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A B S T R A C T   

Asphalt shingles constitute more than 80% of the roofing materials in current residential housing in the United 
States. Many post-disaster surveys have reported the failure of these roofing elements below the design level 
wind event. Research to realistically model the aerodynamics of asphalt shingles at full-scale is limited, resulting 
in knowledge gaps in peak wind loads and effects of permeability. In this study, the aerodynamics and wind 
resistance of asphalt shingles are studied by using a monoslope roof tested at Florida International University’s 
Wall of Wind Experimental Facility. Results from both aerodynamic and failure assessment test protocols showed 
that shingles near the upper corners of the roof were subjected to high suctions due to cornering winds. This 
presents a critical loading case for which asphalt shingle roofing systems are not typically tested using current 
standard tests. Moreover, the extent of permeability underneath the shingles was observed to vary with the 
spatial location of shingles and wind direction. Finally, the comparison of area-averaged peak Cp values obtained 
from this study with GCp plots in ASCE 7-16 Standard showed that these provisions, which do not consider the 
effects of permeable roofing elements (e.g., shingles), can underestimate wind loads on asphalt shingles.   

1. Introduction 

Over the past four decades, hurricane wind events have been 
responsible for numerous major disasters in the United States. The Na
tional Oceanic and Atmospheric Administration’s (NOAA) Office for 
Coastal Management reported that the insured losses due to hurricane 
wind events in the U.S. between 1986 and 2015 were more than USD 
515 billion. Just in 2017, the insured losses for hurricanes Harvey, Irma, 
and Maria were more than USD 92 billion. The total cost sustained from 
these hurricanes was approximately $265 Billion, with hurricane Har
vey alone causing damage of more than USD 125 billion (FEMA, 2018, 
2019; NOAA, 2019). 

Previous wind engineering studies have conclusively shown that the 
bluff body aerodynamics and even the overall wind resistance of low- 
rise buildings are mainly dictated by the roof properties (Krishna, 
1995; Stathopoulos, 1984; Uematsu and Isyumov, 1999). The damage 
sustained by the roof can be a global failure, whereby the whole roof 
truss is lifted, or a local failure of roofing elements such as shingles, tiles, 
or pavers. No matter how insignificant a local failure of roofing elements 
may seem, a roof breach would lead to water intrusion, as extreme wind 
events are usually accompanied by heavy rain. Many post-disaster sur
veys confirmed that major insured losses in residential buildings due to 

wind events were results of the failure of roofing elements and subse
quent water intrusion (Baheru et al., 2015; Cochran and Levitan, 1994; 
Gurley and Masters, 2011; van de Lindt et al., 2007). Thus, the study of 
the wind resistance of roof coverings and their design against any liftoff 
that can cause water intrusion is essential. 

To this end, this paper presents an investigation of the wind resis
tance of asphalt shingles. It is organized as follows. Section 2 reviews 
previous studies on roofing shingles, discusses their limitations and 
notes current knowledge gaps. Section 3 presents the experimental 
methodology employed to study wind loads on asphalt shingles under 
simulated wind loads and bridge the knowledge gaps. Finally, results 
from this study are discussed in Section 4. 

2. Previous studies on roofing shingles 

The wind load on permeable roofing elements has two components: 
the pressure over the top surface, and the pressure within the cavity 
(Hazelwood, 1981). The net load responsible for their uplift is then the 
algebraic sum between these two components (i.e., the net pressure). 
That is, cavity flows could result in an increase or reduction of the net 
pressure, termed as pressure escalation and pressure equalization, 
respectively. This net load is, therefore, determined by the global 

* Corresponding author. Florida International University Engineering Center, 10555 W Flagler St, Miami, FL, 33174, USA. 
E-mail address: atole066@fiu.edu (A.B. Tolera).  

Contents lists available at ScienceDirect 

Journal of Wind Engineering & Industrial Aerodynamics 

journal homepage: www.elsevier.com/locate/jweia 

https://doi.org/10.1016/j.jweia.2022.105005 
Received 16 December 2021; Received in revised form 2 April 2022; Accepted 21 April 2022   

mailto:atole066@fiu.edu
www.sciencedirect.com/science/journal/01676105
https://www.elsevier.com/locate/jweia
https://doi.org/10.1016/j.jweia.2022.105005
https://doi.org/10.1016/j.jweia.2022.105005
https://doi.org/10.1016/j.jweia.2022.105005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jweia.2022.105005&domain=pdf


Journal of Wind Engineering & Industrial Aerodynamics 225 (2022) 105005

2

building flow field, the wind gustiness, and the local element flow field 
(Kramer et al., 1979). Based on these fundamental notions, several 
studies have investigated the wind resistance of these elements (Birhane 
et al., 2020; Dixon et al., 2013; Habte et al., 2017; Miller et al., 2020; 
Mooneghi et al., 2014; Oh and Kopp, 2015; Peterka et al., 1997). This 
paper focuses on the wind resistance of asphalt shingles. Among roofing 
elements in the U.S., asphalt shingles constitute more than 80% of the 
roofing materials in current residential housing in the United States, as 
they provide the cheapest roofing solution (Dixon, 2013). Therefore, 
investigation of their wind performance provides a critical input to
wards the resilience of the built environment to wind loads. In this paper 
a detailed discussion is presented hereafter on the works that led up to 
the current shingle testing standards. 

