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Wind Speed Estimates for Garage
Door Failures in Tornadoes

Aaron L. Jaffe, Guillermo A. Riveros and Gregory A. Kopp *

Faculty of Engineering, University of Western Ontario, Ldon, ON, Canada

Severe wind events, such as tornadoes, pose a signicant theat to lives and
infrastructure in many locations around the world. Residdial buildings are the structures
most affected by these events, since they are widespread anaften not designed to
withstand severe loading. For the wood-frame, low-rise hoses typical of North America,
once the envelope of the building has been breached, such ashtough the failure of a
garage door, the loss of the entire roof structure becomes mch more likely. One of
the issues with garage doors is their exibility; as they beig to de ect under wind load,

relatively large openings allow air ow into the internal \ame. As a result of these positive
pressures on the garage door, positive pressures are transfred into the internal volume,
subsequently reducing the net wind load on the door. The objetives of this study are
to determine failure net pressures of garage doors through»perimental testing, and to
combine those results with internal pressure models includg the effects of garage door
exibility in order to estimate the failure wind speeds of geage doors. Six garage doors
of various types are tested, and the failure wind speeds acqted through the internal
pressure model are compared to the Enhanced Fujita Scale. fperimental testing found
the failure net pressures of the garage doors to be between @2 and 1.75 kPa. With
the internal pressure model showing that the net load on the @rage doors is typically
reduced to 34-46% of the external pressure, the resulting rage of expected failure wind
speeds obtained was 130-265 km/h. This range is found to encmpass and exceed the
expected failure wind speeds in the EF-Scale of 130-185 km/hwhich would only be
applicable for the weaker range of garage doors.

Keywords: garage doors, internal pressures, wind-induced failures, low-rise buildings, tornadoes

INTRODUCTION

Severe windstorms such as downbursts and tornadoes cam$ystiamage single/double family
homes in Canada and the United States. In North America, thieadBiced Fujita (EF) Scale, which
was developed by Texas Tech UniversiticDonald and Mehta, 2006 modifying the original
Fujita Scale Kujita, 197}, is routinely used to estimate the speed of tornado windstam
observed damage. The damage to typically-constructed nddveo family residences (labeled as
FR12) is used as one of the 28 damage indicators (DI) in the sEal each DI, di erent degrees
of damage (DOD) are provided where each DOD is numbered inraiog order from the lightest
damage to the most sevefi@ble 1provides one example. According to the DODs for FR12, uplift
of roof deck and loss of signi cant roof covering materialZ0%) are grouped together with the
inward collapse of single/double garage doors at DOD4, ogayiat estimated wind speeds ranging
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TABLE 1 | EF-Scale DOD Descriptions and Wind Speeds in km/h for FR1Z(vironment Canada, 2014.

DOD Damage description Expected value Lower bound value Upper bound value
Threshold of visible damage 105 85 130

2 Loss of roof covering material (up to 20%), gutters and/or awning; loss 125 100 155
of vinyl or metal siding
Broken glass in doors and windows 155 125 185
Uplift of roof deck and loss of signi cant roof covering mateial (more 155 130 185

than 20%); collapse of chimney; garage doors collapse inwdr failure
of porch or carport

Entire house shifts off foundation 195 165 225
Large sections of roof structure removed (more than 50%); wst walls 195 165 230
remain standing
Exterior walls collapsed 210 180 245
Most walls collapsed, except small interior rooms 245 205 a5
All walls collapsed 275 230 320
10 Destruction of engineered and/or well-constructed residnce; slab 320 265 355
swept clean

