WIND-TUNNEL STUDY OF
WIND RESISTANCE OF ROOFING SHINGLES

by

J. A. Peterka® and J. E. Cermak*+*

for

Owens-Corning Fiberglas Corporation
Technical Center
Granville, Ohio 43023

Fluid Mechanics and Wind Engineering Program
Fluid Dynamics and Diffusion Laboratory
Department of Civil Engineering
Colorado State University
Fort Collins, Colorado 80523

CSU Project 2-95470

February 1983

*Associate Professor
*%Professor-in-Charge, Fluid Mechanics and
Wind Engineering Program



ACKNOWLEDGEMENTS

This investigation was funded by Owens-Corning Fiberglas.
Mr. Glenn Lamb of Owens-Corning Fiberglas was responsible for initiation
of the study and valuable input during design and execution of the
study. Mr. Jim Garrison and Mr. Hank Weber were responsible for

conducting the test. Mr. Coby Howell took the still photographs.



TABLE OF CONTENTS

Section ; - Page

LIST OF FIGURES &+ v ¢ o ¢ o o o o o s s o o o o o &« ii

LIST OF TABLES & & « o o o o o o s o o o s o o & iii

1 INTRODUCTION v & o ¢ o « o o s o s o o o o o s o 1

2 LITERATURE REVIEW 4 o +v ¢ v o o o o ¢ o o o o o o o 1

3 SHINGLE BLOW OFF EXPERIMENT . . . ¢« « ¢ ¢« &« ¢ o & & 6

4 RESULTS OF THE TESTS .« « o ¢« « o o o o o o « o s & 16
5 DISCUSSION OF THE FLUID MECHANICS OF SHINGLE

BLOWOEF &+ & v o o o o o o o s s o o o o o o o s o o 17

6 RECOMMENDATIONS FOR FURTHER WORK . « . ¢ « « « « & 22

REFERE&CES e e e e e e e e e e e e e e e e e e e 23

FIGURES ¢ & v v ¢ o o o o o o o s o s o o s s & o = 27

APPENDIX--ANALYSIS OF VIDEOTAPE RESULTS . . . . . . 56



Figure

2a,b

4a,b
5a

5b

10
11a,b
12a,b
13

l4a,b,c

15a,b

LIST OF FIGURES

Construction Details for Shingle Test Decks . .
Test Stand to Support Shingle Decks . . . . . .
Wind-Tunnel Configuration for Shingle Tests . .
Photographs of Test Configuration . . . . . . .
Typical Temperature Record for Cold Test . . .

Typical Temperature Record for Room
Temperature Test .« « ¢« « o+ ¢ « o o o o o o o

Velocity Profile Locations . .+ « « o o « o & &

Mean Velocity and Turbulence Intensity Profiles
near the Test Deck .« « ¢ ¢ ¢ o « o o o o o o &

Range of Wind Damage at the End of a Run . . .
Cracking in Bent Shingles . . « « « ¢« o ¢ o &

Staple Pullthrough and Shingle Tearing . . . .
Results of Typical Runs at 75°F « « v ¢« « o« o &
Results of Typical Runs at 35°F . + + & « « & &
Flow Visualization for 0° Yaw . « « « « « & « &

Sequence of Shingle Lifting with Increasing
Wind Speed L] L] L] L] L] L] L] . L2 . . L] . . L] . . L]

Flow Visualization for 45°Yaw . &« « ¢« « o o o &

ii

31

32

34

35

36

37

43

44

45

46

48

50

54



Table

A4

A6

A7

LIST OF TABLES

Test Conditions for Each Test Run .

Test Program

Velocity Profile Printouts

Organic, Standard, Improved:
Organic, Standard, Improved:
Organic, Standard, Improved:
Organic, Standard, Improved:
Variety of Shingles:

Variety of Shingles:

35°F, 0° Orientation

75°F, 0° Orientation

35°F,
35°F,

75°F,

75°F, 45° Orientation

0° Orientation
45° Orientation

0° Orientation

Average, Approximate Angle of Lift from Deck,

0° Orientation

iii

11

13

62

63

64

65

66

69

70



1. INTRODUCTION

This study was wundertaken at the request of Owens-Corning
Fiberglas (OCF) for the purpose of developing improved wind testing
procedures for roofing shingles. Previous testing procedures used a
technique developed at least in part at Underwriters Laboratory in which
a jet of air was directed horizontally at close range onto a shingled
panel set to a typical roof slope. This test suffers from a lack of
realism: The physical mechanisms which produce shingle uplift on houses
subjected to natural winds are not simulated in any real way by the
Underwriter's test. Laboratory tests at OCF using the Underwriters's
test procedure had failed to adequately show a difference in performance
between shingles which were expected to have a significant difference in
performance when installed on houses subjected to real winds.

The purpose of this study was threefold: 1) to review the
published literature to determine what work had been performed in the
past which would be useful to the current task and to further
development of wind performance appraisal techniques, 2) to develop an
improved testing procedure and use it on shingles supplied by OCF, and
3) to use the results of the first two parts of the study to recommend
further research which would benefit future development and wind
resistance testing of shingle products. Sections 2-6 provide the

results of these three parts of the investigation.

2.  LITERATURE REVIEW

As was expected, the literature review determined that research has
not been published which provides a complete understanding of roof
shingle failure and the responsible physical mechanisms. A large number

of papers and reports are available which address, in some measure, the



problem of roof loads due to wind. From this literature some indication
of roof wind pressures and qualitative wind flow characteristics respon-
sible for shingle failure can be deduced. What is missing is the quan-
titative connection between approach wind flow characteristics, detailed
building geometry, fluctuating wind magnitude and direction just above
the shingles correlated with uplift pressure on the shingles, and the
ability of a particular shingle to resist the combination of local
velocity and uplift pressure.

The literature cited below is not complete for every category in
which references are grouped. Several of the most important citations
are provided from each type of study which adds additional understanding
t& the problem. Because of the missing connections cited above, further
citation in each category would not add materially to the understanding
or benefit derived from the literature survey. The survey was limited
to wind effects, particularly those which would be of value in providing
a quaﬁtitative evaluation. Some references were included at the request
of the OCF representative.