The wind resistance study of asphalt shingles started in the late 
1950s. Before this time, wind engineering research on low-rise buildings 
was mainly focused on global aerodynamics, and not the localized wind 
effects on roofing elements as small as asphalt shingles (Stathopoulos, 
1984). Cullen (1960) performed the study which led to the development 
of the first standardized wind performance test for asphalt shingles. This 
test was first adopted by Asphalt Roofing Industry Bureau and was later 
adopted with modifications by the Underwriters’ Laboratories, in a 
document entitled UL 997 Wind Resistance of Prepared Roof Covering 
Materials (997) (Benjamin and Bono, 1967; Dixon et al., 2013). The 
testing procedures involved impinging a jet of air, from a close range at a 

constant speed of 26.82 m/s (60 mph) for 2 h, directly onto a shingled 
panel set on a typical roof slope. The target of this standard focused on 
testing the strength of the bituminous adhesive of self-sealing shingles. 
This procedure is still in use by the American Society for Testing and 
Materials (ASTM) Standard Test Method for Wind Resistance of Steep 
Slope Roofing Products (Fan-Induced Method), designated as 
D3161/D3161M, with modifications based on testing wind speed 
(ASTM International, 2020a) to account for various classes of products. 
This procedure fails to accurately model natural wind flows over shin
gled surfaces. The lack of consistency in the wind resistance of asphalt 
shingles in extreme wind events had been attributed to this testing 
method (Dixon et al., 2013). 

A standardized test method was later developed by simulating at
mospheric boundary layer flows in the wind tunnel for determining the 
wind uplift forces generated on these roofing systems (Derickson et al., 
1993; Peterka et al., 1983; Peterka and Cermak, 1983). This work was 
motivated by the earlier lack of quantitative relationship between the 
turbulence properties of oncoming flow, the geometric properties of the 
buildings, and the associated aerodynamics. A shingled test panel with a 
standard three-tab seal was immersed in a turbulent flow. Blow-off tests 
were performed for wind directions at 0 and 45◦ with respect to a side of 
the panel, under wind speeds ranging from 13.41 m/s (30 mph) to 35.77 
m/s (80 mph). The test led to the identification of a typical separation 
bubble over the asphalt shingles. That is, the oncoming flow would 
stagnate on the leading edge where it separates to cause a suction over 
the top surface and a positive pressure within the cavity, leading to 
pressure escalation. Fig. 1 shows this lift-off mechanism for asphalt 
shingles. Similarly, these studies showed mean pressure coefficients of 
0.4 between the stagnation region and the sealing strip, and 0.2 between 
the sealing strip and the end of the tile opposite to the stagnation region. 
Moreover, following a static pressure test aimed at measuring pressure 
equalization, it was determined that pressure change on the top surface 
will almost instantly be countered by an opposite pressure change on the 
bottom surface, and the net pressure would be reduced significantly. 
Accordingly, it was concluded that uplift loads on shingles are not due to 

Fig. 1. Shingle liftoff mechanism (Peterka and Cermak, 1983).  

Fig. 2. Monoslope roof constructed at the WOW, FIU.  

Fig. 3. A typical asphalt shingle layout.  
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pressure over the roof surface, but rather to the separated flow mecha
nism described earlier which, if of sufficient magnitude, could cause 
shingle uplift. 

From these observations and a series of experiments, an analytical 
model based on the quasi-steady assumption was developed to relate net 
pressure fluctuations to the square of the local velocity fluctuations, see 
Eq. (1) (Derickson et al., 1993; Peterka et al., 1997). 

DP̂ =
1
2

ρU2
ref

(
Ûroof

Uref

)2

DCp (1)  

where DP̂ is the peak net uplift pressure on the shingle, DCp is the mean 
net pressure coefficient, Ûroof is the peak near-surface wind speed, Uref is 
the reference mean wind speed, and ρ is the air density taken as 1.23 kg/

m3. 
The validity of this assumption was supported by the fact that the 

evolutions in time of the near-surface velocity and pressure fluctuations 
are similar and that the peak-to-mean ratios for both signals are in 
reasonable agreement after the application of proper filters. It was 
subsequently found that the upper bound for the near-surface peak-to- 
mean ratio was 2.5 (Cochran et al., 1999). This testing procedure and 
analytical model were adopted by ASTM’s Standard Test Method for 

Wind Resistance of Asphalt Shingles (Uplift Force/Uplift Resistance 
Method), designated as D7158/D7158M (ASTM International, 2020b). 
As opposed to D3161, D7158 models turbulence effects using roughness 
blocks placed between the fan and the testing deck, and grids on the exit 
end of the fans. 