from 130 to 185 km/h. Complete failure of the roof structurg is when the doors have not failed. Consequently, net loading on
hence, usually preceded by garage door failures due to isiagga doors not only depends on the external pressure applied by the
the internal pressures. damaging winds but includes the complexity of changes to the
Signi cant work has been done examining the interactioninternal pressures. As a result of this, as well as the fact that
between internal pressures and low-rise structures. Tiid kf  not all garage door types may perform the same way or resist
research dates back at leastitminger and Nokkentved (1930) similar wind pressures, there may be signi cant variabilitghe
who measured internal pressures on small building models iperformance and impacts of garage door failures.
Denmark. LaterlLiu (1975)introduced ow rate equations to There have been limited numbers of published studies
compare measured and predicted internal pressures, which lemh di erent garage door failure mechanisms and capacities.
to the Helmholtz resonator model, developedidylimes (1980) Pressure testing of garage doors for wind-resistance rating
This model has been used in numerous studies since, inajudiris typically conducted using standardized procedures such as
Liu and Rhee (1986Pearce and Sykes (1998hdSharma and ASTM E1233ASTM E1233-06, 200@&nd ASTM E330/E330M
Richards (2003) (ASTM ES330/E330M-14, 20)4in order to evaluate their
Large openings in the building envelope of wood-framestructural performance in the form of applied load-de ection
residential structures, like those caused by broken gadlages, (or pressure-de ection) curves. Following a similar approach,
can lead to an increase in the net wind loads on roofs caused IBhen et al. (2017eveloped a full-scale simulator employing a
high internal pressurization of the structure. The typicajsence diesel-powered fan capable of generating a maximum pressure
of failure begins with aerodynamic pressures being appliede¢ot of 22 kPa. A set of large sectional doors were tested in
exterior surfaces: positive pressures on the windward wallgt u that study by applying a recreated pressure time history
pressures on the roof, and negative pressures on the leewdrdsed on boundary layer wind tunnel measurements and
walls. If the building envelope is breached on its windwardcalculated using the wind pressure coe cient (Cp) data from
side due to a broken garage door, internal pressures add # model archived in the National Institute of Standards
the aerodynamic uplift pressures, increasing the net winddoa and Technology (NIST) Aerodynamics Databas¢o (et al.,
on the roof Kopp et al., 2008 Therefore, garage doors may 2009. Shen et al. (2017provide detailed descriptions of the
generate large internal pressures when they fail and ineraas observed failure mechanisms for these industrial doors and
structure's potential for further damage because of theigda their midspan de ections due to the applied negative (outward-
size relative to the internal volumes they typically enclose acting) pressures (as opposed to positive pressures). Howeer, th
a result, roofs of residential structures have a high prditgbi primary focus of the study lies in the delity of the simulator
of failure in storms that are strong enough to cause externalto apply and follow a pressure time history converted from
pressure failure of garage doors. When assessing tornadagiam a predetermined wind velocity time history and adopting the
of residential construction in Vaughan, ON, in 200@prrison ~ maximum Cp: recorded from the aforementioned wind tunnel
et al. (2014)noted that roof failures are highly correlated to model. Therefore, as with all other experimental evaluations
failures of cladding elements on the walls, such as windawls a of the structural performance of garage doors, details oirthe
garage doors. behavior are presented in terms of load-displacement curves,
The di culty in testing and modeling garage door failures and the e ects of the induced internal pressurization on Cp
is that air leakage around the relatively exible garagerdoo caused by the inow of air around the de ected areas was
generates internal pressure changes during strong winds evaot examined.
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Garage door testing, such as thatdon&hren etal. (2018nd  As described and shown bitopp et al. (201Q)a PLA is
the current study, is useful in understanding how thesedttital  a controlled blower system designed to replicate the surface
elements interact with wind, but the experiments are notwith  pressures on building components generated by the wind. A
their limitations. The net pressure being applied to the dodihwi blower generates the required air pressure changes that are
pressure loading actuators (PLAs) and the uctuating operaaresubsequently transferred to the specimen via a hose and a
can be numerically tracked, but the internal pressure is wwn.  pressure chamber (air-box). Inside the valve assembly, &ngta
This is crucial because the external pressure acting on theido disk controlled by a servomotor, which updates its positioh00
needed to make an estimation for the failure wind speed, argl thtimes per second, regulates the generated applied presgulies
cannot be obtained without knowledge of the internal pressur et al., 201). This allows the PLA to simulate realistic wind
In an ideal case with the garage door being rigid and seathed, t pressure records by closely following a predetermined pressur
net pressure would be virtually the same as the external pressutime history up to a maximum limiting frequency of 10 Hz, as
and internal pressure modeling would not be necessary. Hewev the frequency response is also dependent on the fan curve and
the di culty lies in the fact that garage doors are exiblehich leakage ratesopp et al., 2010
creates internal pressures pushing back against the door when A system consisting of six PLAs was used to provide ramping
the door begins to bend inwards under a positive wind load. T@ositive pressures on each garage door by means of hoses
further complicate the analysis, the opening size of the door-eonnected to a large steel-framed wooden air-box (3.8 m W
frame interface is constantly changing. As the load in@sathe 2.6m H 0.76 m D) upon which each of the garage doors was
opening increases as well. The larger opening then allows farstalled. In order to apply the required pressures to each of
higher internal pressures to develop, which subsequently helpse doors and reduce the amount of leakage caused by their
to close the opening, creating a complex pattern of loading. de ections, a 0.006 in. thick, low-density polyethylene aglvas
Because the speci c failure mechanisms and related maximumttached to the air-box's opening before the garage door was
wind pressures are not well de ned due to the vast variety oinstalled. By placing the airbag between the installed doat a
garage door types available in the market (e.g., wood, 1 to 8e air-box opening, the airbag was allowed to extend as the
layer steel, berglass, etc.), their wind-resistance aababior door de ected, while simultaneously covering gaps around the
may vary widely from one type to another. This will have andoor (leakage areas) and maintaining the required pressumes
impact on the resulting range of wind speeds and, thereforehe door.
the EF-Scale. The objectives of this study are to deternfine t To regulate and monitor the uniform ramping positive
wind speeds required to generate garage door failures dueeto tpressures inside the air-box, each PLA had a pressure traesduc
applied pressures (neglecting the e ects of debris impact) and tconnected to the air-box and was controlled over an Ethernet
compare the results to DOD4 of FR12 in the EF-Scale. To achie(€AT-5) network using a computer-based progrankofp
these goals, the capacities and failure mechanisms of siggar et al., 201)) Additionally, 25 LVDTs making contact with the
doors of various types are obtained by means of full-scale PL#pecimen's exposed surface and one pressure transducer coupled
system tests and analysis of the corresponding displacemauhts ao the air-box were connected to a National Instrumehtdata
modes of detachment or rupture. The maximum wind speedscquisition system (DAQ) that recorded the displacements and
sustained by each door are then evaluated using net presswapplied air pressures.
coe cients estimated from the opening areas generated by the
de ection of the loaded doors, in order to account for the etsc Garage Door Specimens

of varying internal pressurization. In order to evaluate the behavior of di erent garage door types
in response to applied external pressures, a total of six garage
doors were tested using four di erent products. All the doors

EXPERIMENTAL SETUP were for residential use, 7 ft by 12 ft in size, with the common
short raised-panel architectural design and tongue-armbye
Test Set-up connections between panels, and included standard mounting

The pressure test set-up developed to determine the capadity ahardware, including 14-gauge steel hing@&racks made of 17-
de ections of the multiple garage doors tested is an extanefo gauge galvanized steel, 13-gauge galvanized steel jaoketsa
the method developed byopp and Gavanski (201&@ndMiller  and heavy-duty rollers. The details of the four di erent prats
et al. (2017)To determine the maximum positive pressure thatare as follows:

each of the garage doors can sustain and obtain displacement
and pressure measurements, the experimental set-up (shown in
Figure 1) included the following three main components:

Product 1 consists of 1-layer type construction, with a heavy-
duty 24-gauge steel exterior shell secured to a 2 in. thick,
non-insulated frame. No reinforcing beam (U-bar strut) is
A pressurization system consisting of six PLAs, as developed provided by the manufacturer, so the primary out-of-plane
by Kopp et al. (2010andMiller et al. (2017) load resistance is provided by the door's structural framee O
An “air-box” or pressure chamber; door of this type was tested.

A control/data acquisition system (DAQ) with linear Product 2 also has 1-layer type construction, consisting of a
variable dierential transformers (LVDTs) and pressure heavy-duty 24-gauge galvanized steel exterior shell sdcur
transducers (PTs). to a 2 in. thick, non-insulated frame. A 2 in., 22-gauge
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FIGURE 1 | (A) A conceptual image of the pressure chamber setup, and photogaphs of (B) its backside with (C) detailed connections to pressure load actuators
(PLAs) and(D) the displacement transducer (LVDT) support frame.

galvanized steel brace (U-bar strut) is provided and ingdalle
at its uppermost panel to increase reinforcement against out
of-plane loading. Three doors of this type were tested.
Product 3 has a 3-layer (sandwich) type construction. This
door model has a high-density polyurethane core (insulgtion ‘
inside a 2 in. steel frame that secures a berglass extehedll s
with a 25-gauge interior skin. As with the previous model, g 4 I]j “]_—_’u
galvanized steel U-bar strut is provided and installed at its . :
uppermost panel to increase reinforcement against out-of- ‘ D] @
—

[
—

plane loading. One door of this type was tested. 1

Product 4 also consists of 3-layer (sandwich) type constioct N [ g @ ’i
with a high-density polyurethane core (insulation) insid@ a l g ﬂ @ @ @

in. steel frame that secures a 26-gauge galvanized stegla&ixt L
=

shell with a 27-gauge steel internal skin. As with the twg S
previous models, a galvanized steel U-bar strut is provided Rollers

and installed at its uppermost panel to increase reinforcement : %ﬁ:
against out-of-plane loading. One door of this type was tested BN Brackets

FIGURE 2 | Diagram of mounted garage door, highlighting tributary a®es, and
Test Methods load transfer components.

