As shown in Fig. 14,
for Types C and D, the median wind speeds reach the maximum
value for 7∶12 roof pitch and drop rapidly for higher pitch angles.
Generally, roof pitch shows more substantial effects on the fragil-
ities of the complex hip-roofed building (Type D) than rectangular
hip-roofed building (Type C) for roof pitches smaller 7∶12.

In summary, the effect of roof pitch on roof sheathing fragilities
is substantial for gable roofs with a roof pitch smaller than 7∶12 and

hip roofs with a roof pitch larger than 6∶12. For gable roofs with
roof pitches smaller than 7∶12, roof pitch shows a stronger effect on
roof sheathing fragilities for complex roofs than those for simple
roofs. For hip roofs, the effect of roof pitch sheathing fragilities is
similar for simple and complex roofs.

Comparison with Other Characteristics

Fragility analysis was applied to selected building models with
modified building properties to assess the importance of roof type
and roof pitch relative to other critical building and structural char-
acteristics. Fragility curves for Type 7 (L-shaped gable roof) and
Type 29 (T-shaped hip roof) with different resistance types, number
of stories, and overhang conditions are shown in Figs. 16 and 17.

Fig. 9. Fragility curves for hip-roofed buildings (Types 24–47).

Fig. 10. Median wind speed of fragility curves for hip-roofed buildings (Types 24–47).
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To evaluate the effect of resistance on roof sheathing fragilities,
the fragility curves were developed for structures with closed-cell
sprayed polyurethane foam (ccSPF) retrofitted panels (Table 3).
Fragility curves for Type 1 (simple rectangular gable roof) and
Type 24 (rectangular hip roof) are used to demonstrate the effect
of roof configurations. Fig. 16 suggests the effects of roof shape
and roof pitch are as critical as the uplift capacity for gable roofs.
The impact of roof overhang and the number of stories on roof
sheathing fragilities is moderate compared to other characteristics.
For the hip roofs, the roof shape and roof pitch show minor effects
on the fragilities compared to other properties, as shown in Fig. 17.

Regional Loss Consequences

Across the United States, single-family housing inventories have a
wide range of roof shapes. Yet, existing regional hurricane loss mod-
els only allow for three roof shape configurations for single-family
housing units: simple gable, simple hip, and flat roofs (Deierlein
et al. 2020; Nofal et al. 2021; FEMA 2021; Wang et al. 2020). Due
to the higher fragilities of more complex roof shapes, as exhibited
previously, the exclusion of complex roof shapes in regional hur-
ricane loss modeling may lead to an underestimation of regional
losses. This section evaluates the impacts on loss estimates when

Fig. 11. Fragility curves for all buildings in Building Model Set 1: (a) DS1; and (b) DS4.

Fig. 12. Fragility curves for gable-roofed buildings with different roof pitches: (a) Structure Type A; and (b) Structure Type B.
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complex roof shapes are included in regional hurricane loss models
for single-family structures, using New Hanover County, North
Carolina, as a case study. Unlike the fragility analysis, the regional
loss analysis includes the extent to which complex roof shapes exist
in New Hanover County, as well as the likelihood of experiencing
damaging wind speeds, both of which help determine the extent to
which simplifying the representation of roof shapes introduces loss
estimate errors.

Regional Loss Modeling Methods

The component-based loss model is a simulation combining haz-
ard, inventory, and damage modules to compute a probability dis-
tribution of losses for each group of buildings (defined by location

and building type) and specified hurricanes in the study area. We
developed the model used in this study to estimate wind damage
and direct loss based in part on an early version of the Florida Public
Hurricane Loss Model as described in Gurley et al. (2005) and Pine-
lli et al. (2004, 2008). It was previously used in Peng (2013), Peng
et al. (2014), Gao et al. (2016), and Wang et al. (2020).

New Hanover County, which includes the city of Wilmington, is
located on the southeastern coast of North Carolina and includes ap-
proximately 72,425 single-family housing units (Zillow 2020). The
county was divided into 67 zones, where each zone corresponded to
a 2010 census tract, except for the census tracts along the coast,
which were divided into three smaller zones. Building types were
defined to represent all combinations of the number of stories
(one or two), garage (yes or no), and roof shape (two roof shapes

Fig. 13. Median wind speed of fragility curves for gable-roofed buildings: (a) Structure Type A; and (b) Structure Type B.

Fig. 14. Fragility curves for hip-roofed buildings with different roof pitches (DS1): (a) Structure Type C; and (b) Structure Type D.
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or five roof shapes, depending on the analysis). Each building is de-
fined as a collection of components represented in the damage and
loss model (e.g., roof cover, roof sheathing, roof-to-wall connection,
windows, and openings). Each component in turn is made of many
component units (e.g., a single window or section of roof covering).

