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Abstract

Fatality rates are higher in mobile and manufactured hkieisd) than in permanent sie
built homes during tornado€eghe physical processes driving the enhanced fatality mates not
been fully explored, but must be understood to drive effective mitigation mea®wessa two
year periodrom 2019 to 2020detailedforensic assessmentgere conductedf tornado damge
to mobile and manufactured homes in Alabafiaese postornado studiesvere analyzedto
evaluate the relative performance of common MMH anchorage syskEpsrimental tensile
testing was conducted on-®wn straps collected from field samples. Aya numerical model
was developed using the commercial software SAP20 perform a parametric assessnoéiiie
demand orrommon anchorage systems in MMBlerall, thestudy finds that a primamgriver of
the high fatality rates ithe typical failuresequencef these homesVIMH usually experience
anchorage failureprior to any other structural failurggsuling in an increased risk of rolling or
lofting. The brittle anchorage failures lead to complete destruction of the superstrattore
wind Peedsjncreadng the likelihood of fatalities occurring-his study finds thateveral factors
contribute towards thigson-idealfailure sequencgincludingdefectivetie-down strapspremature
ground anchor pulloutinadequatecode requirementsand theincreasingly common use of
alternative, parstyle anchorage systemidentification of these factorguides future mitigation

and education efforts, and giviesgetedirections for future research.
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1. Introduction

Mobile and manufacturesdbmesgMM H) are prefabricated woefilame structures that can
be transported on the steel fraopmon which they are constructédanufacturechomes are very
practical and affordable, leadingtteeir sustainable and even growipgpularity.According to a
ManufacturedHousing Institute (MHI) report, manufactured homes made up 36.7% of all new
homes sold in 1982.heyremained very popular in the 1980s and 1990s, comprising at least 23%
of all new homes bought every single year during that time [4pa®ne reason for their success
was that in 1985, the cost of a manufactured home ($20.19 yere$got (sqft)) was less than
half of the cost of a sitbuilt home ($45.18 per sqffp]. A report from 2001 estimated that

manufactured homes made up over 25% of all dwellings in the United [Sfates

However, since 2005, manufactured homeslwely comprised between 106% of new
homes purchased. This is not due to a change in cost, as the average cost of a manufactured home
in 2017 ($50.42 per sqft) was still less than half the cost of-bsiltthome ($111.05 per sqfg].

One reason behind the slight decrease in popularity méyebeommonlyperceivednotion that
manufactured homes are not safe in disaskéasy well documented hurricanes and tornadoes
have led to the destruction MMH, and questions about their resiliency have repeatedly arisen
after these event&rom 1985 to 2017, 54% of all housingjated tornado fatalities occurred in
MMH, despite comprising only 6% of the total U.S. housing sftkAdditionally, a study by
Ashley (2007) separated the fatality statistics inje@&r intervals from 1988005, and the results
showed that the percentage of fatalities occurringhifH grew from 37.2% (198®0) to 56.7%
(200105)[6]. These studies support the idea that occupants shelteMighihduringan extreme

wind eventare ata higher risk of fatality.

12



The objective of this study is to determine the cause of that enhanced fatality risk
paticularly focusing onMMH exposed to tornado hazards order todo sqQ the design
requirements that govern manufactured homes finsisbe understood. 180, an understanding of
the load path for resisting lateral wind loadessentiglas one component failure in this path
could lead to the destruction of the entire struct@ee critical part of the load path is the
anchorage systenas it is highlighted as a common failypatternin the results of pogbrnado
damage assessments performed by T.P. Marshall[@lidP]. Therefore, thedifferent types and
requirements for them will be discussed in dedicond past hurricane studi@gll be reviewed
to providea broad view operformance statistiaand commoriailure mechanisms. These failure
mechanism statistics can help highlight deficiencies in the loadgmtkell as patterns of failure
Also, many experimental tests have been perfornmedround anchors, which are a common
component in the anchorage system load path. Thirdt@eostdo damage assessments conducted
by the author and othersveal patterns iIMMH failure mechanisig) similar to posturricane
damage assessments, and the fkaings from those studies will be presented and discussed.
Fourth anchorage tielown strap samples collected from those assessments were tested, and the
results will be presented and compared to the ground anchor tests performed in the past. Finally,
the results from a numerical modeling of a manufactured home will be presented to check the
adequacy of the requiremegverning their desigrieach of these steps works to presdrtlestic
assessmerdf the issue of manufactured home vulnerability, emdnswer the question of why

these homes have an enhanced fatality risk.
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2. Structural Design Background

Al t hough the ter ms Aimobil ed and Amanuf ac:
referencing these homes, they have technical differences. Mobile homgsetabricated,
transportable houses that were built and installed prior to 1976, while manufactured homes are
those constructed and installed dHdoiwigl lankde ad d
when referring to both mobile and manufacturedthe s, whi |l e t he term fiman.
only refer to those constructed during or after 1976. The change in nomenclature coincides with
the National Manufactured Housing Construction and Safety Standards Act of 1974, which was
passed by the U.S. Depaent of Housing and Urban Development (HUD)estructuraldesign
of manufactured homes is governedHiyD, and he standardand requirement®r designing
and implementingnanufactured homes can be found inNrenufacturedHomeConstruction and
Safety Standards (MHCSS)The HUD act passed in 19#quired all manufactured homes
installed after June 15, 1976, to meet the MHCSS requireméhis.was the first step in
improving the structural design of manufactured housinghoseoriginal requiremers, wind
loading was determined from locatiamplit into two wind zones. Thidurricane Wind Zongnear
the coast, used a basicf a s t edesign wmindlsgeéd of 9@iles per hourrph) at 30feet(ft)
above ground in open terrain. TBéandard Wind Zonaesed a ff astest mil eo
mph with the same parametdf]. However, the destruction of manufactured homes due to
Hurricane Andrew in 1992as well as other disastegpompted HUD to update the MHCSS in
1994. Before the update, manufactured homes desiggiadthe MHCSS werel0 timesmore
likely to fail in a 18yea exposure periodhan if they were designed using ASCE in
hurricaneprone areagll], [12]. The MHCSS update in 1994 includesizoningWind Zones 1

and 2andadding awind Zone 3Wind Zones 2 and, 3vhich were the closest to the coast, were
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updated to closely resemble the wind design provisions that were required by ASJE3],