To prepare each specimen for testing, each door was assembled
and installed following the manufacturers' guidelines and
mounted in the air-box opening with its internal surface fegi
away from the air-box, as shown Figure 1A. A single air-box A programmed static ramping load sequence with a maximum
is used in this study, such that the pressure is uniform over thattainable positive pressure of 2 kPa was applied to the external
surface of the doorfFigure 2 highlights the components in the surface of each door by the PLA system until failure occurred
load-transfer path from the pressure to the door to the mougtin The maximum pressure programmed (i.e., 2 kPa) was selected
components. As previously mentioned, the instrumentation fo only to ensure the applied load was high enough to cause failure
each test consisted of six PLA-controlling pressure tranedal  but not excessively high to cause safety concerns. Siyithg
(PT), a PT connected to the DAQ, and 25 LVDTs mounted onrate of loading chosen (0.4 kPa/min) ensured a steady teansf
an attachable wooden-frame to hold them in place and maintaiof the generated pressure to the door within the capabilities
contact with the door at the locations of interest ($égure 1D).  of the PLA system, while simultaneously ensuring close delity
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Product 3: This stier and more resilient model exhibited

0.6 smaller permanent deformations around the midspan region
of its lowermost panel, reaching the middle section of the
057 door, as shown inFigure 6. However, failure also occurred
— due to track pull-out on both sides of the uppermost panels
g 04¢ with permanent bending of the rollers and the brackets. A
= maximum pressure of 1.75 kPa was reached before the sudden
Q . .
5 03} pressure drop in the test due to the failure.
§ Product 4: This sti er model failed with deformations around
a 02 the midspan region of its lowermost panel, reaching up to the
3 middle section of the door, as well as track pull-out on both
0.1} 74 ] sides of the uppermost panels, as showhRigure 7. However,
/ ——Internal Pressure . .
;J de ection data was not recorded. A maximum pressure of 0.90
——Pressure Trace .
0 . , : kPa was reached before the pull-out failure.
0 30 60 90 120
Time [s] Analysis and Discussion
Based on the observations listed above and outlinetaiole 2
FIGURE 3 | Comparison of programmed ramping load trace (red) at 0.4 there is an evident di erence in the structural behavior and

kPa/min with the chamber's internal pressure measurements{ue).

failure mechanisms for the single-layer and triple-layerdarcts.
Products 1 and 2 exhibited signicant bending and plastic
deformation that aected the doors' normal operation. In

. contrast, the respective berglass and steel shells of Ptsduc
between the programmed ramping and the recorded pressures, onq 4 seemed to provide increased resistance to permanent
following an initial stabilization of the control systens ahown bending. However, the increased capacities increasedbénip

in Figure 3 Failure of any given specimen was dened asypqjieq to the rollers, tracks, brackets, and fasteners. This
the p‘f‘r_t'al or complete deta_tchment of door panels, as well %enerated pull-out failures and/or permanent deformation of
any visible plgstlc deformations that would prevent the d®or' g -4 hardware. Consequently, single-layer garage doers &&
normal operation. be more prone to local failures (i.e., permanent panel bending)

_Each test was controlled and monitored on a computerinan the stier three-layer products, which produced pullout
with the pressure and displacement data being simultaneous{jjres and roller disengagement due to their higher stsae

recorded by the DAQ. The tests were manually terminated SOO0B gmparable modes of failure are reported ®iyen et al. (2017)
after failures were observed. Detailed visual inspectibfalare ¢, the sti er and stronger commercial sectional doors, fdrigh
mechanisms of each specimen were subsequently recorded. 5041 hyckling of the U-bars and disengagement of door panels

from tracks were the primary failures observed. As previously
mentioned, there are limited numbers of published studies on

GARAGE DOOR TEST RESULTS residential garage door failure mechanisms and capaciies,

Failure Mechanisms and Capacities vallda.tlo'n oftlhe' regult§ obtained is limited as well. .
. . . . . A similar distinction in performance can be made with regards
Using the test data discussed in the previous section, thte

following failure modes and maximum air pressures were’ the (positive pressure) capacity for each door type. The

) maximum applied net pressure recorded for single-layer models,
observed for each of the garage doors tested: which averaged 0.50 kPa, is evidently lower than those for

Product 1: This door model failed with plastic deformation atthe sti er three-layer doors, which reached values roughiyp t
the midspan of its uppermost panel with a gradual reduction inor three times higher. The observed low strength of the singl
the magnitude of the deformation reaching the bottom paneljayer type models was due to their weak structure, which caused
as shown irFigure 4. There was no disengagement of the doorthem to exhibit plastic deformation before any overload of th
panels from the tracks or track pull-out failures since itwiaes t  tracks or fasteners. The sturdier design of the triple-layedels,
door itself that failed rst. A maximum pressure of 0.42 kPaon the other hand, prevented any premature bending of the
was reached before failure. panels, thus allowing higher pressures to build up until theksa
Product 2: This door model failed because of plasti@and fasteners were overloaded to failure. In general, haweve
deformation at midspan of its lowermost panel, with largethe maximum pressure values obtained compare well with the
displacements up to the middle segment of the door, as showrange of wind pressures on components and cladding for walls
in Figure 5. No disengagement of the door panels from the(roughly 0.5-3.3 kPa) provided by the International Resiggnt
tracks or track pull-out failures were observed in any of theCode (IRC) [Table R301.2(2) of the IRCh{ernational Code
three doors tested, although some permanent deformation dfouncil, 201}, which are based on basic wind speeds of 85—
the rollers was recorded. An average maximum pressure df70 mph (137-274 km/h) for a roof height of 33 ft in exposure
0.56 kPa was reached before a sudden pressure drop dueBaonditions (which depend on the geographic zone and e ective
the door's failure. wind area).
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FIGURE 4 | Measured displacements of Product 1 (single layer, 25-gaugsteel door) just prior to failure.
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FIGURE 5 | A (A) photograph and the (B) measured displacements of Product 2 (single layer, 25-gaugsteel door with U-bar reinforcement) just prior to failure