Dixon et al., (2013) investigated Peterka’s model through full- and 
small-scale experiments. The small-scale experiment was conducted 
using Particle Image Velocimetry (PIV) to capture near-surface wind 
speeds using six different sloped gable-roof buildings for wind flows 
normal to the ridge. The results showed that the maximum speed-up 
factor obtained during this test was 1.69, about 30% less than the 
upper bound stated by Cochran et al. (1999). The full-scale test was 
conducted on a one-story residential house with a 6:12 sloped hip-gable 
bare wood roof. The highest observed speed-up factor for this case was 
2.55. By overlaying the velocity signals measured from the approaching 
and near roof surface flow, the quasi-steady assumption was validated. 

2.1. Limitation of previous works and knowledge gaps 

Previous studies provided the essential start of asphalt shingle 
studies and have laid the fundamental procedural layout for assessing 
their wind resistance. However, a knowledge gap concerning peak wind 

Fig. 4. Instrumentation layout for the monoslope.  
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loads and the effects of permeability for asphalt shingles still exists. The 
distribution of peak external and net wind loads on shingled roof sur
faces has not been fully studied. The study conducted by Peterka et al. 
(1997) and previous reports that contributed to it discussed a relation
ship between the evolutions in time of pressures and velocity but did not 
study or report the magnitude of peak wind loads. Also, a static vacuum 
test used to measure pressure equalization achieved more than 70% in 
pressure reduction on net pressure. According to the current state of the 
art, this procedure is unrealistic. Beyond this work, there has not been 
any discussion on the pressure equalization extent specific to asphalt 

shingles. 
The adopted full-scale methodology for studying the aerodynamics 

of a shingled deck by Peterka et al. (1997) also needs to be reconsidered. 
Even though full-scale shingles were applied on a testing panel, the tests 
were still conducted at a small wind tunnel that couldn’t simulate high 
Reynolds number corresponding to the field conditions that may affect 
wind-induced loading on air-permeable roof coverings, such as asphalt 
shingles. Similarly, using a panel to represent a low-rise building could 
also misrepresent the full aerodynamics around these buildings. 

Fig. 5. Irwin sensor used for velocity measurements (Irwin, 1981).  

Fig. 6. Distribution of pressure taps on a typical shingle (blue line signifies self- 
sealing strip). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 7. (a) Von Karman and WOW wind spectra at mean roof height and (b) open terrain profile.  

Table 1 
Wind parameters used in the analysis.  

Parameters Prototype Model 

Turbulence intensity, Iu (%) 23.81 8.09 
Turbulence length scale, Lu (m) 13.9 0.2675 
Mean roof height, Href (m) 2.11 2.11 
Mean wind speed, Uref (m/s) 22.6 22.6  
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3. Experimental setup and testing protocol 

Full-scale experimental tests were conducted at the 12-fan NSF- 
NHERI Wall of Wind (WOW) Experimental Facility (EF) at Florida In
ternational University (FIU). The WOW is a large-scale open-jet wind 
engineering experimental facility that can simulate the equivalent of a 
category 5 hurricane on the Saffir-Simpson scale with wind speeds up to 
70 m/s (157 mph). The flow field of the WOW is 4.3 m high, 6.1 m wide, 
and 9.8 m downstream of the contraction zone, and is conditioned with 
spires and roughness elements that can help generate the desired at
mospheric boundary layer profile (Chowdhury et al., 2017, 2018). 

3.1. Roof model 

For this study, a 3:12 sloped mono-slope roof with dimensions 4.1m 
by 3.95m was constructed at the WOW. The roof was then covered with 
underlayment and Miami Dade certified asphalt laminate shingles 
(shown in Fig. 2) by licensed roofing contractors. Each shingle was 
sealed to another shingle below it through self-sealing bituminous ad
hesive termed hereafter “sealing strip.” Moreover, fasteners were used 
along the high end of the shingles in a row perpendicular to the roof 
slope to secure the shingles to the wooden roof deck. Fig. 3 shows the 
typical asphalt shingle that was used in this study. 

3.2. Roof instrumentation 

The roof was divided into two symmetrical halves, one half was 
instrumented with pressure taps and the other half was instrumented 
with Irwin sensors to record the wind pressures and near-surface wind 
speeds over the roof, respectively (see Fig. 4). The Irwin sensor is an 
omnidirectional near-surface wind speed measurement device that re
lates a pressure difference from its two axisymmetric pressure taps to the 
wind speed at a particular height above the surface, hs (Fig. 5) This is 
done through two calibrated equations: Equations (2) and (3) for hs/h =

1.0 and hs/h = 2.273, respectively, where h is the probe height, U is the 
instantaneous wind speed (m/s), Δp is the instantaneous pressure dif
ference (N/m2), v is the kinematic viscosity of air (taken as 14.55 × 10−6 

m2/s), and ρ is the air density (taken as 1.225 kg/m3) (Irwin, 1981). 