The definition of the building inventory was the same as that was
used in Peng (2013) and Peng et al. (2014), with two exceptions.
First, the number of houses in each zone was based on Zillow’s
ZTRAX database (Zillow 2020), rather than the US Census. Sec-
ond, in addition to the base analysis that assumes all roofs are simple
gable or simple hip, we conducted a second analysis in which each
roof was assigned one of five roof shapes (simple gable, simple
cross gable, complex cross gable, simple hip, cross hip) (Fig. 18).
The roof shapes in New Hanover County are estimated to be 22%

simple gable, 22% simple cross gable, 36% complex cross gable,
5% simple hip, and 15% cross hip. The distribution of the roof
shapes in New Hanover was identified by sampling 10% of the
single-family houses in each zone and retrieving the corresponding
satellite images from Google Maps. The sampled satellite images
were then manually classified into the five roof shape categories. Of
the 7,242 sampled satellite images, 19% did not have a visible roof
image (largely due to tree cover) and were thus classified as not
available. Even for the complex, nonrectangular roof shapes, the
same rectangular building footprints, walls, and openings were used
so the only difference between the two runs was the roof shapes.
A future study could investigate the regional loss effects when
incorporating both nonrectangular roof shapes and associated
nonrectangular building footprints, walls, and openings.

Fig. 15. Median wind speed of fragility curves for hip-roofed buildings: (a) Structure Type C; and (b) Structure Type D.

Fig. 16. Fragility curves for Type 7 with different building characteristics: (a) DS1; and (b) DS4.
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The hazard was represented using the set of 97 hurricane sce-
narios developed in Apivatanagul et al. (2011), each with a corre-
sponding annual probability and map of 3-s peak gust wind speed
throughout the area.

Effects of Complex Roof Inventories on Regional Loss

Results suggest a substantial underestimation of hurricane losses
when complex roof shapes for single-family houses are not ac-
counted for in regional loss modeling. If all roofs are assumed to
be rectangular hip or rectangular gable in New Hanover County, the
expected annual roof sheathing losses would be $2.7 million. How-
ever, if a complex roof inventory with five different roof shapes was
included in the model, as would be more realistic, the resulting ex-
pected annual roof sheathing losses would be $3.8 million. This
results in a $1.1 million (44.4%) increase in roof sheathing losses.
The reported roof sheathing losses only represent the direct cost for
roof sheathing replacement. They do not include the consequential
damages to interior components or related internal pressure effects
when roof sheathing damage occurs.

Additionally, the differences between the loss estimates for
complex and simple roof inventories vary as hurricane wind speeds
increase, suggesting that the importance of including complex roof
shapes may vary for different ranges of wind speeds. The percent
difference between estimated losses with complex roof inventories
versus simple roof inventories increases to 56% as hurricane inten-
sity increases up to approximately 49.7 m=s (111.2 mi=h). At this
point, the difference then decreases to approximately 20% for the
largest simulated hurricane [66.7 m=s (149.1 mi=h)] (Fig. 19). This
suggests the incorporation of roof shape in regional loss modeling
is an important aspect when modeling roof sheathing damages for
all hurricane events.

Roof shape affects not only damage to the roof sheathing but
also the roof cover. The expected annual roof cover losses are an
order of magnitude larger than roof sheathing at $11.6 million and
$15.2 million for simple and complex roof inventories, respec-
tively. The higher loss estimates account for the fact that roof cover
damage occurs at lower wind speeds. Additionally, the percent dif-
ference between the estimated losses for complex and simple roof
inventories follows a similar pattern as roof sheathing, where the

Fig. 17. Fragility curves for Type 29 with different building characteristics: (a) DS1; and (b) DS4.

Fig. 18. Dimensions and panel layouts for building models used for regional loss model: (a) simple gable; (b) simple cross gable; (c) complex cross
gable; (d) simple hip; and (e) cross hip (all dimensions are given in meters).
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difference increases to 53% as wind speeds increase up to approx-
imately 37.1 m=s (83.0 mi=h), at which point the difference then
decreases rapidly, again highlighting the importance of including
realistic roof shapes in a regional loss model.

Limitations

This study aims to provide an evaluation of the effects of roof shape
and roof pitch on roof sheathing fragility using the analysis meth-
ods adopted by current wind vulnerability models, including the
FEMA HAZUS-MH model (Vickery et al. 2006) and the FPHLM
model (Hamid 2019), and previous research on fragility analysis for
nonrectangular buildings (Amini and van de Lindt 2014; Masoomi
et al. 2018). Due to the lack of data on wind pressures on complex

roofs, key assumptions were made when conducting the fragility
analysis for roof sheathing.