A number of references have reported on full-scale wind loads on
small buildings--one outcome was a measurement of wind pressures on the
roof. References 1-3 describe results of wind pressure measurements on
a single story, pitched roof test house at Aylesbury, England. This
field data probably represents the best field data available on a small
building, although some of the test runs have been shown since the
original data was published to be out of calibration. References 4 and
5 describe limited field data for pressures on two small buildings
including roof tops. These buildings include a residential house and a

mobile home. Instrumentation problems slightly limit the usefulness of



these data. Reference 6 describes integrated uplift pressures on the
entire flat roof of a small test building built for that purpose.
Reference 7 presents full-scale wind loads on greenhouses in England.
Data in references 1-7 provide full-scale pressures acting locally or
integrally on roof systems. Many of the flow mechanisms responsible for
roof loads are described or implied in these references. |

A variety of pressure measurements have been made on small building
roofs in wind tunnels. Some measurements have been performed in wind
tunnels of the aeronautical type where the characteristics of the atmos-
pheric wind were not simulated, for example references 8-11. These data
suffer from an inaccurate representation of the flow field and thus have
a distorted measurement of roof pressures.

Procedures have been developed over the past twenty (20) years
which permit accurate modeling of fluctuating pressures on building
models using boundary-layer wind tunnels 12-14. Reference 15 was
probably the first boundary-layer wind-tunnel measurement of wind
pressures on a sméll byilding. This data was obtained to compare with
the field measurements of reference 4 (which also includes some of the
data from reference 15). Reference 16 reports on wind pressures on
low-rise buildingé. This data was obtained for use in design of metal
buildings. References 17-19 show wind-tunnel measurements oh models of
the house at Aylesbury for which field measurements were reported in
references 1-3. Additional measurements of a model of the Aylesbury
house were méde at Colorado State University which have not been pub-
lished. All of these measurements at model scale compare well with the
full-scale data where proper care was obtained in the modeling of

the atmospheric winds. Wind-tunnel tests provide an economical way to



obtain large amounts of data quickly. Field tests tend to be more
expensive, of longer duration, and more limited in scope.

Measurements of roof pressures on more than 150 buildings have been
made at model scale at Colorado State University on buildings under
design. These references are mnot specifically listed here. In
~addition, basic research into the nature of fluctuating pressures on
buildings, references 20-23, have brought a clearer understanding of the
mechanism and methods for quantitative assessment of peak 1local
pressures on buildings.

Uplift pressure on a roof is not the only mechanism which causes
shingle uplift. Local velocity just above the shingle is also a contri-
buting factor. Few tests are available which define the wind field just
above the roof level, although overall flow structures over a roof are
reasonably well understood in a qualitative way from many flow visuali-
zation studies which are not typically published. The few measurements
where wind velocity close to the roof was a factor in the measurement
were obtained in boundary-layer wind-tunnel tests to determine the
scouring and blow off characteristics of roof gravel on flat roofs.
These data are reported in references 24-29. The references concen-
trated on the influence of approach velocity, building aspect ratios and
parapet height on the movement of roof gravel of various sizes.
Reference 27 provides a design procedure for gravel size selection. The
primary flow mechanism involved in gravel blowoff on a flat roof, the
roof vortices which originate at the building corners, also exist on
sloped shingled roofs. The data in references 24-29 is certainly
qualitatively applicable to the shingle uplift case but may not be

quantitatively applicable.



Some references provide a general understanding of wind flow over
buildings and relate damage experience or recommend wind loads for
smaller buildings. Among these sources are references 30-34. Their
primary usefulness to the shingle failure problem is in the qualitative
understanding of failure mechanisms.

The standard sources of wind loads on buildings are local wind load
codes. These are oftén based on one of the major codes such as the
Uniform Building Code, Standard Building Code, or American National
Standards Institute Standard A58.1. Data used by these codes and
standards are usually based on references such as those cited above.
Because each locality has a different basic wind speed, it is necessary
to determine the local wind speed for design use. Until recently, most
wind data for the continental U.S. was derived from reference 35 based
on a Type Il extreme value analysis of fastest mile wind records. A
more recent wind analysis using a: Typé‘I extreme value analysis of
fastest mile wind speeds, reference 36, incorporates a longer record of
data and a more appropriate analysis procedure for noncoastal areas. 1In
coastal areas for less frequent winds (50 or 100 year recurrence
interval), reference 37 provides a wind analysis for hurricane winds.
References 36 and 37 should provide an adequate basis for establishing
the variability in basic wind speeds in the U.S. except in those areas
where winds of special character exist which are not adequately defined
by National Weather Service stations.

A few references have shown the influence of roof cover porosity on
the pressure loads on those porous covers. Reference 38 addresses this
area for roof tiles, a major roofing material in Europe. For a porous

roof cover, the negative uplift is rapidly neutralized by pressure



response on the underside of the cover so that the cover material
(tiles, pavers, gravel, etc.) do not see the full uplift forces which
might be predicted by pressure loads measured on an impermeable surface.
Shingles may benefit from the same phenomena; however, we are not aware
of measurements of pressures on each side of a shingle.

Laboratory testing of roof shingles for wind, exclusive of wind-
tunnel tests, have been at a rather primitive state. Test procedures
developed by Underwriters Laboratory and ASTM are described in
references 39-41. As mentioned earlier, these tests aim a jet of air
directly at a sloping shingled surface at close range. These tests do
not include important flow mechanisms which are important at a field
site. Apparently no calibration of these test procedures against field
performance has been published.

The conclusion to be made from the review of published literature
is that a large amount of data exists which may be of qualitative use in
identifying wind flow features which are responsible for shingle
failure. However, data of direct quantitative use in the shingle

failure problem are quite sparse.