U
(

θ, t
)

= 85
(v

h

)
+ 1.74

(
Δp(θ, t)

ρ

)0.5

(2)  

U
(

θ, t
)

= 110
(v

h

)
+ 1.91

(
Δp(θ, t)

ρ

)0.5

(3) 

The roof instrumentation comprises a total of 306 pressure taps (i.e., 
153 external and 153 underneath), and 35 Irwin sensors. Pressure tap 
installation was done simultaneously with the shingle installation to 

Fig. 8. Cpext distribution over full-scale monoslope roof for (a) 230◦, and (b) envelope.  
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allow their placement on the surface of both top and bottom shingle 
layers in the headlap region, similar to Peterka et al. (1997). On the 
other hand, Irwin sensors were installed after full shingle installation as 
they were placed flush on the top surface of the external shingles. In a 
typical shingle, the pressure taps were installed on three rows (i.e., one 
on either side of the bituminous adhesive and a third one at the upper 
edge of the shingle) and three columns (i.e., left, middle, and right), 
totaling 9 external and 9 underneath pressure taps (Fig. 6). Pressure tap 
numbering follows XXYYZZ format where the XX represents shingle 
course, YY represents shingle stand from the closer rake edge and ZZ is 
the tap number on an individual shingle. In this format, odd numbers 
pertain to external taps and even numbers represent taps underneath the 
shingles. Shingle course and shingle stand of instrumented sections are 
shown in Fig. 4. Tap 270115, for example, is the 15th tap on the 1st 
shingle of the 27th course. 

The pressure taps and Irwin sensors were connected to Scanivalve 
ZOC33/DCM4000 analog scanner. The maximum pressure that could be 
measured by this module is 2482 Pa (0.36 psi). This pressure could be 
reached at speeds of about 34.1 m/s for smooth flow, and about 22.6 m/ 
s for turbulent flow. This is the reason behind conducting the aero
dynamic tests at 22.6 m/s at mean roof height, as will be further dis
cussed in section 2.3. Tubing lengths of 1.67 m and 2.44 m were used to 
connect pressure taps and Irwin sensors to the pressure channels, 
respectively. The distortions in amplitude and phase of the measured 

pressures due to tubing lengths were corrected using appropriate 
transfer functions (Irwin et al., 1979). 

3.3. Experimental testing 

Aerodynamic tests were conducted at a mean wind speed of 22.6 m/s 
at the mean roof height (2.11 m) and an open terrain exposure of 
roughness height, zo = 0.07m, for wind directions ranging from 0◦ to 
360◦ with an increment of 10◦ including the cornering directions (i.e., 
45◦, 135◦, 225◦, and 315◦), with a sampling time of 60 s for each di
rection. Fig. 7a shows the wind speed turbulence spectrum of the 
simulated wind flow as compared to the Von Karman spectrum, while 
the simulated turbulence intensity and wind speed profiles in compari
son to ESDU are shown in Fig. 7b. A post-test Partial Turbulence 
Simulation (PTS) was performed to account for the missing low- 
frequency part of the spectrum (Estephan et al., 2022; Mooneghi 
et al., 2016; Moravej, 2018). Table 1 shows the prototype and model 
parameters used for PTS to compute peak pressures. 

3.4. Data analysis 

The pressure coefficients (Cp) were computed using Eq. (4), where ΔP 
is the relative differential pressure at the tap location, and Uref corre
sponds to the mean wind speed at the mean roof height. Consequently, 

Fig. 9. Ĉpext distribution over full-scale monoslope roof for (a) 230◦, and (b) envelope.  
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mean, and peak pressure coefficients (i.e., Cp and Ĉp) were computed as 
described by Eqs. (5) and (6). The PTS method was used to compensate 
for the missing low-frequency turbulence effects in full-scale testing. 
Using the PTS approach, the pressure coefficient time series were 
divided into N = 100 independent subintervals and Ĉp were estimated 
based on Extreme ΔP Value distribution (i.e., Fisher Tippet Type I fit) for 
a 1-h storm duration. The missing low-frequency turbulence intensity 
was IuL = 21.7%, the target probability of non-exceedance was PN =

0.78, and the probability of exceedance per subinterval was G =

2.39 × 10−5. 

Cp(θ, t) =
ΔP(θ, t)
0.5ρU2

ref

(4)  

Cp(θ) =
ΔP(θ)

0.5ρU2
ref

(5)  

Ĉp(θ) =
Δ̂P(θ)

0.5ρÛ
2
3s

(6) 

Fig. 10. Cpund envelope distribution over full-scale monoslope roof: (a) mean and (b) peak negative.  

Fig. 11. Variation of Cpund with wind direction and tap location.  
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Near-surface wind speeds measured using Irwin sensors are pre
sented in terms of a speed-up factor, λ (θ, t). As its name implies, this 
parameter relates the near-surface velocity UH(θ, t) to the mid-roof 
height mean velocity Uref using Eq. (7) (Cochran et al., 1999). Conse
quently, mean (λ), and peak (λ̂) speed-up factors were evaluated based 
on their respective statistical equivalents. Eq. (8) shows the computation 
of the peak speed up factor λ̂(θ) using peak near surface velocity ÛH(θ). 
Since the WOW tests were conducted in a partially simulated turbulent 
wind flow, the peak speed-up factor was multiplied by the reciprocal of 
the speed scaling factor λU = 1.736 (for details see Mooneghi et al. 
(2016)). This factor is used to compute the hourly mean wind speed from 
a 0.276-sec gust wind speed recorded at the WOW. 