Using the applied pressure and induced de ection dataDue to the exibility of the garage door, it is the net pressure
obtained for both garage door types, open area curvehat is obtained at failure, not the external pressure. Havev
were developed (seeigure 8) by numerically integrating the it is the external pressure that is more directly correlatathw
de ection curves recorded at the side and top edges of each do the wind speed. Thus, the internal pressure for a given externa
Figure 9 presents a conceptual description of a door's de ectiorpressure (and building geometry) is needed. Of course, the
curve atits top edge, depicting the opening area as the iniegra passage of a tornado is unsteady, and the ow is turbulent, so
of the curve. Note that the openings at the bottom surface werboth the external and internal pressures are uctuating. The
neglected because these were covered by the oor makingcbnt approach here is to examine the ratios of net pressure to externa
with the weather-stripping seal. Despite the di erent type andpressure during the moments of peak loading (i.e., peak gusts),
sti ness of the two door models, the relationship between operincorporating the e ects of garage door exibility, and thesing
area and applied net pressure follows a similar treffiddre 8C).  these ratios as part of the estimation of the failure wind speed
Thus, alarger maximum open area (0.38)was obtained forthe which are examined in section Failure Wind Speeds.
sti er models, which also exhibited the highest pressure ciypac Internal pressure modeling allows the internal pressures to
Conversely, the weaker models resulted in smaller open arebs calculated using the external pressures at the opening and
and failure because of the low pressure capacity. The sityilarithe relevant geometry. Here, the analytical models use@iby
of the curves occurs despite the signi cant plastic defororatf et al. (2007)are applied. It should be noted that this method
the bottom panels, which did not contribute to the opening areavas developed for straight-line winds as opposed to tornadic

because of the weather stripping as described above. winds. However, under the assumption that the tornado iséarg
relative to the garage, this method should be su ciently aete
INTERNAL PRESSURE MODELING within the other variabilities and uncertainties of the pietn,
particularly since the only purpose is to relate the wall presgure
Analytical Model the wind speed.

As previously mentioned, pressure testing alone is not enough The governing equations for this model are the single
to accurately estimate the failure wind speeds of garagesdooglischarge equation (SDE) and the multiple discharge equation
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FIGURE 6 | The (A) measured displacements of Product 3 (triple layer,
berglass, and 25-gauge steel door with U-bar reinforcement just prior to
failure, and(B) photographs of mounting hardware pull-out and bending.

4000

FIGURE 7 | Photographs of hardware pull-out for Product 4 (triple laye 26-
and 25-gauge steel door with U-bar reinforcement) just prioto failure.

areaA. The resulting equation is:

|eV0
APy

. 2 . . .
BC 5 omasf B CHDRL @

Wherep{ is the jth step of the internal pressurréis the external

pressuref is the time derivative of the internal pressurg,
is the second time derivative of the internal pressukes the
instantaneous open area, ahds the e ective length of the “air
slug” related to the opening area sizelp 1o C 0.89 (A). The
other parameters in the equation are constants, with values tha
can be found inTable 3

When dealing with multiple openings, the MDE method is
used. In this case, there are a series of equations:

'eﬂéiC%CLl ® 8 pp,y p

'a’éC%CLz % 8 Dpl, P

lenhC3Cum H #y Dby 1 @)

wherem is the number of openingén is the jth step of the time

derivative of the position of the air slug at opening and &,

is the second time derivative of the position of the air slug at
openingm. After substituting the derivatives in fog, this system
becomesn equations withmC1 unknowns (X, X2... %n, and p).

To eliminate the internal pressure as an unknown, the conitinu
equation is incorporated:

. Po xn .
P D Ve A 3)

Wherex’k is the jth step of the position of the air slugi¢imes,
1980 and A is the area of opening1. Py and Vg are constant
parameters, found iffable 3

Here, we use the SDE method to determine the e ects of the
variable open area on internal pressures. Then, we apply those
results with the MDE method for realistic scenarios but with a
e ective open area for the garage door that captures the proper
internal pressure e ects during peaks gusts. This simpli es the
solution of these non-linear di erential equations signi cty,
while yielding an answer of acceptable accuracy.

The solution of the SDE and MDE require iterative processes.
For the MDE, the method oDh et al. (2007)s used. For the
SDE with the variable open area of the garage door(thest al.
(2007)method must be modi ed. Following each iteration, where
the internal pressure is solved using the external pressure and
previous internal pressure values, the net pressure is ctddula

(MDE), both of which are based on the unsteady Bernoulland used to determine an updated open area using a t to the

equation together with loss coe cients to account for fiich

net pressure—open area curve showirigure 8C The updated

and other losses. For the SDE, after performing numericabpen area is then used in the calculation to determine the next

di erentiation, rearranging the equation, and substitugim the

value of the internal pressure. It should be noted that the open

known parameters, the unknown variables become the internarea for the garage door when it is closed under a no-load
pressurep;, and, for the case of exible garage doors, the operrondition is not zero because of leakage between the door and
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TABLE 2 | Comparison of test results for garage doors.

Garage door model  Build (1-layer, 3-layer)  Failure mechanism Maximum net applied
pressure [kPa]

Maximum opening
area [m 2]

Product 1 1-layer Plastic deformation of door panels 0.42
Product 2 1-layer Plastic deformation of door panels 0.56 (eerage)
Product 3 3-layer Plastic deformation of hardware, and trak pull-out 1.75
Product 4 3-layer Plastic deformation of door panels, plast 0.90

deformation of hardware, and track pull-out

NbRecorded
0.13 (average)
0.38
Not Recorded
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FIGURE 8 | Total open area as a function of applied net pressure fofA) all three Product 2 doors tested,(B) Product 3, and (C) all models for which displacement

Door Deflection Curve
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Interior of Pressure Chamber

FIGURE 9 | Conceptual image of a garage door de ection curve at its top edie. The opening area is equivalent to area under the curve.
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TABLE 3 | Values of constant variables related to SDE and MDE equatisn (blue) was calculated using the MDE, and the net pressure
) i , (red) was calculated via the di erence between the externdl a
Variable Numerical value Variable name . . .
internal pressure. The data inthe gure are presented in salide
; 1.23 kg/m3 Density of air dimensions because the open area in later calculations depend
b 0.0508m Garage door thickness on the dimensional full-scale load. The conversion to felie
Vo 70m3 Internal volume of garage ~ d€P€Nds on the mean roof height wind speed, which is taken
g 14 Ratio of speci c heat of air 85 36 m/s, similar to the value used B et al. (2007) Of
Po 105 Pa Static pressure of air particular importance in the external pressure time historg ar
) the peak pressures, with intermittent, large values. Theekir
CL 25 Loss coef cient

peaks typically last for durations of less than a second, sach a
the one centered at about 560 s.