First, the wind pressures applied on roof sheathing were calcu-
lated using the code-based method. Wind pressures were determined
based on the maximum wind pressure considering all possible wind
directions instead of a specific wind direction because the wind pres-
sure data for directional cases are unavailable for nonrectangular
buildings. As shown in Eqs. (3) and (4), a wind directionality factor
(Kd) is applied to account for the reduced probabilities of maximum
winds coming from any given direction and the maximum pressure
coefficient occurring for any given wind direction (ASCE 2016). As
discussed by Lee and Rosowsky (2005), the wind directionality fac-
tor is conservative, and the actual wind pressures should be lower
than those used in this study.

Fig. 19. Expected roof sheathing losses. Each bar represents one hurricane event. (a) Expected annual roof sheathing losses for the 97 simulated
hurricanes in New Hanover County. Each hurricane event is represented as its average peak 3-s wind gust speed across the county. (b) Percent
difference in the expected annual roof sheathing losses between a complex roof inventory and simple roof inventory for the 97 simulated hurricane
events in New Hanover County.
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Second, the change in internal wind pressure due to the damage
of openings (e.g., windows, doors) is not considered in the fragility
analysis. If the increase of internal wind pressure due to the dam-
age of openings were considered, the failure probabilities for roof
sheathing would be higher than those shown in this paper.

Third, the external wind pressure coefficients (GCp) provided in
ASCE 7-16 (ASCE 2016) are determined based on the roof pitch.
For ease of use, the roof pitches are classified into three groups
(7°–20°, 20°–27°, and 27°–45°), and the GCp values for roof pitches
within the same group are assumed to be the same, except for hip
roofs with roof pitches larger than 27°. As a result, the fragility
curves in Figs. 12 and 14 may have a larger variance for roof pitches
within the same group and a smaller variance between different
groups when using more accurate wind pressure data.

Last, the regional loss model conducted for NewHanover County
only accounted for the effects of a more complex roof inventory, yet
did not analyze the effects of a nonrectangular building footprint.
Future work could develop a set of nonrectangular building geom-
etries to better reflect a more realistic and diverse housing inventory.

Conclusions

The inclusion of complex roof geometries in building- and regional-
level hurricane loss analyses is important to avoid underestimation
of building damages. For example, by including nonrectangular roof
geometries in a regional hurricane loss model for New Hanover
County, North Carolina, annual expected roof sheathing losses were
estimated to be 44% higher ($1.1 million) as compared to a building
inventory with only rectangular roof geometries. When studying the
effects of two critical parameters for roof sheathing fragility, roof
shape, and roof pitch, the fragility analysis indicates that roof shape
has a more significant effect on roof sheathing fragility for gable
roofs than for hip roofs. For gable roofs with more complex con-
figurations, roof sheathing experiences higher failure probabilities
and shows a larger variance in fragilities. On the contrary, wind
fragilities for hip roofs show minimal differences for different roof
shapes. Among all building models, despite variations in roof shapes,
gable-roofed buildings show higher fragilities than hip-roofed build-
ings. For gable and hip roofs, a larger variance in roof sheathing fra-
gility is observed for more severe damage states.

Results for building models with different roof pitches show
that roof pitch also influences roof sheathing fragility considerably.
For roof pitches smaller than 7∶12, the failure probabilities of roof
sheathing panels in gable roofs decrease rapidly with the increase
of roof pitch. For hip roofs, roof pitch has a moderate effect on
roof sheathing fragility when the roof pitch is smaller than 7∶12.
When the roof pitch exceeds 6∶12, the failure probability of roof
sheathing in hip roofs increases drastically when the roof pitch
rises.

When modeling roofs for a wind vulnerability assessment of
roof sheathing in single-family homes, it is reasonable to neglect the
roof shape and pitch variation for intermediate sloped (3∶12–6∶12)
hip roofs. However, for gable-roofed buildings, modeling complex
roofs using simple rectangular roofs, as adopted in current wind vul-
nerability models, may underestimate the failure probability of roof
sheathing and the associated economic loss. The variation of roof
pitch for gable roofs should also be considered in the roof models.
The enriched building inventories, which include realistic roof type
and roof pitch data extracted from remote sensing data, have the
potential to improve roof damage estimates for both individual
building- and regional-level hurricane loss analyses.
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Notation

The following symbols are used in this paper:
D = dead load;

GCp = external pressure coefficient;
GCpi = internal pressure coefficient;
Kd = wind directionality factor;
Kz = velocity pressure exposure coefficient;
Kzt = topographic factor;
qh = velocity pressure evaluated at mean roof height;
R = uplift capacity of roof sheathing;
V = 3-s gust speed at 10 m (33 ft) aboveground in open

terrain; and
W = uplift wind load acting on the roof sheathing.
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