λ(θ, t) =
UH(θ, t)

Uref
(7)  

λ̂(θ) =
ÛH(θ)

Uref
(8)  

4. Results and discussion 

4.1. Pressure coefficient results 

This section presents pressure coefficients obtained in the experi
mental testing. The first subsection discusses pressure results from taps 
located at the top surfaces of external and underneath shingles, while 
the second subsection focuses on the net pressures. 

4.1.1. External and underneath pressure coefficients 
During the aerodynamic tests, cornering winds from the high-end 

corners of the monoslope roof were found to be critical for both sur
face pressures and velocities. This is consistent with previous studies on 
monoslope bare decks (Stathopoulos and Mohammadian, 1986) and 
code provisions provided for monoslope roofs such as ASCE 7-16 (ASCE, 
2017). The highest external uplift pressure (i.e., suction) on the 
mono-slope roof was recorded for a wind direction of 230◦ and near the 
corresponding high corner. Since the pressure taps were placed on one 
half and the Irwin Sensors on the other, symmetrical effects are expected 
for the opposite halves. Therefore, similar high uplift pressures are ex
pected to occur at the opposite high-end corner for wind directed at 
130◦. The minimum mean and peak pressure coefficients for these 
external taps were −4.99 and −9.8, respectively. Contours of the 
external mean and peak pressure coefficients for 230◦ are shown in 
Figs. 8 and 9. Unless otherwise stated all contour plots show only 
one-half of the roof, where the pressure taps were located. As discussed 
earlier, the other half is expected to have similar pressure distribution 
for symmetrical wind directions. Similarly, envelopes for minimum 
mean and peak pressure coefficients, Cp and Ĉp respectively, (i.e., the 
highest in magnitude considering all wind directions) for external taps 
are also shown in Figs. 8 and 9. The pressure distribution from the 
critical wind direction and the pressure envelope are similar, showing 
that high pressures are mainly coming from the cornering wind 
directions. 

While the envelope peak pressure coefficients for the external pres
sure taps were negative as expected, the underneath pressure taps (i.e., 

Fig. 12. Variation in Ĉpext and Ĉpnet with wind direction.  
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within the cavity between the top and bottom shingles) had both 
negative and positive values. Therefore, the discussion of underneath 
pressures needs to specify the direction of the pressure within the cavity. 
Positive underneath Cp values correspond to the pressures within the 
cavity that are trying to lift the shingle. These pressures create a worst- 
case scenario when they accompany a suction on the top surface of the 
shingle. This phenomenon is termed pressure escalation in this paper. 
The opposite happens when the pressure in the cavity is negative. This 
pressure is adding to the adhesive force from the bituminous sealant and 
mechanical connections in sticking the shingles to the deck even more. 
As this helps reduce the overall pressure on the shingle, this phenome
non is presented as pressure equalization. The cavity pressure is, 
therefore, important in the determination of the net pressure on shin
gles, and will be further discussed in subsection 4.1.2. Though mostly 
negative, cavity pressures were also observed to vary with pressure tap 
location and wind direction. Lowest negative peak Cp values were 
recorded by taps located near the upper corners for oblique wind flows 
directed to the higher eave, similar to external pressures discussed 
earlier, see Fig. 10a and b. The minimum mean and peak pressure co
efficients for underneath taps were Cp = −3.2 and Ĉp = − 5.7, 
respectively, and were recorded by tap 260101 at 230◦ wind direction as 
shown in Fig. 11a. On the contrary, peak pressure coefficients ranged up 
to 1.5 and were measured by pressure taps located before the sealing 
strip for wind flows parallel to the roof slope (e.g. tap 20104 shown in 
Fig. 11b). 

4.1.2. Net pressure and permeability factor 
After the mean and peak pressure coefficients for both external and 

underneath taps were evaluated, the net pressure coefficients were 
computed as the difference between the instantaneous external and 
underneath pressures, see Eq. (9). This difference in pressure can also be 
expressed in terms of a permeability factor, β(θ), as shown in Eq. (10). A 
permeability factor value higher than 1 implies pressure escalation 
while a value lower than 1 indicates a pressure reduction. Note that the 
net pressure coefficient Cp net(θ, t) is computed using the instantaneous 
external and underneath pressure coefficients, Cp ext(θ, t) and Cp und(θ,

t), respectively, for wind azimuth, θ. 
The permeability factor, β, for codification purposes, is often 

computed from the absolute minimum peak external and net pressure 
coefficients, Ĉpext(θ) and Ĉpnet(θ), respectively, as in Eq. (11) (Mooneghi 
et al., 2015). This equation does not restrict the net and external peaks to 
be from the same wind direction. An alternative evaluation of β is to first 
calculate β(θ) using peaks from each wind direction, as shown in Eq. 
(10), and selecting the absolute maximum to look for cases where there 
is a possible pressure escalation. The latter method results in 
over-conservative β values due to consideration of insignificant net and 
external Cp values, which are close to 0 but still yield high β values. 