The small leakage opening coupled with the allowance for
the frame. A leakage value of 0.1% of the garage door areads useakage on all walls results in a mean internal pressure just
(ASHRAE, 200p above zero with minimal variation. The relatively steadiginal

Finally, realistic external pressure time series for thation ~ pressure variation, with close to zero mean pressures, is well-
of the door are required as input for the SDE and MDE methodsknown for leakage cases (e@h et al., 200) There is a slight
Data from the NIST aerodynamic database-af et al. (2005)s  increase in internal pressure when there is a relatively high
used for this purpose. This database was gathered from straiglexternal pressure and a slight decrease for the lower externa
line wind tunnel tests on low-rise building models with vau® pressures. Overall, this results in the net pressure trackieg t
dimensions and sizes of openings. In particular, pressure tagsxternal pressure closely, with small dierences seen mostly
were examined from the middle of a windward wall on a buildingwhen the external pressure reaches peaks. However, the peak
with full-scale dimensions of 38.1 24.4 m with a roof slope of net pressures have little reduction with respect to the extern
1:12 and an eaves height of 12.2 m. While this is somewhatrlargoressures. For example, the peak at 560s, with an external
than the dimensions of a typical house, windward wall pressuregressure of 1.29 kPa, yields a net pressure of 1.24 kPa, such tha
near the center of the wall (i.e., near the stagnation poirg)reot  the ratio of peak net pressure to peak external pressure is @.96. |
likely to be too sensitive to the precise wall dimensionspkee ~ fact, because the internal pressure is almost constant in tinee
in mind that the objective is to obtain the ratio of the peak netnet pressure at the moment of the peak is approximately equal to
pressure to peak external pressure for typical residentiaiggarathe peak external less the mean internal pressure.
door sizes and volumes. The numerical model was validated by Figure 10B shows the same segment of time history as

replicating theOh et al. (2007%tudy for xed opening sizes. Figure 10A but for the relatively large (1%) opening case. Once
again, the full-scale external, internal and net pressures ar

Internal Pressure Model Results plotted as a function of time and, because the same external

Fixed and Flexible Opening Cases pressure time series is used, the e ects of the open area become

In order to better understand the e ects of garage door ekilgi  visible. As expected, the relatively large open area results in
and variable open areas, two cases of xed openings are exdmineearly instantaneous changes to the internal pressure when th
initially with the MDE. The rstcase has asmall xed garagedo external pressure changes. The internal pressure closeyoll
opening of 0.1% of the front wall area (0.010&)mepresenting a the values and changes in the external pressure, with slightl
leakage case with the garage door closed, and the secorfitbsasesmaller uctuations and peaks for this case. However, there i
an open area of 1.0% (0.10&)nwhich represents the relatively small delay, on the order of 250 ms (full-scale). This delayss
large opening caused by door bending just prior to failure.sThi present in the measurements shown@h et al. (2007and is
range of cases will give a baseline of how the pressures depesalised by the relatively slow (compared to the speed of sound)
on open area. In both cases, there is a leakage area of 0.1%ptrysical movement of uid into or out of the internal volume i
each of three non-windward walls, with static external puess causes the changes to the internal pressure. In this casadae
time histories at these points. Many assumptions could be madwet pressure is just above zero because of the small di erences
here as garage structures vary signicantly in terms of théetween the external and internal pressures. However, wiere t
amount of leakage they allow based on how they are integratede rapid changes of the external peak pressures, which rasult i
into a house, and based on the overall house and garadgrge peaks, the lag in the internal pressure for this open area
shape. The assumption here is fairly simple, but representssize do not allow the internal pressure to attain values agelar
common case where each wall allows leakage through othes do@s the external before the external pressure drops back down.
or windows. This can be shown quantitatively, for example, for the externa
Figure 10A depicts the external, internal, and net pressuresand net pressure peaks at 560 s, where the net pressure is 0.54
as a function of (full-scale) time, which is shown in secqridsa  kPa, resulting in a ratio of net to external peak pressures4#.0.
segment of the time series for the nominal leakage caseeTheBhe important consequence of this is that there is much smalle
segments of the time history allow for an examination of theapplied load on the garage door compared to the case with only
e ects of leakage on the pressures, especially near the pea@svalleakage openings. In fact, if garage door was more exible, bu
The external pressure (green) time history was taken from thstrong enough to allow even larger open areas, the net load on
NIST database, as explained above, while the internal peessuhe door would be even smaller.
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FIGURE 10 | Time-history of external, predicted internal, and net presure over a small section of the time series of a garage door nuel with a xed opening area of
(A) 0.1% and (B) 1.0%.

Using the quasi-steady response assumption, the processtofrepresent this relationship for all experimentally testexible
determining the failure wind speed could be as simple as usingarage door models. As mentioned, the SDE was used to produce
a xed opening case with an opening size around the failurehe results forFigure 11, however, the net pressure from the
opening size. However, it is not clear that this should be théVIDE large opening case fromRigure 10Bis included as well,
case because of the time lags between the external andahterfor comparison.
pressures, which may be enhanced by the variable nature of the At rst glance, the internal pressure time history Figure 11
open area as the garage door bends in response to the net loagpears di erent from both the leakage and large opening cases.
Hence, the accuracy of this assumption is scrutinized by mgn The internal pressure is clearly a ected by the external, with
a exible garage door opening case. To simplify the calcutatio much larger uctuations than seen in the leakage case; hewev
the uctuating opening case is used with the SDE to examiné does not completely follow the external pressure as seen in the
these e ects. large opening case. This is, of course, due to the fact thatgha