3.  SHINGLE BLOW OFF EXPERIMENT

In coordination with OCF representative Glenn Lamb, an experiment
was designed to test the wind damage and blowoff characteristics of
shingles including a somewhat more realistic test procedure than has
- been standard in the past. Two major elements were changed in the test
procedure: 1) the entire shingled test panel was enveloped in a
turbulent flow to improve the way in which the wind flowed over the
shingles, and 2) the tests were run at two temperatures, 75°F and 35°F,

to observe the influence of ambient temperature. Enveloping the test



panel in the flow eliminated the unrealistic flow in previous tests in

which a jet was directed at close range onto a specific course of

shingles. The improved flow cannot, however, be considered to be
completely representative of full-scale flow conditions. Section 5
addresses this point in more detail. Because field experience has

indicated that cold shingles were more susceptible to wind damage than
room temperature shingles, probably due to increased shingle brittle-
ness, 35°F tests were included with the expectation of higher damage
rates at the lower temperature. Shingles tested were standard, three
tab, seal down asphalt covered with ceramic granules in various colors
having organic and fiberglass felt bases. In addition to OCF shingles
from several production plants a few tests were made with competitive
shingles.

Decks measuring 36 x 48 in. with a 5/8 in. A-C plywood surface on a
frame of 2 x 4 in. lumber, Figure 1, were prepared and shingled under
the supervision of the OCF representative. Completed shingle decks
were placed in the 5.5 x 5.5 m section of the wind tunnel immediately
downstream of the heat exchanger so they would be at the tunnel
operating temperature (75°F or 35°F) when they were installed for
testing. Care was taken to avoid shingles sealing together so that each
test would represent the worst case.

Decks were mounted on a support frame, Figure 2, at the downstream
end of the Meteorological Wind Tunnel (MWT), Figures 3 and 4, on a
turntable which permitted them to be rotated for yaw angles of 0° and
45°. The support frame held them at a pitch of 4 in 12 and permitted
each deck to be held with carriage bolts and wing nuts to permit rapid

change.



A copper-constantan thermocouple was inserted under the fourth
course of shingles to measure the shingle temperature and a second
thermocouple was mounted nearby to give the air temperature. These were
connected to a Brown-Honeywell temperature indicator. Air temperature
was also recorded at the upstream end of the test section. Figure 5
shows typical traces of the control room tracings during both low and
room temperature runs.

Temperature variations (32°F to 43°F) during successive low
temparature runs were virtually identical (Figure 5a). Temperatures of
the thermocouple imbedded in the deck itself showed a rise during the
runs from 33°F to 41°F. Air temperature at the testing position varied
from 35°F to 43°F. Differences between temperatures at the deck and
those measured at the stilling chamber just upstream of the test section
were consistent with the expected heat gain of the air as it moved down
the test section and farther from the heat exchanger.

Control of the temperature for the 75°F runs was less regular.
Because the laboratory temperature was slightly less than the desired
test temperature, some heating was required at the lower speeds. As
soon as the energy input from the fan caused the air temperature to
exceed 75°F, the controls would switch abruptly to cooling which gave a
rather sudden drop in temperature. When the machine controls switched
to heating, the temperature would rise equally rapidly. Temperatures
varied from 66°F to 81°F and the pattern was somewhat erratic
(Figure 5b).

Velocity was measured with a pitot-static tube mounted just

upstream of the test position and connected to an MKS electronic



differential pressure meter. The velocity in feet per second (fps) was

obtained from the following formula:

U = 54yBp

U = fps, Ap = differential pressure in mm Hg.
Table 1 gives the conditions and time duration for each test run.
By the use of these times, two runs could be recorded on a single hour-

long TV cassette tape.

Table 1. Test Conditions for Each Test Run

Elapsed Ap ft/sec mi/hr
Time

00 0.66 44 30
01 1.18 59 40
03 1.84 73 50
08 2.66 88 60
13 3.62 103 70
18 4.72 117 80
23 Stop wind & permit shingles to

relax for several minutes

25 Enter tunnel, inspect deck, take
pictures, describe damage, etc.

29-30 End test

No attempt was made to write down tables of data as the tests
progressed. Rather each run was recorded on 3/4 in. TV cassette tapes
using a JVC camera with a Sony recorder and monitor. Time from the
start of each run and the Ap, in mm Hg, appear in a corner of the TV
screen. A commentary was added at appropriate moments during each run

and during an examination of the shingle deck after each run. Still
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photographs in both black and white and color slides were made of the
whole deck and details as appropriate at the end of each run. Still
photographs were not made for runs 1 through 9.

The test program, comprising 53 runs, is listed in Table 2. Each
deck had a 4-part label for identification. The label was visible in
the videotape. The label indicated the run sequence number, the nominal
ambient temperature in degrees Fahrenheit, the shingle manufacturing
location and type, and the repeat number for a particular sample of
shingle. A yaw angle of O degrees indicated approach wind normal to the
shingle courses; a yaw angle of 45 degrees indicated an approach wind at
45 degrees to the shingle courses.

At the conclusion of the test runs, mean velocity and turbulence
intensity profiles were obtained at 6 locations on the centerline of the
wind tunnel for the 0 degree yaw angle case to document the flow char-
acteristics. Profile locations are shown in Figure 6. Profiles are
shown in Figure 7 and are listed in Table 3. The approach flow in the
wind tunnel had a turbulent boundary-layer about 20 inches thick with a
uniform flow of about 2 percent turbulence intensity above that level.
Turbulence intensity is defined as the root mean square of the along-
wind velocity fluctuations about the mean velocity divided by the local
mean velocity. Profile C shows a flow deceleration immediately in front
of the shingle deck. Profiles over the top of the éhingle deck, D-F,
show a local boundary-layer on the deck developing from about % in. at D
to almost 3 in. at location F. No evidence of flow separation on the

deck surface was observed in the velocity profiles.
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Table 2. Test Program

Run # Air Temp. Deck Label Yaw Angle Date Completed
1. 35°F 1-35-JAX STD-1 0° 12-2-82

2, " 2-35-0RGANIC-1 " "

3. " 3-35-DEN IMP-1 " "

4. " 4-35-JAX STD-2 " "

5. " 5-35-DEN IMP-2 " "
6. " 6-35-0RGANIC-2 " "

7. " 7-35-DEN IMP-3 " "

8. " 3-35-0RGANIC-3 " "

9. " 9-35-JAX STD-3 " "