Cpnet(θ, t) = Cpext(θ, t)–Cpund(θ, t) (9)  

β(θ) = Ĉpnet(θ)
/

Ĉpext(θ) (10)  

Fig. 13. Cpnet distribution over full-scale monoslope roof for (a) 230◦, and (b) envelope.  
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β = min
(

Ĉpnet(θ)
)
∕min

(
Ĉpext(θ)

)
(11) 

Taking a closer look at what occurs for each wind direction, based on 
the value of β and the difference in azimuth for critical wind direction 
between the Ĉpnet and Ĉpext, four different cases have been identified (see 
Fig. 12). The first case is where β is less than 1, and the min(Ĉpext(θ)) and 
min(Ĉpnet(θ)) are occurring in the same wind direction. In this case, we 
see that Ĉpnet(θ) follows a distribution similar to Ĉpext(θ). In the second 
case, β is still less than 1 but the min(Ĉpext(θ)) and min(Ĉpnet(θ)) occur in 
different wind directions. Even though there was pressure equalization 
in the direction of min(Ĉpext(θ)), this was not the critical wind direction 
that caused the min(Ĉpnet(θ)). In the third case β is higher than 1 and the 
critical wind directions for peak net and external Cp values are not the 
same. There was significant pressure equalization in the direction of 
min(Ĉpext(θ)), as shown in Fig. 12 case 3, but the min(Ĉpnet(θ)) is still 
lower due to pressure escalation and occurs in a different wind direction. 
Finally, fourth is the case where β is higher than 1 and the worst peak 
external and net Cp values occur in the same direction. Here, like case 1, 
Ĉpnet(θ) follows similar distribution as Ĉpext(θ). From these results we can 
see that the critical wind direction for both the net and external Cp may 
not necessarily happen at the same wind direction for both pressure 
equalization and escalation cases. This is the advantage of evaluating β 
based on the absolute peaks as it can be applied on code provided or 
experimentally obtained Ĉpext. 

For the full-scale monoslope roof in this study, the lowest Cpnet values 

were also recorded in the upper corners of the monoslope roof, and they 
were due to cornering winds. Mean and peak minimum Cp values 
recorded using pressure taps were −3.8 and −8.6 and corresponded to a 
wind azimuth of 230◦, see Figs. 13a and 14a. The envelope Cpnet for the 
full-scale model are shown in Figs. 13b and 14b. The permeability factor 
for the shingled roof is observed to be below 1 for most of the roof 
surface, indicating pressure equalization (see Fig. 15). 

4.2. Velocity results 

The computed mean and peak speed-up factors at 0.004 m (4 mm) 
above the roof surface ranged from 0.22 to 1.43, and from 0.55 to 2.64 
respectively, see Fig. 16. Comparison of mean near-surface wind speed 
to their approach flow counterparts showed an increase of up to 43%, 
while the peak near-surface wind speeds increased by up to 264%. The 
ranges of these two parameters are consistent with those reported by 
Moravej et al. (2017) for hip and gable roofs with varying heights. 
Previous studies used cobra probes to measure wind speeds at 0.025m 
above the roof surface, as this height was assumed to be the top height 
for the local boundary layer (Cochran et al., 1999; Dixon et al., 2013; 
Habte et al., 2017; Peterka et al., 1997). For comparisons with the results 
of those studies, speed-up factors were computed at 0.009 m (9 mm) 
height from the roof surface using Eq. (3) (see section 2.2) and were 
extrapolated using the log law, see Eq. (12). As expected, both the mean 
and peak speed-up factors showed an increase at 9 mm above the roof 
surface compared to their counterparts at 4 mm above the roof surface, 
see Fig. 17. Using the speed-up factors for these two heights and solving 

Fig. 14. Ĉpnet distribution over full-scale monoslope roof for (a) 230◦, and (b) envelope.  
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Fig. 15. (a) β(230◦) and (b) β distribution over full-scale monoslope.  

Fig. 16. λ̂3s versus λ at hs = 4 mm.  
Fig. 17. λ̂3s versus λ at hs = 9 mm.  
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for the mean and peak speedup factors at 25 mm, yielded approximate 
values of 1.9 and 3.5, respectively, see Fig. 18. The latter value is higher 
than an upper bound of 2.5 suggested by previous works on asphalt 
shingles (Cochran et al., 1999; Dixon et al., 2013; Peterka et al., 1997) 
but is consistent with Habte et al., (2017), who reported a maximum 
speedup factor of 3.2 for roofing tiles on ridges of hip-gable roofs. 

u =
uτ

κ
ln

y
yo

(12) 

The near-surface wind speed-up factor and pressure coefficient dis
tributions over the monoslope roof were found to be similar. The area of 

highest suction and its corresponding wind direction were found to be 
consistent with the area of highest speed-up factor and critical wind 
direction – upper corner and 230◦ wind direction, respectively. 
Figs. 19–21 show λ and λ̂ values at 0.004 m, 0.009 m, and 0.025 m from 
the surface level, respectively, for the critical wind direction of 230◦. 
The highest peak speed-up factor at 0.025 m obtained for this wind di
rection was found to be 3.5. This value was also the highest value for the 
entire data recorded. 