Figure 11 introduces the exible garage door model, which area, shown irFigure 118 is alternating between being closed
leads to a uctuating open area. This creates a more dynamig.e., the leakage case) and pushed open by large externaligress
relationship between the pressure and the area. Once ag@in, tpeaks (i.e., the large opening case).
same segment of time series is shown, and, since the changesSomewhat surprisingly, the mean internal pressure is
in the opening size are now important, they are plotted innoticeably higher than the mean external pressure. For example
Figure 11Balong the same x-axis. The relationship between théhe internal pressure is continuously higher than the extérna
open area size and the net pressure is governeHigyre 8C  pressure from 505 to 523 s in the time history, and then again
All garage door models that had open area vs. net pressufeom 569 to 583 s. This is due to the rate of increase in theivate
tracked, had similar curves, and therefore, one curve wad uspressure during external pressure spikes being higher thaatés
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FIGURE 11 | Time-histories of(A) external, predicted internal, and net pressure for the SDEsing a exible garage door, and the net pressure for the MDE foa xed
garage door opening of 1% of door area, andB) the open area as a function of time for the exible garage door.

of decrease during external pressure lows. Whenever a lpitge s xed opening cases. For the exible opening cases, the maximum
in the external pressure occurs, it results in the door opeéng., and mean opening sizes are provided. One can see that, although
525 second mark). This causes a rush of air to quickly inereashe mean opening size for the exible opening case is close to
the internal pressure. Then, as the external peak reducesgthe the leakage opening size, the maximum opening size shows that
pressure also reduces and closes the openings around theegardge peak values in the opening size exceed even the large opening
door. In contrast, when the external pressure drops with agdos case at times. The maximum external, internal, and net pressu
door, the internal pressure decreases, but is forced to da ao acoe cients were found through d.ieblein (1974BLUE analysis
slower rate due to only allowing leakage outwards in the SDHsing the largest values from dividing the data into 10 segme
setup. This is di erent than the xed opening cases where theThe peaks inTable 4 are median values from the t. The ratio
internal pressure can escape more easily through the leakagedf peak net to peak external pressure is a key parameter to
the other walls. later determine the failure wind speeds of the garage doars, a
The mostimportant takeaway frofigure 11, is related tothe explained earlier.
net pressures. When comparing the red SDE and purple MDE As would be expected, the peak internal pressure is higher for
net pressures, it is clear that the mean net pressure for the SDEe large and exible opening cases, and close to zero for the
exible opening case is signi cantly lower than in the largeed  leakage opening case. This is directly correlated to howkguic
opening MDE case. However, during the moments of the largeshe internal pressure can match the peaks of the external pressu
wind gusts, such as the external pressure peak at 560 s, the métich is related to the size of the opening during the external
pressures are similar. This location, for example, yields ta n@ressure peaks. Therefore, for the large and exible opening
pressure of 0.57 kPa and a ratio of peak net to external pressurases, the peak internal pressures are closest to the peakatxtern
of 0.44 for the SDE exible case, which is close to the MDE xedpressure. Once again, due to the identical external pressure
opening net pressure and ratio of 0.54 and 0.42 kPa, respectivebetween the cases, the trends from the maximum net pressures
This shows that the MDE large opening case can yield a goddirectly correlate with the internal pressures. This caubes
estimation of the exible opening case for the failure windstgy  leakage case to have the highest maximum net pressure d@e to it
and that the SDE exible opening case works adequately withodower peak internal pressure and the large opening case to have
the additional leakage openings. a lower maximum net pressure due to its higher peak internal
Table 4summarizes the most important statistical parametergressure. The maximum net pressure for the exible opening case
of the three opening cases discussed so far, as well as tisimilar to that of the large opening case.
additional exible opening cases, which will be discussechent ~ As mentioned, the ratio of maximum net pressure to
following section. The open area in the table provides the siz@maximum external pressure is an important parameter. From
of the opening as a percentage of the garage door area for tiable 4 the leakage case has the highest ratio of 0.96, the large
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TABLE 4 | Open area and pressure means and maxima of xed and exible operarea cases.

Door model Leakage opening Large opening Flexible opening Mo re- exible opening Less- exible opening

Open area (%) 0.10 1.00 Max: 1.53 Max: 2.38 Max: 0.93
Mean: 0.12 Mean: 0.14 Mean: 0.11

Cpe 0.58 0.58 0.58 0.58 0.58

@pe 1.63 1.63 1.63 1.63 1.63

Epi 0.03 0.49 0.75 0.80 0.70

@pi 0.08 1.22 1.18 1.30 1.07

CPret 0.55 0.10 0.17 0.21 0.12

Bpnet 1.56 0.56 0.66 0.56 0.75

Bpnet/Bpe 0.96 0.35 0.41 0.34 0.46

to both a higher peak and mean internal pressures compared to
the exible opening case.

Interestingly, because the mean internal pressure is higher
the more- exible-opening case, the net pressure is positive les
of the time. Therefore, although the garage door opens wider
during large external peaks, the door is actually closed fargek
portion of the time series compared to aless exible openingcas
As always, the trends in the internal pressure create the ogposit
trends in the net pressure. For the more- exible-opening case
this means that the larger mean and peak internal pressure lead
to smaller mean and peak net pressures. These smaller peak net
pressures then directly result in a lower peak net to peak eatern
pressure ratio, taking some of the load o of the door.

FIGURE 12 | Simpli ed version of total opening area as a function of appeid For the less- exible-opening case, as would be expected, the
net pressure for the three exible opening models. opposite trends to the more- exible-opening case are observed
relative to the original opening case. Since the open areavis no
half as sensitive to the net pressure, the uctuations in ttierinal
pressure are less than the other exible opening cases, irgsirit

. . a lower peak and mean internal pressure. This is due to the more
opening (1% of door area) case has a lower ratio of 0.35, the P P

exible opening case has a ratio of 0.41, similar to the larg [1gid garage door not opening as wide and hindering the inseea

. . . . 8f the internal pressure during external pressure spikes. & |
opening case. This shows that a larger opening size leads to a. . : i

L exible-opening case also results in larger (more positiveame
greater reduction in the peak net pressures.

and peak net pressures. This leads to higher peak net to peak

external pressure ratios, meaning more of the applied external

Other Flexible Opening Cases pressure is being felt by the door as net pressure.