10. 75°F 10-75-DEN IMP-4 " 12-3-82
11. " 11-75-ORGANIC-4 " "
12. " 12-75-JAX STD-4 " "
13. " 13-75-0RGANIC-5 " "
14. " 14-75-JAX STD-5 " "
15. " 15-75-DEN IMP-5 " "
16. u 16-75-JAX STD-(6) 45° 12-6-82
17. " 17-75-DEN IMP-(6) " "
18. f 18-75-ORGANIC-(6) " "
19. " 19-75-DEN IMP-(7) " "
20. " 20-75-JAX STD-(7) " "
21. " 21-75-0RGANIC-(7) " "
22. 35°F 22-35-JAX STD-(8) " 12-7-82
23. " 23-35-DEN IMP-(8) " "
24, " 25-35-JAX STD-(9) " "
25. " 25-35-0RGANIC-(8) " "
26. " 26-35-0RGANIC-(9) " "
27. " 27-35-DEN IMP-(9) " "
28. " 28-35-JAX STD-(10) " "
29. " 29-35-0RGANIC-(10) " "
30. " 30-35-DEN IMP-(10) 4 "
31. " 31-35-WALTHAM-1 0° 12-9-82
32. " 32-35-BRKVLLE STD-1 " "
33. " 33-35-JESSUP-1 " "
34. " 34-35-0RGANIC-1 " "
35. " 35-35-WALTHAM-2 " "
36. " 36-35-DEN STD-1 " "
37. " 37-35-BRKVLLE STD-2 " "
38. " 38-35-JESSUP-2 1 "
39. " 39-35-MEDINA-1 " "
40. " 40~-35-WALTHAM-3 " n
41. " 41-35-BRKVLLE P-1 i "
42. " 42-35-JM-1 " 12-10-82
43. " 43-35-ATLANTA-1 " "
bt " 44-35-ATLANTA-2 4 1
45, " 45-35-TAMKO-1 " "
46. " 46-35-JM-2 " "
47. " 47-35-ELK-1 " "
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Table 2 (continued).

Run # Air Temp. Deck Label Yaw Angle Date Completed
48. " 48-35-GAF-1 " "

49. 15°F 49-75-WALTHAM-4 0° 12-13-82
50. " 50-75-JESSUP-3 " "

51. " 51-75-BRKVLLE STD-3 " "

52. " 52-75-WALTHAM-5 " "

53. " 53-75-BRKVLLE STD-4 " "

Note: Run 49 was inadvertently erased on the TV tape and is
documented only in the still pictures.
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Velocity Profile Printouts

Table 3.
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Table 3 (continued).
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Table 3 (continued).
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4.  RESULTS OF THE TESTS

The videotapes of test runs were given to OCF for their detailed
analysis of the results. Presented here are some typical results as
documented with still photographs and detailed comments of videotape
results by the OCF representative. Results ranged from tabs bent up
with little damage to the tabs, Figure 8 top, to nearly complete blow
off, Figure 8 bottom.

Damage to bent shingles ranged from minimal to severe. Cracking
was observed on both top and bottom surfaces particularly on organic
shingles, Figure 9. Staple pull through was a common mode of damage,
Figure 10 top, in which the staple remained in position while the top
shingle pulled up. Pull throughs were often accompanied by tearing of
the shingle, Figure 10 top and bottom, with or without blow off of a
portion of a shingle. Pull through at one location permitted more local
deformation of the shingle which in turn resulted in higher wind forces
on that portion of the shingle. As a result, pull through at an
adjacent staple often resulted.

Wind damage to shingles was reasonably consistent from run to run
with repeat measurements of decks with similar shingles behaving in a
similar way. Differences between shingle types were evident at both
75°F and 35°F with damage generally occurring for lower wind speeds at
the colder condition. Figures 1la and b show post-run photographs of
decks with four different shingle types at 75°F and 0° yaw. One sample
shows considerable damage while the other three had differing degrees of
crack damage. Decreasing severity of damage was usually associated with
increased quality of shingle. These photographs were made before the

shingles had relaxed back to the surface. Figures 12a and b show
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typical post-test results for four different shingles at 35°F and 0°
yaw. Significantly more damage was evident for the low temperature case
as compared to the room temperature case.

The remainder of the analysis of data runs is contained in a
discussion of results which were obtained from a detailed review of the
videotapes by Mr. Glenn Lamb, the OCF representative. His comments are

reproduced in the Appendix in full for completeness of this report.

5. DISCUSSION OF THE FLUID MECHANICS OF SHINGLE BLOW OFF

Observation of shingle blow off experiments in combination with
velocity measurements, flow visualization experiments (discussed below)
and the authors' previous experience in analyzing fluid flows provided
some understanding of the fluid mechanical forces at work in shingle
uplift and blow off.

Flow visualization provided a direct observation of the flow field
characteristics. Titanium dioxide smoke was released from sources in
the flow field to provide a marker for fluid passing the release point.
Figure 13 top shows smoke being released from sources at two elevations
just in front of a shingled deck at 0° yaw (front edge of the deck
normal to the approaching flow) with wind velocity below the level where
shingle lifting occurs. The upper smoke trace is deflected up and over
the deck without contacting the deck surface. The lower smoke trace was
placed so that it would impinge on the front edge of the shingle deck.
This flow is seen to separate, or detach, slightly from the top of the
deck as it rounds the corner onto the top of the deck and to reattach to
the deck a short distance from the leading edge. A careful examination
of the separation region showed it to be 1/16 or 1/8 of an inch in
thickness and an inch or so in length. A different deck geometry would

have produced a different size of separation region.
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Separated flow regions are commonly found in wind flows about
buildings or other bluff bodies. These separated flow regions may be
quite small in extent with the flow reattaching to the body surface
downwind or may be quite large with the separation streamline never
returning to the body. Flow within the separation region, often called
a separation bubble, is of much lower velocity than the flow outside the
bubble and is in the opposite direction to the outer flow near the body
surface. The local pressure on the body under a separated flow is
negative, or outward acting, tending to pull the surface out toward the
flow. In the case of the separated flow above the leading edge of the
shingle deck, this upward acting pressure will tend to lift the lead
shingle. As wind velocity increases, the uplift force will increase
roughly as the square of the approach velocity until the uplift is
sufficient to lift the shingle. The local pressure on the shingle
surface of the test panel behind the separation/reattachment area should
be positive, or tending to hold the shingles down. On a full-scale
structure, the areas of negative pressure associated with flow separa-
tion will be much larger due to the presence of side walls which will
increase the area coverage and intensity of uplift pressure within the
separated region; in some cases the entire roof is enveloped in uplift
pressures.