[14]. However, the original MHCSS provisions for tBiandard Wind Zoneere applied directly

to the newwind Zone Wwithout any updates. This version of the MHCSS is still in effect and the
provisions forwWind Zone will be further discussedas the majority of manufactured homes

impactedby tornadoes fall within this zone.

2.1.Wind Loading Design Requirements

Thewind loading provisions fomanufactured homes can be foun@hCFRPart 3280
of theMHCSSJ15]. This section provides requirements covering everything from interior layout
to the transportation of the homehelateral desigioad requirementare inSubpart DBody and
Frame Construction Requirement&hich provides requirements to ensure the streragid
durability of the structurdncluded in this section are tepecificdesign parametessich as dead,
live, and wind load$dowever,t st at ersoflivelloador show éadfshall not be considered
as acting simultaneously with the wind lead  a niftbor tivh laads shall not be considered as
resisting the overtming moment due to wind T h e r e Wirad toads typiclle control the
designin Alabama ad the surrounding states, iisequires greater resistance and thumritized

over the live load and snow loads

For homes located iwind Zone 1the desigrwind load isprescribed as simultaneous
combination ofa 15 pounds per square foqigf) nethorizontal loacanda 9 psfuplift load (plan
view). The horizontal pressure is only applied to the side wall and not the vertical roof projection,
so long aghe roof angle is less than 20 degrédsese pressures are calculated from the 70 mph

fastest mile wind speed (¥ using Allowable Stress Design (ASD). Presently, structures are
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typically designed using ASCE 16, which utilizes an ultimate-8econd guswind speed (i)
with Load and Resistance Factor Design (LRFD). Equatio34lé the 2006 International
Building Code (IBC) can be used to convert between the two types of wind speetigvan
below[16]. First, the fastest mile wind speed must be converted itseg@d gust (3 (Eq.2-

1), and then it must be converted fré&8D to the LRFD ultimate wind speédur) (Eq. 22).

() P8t ¥ p B Eq.2-1

) &) Z ip® Eq.2-2

The value of 1.5 represents a factor of safety (FS) thadlH€SSrequires to be applied
to loads on the anchorage systdinerefore, the anchorage must simultaneoresist botha net
horizontal pressure @&2.5 psfand a vertical uplift o 3.5 psf This differs from modern ASD to
LRFD conversionn ASCE #16[17], in which separate load combinations are used to account for
the difference between thevda methods. For LRFD, the-gcond wind speed pressure is
multiplied by 1.0 to calculate the ultimate load, but for ASD tis=&nd wind speed pressure is
multiplied by 0.6 to reduce it to an allowable lo&tbwever, br manufactured home design, the
70 mph fastest mile wind speed is already given as an allowable load design wind speed. Therefore,
the resulting net lateral psreof 15 psf is an allowabldesign loadThe FS of 1.5 is then used
to increase the pressures to an ultimate load design. Using the equations listed above, the 70 mph
fastest mile design wind speed converts to an ultimaec8nd design wind speed @&3lmph. It
is important to note thalhéloads for homes ilVind Zones 2 and&e not required to bacreased
by thisfactor of safetyas it is assumed that the factors of safety are incorporated into the choice

of design wind speed
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Subpart D alsdists requirements for specific anchorage compondititsre are different
types of anchorage systems, but almost all of them use some configuration of flat metal straps and
ground anchord hesametal straps mustesuccessfully tested in accordance WAtBTM D3953
91,the Standard Specification for Strapping, Flat Steel and Jé&&ls Additionally, they must be
a minimum of 1.25nches n.) wide ard 0.035 inthick, andthey must have aveather resistant
coating equivalent to a zinc coating of 0.30 ounces per squard Feospacing requirements for
these straps are found in a different location, but Subpart D does state that a strap and ground
anchor must be installed no more than 2 ft from each corner of the home. eastlstrapto-
ground anchor connection mumgtvethe capacity to withstand a 3,1p0unds Ips) working load,
with an ultimate resistance to an additional 50% I¢aohctionally, each anchorage component
mustultimatelyresist 4,725 Ibs of tensiamthout failure Other than obvious failunimechanisms
such as ground anchor pullout or strap breakage, the MHCSS dogseady failure criteria for
the anchorage system. However, the International Residential Code (IRC) specifies ground anchor
failure as a vertical displacement oin2 or a horizontal didpcement o#t in. [19]. Although this
does not apply to all states, some have adapsaahilarrequirementThe AlabamaManufactured
Housing Commission Administrative Code defines serviceability failure as 2 in. vertical
displacement or 3 in. horizontal displacemi@. However the IRCfailure criteriawasused in

several of the ground anchor fegtstudies discussed in Section 3.2.