To check the sensitivity of the results, two additional lebei Overall, the most important takeaway from the additional

opening models were created with the SDE method. The rst€Xible opening cases is that the increased exibility leads

model has twice the exibility while the second model hasfhalhigher internal pressures, which, in turn, leads to lower peek

the exibility. These models were created by simply doublingf© Peak external pressure ratios. In other words, for a xecagar

and halving the slope of the open area—net pressure curve us@@0r capacity or strength, a more exible door would be more

for the exible opening case, as shownFigure 12 The exible resilient. Of course, these higher internal pressures atikome

opening area vs. net pressure curve was taken as a linear ppint, begin to have negative e ects on other components of the

to the combined garage door data from experimental testin§tructure, such as the roof.

in Figure 8C The zero oset in all three models represents

the leakage opening of 0.1% of the garage door area, @ther Wind Directions

mentioned earlier. Because tornadoes can have signi cant swings in wind doect
The statistical results of the additional exible openingea during their passage past any building, wind directions other

can be found inTable 4 In the more- exible-opening case, since than normal to the opening were also studied, with a focus

the open area is now twice as sensitive to the net pressure, tba the range where the net loads would be inwards. In this

uctuations in the internal pressure are increased. In otherrds,  analysis, the wind direction normal to the wall is de ned a®27

the external pressure peaks result in larger openings of tteggar while the wind direction parallel to the wall is de ned as 360

door, leading to larger peaks in the internal pressure. Thaside Figures 13A,Bplot the mean and maximum internal pressure
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coe cients, respectively, as a function of wind angle from027 doors. Speci cally, the net pressures at failure are needsd fr
to 360 in 15 degree increments for each of the six opening typethe capacity tests, along with the ratio of maximum net to
studied in the internal pressure model. The external presgire maximum external pressure from the internal pressure modglin

also plotted, which is identical for all opening types. The failure wind speed is calculated using:
In Figures 13A,B it appears that the relationship with wind r
direction is similar for all mean and maximum internal presssi Pnetfail
VasfailD 4)

across the ve openings conditions with the exception of the
leakage opening case, which has internal pressures cortlsisten
close to zero. For the other four opening cases, the pressur@diereVss, is the failure wind speed of the garage dqmgifail
are about the same from 270 to 285but then decrease is the net failure pressuré&sGpee is the peak external pressure
monotonically to 360. For most of this range, between 300 andcoe cient, F is the ratio of the maximum net pressure to the
345, this decrease is well approximated as linear. It is wellmaximum external pressure from the internal pressure modglin
known through the literature that external positive pressuiie  and is the density of air taken as 1.23 kg’inThe range of peak
the center of a windward face of a wall are highest when thelsvin external pressure coe cients is 1.1 to 1.6 for wind directsoof
are perpendicular; therefore, it is not surprising that the mor 270-315, since failure is less likely for other wind directions.
oblique and parallel winds lead to lower internal pressures du
to the lower external pressures. Results

Due to the similarity of the trends with wind direction, Although six garage doors were tested, only four of them had
many of the observations made from the normal wind directiontheir net pressure vs. opening area data tracked: the threduieto
statistics inTable 4 apply to the other wind directions. For the 2 models, and the single Product 3 model. Although only these
majority of wind angles irFigure 13A mean internal pressure two di erent models could be analyzed with internal pressure
increases with increased opening size and exibility in digi modeling, they were rather di erent from each other in strehgt
and exible opening cases, respectively. For these same wiftdlom experimental testing, Product 2 had a failure pressure
angles, exible openings produce larger mean internal pressurof 0.56 kPa whereas the, stronger, Product 3 had a failure
than rigid openings, with the mean external pressures fallingressure of 1.75 kPa. This disparity in strength ensured thait a f
between the rigid and exible internal pressures. It shoukl b range of wind resistance capabilities was being analyzede Si
noted, however, that the di erent models (MDE and SDE) usedroduct 2 and Product 3 models exhibited similar opening area
in the rigid and exible openings may have played a role in theses. net pressure relationships, and therefore, similar factd
latter trends. maximum net pressure to maximum external pressure despite

For the maximum internal pressures iRigure 13B both their large di erence in strength, it could reasonably be assd
the exibility of the door and size of the opening play a role, that other garage door models have a similar factor. Theegfo
once again. The size of the opening seems to be slightly moby applying the same method, an estimation can be made for
important in the range of opening size and exibility studied, the failure wind speed of the other two models involved in the
as the large opening case has maximum pressures similar to tegperimental testing discussed earlier as well: Product 1 and
exible case, while the leakage case has much lower pressuRr®duct 4, despite not having opening area vs. net pressure data
than all the exible cases. There also exists a relationshifor these tests.
between exibility of the door and maximum internal pressare To calculate the expected failure wind speeds of the fourdeste
with the increased exibility resulting in higher pressuneben  garage doors, values needed to be selected for the netefailur
comparing the three exible opening cases across all wingressure, the ratio of peak net to peak external pressure, and the
directions. Unsurprisingly, the maximum external pressunes a peak external pressure coe cient. The net failure pressures ar
consistently larger than all internal pressures. taken from Table 2 the F value is taken as 0.4 from the large

Figure 13C shows the ratio of maximum net to maximum and exible opening cases (rounded to one signi cant guray
external pressure for the same range of wind directions. Ondese are the opening cases most similar to typical garages door
again, the trends of ratio with wind direction are similarass all  failure, and the Ggeis taken as 1.3 frorfbavanski and Uematsu
the opening cases. The leakage opening ratio remains justzbel§2014) The resulting expected failure wind speeds are rounded to
1.00. For the exible opening cases, the ratios are mostlgteont  the nearest 5 km/h. The expected wind speeds range from 130 to
between 270 and 31pwith rapid increases in the ratio as the 265 km/h, and can be found along with the parameter§able 5
wind becomes parallel to the garage door. Although there are As mentioned in the introduction, a garage door failure
high ratios for wind directions parallel to the door, the Igadre on a standard wood-frame house falls under the DI, FR12

.GGd FO.5

small for these wind directions. (one- or two-story family residences) and DOD4 (inward
collapse of garage door). FR12-DOD4 has a lower bound

FAILURE WIND SPEEDS wind speed of 130km/h an upper bound of 185km/h, and
an expected wind speed of 155km/h. The Product 2 model

Method has an expected failure wind speed similar to the expected

This third main section of this paper involves combining thewind speed of DOD4. This is likely a more common garage
results from the experimental testing and the internal pressu door, seeing as it is not as strong as and less expensive than
modeling to estimate the failure wind speeds of the garagie Product 3 model. This is likely the type of garage door
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FIGURE 13 | (A) Mean external and internal pressure coef cients(B) maximum external and internal pressure coef cients, andC) ratio of maximum net pressure
coef cient to maximum external pressure coef cient as a funcion of wind direction.
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TABLE 5 | Expected, lower-bound, and upper-bound failure wind speed of the parameters makes. Product 1, Product 2, and Product 4
garage doors. models now have lower bound failure wind speeds that dip
below the lower bound of FR12-DOD 4, and Product 3 and
Product 4 models have upper bounds exceeding the upper bound