Once the front shingle has lifted due to the pressures described
above, the separated flow region is greatly increased in extent and
intensity of uplift pressure as shown in the flow visualization photo-
graph of Figdre 13 bottom. Reattachment did not occur until the 3rd or
4th course. Flow impinging on the upward side of the uplifted shingle

provides a positive pressure which adds to the uplift negative pressure
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on the top side of the shingle. Only the stiffness of the shingle
prevents the shingle from folding over completely since aerodynamic
forces on both top and bottom of the shingle are tending to force it up.

The mean pressures on the shingle deck from the fourth course up in
the bottom photograph of Figure 13 could be either positive (downward
acting) or negative (upward acting). Turbulence developed in the
separated shear layer (the thin region of high velocity gradient between
the high speed separated flow and the low speed bubble) combined with
turbulence in the approach flow may induce a fluctuation about the mean
pressure sufficiently large that at any location on the rear of the deck
the pressure oscillates in time between positive and negative pressures.
As approach velocity is further increased, a negative pressure
fluctuation on a shingle in that region will become sufficiently large
that it will 1ift the shingle. That 1lifted shingle would then be
subject to the same aerodynamic forces as the first shingle and would
tend to remain in a raised position.

Pressures under the separated flow bubble in the lower photograph
of Figure 13 are negative and, except near the actual separation point,
of fairly low magnitude. This low negative pressure is of insufficient
size to lift additional shingles under the bubble.

The mechanism for shingle uplift is illustrated in Figure 14 in
which a sequence of photographs shows shingle uplift patterns at every
10 mph wind speed from 30 to 80. Ihitially the first course is raised
(30 mph) and bent backwards (40, 50 mph). At 40 and 50 mph the
separated shear layer probably does not reattach until the 5th or 6th
course. By 60 mph, the first course of shingles has bent back

sufficiently to permit an earlier reattachment of the shear layer. This
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in combination with larger pressure fluctuations due to the higher wind
speed resulted in shingle uplift in the 5th and 6th courses. By 70 and
80 mph, the wuplift pressures have increased on the 4th course
sufficiently to lift shingles there. The lifting mechanism described
above may be somewhat simplified from the actual mechanisms at work.

A useful exercise would be to estimate the wind pressures on an
uplifted shingle. The easiest case is probably the 30 mph wind speed
shown in Figure 14. The first course is lifted so that it is nearly
normal to the approach flow. The velocity profiles of Figure 8 indicate
that the velocity approaching the leading edge is nearly the same as
that measured at the reference velocity location, 30 mph. At 30 miles
per hour at an elevation of approximately 5000 ft (the laboratory
elevation) the stagnation pressure of the wind, 0.5 pV2, is about
2.0 psf. The drag coefficient for the uplifted shingle might be in the
range of 1.3-1.8 (based on the authors' previous experience in measuring
drag coefficients) resulting in a net pressure acting on the shingle of
2.6 to 3.6 psf. If the exposed area of the shingle subject to this
pressure is 5 x 12 in., then the force on each uplifted tab is 1.1 to
1.5 1b. The drag coefficient for this case is in some doubt, so the
forces could be somewhat outside the range calculated. For higher wind
speeds, the drag coefficient for the bent shingles would only be a
guess. At 80 mph, if a drag coefficient of 0.5 is assumed for the first
course of shingles, the net pressure‘on the lead shingle would be about
7.0 psf resulting in a net force of about 2.9 1b acting normal to the
shingle surface.

When the deck was oriented at 45 degrees to the approach flow, a

somewhat different flow mechanism was involved. Figure 15a top shows
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smoke flow across the shingle surface at a wind speed too low to lift a
shingle. A small separation/reattachment zone was observed at the
leading edge as before. This separated zone, however, had a stronger
circulation within the bubble. A similar zone was observed along the
upwind side edge. Although of very small extent on the deck, this
separation/reattachment zone is analogous to the classical delta wing
vortex observed on aircraft. On a full-scale house with side walls, the
upward flow at the roof edge rolls up into a delta wing type vortex of
greater strength and larger roof area than observed for this study where
the deck had no sidewalls below it. As wind speed was increased across
the deck, the first course of shingles rose due to similar forces as for
the 0° yaw case. The lower photograph of Figure 15a shows the flow with
shingle raised. A very strong vortex was observed. This vortex would
be expected to increase wind pressures on the shingle. For the same
wind speed, the wind flow over the top of the vortex is shown in
Figure 15b top. This flow impinges on shingles downstream tending to
hold them down. The area on the middle left of the bottom photograph of
Figure 15b is the area of flow impingement seen in the top photograph.
Shingle uplift was not observed in this region.

The smoke visualization for both the 0° and 45° yaw showed wind
flow patterns with similar structure, but not always similar magnitude,
to those observed about full-scale buildings and about model buildings
in a boundary-layer wind tunnel which simulates natural winds. The
mechanisms for shingle uplift and damage are thus probably similar to
those acting on full-scale struétufes. Because of the differences in
magnitude, the wind speeds at which damage occurred in the wind tunnel

may not be directly related to wind speeds in the full-scale for similar
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damage. Relative performance of one shingle in comparison to another in

the wind tunnel, however, should be similar to full-scale experience.

6. RECOMMENDATIONS FOR FURTHER WORK

Testing accomplished during this study showed that wind-tunnel
evaluation of shingle performance is a consistent technique which can
differentiate between shingles whose wind resistance in the prototype is
expected to be different. It can thus be used as a tool for product
development.