4.3. Failure assessment study 

One of the main objectives of this study was to identify possible 
asphalt shingle failure modes and their relationship with pressure and 
velocity distributions over the roof. In this study, failure of shingles is 
defined as any slight shingle lift-off that would lead to the ingress of 
water into the building envelope. To meet this objective, a destructive 
test was performed at the WOW for similar flow conditions and after 
removing all other instrumentation. The four orthogonal and four 
oblique directions were selected for this test to cover all potential failure 
cases and were later reduced to 0◦, 45◦, 90◦, 135◦, and 180◦ by 
considering the symmetry of the monoslope roof. The testing wind speed 
started at 22.6 m/s 3-sec peak wind speed at mean roof height. The wind 
flow was maintained for 1 min in each wind direction and was increased 
by 4.5 m/s (10 mph) increments until failure. 

Shingle vibration and liftoff were noticed along the two edges par
allel to the roof slope even at 22.6 m/s during the aerodynamic testing 
for a cornering wind direction, see Fig. 22. But for the sake of performing 
the aerodynamic tests, additional nails were provided along the edges to 
supplement the bituminous adhesive. These nails can be seen in Fig. 23. 
During the failure assessment study, vibrations were once again 

Fig. 18. λ̂3s versus λ at hs = 25 mm.  

Fig. 19. (a) λ and (b) λ̂ contour at hs = 4 mm.  
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observed at a 3-sec peak wind speed of 33.9 m/s (76.27 mph) and 
increased further as the testing speed was increased. 

The upper corner area of the monoslope was the most vulnerable, 
consistent with the observation from the aerodynamic study. Shingles in 
this area were blown off, most likely, due to the conical vortices from the 
cornering wind, at a 3-sec peak wind speed of 57 m/s (127 mph). As 
shown in Fig. 23, it was the shingle on the second course from the edge 
that initiated the failure. Once this shingle lifted, a domino effect was 
observed, and nearby shingles were immediately blown off. This failure 
mechanism is not addressed by the current shingle uplift model in use. 
Therefore, this presents a critical loading case for which asphalt shingles 
are not designed and tested. 

4.4. Area-averaged pressures and codification 

Studying the pressure responsible for shingle liftoff requires deter
mining area-averaged pressure coefficients. Solely relying on peak 
pressure values obtained from single pressure taps may not accurately 
represent entire shingle areas. Asphalt shingles are installed in layers 
where the lower end of each shingle adheres to the one below it through 
a bituminous adhesive. Unless the leading edge of the upper shingle lifts 
first and is blown off, the bottom shingle can only lift from its lower 
ends. While this is the vertical placement, horizontally adjacent shingles 
are not connected to each other and do not share loads. Therefore, it is 
correct to consider the maximum area-averaging size to be a full shingle 
size and accordingly divide the shingle into various tap combinations. 
Based on previous studies on shingle failures and observed liftoff 
mechanisms during failure assessment study, tap combinations shown in 
Fig. 25 are considered for area-averaging of pressure coefficients. The 

tributary areas for a typical shingle are shown in Fig. 24. 
The area-averaged Cp time series were computed using Eq. (13) for 

each wind direction by considering various tap combinations that fall in 
the failure initiation mechanisms discussed above. The PTS method 
discussed in Section 2.3 was then applied to account for the missing low- 
frequency component and estimate peak Cp values. Finally, the obtained 
values were compared to the area-averaged peak pressure coefficients 
(GCp) plots provided in ASCE 7-16 for a monoslope roof with the same 
slope (ASCE, 2017). ASCE 7-16 provides these GCp values for three 
monoslope roof zones as shown in Fig. 26. Even though the GCp plots do 
not pertain to permeable roofing systems, this comparison was ideal to 
show their relative performance against the bare decks shown in 
building codes. 

Cpav(θ, t) =

∑
iCpi(θ, t)Ai

∑
iAi

(13) 

For external GCp plots, shown in Fig. 27, the area-averaged peak Cp 

values in all the 3 zones were seen to have significantly exceeded the 
plateau region provided in ASCE 7-16 due to two possible reasons. The 
first could be the underestimation of peak loads by ASCE 7-16. The 
second reason could be the difference in aerodynamics between shingled 
roofs compared to bare roof surfaces used for generating the ASCE 7-16 
envelopes, as also reported in the literature (Habte et al., 2015; Li et al., 
2014). 

Comparing the net GCp area-averaged values to the ASCE 7-16 plots 
showed a different phenomenon, see Fig. 28. While the net GCp values 
for zones 1 and 3 were below the external GCp plateau regions for zones 
1 and 3, respectively, the zone 2 plateau region has significantly been 
exceeded by the net GCp values. As opposed to the external GCp values in 

Fig. 20. (a) λ and (b) λ̂ contour at hs = 9 mm.  
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Fig. 27, Zone 2 and Zone 3 net GCp values in Fig. 28 are comparable and 
lay under the same upper bound (i.e., GCp = − 3). This implies that the 
zonal classification of ASCE7-16 is not accurate for describing net uplift 
pressure distribution on asphalt shingled roofs. 