2.2.Anchorage System Requirements

The installation procedures afmanufactured homaregoverned by 4 CFRPart 328 of

theMHCSS[21]. Subparts C anD provide important requirements regarding the installment of
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thefoundationwhile Subpart E provides anchorage system installation requirerfentsdations

of manufctured homes typically consist concretemasonryblock piersplacedon square or
continuous footings, though the piers can also be pretsated wod. Thesepiers support the
I-beamrails spanning the length dhe home and the spacing is determined by the structure load
and the bearing capacity of theil. Typical pier spacing is-8 ft, measured cent¢o-center, down

the length of the framélhe I-beams are designed to transéirloads on the structure into the
foundation, so they must be sized to sufficiently do so. There are no specific size requirements in
the MHCSS, but the design tables for pier heights and spacing assurheam depth 010 in.

The vertical loads from the home are transferred through-tlearhs into the piers, while the
lateral loads are transferred throuk Fbeamsnto the anchorage systeirhe anchorage system
typically attachedo thesel-beams, sometimes incorpding the piers into theesignas well.The
lateral loads are ultimately transferred into the grausidgsteel strapping or compression struts,
depending on the type of anchorage system ufednore detailed analysis of a typical
manufactured home logmhth will be discussed in Section 2ZTie MHCSSocuses primarily on
atie-down strap and ground anchmsmbination and the requiremén will be listed in Section

2.41.

2.3. Typical Manufactured Home Load Path

A manufacturechomedesigned in accordance with the MHCSS requirements outlined in
Sections 2.1 and 2.2 will have theajorstructural components labeledRigure2-1, except that
a singlewide MH will not havethe marriage lineshown Doublewide manufactured homes are

transported in two separate sections and merged togetherparthanent location of the home.
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The marriage lines represents where the two halves are connected, usually through the floor
structure, roof structure, andcewalls. A singlewide home would not include a marriage line, or

any of the components related to it. Instead, the home would be approximately half of the width
shown and would only require two rows of piers supporting the-tvaaim rails. Also, the diagm

displays a strap and ground anchor anchorage system, as described in the MHCSS. However,
approved alternative anchorage systems may transfer the loads differently than shown below.

Thesealternate systems are described in Section 2.4.

Superstructure

Marriage Line
(Multi-sectional Only) Steel-frame
Chassis
Roof-to-Wall Connection - .
Diagonal Tie
Wall-to-Floor Ground Anchor
Connection

Concrete Masonry

Anchorage Systen i Block Piers

Figure 2-1. Typical structural components of a manufactured hpnaified based oRigure 26 in
FEMA (2009)[22])

The load path typically begins with the side wall and roof structures. Wind loads are
collected by the cladding on these componentdramdferred into the roof trusses and stud walls.
In the case ofoof loads, the roof trusses then transfer the loadshetavalls through the ro€b-
wall connection. The stud walls then transfer both the roof loads and the side wall loads into the
floor diaphragm through the watb-floor connection. Next, the floor diaphragm transtdrfads,
including the gravity deatbad of the structure itself, into the sté&lme chassis {beam rails)

spanning the length of the structure. Finally, the chassis transfers the loads into the foundation and

19



anchorage systems. The concrete masonry block piers function to resist thelgaals, while

the anchorage systems resists the lateral loads and any uplift loads that may occur. The critical
failure points in the load path are the re@fwall connection, thevall-to-floor connection, and

the anchorage system. Additionally, in éaiwide homes, separation of the marriage line is a
potential failure mechanisnThese failure mechanisms will be discussed in further detail in

Section 41.

2.4.Types of Anchorage Systems

While the metal tiedown strap and ground anchor system that is highlighted MIt@SS
requirementshave traditionally been the mogpopular anchorage system, other alternative
anchorage systems have been developed and appidwestinclude anchorage of theome to a
permanent concrete slab, spread footings, reinforced masonry stepranaliésvariety of systems
commonly ref err e dantsystensssongispoietal tubulaisbtacesetached from
the Fbeamrailsbeneattihe home to a metal pan@oncrete footing anchored in the grouitlese
systemdake advantage of the fact that typioanufactured homdsave sufficient dead load to
prevent any net design wind uplift foraad focus on resisting lateral forces ordlie traditional
tie-down and ground anchor system is the most common system currently found on installed
homes, but the pan system is gaining popularity due to its affordability and ease of installation.
There are different variations of each of these systems, and the most cofrthuse wariations

will be discussed below.
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2.4.1. Tie-down Straps and Ground Anchors

The tiedown strap and ground anchor system consists of metal straps connecting from the
I-beams beneath the structure to helical steel anchors secured in the ground. These span the length
of the structuren both sides, and tlspacing requirementer these strapare listed irPart 3285
of the MHCSSThe requirements for maximustrapspacing differ depending on thiéind Zone
butthe provisions for homes withiwind Zone lare shown imTable2-1. MHCSS minimum strap
spacing requirements for Wind#e 1 Thestrapspacing requirements are dependent upon the width
of the home, the max pier height, and t#mém spacinglhespacingvalues are calculated using
the previously listed wind pressures, the minimum anchonamgking strength requirenmds, a

roof slope les than 20 degrees, and a side wall height of 7.5 ft

The most common strap c o nwhiclyis detinedias being s a
greater than 15 degrees from the fully vertical position, and these are required regardless of the
Wind Zone Strapsthat are span vertically to attach to the outer edge of the structure are called
Avertical strapso, and Wind 2Zones 2 and Ihese tdvo differertt o me s
configurations are highlighted iRigure 2-2 and Figure 2-3, which are captured during field
assessmentlt can also be seen Figure2-3 that the diagonal strap spans to the oppoditaim

rather than the closest one, which is sometimes chosemawertical strap is present.
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Table2-1. MHCSS minimum strap spacing requirements for WimakeZL