Additional wind-tunnel testing could improve product development
capability in two ways. First, further development of the current
testing procedure could improve similarity in flow structure between the
test deck and full scale so that better prediction of shingle per-
formance could be obtained. Second, a series of more basic studies
could be undertaken to determine actual uplift forces on shingles and
relate those forces to site wind conditions, building geometry, building
orientation and influence of nearby structures. This latter program
might lead to risk prediction charts for individual buildings at
different sites. This program might also identify load reduction
schemes to inexpensively reduce shingle damage at vulnerable locations

on roofs.
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Test Section Entrance Looking Upwind

Test Section Looking Downwind

Figure 4a. Photographs of Test Configuration
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Test Stand with Shingle Deck at Yaw =

45 Degrees

Figure 4b. Photographs of Test Configuration
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Deck 10-75-DEN IMP-4

Deck 41-35-BRKVLEP-1

Figure 8. Range of Wind Damage at the End of a Run
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Deck 21-75-ORGANIC-(7)

Deck 25-35-ORGANIC-(8)

Figure 9. Cracking in Bent Shingles
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L)

Deck 52-75-WALTHAM-5

Deck 13-75-ORGANIC-5

Figure 1la. Results for Typical Runs at 75°F
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Deck 14-75-JAX STD-5

Deck 15-75-DEN IMP-5

Figure 11b. Results for Typical Runs at 75°F
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Figure 12a. Results for Typical Runs at 35°F
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Figure 12b. Results of Typical Runs at 35°F
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Before Shingle Uplift

After Shingle Uplift

Figure 13. Flow Visualization for 0° Yaw
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Figure l4a. Sequence of Shingle Lifting with Increasing
Wind Speed
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Figure 14b. Sequence of Shingle Lifting with Increasing
Wind Speed
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Figure l4c. Sequence of Shingle Lifting with Increasing
Wind Speed
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Figure 15a. Flow Visualization for 45° Yaw
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Figure 15b. Flow Visualization for 45° Yaw
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APPENDIX
ANALYSIS OF VIDEOTAPE RESULTS
by

Glenn Lamb, Owens-Corning Fiberglas
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January 13, 1983

Dr. Jack E. Cermak

Fluid Mechanics and Wind Engineering Program
Foothills Campus

Colorado State University

Fort Collins, CO 80523

Dear Dr. Cermak,

The following is my analysis of the wind tunnel testing results made
after viewing the testing on videotape. My evaluation is made from a
roofing perspective rather than a fluid dynamics/stress analysis point
of view. I hope that you will be able to provide this latter analysis.

My analysis 1is heavily weighted towards damage sustained by the
shingles, and, to a lesser degree, the flexibility of the shingles. 1
have summarized the results in 7 tables, which are placed at the end of
the text. The first 6 tables breakdown the results by individual
shingle, temperature of the testing, and orientation of the deck to the
wind. The page preceeding Table 1 is a key for the notation in the
tables. "Slight Damage" refers to minor tears (less than 1/2 inch
long) or initiation of a pull through. (A pull through refers to the
shingle pulling free of the staple. The staple barbs are wusually
visible beneath the tab before a pull through occurs). Since this
amount of damage is minimal and has little effect on roof performance, I

do not include it in my discussion. "Serious Damage" has a significant
effect on roof performance either 1in terms of accelerated weathering,
leaking, or appearance. "Multiple Damage" refers to the occurrence of

serious damage at least twice during any given minute of the testing
sequence. Tables 1-6 summarize the extent of damage as described above
for each deck tested. The tables further breakdown damage by wind speed
and course (first course and fifth or sixth course). Table 7 summarizes
the degree of tab 1ift by wind speed for all of the shingles tested.
This is very subjective, but does highlight the effect of cold
temperature and the differences in flexibility of the various shingles.

Results of Main Program: Organic, Standard and Improved Shingles

Organic shingles were included in this experiment to provide reference
material. They are often the standard against which the newer fiber
glass shingles are judged. Historically, they have been very good wind
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performers. Their performance in the wind tunnel was also very good.
These shingle were very stiff, especially at 35 F. They also resisted
1ifting from the deck much more than the fiber glass shingles as can be
seen in Table 7. Damage usually occurred at 70 mph for both 35 F cases.
At 75 F, damage occurred at 50 to 80 mph. Although the organic shingles
usually did not suffer extensive damage, the type of damage sustained

was serious from a performance standpoint. These shingles tended to
bend back with the wind stiffly rather than flexibly, and occasionally
cracked and creased when bent back more than about 90 degrees. On

several occasions, the tab simply broke off. The 1loss of granules
associated with this type of damage would provide areas of accelerated
weathering and poor appearance. Due to their stiffness, the organic
shingles were slow to recover to their original position on the deck at
the end of the test. This was aggravated by the cracking.

The performance of the fiber glass shingles was clearly differnt than
that of the organic shingles. The Standard and the Improved shingles
were more flexible at both 35 and 75 F (see Table 7). The type of
failure was also different. The fiber glass shingles usually failed by
either pulling through or by tearing. Serious cracking and creasing was
rare. At the end of testing, the fiber glass shingles recovered or
returned to their original position on the deck faster than the organic
shingles.

The difference in performance between the Standard and the Improved
products was also very clear. Although the Standard shingles were less
flexible than the Improved shingles, especially at 35 F, the striking
difference was in their lack of strength. Standard shingles experienced
all types of damage: tearing, pull throughs, blow-offs and occasional
cracking. Usually when a pull through occurred, subsequent tearing or
pull throughs would soon follow. Examination of Tables 1-4 shows the
numerous multiple failures, many of which included blow-offs. At 35 F,
damage usually occurred at 60 mph on the 0 degree orientation decks and
70 mph on the 45 degree decks. At 75 F, failures were less extensive,
but occurred sooner- 50 and 60 mph, respectively.

The performance of the Improved shingles was outstanding. In my
opinion, the improvement made in these shingles, which is proprietary,
was the major contributor to superior wind performance. Damage was
minimal. In all of the testing, multiple damage occurred once. Also,
wind speeds were higher before damage occurred. On the 0 degree
orientation decks, no damage occurred at 35 F, and one pull through
occurred at 70 mph at 75 F. On the 45 degree decks, two pull throughs
occurred at 70 mph at 35 F, and one cracked tab occurred at 80 mph at 75
F. In addition to the excellent strength of these shingles, they were
noticeably more flexible than any of the others. They 1lifted higher for
a given wind speed at both temperatures. They also bent back easily and
sustained no cracking or creasing. In fact, at the high wind speeds,
the tabs would often lay back on themselves.