Another interesting phenomenon from this study is the spatial vari
ation of area-averaged permeability factor, βav, computed from area- 
averaged peak external and net Cp values. Consistent with the discus
sions earlier, this parameter showed that there was pressure equaliza
tion for wide areas of the roof, especially zones 1 and 3 in the ASCE 7-16 
provision. But some areas along the edges of the roof, (i.e., zone 2) 
experienced pressure escalation due to positive pressure underneath the 
cavity. As shown in Fig. 29 permeability factors for zone 2 are generally 

Fig. 21. (a) λ and (b) λ̂ contour at hs = 25 mm.  

Fig. 22. Shingle liftoff before edge nails.  

Fig. 23. Shingle liftoff before complete blowoff.  

Fig. 24. Tributary areas for a typical shingle.  

Fig. 25. Tap combinations selected for area averaging of Cp.  
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higher than those areas computed for zones 1 and 3. 

5. Conclusions 

A monoslope roof deck was used to investigate wind effects on full- 
scale asphalt shingles. The experimental study, performed at FIU’s 
Wall of Wind Experimental Facility, included both aerodynamic and 
high-speed failure assessment tests under simulated open terrain expo
sure. During the aerodynamic study, pressure and velocity measure
ments were collected to study the distribution of aerodynamic pressure 
and near-surface wind speed on the roof surface. These pressures were 
also used to evaluate peak area-averaged Cp values for areas ranging up 
to a full shingle size, and for comparisons with ASCE 7-16 provisions. 
The failure assessment tests were conducted at wind speeds ranging 
from a 3-sec peak wind speed of 22.6 m/s to failure wind speeds, to 
identify possible failure mechanisms and their relation to aerodynamic 
loading and surface shear. 

Both the aerodynamic and failure assessment tests showed that wind 
flows directed from cornering directions at the upper corners were 
critical. The highest suction on the roof was recorded at the upper cor
ners of the monoslope roof at a 230◦ wind direction (i.e., peak external 
and net pressure coefficient of −9.8 and −8.6, respectively). Even 
though there was significant pressure equalization in this direction, the 
net uplift force was high enough to cause shingle uplift and blowoff. 
Both the peak external and net area-averaged peak pressure coefficients 
in these upper corners were found to exceed GCp provisions provided in 
ASCE 7-16. This presents a critical loading case for which asphalt shingle 
roofing systems are not tested based on standard test protocols (e.g., 
ASTM D3161 and ASTM D7158). The results from this study showed the 
importance of global bluff-body aerodynamics in the loading mecha
nism of asphalt shingles, which is not considered by these testing stan
dards. Moreover, envelope peak area-averaged external and net Cp 

values from 40 different wind directions for areas in all the three zones 
provided in the ASCE 7-16 were also compared with their respective 
external GCp code provisions. These comparisons showed that the ASCE 
7-16 provisions could underestimate wind loads on these roofing sys
tems. Furthermore, a permeability factor, β, that relates peak external 
Ĉpext values to peak net Ĉpnet values was also evaluated. β was observed to 
be mostly less than 1, implying net pressure reduction for both indi
vidual taps and area-averaged cases. In general, β was observed to vary 
with shingles’ spatial locations on the roof and the direction of 

Fig. 26. ASCE 7-16 zonal classification for area-averaged peak pressure co
efficients (ASCE, 2017). 

Fig. 27. Critical external pressure coefficients compared to GCp plot ASCE 
7-16. 

Fig. 28. Critical net pressure coefficients compared to GCp plot ASCE 7-16.  

Fig. 29. Spatial variation of β according to ASCE 7-16 monoslope zones.  
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oncoming flow where pressure escalation cases corresponded to edge 
zones and wind flows into cavities. 

Future research should consider the development, for various roof 
configurations, of a net pressure coefficients database that would com
plement the information on external pressure coefficient plots on bare 
roof surfaces provided in building standards such as ASCE 7-16. Such a 
database would enable designers to establish whether the net design 
wind load acting on any of the roof shingles is lower than the net wind 
load that would produce unacceptable shingle – and roof – performance. 
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Nomenclature 

Symbol Description 
aext Value of a pertaining to the external shingle surface 
aund Value of a pertaining to the cavity between shingles 
anet Net value of a computed as an algebraic sum of external and underneath a values 
a Mean value of a 
â Peak value of a 
min(a) Minimum value of a 
max(a) Maximum value of a 
β Permeability factor from individual taps 
βav Permeability factor from area-averaged pressure coefficients 
Cp Pressure coefficient 
H Height of the low-rise building 
Iu Turbulence intensity of streamwise velocity component 
Lu Integral length scale of streamwise velocity component 
ΔP Relative differential pressure 
U Streamwise wind velocity 
UH Streamwise wind velocity at roof height H 
Uref Mean streamwise wind velocity at mean roof height 
U3s Peak 3-sec streamwise wind velocity at mean roof height 
zo Roughness length 
λ Near-surface wind speedup factor 
θ Azimuth angle of wind velocity 
ρ Density of air 
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