Nominal Floor Width, | Max Height from Ground tg  I-beam Spacing I-beam Spacing
Single/Doublewide Strap Attachment 82.5in 99.51in

12/24 ft 25in 14ft2in N/A
33in 11ft9in N/A
46 in 9ftlin N/A
67 in N/A N/A

14/28 ft 25in 18ft2in 15 ft 11in
33in 16ftlin 13ft6in
46 in 13ft3in 10ft8in
67 in 10ft0in N/A

16/32 ft 25in N/A 19ft5in
33in 19ft0in 17ft5in
46 in 16 ft5in 14t 7in
67 in 13ftlin 11 ft3in

Figure 2-2. Typical diagonal tiedown straps, attached to the nedrdam.
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Figure 2-3. Vertical strap configuration (left) and a helical ground anchor (right)

The heads of the ground anchors can also be seée two figures aboverhe ground
anchors are typically 3@. to 60in. long, with helical disks around the bottom of the shaft. These
are typicallydrilled into the ground until only the head shows, ladgslightly away from the
direction that the strap spans. The length of the anchor and diameter of the helical disks is
dependent upon the soil classification. The metal strap, after being attached to the frame of the
home, is then coiled inside the hezfdhe anchor and tightened until the desired tension is met.
In addition to the ground anchors, a stabilizer plate is often required at each anchor. These steel
plates, usually 1fh. to 17in. wide, are driven into the ground adjacent to the ground anchors, in
the direction that the strap tensile force is coming from. Their purpose is to add to the bearing

surface area the soil is pushing against to resist lateral movement of the anchor.
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2.4.2. Alter native Anchorage Systens

In Alabama the most common form of alternative anchorage systems is the pan system.
There are different variations of this type of systemplbuposttornado assessments indicate that
the most common type of pan systesnwhatis commonly referred to as an Oliver pan system
More specifically,it s t he 1100 fAV {3],Lreated eyOliverdechndogisst lecm
The basic configuration can be seerfigure2-4 below. These systems have gained popularity

recently because of their cost effectiveness and ease of implementation.

Figure 2-4. 1100 "V" Series Pan Systdg]

Essentially, a metal pan with elongated, sharp corners is firmly pressed into the ground,
directly under one of the main rails where a pier would usually be. Metal tubular braces are then
attached to th top of the pan and connected to the mdedm rails. The most important brace
spans from the pan to the top of the opposite rail, and its purpose is to provide lateral resistance
for the home. Two other braces extend up from the pan tebianh railbove, angled away from
each other to form a fAVo0o, hhelptransferthb deadrwaigheof Th e

the home down into the pan, pressing it further into the soil. This is important because the friction
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between the pan and the soil mi#tely creates the lateral force resistance for the home. If the
home was lifted several inches, the pan would no longer be pressed into the soil and the lateral
brace would have nothing to transfer the load into. This issue is common with most pan systems
and can only be remedied by utilizing something other than the dead weight of the home as a way
of attaching the pan to the ground. The HAVO
resistance for the home. There are typically two pan systemsiper, tnith one located near each

end. They are placed beneath opposliedm rails, so the longer lateral arms extend in opposite
directions of each other. If the roof slope is less than 20 degrees, only two pan systems are required
for both singlewide anddoublewide homes inWind Zone 1Additional pan systems may be
required if the roof slope is greater than 20 degrees, but that scenario is very uncommon with
manufactured homes. It is important to note #ivagle wide homes with pan systems also typically

have four traditional straps and ground anchors located at each corner of the home to provide
additional lateral and uplift force resistance. A picture of an actual Oliver pan system is shown in

Figure2-5 and was taken during a fiekssessment

A variation of the typical pan system is the Xi2 Sys{@sj. The Xi2 System was created
by Tie-Down Engineeringa manufactured home anchorage development comgdmey Xi2
System is very similar to the Oliver pan system, with the only major difference being that the metal
pan is placed beneath a pier rather than repl
longitudinal resistance, although one or ta@dmetimes utilizedrigure2-6 below shows a basic
diagram of the systengsimilar to the pan system, homes typically have two Xi2 systems placed
near the end of each home. The required number of Xi2 systems magaitrise roof slope is
greater than 20 degreesdit also increases to 3 systems if the length of the home is greater than

76 ft and located withiwind Zone 1
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Figure 2-5. Oliver Pan system in use

Figure 2-6. Xi2 system diagraf25]
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Another variation of the pan system tsetLongitudinal and Liaral Bracing System
(LLBS) [26], created by Minute Man Anchors, Iftclosely resembles the Oliver pan system and
the Xi2 system with a few differences. The main difference is that the lateral and longitudinal
braces are attached to a concrete footing rdttem a metal pan. Similar to the Xi2 system, the
footing is located beneath a pier, but the footing is large enough that the braces can be bolted to it
beside the pieAs with the other pan systems, this system requires one brace within 10 ft of each

erd of the home.