Before discussing the additional shingles tested, a comment on the
validity of the above testing is in order. The original plan for the
Standard and Improved shingles was to make both shingles at the same
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roofing plant so that as many manufacturing variables as possible would
be the same. However, due to the timing of the testing and lack of
important materials, the Standard shingles were made 1in a different
roofing plant. Consequently, there are differences between the Standard
and Improved shingles that have nothing to do with the improvement made,
but which show up in the testing. As I have viewed the tapes, I am
convinced that the dramatic difference in performance between the
Standard and Improved shingles can be safely attributed to the
improvement that we have made in the Improved shingles. The additional
shingles tested confirm this conclusion as will be noted shortly.

Results of the Variety of Shingles

Since the testing went so smoothly and efficiently, there was time to
test 12 additional shingles: 8 OCF products and 4 competitive products.
The OCF products represented a variety of process and material
differences, but they were grouped three ways: 1 organic shingle, 3
which had properties similar to the Standard shingles, and 4 which had
properties comparable to the Improved shingles. The vresults from this
testing agreed very well with the results from the main program. At 35
F, the organic shingle was very stiff and sustained damage at 70 mph.
The shingles from Waltham, Brookville (Std) and Atlanta generally
sustained first damage at 60 mph and it was usually multiple damage.
The shingles from Denver (Std), Jessup, Brookville and Medina had less
damage and it usually occurred at 70 mph. The Brookville and Medina
shingles had multiple damage. Except for two early pull throughs, the
Denver and Jessup shingles were outstanding. At 75 F, the Waltham
shingles had continual damage, beginning at 40 mph. The Brookville
Standard shingles had considerable damage, beginning at 50 mph. The one
Jessup deck sustained no damage.

Results of the Competitive Shingles

While 1ittle is known about the material and physical properties of the
competitive shingles, it appears, based on this very small sampling,
that these shingles were more comparable to the Standard shingles.
Naturally, this 1is good for Owens-Corning. It indicates that our
standard shingles are competitive in the marketplace, and that our
Improved shingles could be clear industry leaders in wind performance.

Discussion of Test Parameters

35 F versus 75 F

There were several differences attributable to temperature. The
shingles were less flexible at 35 F. For a given wind speed, the tabs
lifted less at 35 F than at 75 F. Damage was more extensive at 35 F
with multiple damage occuring frequently. However, damage occurred

sooner (at a lower wind speed) at 75 F, and was distributed among all
wind speeds.
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0 versus 45 Degree Orientation

Damage occurred sooner on the 0 degree decks (60 vs 70 mph). The big
difference was involvement. On the 0 degree decks, only the first and
fifth or sixth courses were wusually affected by the wind.
(Occasionally, the outside tabs on the 4th and 5th courses would be
lifted by 75 F, high wind). On the 45 degree decks, all the courses
except the second course were affected by the wind. There appeared to
be slightly more damage on the 45 degree decks.

Test Protocol

The time table of the testing consisted of 1 minute at 30 mph, 2 minutes
at 40 mph, and 5 minutes at each of 50, 60, 70 and 80 mph. With one
exception, no damage occurred during the 30 and 40 mph segments of the
test. Occasional damage occurred at 50 mph. The majority of the damage
occurred at 60 and 70 mph. About 20% of the damage occurred at 80 mph.
About 50% of the damage occurred during either the first minute after a
speed change or in the last minute before a change. The rest of the
damage was sustained during minute 2, 3, 4 of the 5 minute segment. My
feeling is that this was a good choice of testing protocol. The only
drawback I see is that the shingles had a chance to gradually be lifted
by the wind as wind speed increased. Future work might 1include a more
demanding protocol such as gusting or larger step changes in speed.

Conclusion

Everything about the testing program was excellent. The results were
very conclusive. Selection of temperatures, deck orientation, protocol,
etc., contributed to the excellent results. The tunnel itself performed
very well. Hank Weber and his crew, Jim Garrison and Coby Howell
provided very expert assistance and were the major reason why everything
went so smoothly. They were also most enjoyable to work with. And, of
course, your experience and knowledge combined with that of Dr. Peterka
cannot go unmentioned.

I am -eagerly awaiting your final report. I will be especially
interested in your comments on the fluid dynamics of the testing- flow
visualization, velocity profiles, etc. I am also interested 1in your

comments on the forces involved in causing shingle damage. Hopefully,
the sum total of all of this will enable wus to formulate a viable
approach to further work.

Best regards,

Glenn D. Lamb

cc W.W. Lincoln
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Key to wind-tunnel results
- Slight damage

staple barb visible
slight tear in cutout (<% inch)

X serious damage
tear around staple
large tear (>% inch)
staple pull through
cracking/creasing
tab or shingle blow off
(X) multiple damage

two or more of the above in the same minute

course Damage generally occurred on the 1st and 5th or 6th
courses. Damage on each course is shown for each deck.



Table Al. Organic, Standard, Improved:

35°F, 0° Orientation

Wind Speed

40 mph 50 mph 60 mph 70 mph 80 mph
minutes into test 1 2 345 6 7|18 9 10 11 1213 14 15 16 17|18 19 20 21 22
Shingle Course
Organic 1 5th No Damage
1st
Organic 2 6th — X x) _
1st
Organic 3 6th X X
Jax Std 1 6th X)
1st (x) (X)
Jax Std 2 5th X) X X
1st X)
Jax Std 3 6th X X
1st X x)
Den Imp 1 6th No Damage
lst
Den Imp 2 5th No Damage B
1st No Damage
Den Imp 3 6th -

I1st

9



Table A2. Organic, Standard, Improved:

35°F, 45° Orientation

Wind Speed 40 mph 50 mph 60 mph 70 mph 80 mph
minutes into test 1 2 {3 45 6 7|8 9 10 11 1213 14 15 16 17|18 19 20 21 22
Shingle Course
Organic 8 6th X X) X
1st X - X
Organic 9 6th X
1st
Organic 10 6th X
1st
Jax Std 8 6th x) (X)
1st X X X X
Jax Std 9 6th xX)
1st (x) x) (xX) X
Jax Std 10 6th (x) —
st X - X) (%) (X)
Den Imp 8 6th X
1st X
Den Imp 9 6th B L X
1st
Den Imp 10 6th _ _ (X) -
1st (X)