Doortype P netfail (kPa) F  GCpe  Vastaj (km/h)

Expected Product 1 0.42 0.4 1.3 130 of FR12-DOD4.
Product 2 0.56 04 13 150 An important conclusion to make from these results is
Product 3 1.75 04 13 265 how they should be integrated into the EF-Scale. Some of
Product 4 0.90 04 13 190 the calculated extreme lower and upper bound wind speeds

Lower bound  Product 1 0.38 10 16 70 are not applicable to the EF-Scale. For example, the lower
Product 2 0.50 10 16 80 bound failure wind speeds for Product 1 and Product 2
Product 3 158 10 16 145 are below the 85km/h lower bound for threshold of visible
Product 4 0.81 10 16 105 damage (DOD1) for FR12, making them unrealistic. A failure

Upper bound  Product 1 0.46 04 11 150 at this low a wind speed would have a very low probability

of occurrence. Similarly, the expected and upper bound wind

Product 2 0.62 0.4 11 170 )
Product 3 1.92 04 11 305 spee(_;i for Product 3 is above the 245km/h upper bound fpr
Product 4 0.99 04 11 220 exterior walls collapsing (DOD7) for FR12, meaning, at this

point, the garage door would have failed as a result of the
rest of the structure collapsing, especially due to the inegas
that the wind speed range for FR12-DOD4 was based upoimternal pressures from a more exible opening, mentioned
The Product 3 model failed at a wind speed much above thearlier. Based on the failure wind speed results, along witbethe
upper bound DOD4 of 185km/h, with an estimated speed ofoints, the EF-Scale wind speeds for weaker, 1-layer construct
265 km/h. This highlights the immense variation in strengthgarage doors, such as Product 1 and Product 2, should be 85—
of various garage door types. An EF-1 tornado commonly70 km/h, while the wind speeds for stronger, 3-layer consédic
produces high enough wind speeds to cause failure in thgarage doors, such as Product 3 and Product 4, should
Product 2 model, but the results suggest it would take abe 105-245km/h.
least a weak EF-3 tornado to cause failure in the Product 3
model. Other components would likely fail at these wind SpeedE:ONCLUSIONS AND
for FR12.

The Product 1 and Product 4 models have estimated failurBECOMMENDATIONS
wind speeds around the lower bound of 130km/h and upper . .

In summary, six garage doors of four di erent models weregest

bound of 185km/h, respectively, of FR12-DODA4. If it can be _.
assumed that these added models have the asue as the using a PLA system. Door models Product 2 and Product 3 had

. heir total open area recorded as a function of net pressurendur
previous two models, then these results seem to suggest the P P J

validity of these EF-Scale wind speeds. Three of the four modeestlng, which was later used as input into an intemal pressur

o model to determine how much of the external pressure applied by
fall reasonably within the range of FR12-DOD4, and the stesitg tde PLAs was resulting in net pressure on the doors. Combining

) ._th
Emi?:githr? ?eﬁzt;’ll:?gd:esg;?ger’ which was already hypothesmf\he experimental and internal pressure results, 3-s failuredwi
y 9 P ) speeds were obtained for each of the garage door models tested

_In reality, there is not one wind speed _th_at de nes thewhich were then compared to the EF-Scale. The conclusions are
failure of each garage door model. Rather, it is a wide rangge

of wind speeds, as failures will have variation in door sttbng as follows:

door exibility, wind direction, etc. To account for this rge From experimental testing, the doors exhibited a range of
of values, lower bound and upper bound failure wind speeds net pressure capacities and dierent failure mechanisms.
were added tdrable 5 similar to the way bounds are included The two weaker models showed failure pressures of 0.42
in the DODs of the EF-Scale. The lower bound wind speed and 0.56 kPa, respectively, and experienced signicant
is based on a door with a 10% reduction in strength (failure plastic deformation during failure. The two stronger
net pressure) and a higher Gg value of 1.6. The upper  models, however, had failure pressures of 1.75 and 0.90
bound wind speed is based on a door with a 10% increase in kPa, respectively, and experienced pull-out failures and/or

strength and a lower Gge value of 1.1. This range of Gg permanent deformations of the rollers, tracks, brackets,
values represent the maximum and minimum values over the and fasteners.
wind direction range of 270-315rom Figure 13B The lower The internal pressure modeling computationally examined a

bound also uses a ratio of peak net to peak external pressureseries of rigid and exible garage door models that had a
of 1.0, to represent a very leaky, isolated garage where therange of peak net to peak external pressure values of 0.35—
internal pressure never builds up inside, like in the leakage 0.96. The most important values were from the large and
opening case. exible opening cases, representing door models Product 2
Across all door models and strength/ exibility bounds, the and Product 3, which had ratios of 0.36 and 0.41, respectively
failure wind speeds for the garage doors have a wide range from From the above results, expected failure wind speeds of
70 to 305 km/h, showing the signi cant di erence that adjusgi 130, 150, 265, and 190 km/h were found for Products 1-4,
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respectively. Given the varying nature of each door type with winds to model tornadic winds is a method that has been used
respect to strength and exibility, upper and lower bounds in past studies, but more work needs to be done to determine
were found for each model by varying a few key parameters how internal pressures behave during tornadoes.

of the failure wind speed equation. This resulted in a larger

overall range of failure wind speeds of 70-305 km/h. ClearhAUTHOR CONTRIBUTIONS

other failures would happen rst for the higher end of this

wind speed range. GR was responsible for the failure testing of garage doorgjalo
When comparing these failure wind speeds with FR12with sections Experimental Setup and Garage Door Test Results
DOD4 in the EF-Scale, reasonably similar winds aref this paper. AJ was responsible for the computational analysis
found for the three lower capacity products. Strongeralong with sections Internal Pressure Modeling and FailuiadV
doors likely would not be the rst signicant failure in Speeds of this paper. GK guided and oversaw the entire work.
the sequence.

There are a few items that could be addressed as future work ngNDING
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There exist many types of garage doors with various strengtReduction (ICLR) and the Natural Science and Engineering
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would be valuable, as well as examining the possible e eciResearch and Development (CRD) program.

of spatial pressure gradients on the garage door response
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