The Vector Dynamics Foundation Systesas created by Ti®own Engineeringthe same
company that makes th&2 System,and is approved for use with singiede and doublavide
homes. The vector system uses the same metal straps that have been previously described but
utilizes two attachment points tocrease thie resistance to uplift. A diagram of the system
configuraton can be seen iRigure2-7. Overall, the anchorage system uaeombination ofthe
vector dynamics attachment and the traditional strap and ground aocifiguration, alternating
each systemdown the length of the homAs for the vector system itself, special metal pans are
placed underneath adjacent piers and the ground anchors are attached to these pans on the outside
edge of each pier. A brace is then placed spanning between the twaéatsed to the metal
pans and the ground. Theacemust have ademte compressivetrength to withstand the forces
transferred from the straps. Once the brace is in place, the medaluwirestraps are connected
from the head of the anchor, over the tdghe Fbeam frame, to the opposite end of the brace.
The system is designed to resist both lateral forces and uplift féraasmber of requirements
must be met to install this system, and they can be found in tHeolwa Engineering/ector

Dynamics Bundation Systerdser Manua[27].
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Figure 2-7. Vector Dynamics system diagram
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3. PastStudiesAssessing MH Performance

Field studiesassedssg the structural performance iMH have been conducteafter
manysevere hurricanes, most notably Hurricane Andrew in 1992Haostane damage provides
valuable information regarding the structural performasfddMH, as hundredsf homes in the
affected area experience similar wind loading pressures. Therefootyustficomponents can be

compared over large sample sizes of homes, oftentilghBghting load path deficiencies.

While largescale assessments identify general load path issues, experimental testing
enables the evaluation of specific structural comptmander known load®resently, hte main
manufactured home component subjected to experimental testing has been ground anchors, as
there is a large degree of uncertainty in the load capacity of 8egtion3.2 highlightsthe results

from these studie® provide a comparison between capacity expectations and reality.

3.1.PostHurricane Damage Assessments

In 1992, Hurricane Andrew struck the southern cofBtorida as a Category 4 hurricane,
causing immense wind damage and flooding. The hurricane then reentered the Gulf of Mexico
heading west until turning north to directly hit the Louisiana coast as gataté. Heavy wind
damage was dealt to all typesstfuctures, but especially kMH . In Dade County, Brida, over
5,000MMH were destroyefP8]. Many damage assessments were performed in both Florida and
Louisiana with anmphasis on determining the factors contributing to such a high degviddtdf
destruction[29]i [34]. A greater emphasis was placed this damage because 97% MMH
located in Dade County were destroyed, while only 11% obsité homes in the same area were

destroyed31].
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One major issue that emerged was the inadequacy of the anchorage systeriviiifithe
in both statesAt the time, Florida and Louisiana did not strictly enforce the MHCSS regulations
regarding the installation &IMH, so anchorage systems were often negteat order to keep
costs low. Many homes in Louisiana either did not have an anchorage system or had too few straps
and ground anchoif81], [33]. Similarly, many of theVIMH assessed in Florida had anchorage
systems but did naheet the minimum requirements for them. The major failure mechanism of
anchorage systems in Florida was ground anchor pyB&Jit [31], which will be discussed in

further detail in Section 3.2.

The inadequacy ahe anchorage systems resulted in greater damage to the homes. In a
field study performed by Levitan et. §83] in Louisiana, a total of 217 damagbtMH were
assessed. A primary damage mechanism was assigned to each home, selected frawitige foll
three categories: anchorage, roof/wall, and tree/missile. Of the 217 homes assessed, 55% of them
were damaged due to anchorage failure while only 34% were damaged due to roof/wall failure.
Additionally, when the data is constrained to homes expénigmeajor damage, the damage due
to anchorage failureoseto 57%, while the damage due to roof/wall failuose to 39% These
results are very similar to that of a similar study performed after Hurricane Elena in 1985. Using
the same parameters, majondaye taMMH in Hurricane Elena was caused by anchofatere
in 44% of cases, while roof/wall failure was to blame in only 29% of d88¢5[35]. Thevalues
from Hurricane Elena are slightly lower due to an increase in damage caused by projectiles, but
the ratios of anchorage failure to roof/wall failure are very similar in the two events. Clearly,

anchorage failure wasmajor issue itbothhurricanes, leading to the destruction of homes.

In 1996, Hurricane Fran struck the North Carolina coastline as a Category 3 hurricane,

causing damage from a combination of the high wind speeds and storm surge. Although the loading
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type was different, many of the sanmMH anchorage issues emerged from field studies.
Approximately 50% oMMH experienced anchorage failure in the form of strap failure in tension,
ground anchor pullout, and even the collapse of the piers due to locstiaed36], [37]. The

FEMA report listed several causes for the failure of these systems, including strap corrosion, the
use of unreinforced masonry block piers in a flood risk area, and the use of inadequately sized

ground anchors.

More recently, aletailedstudy of thedamage caused by Hurricanes Katrina and Rita
showed apparent improvements in manufactured home anchorage g3&8gmBsth hurricanes
struck Louisiana in 2005, causing immense damage from both wind and flooding. A total of 251
MMH were assessed in detail, asmdy 10.0% of those homes were classifiel@gsnganchorage
failure. Additionally, the homes were separated into three categories based on age of the home:
Prel1974, 19741994, and Post994. These groupings were chosen based on the major HUD
updates to rules and regulations for manufactured homes. BHEOPt homes experienced
anchorage failure in 23.3% of cases, the 19894 homesd® anchorage fail
and the Pos1994 homes only experienced anchorage failure in 0.8% of édgesugh the failure
percentages are lower than those frahepstudies, indicating that the damage may not have been
as bad in these events overall, the relative trends within the two events still hol&dche.
grouping had at least 60 units assessed, so the sample sizes were large enough to reliably indicate
this trend All the assessed homes were locatafimd Zone 2 or 3so the updates to the MHCSS
in 1994 had an increased effect on them. The results clearly indicate this effect, as less than 1% of

homes constructed after 1994 experienced anchorage failure
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3.2.Ground Anchorage Experimental Testing

Several studies have been performed to test the capacity of the ground anchors commonly
used inMMH anchorage systems. These ground anchors function to resist both uplift and lateral
forces transferred from th&gcture through the tidown straps, and it is important that they match
or exceed the capacity of the straps. As stated in Setftipiine tiedown strap and ground anchor
system is required by HUD to resist a 4,725 Ib tensile load without failindur&aaccording to
the Alabama Manufactured Home Standards, occurs when the anchor head displaces 2
vertically or 3in. horizontally. Past studies have shown that oftentimes the ground anchors do not

meet requiremen{d 1], [13], [39]i [45].