€9



Table A3, Organic, Standard, Improved: 75°F, 0° Orientation

%9

Wind Speed 40 mph 50 mph 60 mph 70 mph 80 mph
minutes into test 1 2|3 45 6 7(8 9 10 11 1213 14 15 16 17 |18 19 20 21 22
Shingle Course
Organic 4 6th X _ _ X X
. 1st
Organic 5 6th X x) X
1st
Jax Std 4 6th X X
1st X
Jax Std 5 6th X _ _
1st
Den Imp 4 6th
1st No Damage
Den Imp 5 6th
1st _ X




Table A4. Organic, Standard, Improved: 75°F, 45° Orientation

<9

Wind Speed 40 mph 50 mph 60 mph 70 mph 80 mph
minutes into test 1 2 (3 45 6 7|8 9 10 11 12113 14 15 16 17 |18 19 20 21
Shingle Course
Organic 6 6th X
1st
Organic 7 6th _ (X) (X)
1st
Jax Std 6 6th (X)
1st _ X
Jax Std 7 6th No Damage _
1st
Den Imp 6 6th No damage
1st
Den Imp 7 6th
1st




Table A5. Variety of Shingles: 35°F, 0° Orientation

Wind Speed 40 mph 50 mph 60 mph 70 mph 80 mph
minutes into test 1 2 {3 45 6 7|8 9 10 11 12|13 14 15 16 17|18 19 20 21
Shingle Course
Organic 1 6th (X) _
1st Xx) _
Waltham 1 6th-5th (X) X((X) X
1st X) X) | X _
Waltham 2 5th _
1st X (X) X
Waltham 3 5th (X) _
1st (X)
Brookville Std 1 6th X) X
Ist X X |[(X) _ _
Atlanta 1 6th _ X B
1st (X) X X
Atlanta 2 6th X xX)
st X _ X

99




Table A5 (continued).

Wind Speed 40 mph 50 mph 60 mph 70 mph 80 mph
minutes into test 1 2 3 4 5 6 7|8 9 10 11 12|13 14 15 16 17 |18 19 20 21 22
Den Std 1 6th X
1st _
Jessup 1 5th
1st "No damage
Jessup 2 6th
1st _ X
Brookville P1 6th X)
1st (X) wholedeck peels
Medina P1 6th X) X _
1st X X X
M 1 6th o x X) X
1st X X X X X
M 2 5th ~
1st X)
Elk 1 6th a X
1st (X) _
GAF 1 6th (xX)
1st xX)
Tamko 1 6th X _ X
Ist X

L9



Table A5 (continued).

Wind Speed 40 mph 50 mph 60 mph 70 mph 80 mph
minutes into test 1 2 |3 45 6 71{8 9 10 11 1213 14 15 16 17 |18 19 20 21 22
Brookville Std 2 6th N (6.9) _
1st X x)

89



Table A6. Variety of Shingles:

75°F, 0° Orientation

3 4 5 6 7

50 mph

60 mph

10 11 12113 14 15

70 mph
16

80 mph
18 19 20 21 22

Wind Speed
minutes into test
Shingle Course
Waltham 4 6th
(lost tape) 1st
Waltham 5 6th

1st

Brookville Std 3 6th

ist
Brookville Std 4 6th
1st
Jessup 3 6th

1st

Unknown timing

X

X

X

No Damage

-2 tabs blown off,
staple tear

X

large tear, 2 6" t

bs cracked

X x)
(X) X
x X &

(X)
X

69




70

Table A7. Average, Approximate Angle of Lift from Deck, 0° Orientation

Temperature 35°F 715°F
Wind Speed mph 40 50 60 40 50 60
Shingle Course
Organic top <15° 15° 30° 15° 120° | n/a
bottom 15° | 30° | 45° 45° 90° | n/a
Standard top <15° 45° 60° 45° 120° | 150°
bottom 15¢° 30° 60° 30° 90° 120°
Improved top 30° 60° 90° 45°¢ 120° | 180°
bottom 30° 60° 90° 60° 150° | 180°
Waltham top 15° 45° 60° 60° 120° 135°
bottom 30° 45° 60° 30° 90° 120°
Brookville
Std top 15¢° 45° -- 60° 120° 150°
bottom 15° 45° -- 60° 120° 150°
Atlanta top 15° 45° 90°
' bottom 30° 45° 60°
Den Std top 15° 30° 90°
bottom 30° 30° 60°
Jessup top 15° 45° 90° 90° 120° [>120°
bottom 30° 30° 60° 90° 120° | 150°
Brookville D top <15° 15° 30°
bottom 15° 30° 30°
Medina P top 15° 30° 45°
bottom 15° 30° 45°
M top 15° | 45° | 90°
bottom 15° 30° 90°
Elk top 15° 45° --
bottom 15° 30° -
GAF top <15° 30° --
bottom 15° 30° --
Tamko top 15° 60° 90°
bottom 15° 45° 90°
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Table A7. Average, Approximate Angle of Lift from Deck, 0° Orientation

Temperature 35°F 715°F
Wind Speed mph 40 50 60 40 50 60
Shingle Course
Organic top <15° 15° 30° 15° 120° | n/a
bottom 15° | 30° | 45° 45° 90° | n/a
Standard top <15° 45° 60° 45° 120° | 150°
bottom 15¢° 30° 60° 30° 90° 120°
Improved top 30° 60° 90° 45°¢ 120° | 180°
bottom 30° 60° 90° 60° 150° | 180°
Waltham top 15° 45° 60° 60° 120° 135°
bottom 30° 45° 60° 30° 90° 120°
Brookville
Std top 15¢° 45° -- 60° 120° 150°
bottom 15° 45° -- 60° 120° 150°
Atlanta top 15° 45° 90°
' bottom 30° 45° 60°
Den Std top 15° 30° 90°
bottom 30° 30° 60°
Jessup top 15° 45° 90° 90° 120° [>120°
bottom 30° 30° 60° 90° 120° | 150°
Brookville D top <15° 15° 30°
bottom 15° 30° 30°
Medina P top 15° 30° 45°
bottom 15° 30° 45°
M top 15° | 45° | 90°
bottom 15° 30° 90°
Elk top 15° 45° --
bottom 15° 30° -
GAF top <15° 30° --
bottom 15° 30° --
Tamko top 15° 60° 90°
bottom 15° 45° 90°
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