The issues surrounding pullout capacities of ground anchors are not new, as evidenced by
studies performed by Yokel et al. in 1979 and 18], [40]. These thorough reports ted
several different scenarios, including different ground anchor lengths, disk sizes, disk shapes, and
pullout angles.Informed by thea ut h o r 8tsdiestdasaibed in subsequent sectiotize
majority of ground anchors installed have helical disksvanfying sizes and lengths, so the
performance of helical anchors will be focused on from all past studies. In the 1979 report, of the
9 vertical loadtests performedn multiple anchor typesonly 5 of them met the minimum
requirements of thdNFPA 501A1975, which matched the current minimum requirements.
Similarly, in the 1981 report, 6 tests were performed on &nigle helix anchors in both sand and
silt at varying load angles, and none of them met the minimum requirements. The report concludes
simply, statingthat Pr esent anchoring techniques as used
support forthe dig 0 n a | It also heghlighds that because the tests revealed a high variability in
ground anchor stiffness, it #dAwil/l cause certa

are | oaded to capacity. o

32



Further studieperformed by Yokel et alral Marshal[11] indicate even more concerning
results and wereompiled in a study by Pearson et al. in 198H. Table 31 below summarizes
the results from Pearson et al., showing the capaestylts from 4 ft long anchors with airg
helical disk. Of the five scenarios tested by vertical loading, only one group met the minimum
displacement requirement$he average load at the ultimate pulloupaeity exceeded the

requirementbut resulted in an average vertical displacement of 7 in.

Table3-1. Pullout capacities of ground anchors due to vertical loading (adapted from Table 3 in Pearson
et al. 1996) [33]

Soll Number of Lloadat2 6 Ver Maximum Vertical

Type Tests Displacement (Ibs) | Ultimate Load (Ibs) | Displacement (in)

Silt2 11 4,295 5,173 7.17

Silt® 5 2,320 3,640 11.04

Sand 6 4,488 5,063 3.82

Sand 3 5,100 5,953 4.35

Clay? 3 3,067 3,433 5.83
Weighted Mean Values 3,938 4773 7.00
Note:3Moist, "Wet

Additionally, other tests were performed by loading the anchors at various angles, as well
as installing the anchors at slight angles against the load. The results are sli@bieiB2,
summarized from the results presented in Pearson gtl@96. Additionally, Figure 3-1
demonstrates themeasuremeribcationfor each angle, taken directly from Pear®896. The
resulting loads at the failure criteria displacementeateemelylow, with only two of the seven

cases reaching even half of the required load. Furthermore, the displacements recorded at the
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ultimate pullout capacity are quite large, reinforcing the concern of Yokel(é88ll) about large

displacements of anchor heads causing the failure-dbtig straps.

Table3-2. Pullout capacities of ground anchors due to horizontal loading (adapted from Table 4 in
Pearson et al. 1996) [33]

Angles
Soil d/ o d | Load Idorizortab Maximum
Type (degrees) Displacement (Ibs) | Ultimate Load (Ibs) | Displacement(in)
Silt 90/60 2,967 7,565 10.07
Silt 90/45 1,350 7,933 13.85
Sand 90/40 2,583 6,187 9.08
Clay 90/40 767 3,267 18.60
Silt 135/60 433 3,387 25.15
Silt 135/45 413 4,243 33.80
Silt 135/15 433 4,775 54.00
Mean Values 1,278 5,337 23.51
Note: Each case based on 3 tests. All tests conducted under moist soil conditions.

Applied

load i
6,

8,

Figure 3-1. Diagram of angles referenced by Tabl@ BExcerpt from Figure 11 in Pearson et al. 1996)
[41]

Additional tests performed by the Wiss, Janney, Elstner (WJE) Test Program studied the

impacts of adding stabilizer plates to the ground anchor system. These results were presented by
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Longinow et al. and summarized by Pearson ef4dl]i [43]. While stabilizer plates dedd
resistance capacity, the overall impact is miniddthough in the testinghey increased the
maximum capacity by approximately 700 Idse anchors still did not come close to meeting the
load-displacementequirementseven with the loads listed corresponding to a.saorizontal
displacement rather than 3 idditionally, it appears that the added maximum capacity came at
a consequence of even larger displacemé&nigher testing was performed by WJE to assess the
effects of varying the anchor and load angles on the overall capauityhe results reinforce the
very limitedeffect stabilizer plates have on load capacity and displacensmtiar to the results
from Marshall (1994]11], none of the configurations tested met the requirgsni®r horizontal

deflection.

In amore recenstudy performed by Crandell &t fora2008 HUD reporf44], which was
published in an abbreviated form in 2066, ground anchors were tested at 3 different sites with
varying soil conditions. The anchors were also pulled at 3 different angles (30, 45, and 90 degrees)
to test both the vertical and horizontal failure criteria. At each site, the soil was thorasiaty t
and classified, and the ground anchors were chosen to meet the requirements for each particular
soil condition. The results showed that in all cases the anchors failed well below the required
capacity. In the vertical pull tests, the ground anchailsd at an average force of about 2,500 Ibs.

The horizontal 30 degree pull tests, performed on the same anchors with stabilizer plates, met the
minimum horizontal displacement criteria at loads between 1,500 Ibs and 2,500 Ibs on average.
Even with largeithanrequired ground anchors and stabilizer plates, the average load at failure
was approximately 2,700 Ibs for the 30 degree pull tests. Similarly, the average failure load for
anchors pulled at 45 degrees was approximately 3,500Hse results add the overwhelming

conclusion that ground anchors do not consistently provide the required capacity
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Upon reviewing the many ground anchor studies performed in the past, Mays suggests that
a realistic mean for the ultimate load capacity for ground anch8r863 Ibs, rather than the 4,725
Ib capacity currently requirdd5]. He further explains that the failure issue may betdihe low
factor of safetyassociated with ground anchors. While studies suggest that upward loading in soil
should require a FS of 3i06.0, the current HUD code prescribes a FS of only{45%, [46].
However, using the suggested realistic mean for anchor capacity, the actual FS of these ground
anchors is less than 1. Thiglicates a legitimate issue with ground anchor desigdexamples

of anchor pulloutire discussed furthem Sectiord. 1
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4. PostTornado Damage Assessments

Field assessments following damaging tornado events are critical tools for capturing
perishable data on the-gitu performance oMMH during extreme wind event©ftentimes,
especially after tornadoes, the debris is cleaned up quickly and the potential data goes with it.
Therefore, field studies must be performed quickly and efficiently in the aftermath of a tornado or
hurricane.The studies described below wemnducted in the immediate aftermath of tornadoes
by a number of different teamSection 4.1 presents the findings from detailed analySW\iH
load paths conducted in the aftermath of tornadoes occurring within Alabama. These results
highlight common Iad path failures seen IMMH, especially anchorage systems. Also,
reoccurring issues inherent to each type of anchorage system are discussed in detail. Section 4.2
draws data from the &ional WeatherService (NWS)tornado database to compare the results
found in Section 4.1 to a significantly larger, less detailed data sample. Section 4.3 presents data
from Sections 4.1 and 4.2, as well as other studies, to explore the enhancedMidlidah

tornadoes. Finally, Section 4.4 discusses the key findingsdilarhthe postornado assessments.

4.1.Qualitative Analysis of MMH Load Paths

This section describes data collected over a 2 year period from 2019 to 2020 by researchers
at Auburn University and other collaboratof$ie purpose of each assessment wwakcument
all structures that were impacted by the event and reonduch availablpertinent information
for eachas possible to understand why a given structure performed as &inhidar to the past
hurricane studies, data gathered from damagedtstesc helps to highlight common failure

mechanismsAdditionally, these assessments may highlight any structures that performed better
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than expected, and hopefully identify the reasons for their success. Overall, field assessments of
tornado damage seekuaderstand the interaction between tornado wind loads and structural load

paths, identifying both the successful components and the areas that need improvements.

4.1.1. Assessment Methods

The posttornado damage assessments conducted utilized several ditieckeniques,
including doofto-door forensic assessments, drone imagery on the scale of a single home to an
entire neighborhood, driviey assessments, and aerial imagdrthe entire tornado damage path
Additionally, in the case dfIMH with traditional achorage systems, t@own strap samples were
collected to be tested to their full capacity. These results are shown in Section 5. Each assessment
technique offers unique value, atheéycanall be combined to get a more complete understanding
of a tornadand the damage it caused. Doordoor forensic assessments offer the most detailed
analysis of structures and are usually conducted in areas experiencing the worst damage. Specific
failure mechanisms can be revealed from this analgsid the strap sangd were all collected
during these assessments. Diine assessments are useful for quickly obtaining a general
understanding of the damage, determining the path of the tornado, and determining the width and
intensity of the tornado by assessing cresstonal cuts through the damage path. Drone imagery
can be useful for analyzing large buildings such as warehouses, entire neighborhobtidHand
parks.The threedimensional point clouds from drones enable near-tedoor level remote
assessments afteretfact. Finally, aerial imagery is typically captured in the immediate aftermath
of the tornado, and can assist in locating the target area for other assessments, mapping out the
damage path and width, and even enable the mapping dalrgatterns @ modelthe tornado

intensity[47].
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The information for each structure assesaed compiled in theFulcrum smartphone
application,which is a mobile data collection platforeveloped by Spatial Networks, Inthe
app attaches building data and photos tddbation of the structure, enabling the convenient and
efficient storage of the datdhe gathered data included external building attributes, structural
attributes, and damage notes. As previously stated, one of the purposes of these assessments
to identify any patterns that emedym load path failures, component failures, umexpected
structural successes, so it was important to record all of the available structural information about
each home. Additionally, other resources sucpuddic county records databases were used to

gather information such as the age of each structure.

The Enhanced Fuijita (EF) Scale was used to classifgdheage to each structues].
The EF Scale uses descriptive damage states of specific building types to estimate tornado wind
speeds. The building tgmare classifiedas Damage IndicateKDIs), such as singlavide (DI 3)
and doublewide (DI 4) manufactured honse For each DI, there isgenerally progressiviest of
damage descriptions knowndegrees of damage, or DOD. Each DOD classificati@assciated
with an expected wind speed, as well as an upper bound and lower bound windexpéest to
cause the observed damagdehe resulting estimated wind speed for the given structure is
determined by the quality of construction relative to the avecagdity. An aboveaverage
constructed building will result in an expected wind speed near the upper bound, while a poorly
constructed building with the exact same damage may indicate a wind speed closer to the lower
bound. For a given tornado, severalistures and other damage indicators (such as trees) are used
to determine an estimated wind field and resultingR&&ing. The EF Rting simply bins the

overall expected wind speeds ifiaategories, EFO EF5. Table4-1, Table4-2, andTable4-3
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below showthe DOD descriptions for singlamily residences (sitbuilt homes) (DI 2), single

wide manufactured homes (DI 3), and dowvide manufactured homes (DI 4), respectively.

Table4-1. DOD's for SingleFamily Residences (DI 2)

DOD o
Damage Description EXP LB UB
1 Threshold of visible damage 65 53 80
2 Loss of roof covering material (<20%), gutters, and/or 79 63 97
awning; loss of metal or vinyl siding
3 Broken glass in doors and windows 96 79 114
4 Uplift of roof deck and loss of significant roof covering 97 81 116
material (>20%); collapse of chimney; garage doors collg
inward; failure of porch or carport
5 Entire house shifts off foundation 121 103 | 141
6 Large sections of roof structure removed; most walls ren| 122 104 | 142
standing
7 Top floor exterior walls collapsed 132 113 | 153
8 Most interior walls of top story collapsed 148 128 | 173
9 Most walls collapsed in bottom floor, except sniatérior 152 127 | 178
rooms
10 Total destruction of the entire building 170 142 | 198
Table4-2. DOD's for SingléWide Manufactured Homes (DI 3)
DOD | Damage Description EXP LB UB
1 Threshold of visible damage 61 51 76
2 Loss of shingles or partial uplift of ofeece metal roof 74 61 92
covering

3 Unit slides off of block piers but remains upright 87 72 103

4 Complete uplift of roof; most walls remain standing 89 73 112

5 Unit rolls on its side or upsid#own; remains essentially 98 84 114
intact

6 Destruction of roof and walls leaving floor and 105 87 123
undercarriage in place

7 Unit rolls or vaults; roof and walls separate from floor an¢ 109 96 128
undercarriage

8 Undercarriage separates from undls, tumbles, and is 118 101 136
badly bent

9 Complete destruction of the unit; debris blown away 127 110 | 148
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Table4-3. DOD's for DoubleWide Manufactured Homes (DI 4)

DOD | Damage Description EXP LB UB
1 Threshold of visible damage 61 51 76
2 Loss of shingles or other roof covering (<20%) 76 62 88
3 Damaged porches or carports 78 67 96
4 Broken windows 83 68 95
5 Uplift of roof deck and loss of significant roof covering 88 75 108

material (>20%)
6 Complete uplift of roof; most walls remain standing 93 77 110
7 Unit slides off CMU block piers 94 78 109
8 Removal of entire roof structure leaving most walls stanq 97 80 117
9 Destruction of roof and walls leaving floor and 113 93 131
undercarriage in place
10 Unit rolls, displaces, or vaults 114 82 130
11 Undercarriage separates from floor, rolls and tumbles, bg 127 109 | 145
bent
12 Complete destruction of the unit; debris blows away 134 | 119 | 154

informationfrom several tornadoes onto Fulcrum to be processed and andlyzadh tornado
studied, the goal was to assess every affected structure along the damage path, including those

with no visible damagélhe results are presented and discussed in Section 4.3.

4.1.2. Observations from EachLocal Tornado Assessment

each event can be seeable4-4. Also, a figure showing the locations of each event easelen
in Figure4-1. The statistics given in the tabéad the tornado paths shown in the figuere
sourcedrom reports provided bghe National Weather Service (NW8gal forecast office Each
tornado was assessed following the procedures outlined in Section 4.1.1 above, with minor

variations dependent upon the size of the evEm listed tornadoes were chosen for damage
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All of the above assessment techniques were utilized to compile useful structural damage

A total of sixtornadoes were studied to compile the data in this section, and a summary of




assessments due to the presence of daniMligiédl. The following sedbns detail each assessment,

outlining the methods and techniques utilized. Additionally, some general observations gathered

from eah event are briefly discussed.

Table4-4. Summary of tornadoes assessed

Path Path EF

Location Date Length Width Rating | Injuries | Fatalities
Lee County, AL | 3-Mar-19 | 26.64 mi | 1600 yds EFR4 90 23
Carrolton, AL | 11-Jan20 | 6.33 mi - EFR-2 - 3
Town Creek, AL | 16-Dec19| 18.58 mi | 370 yds EFR-2 3 2
Spring Hill, AL | 6-Feb20 | 1.29 mi 400yds EF1 1 1
Troy, AL 14-Apr-19 | 2.81 mi 300 yds EF1 0 0
Kingville, AL 23-Feb19 | 9.22 mi 700 yds EF1 0 0

Figure 4-1. Map of tornadoes assessed
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Lee County, AL

The largest tornado studied to date was a4 Edfnado that hit Lee County, AL, on March
3, 2019. The tornado path extended into Georgia as well, but the majority of the damage it caused
was in Alabama so that was the focus ofaksessmentt significantly impacted the communijty
killing 23 people and injung 90 others.Due to the significance of the event, every building
throughout the damage path was assessed either remotely through the aerial imagery, through
drive-by assessments, or thgludoorto-door assessments. However, this study will focus only
on the results fronMMH. Multiple trips were taken in the aftermath of the tornado to study the
damage, and a total of 9MH were assessdatirough a combination of dodo-door and drive
by assessmentfdditionally, adetailed forensic analysis was conducted eachMMH that
experienced structural damagéeseMMH make up the majority of the database for this section.
The damage was initially mapped using aerial imagery, which was usechte major areas of
interest. These areas were then visited by teams of researchers to condtctddoor
assessment®verall, a number of different failure mechanisms were se®&tMiH due to this
tornado and are described beldWhile an MM H with anyone of these failure mechanismsuld

be considered destroyetie failures exist along spectrum witlrespect to life safety.

A failure mechanism seen in one particular structues separation at the marriage line.
Figure4-2 shows two perspectives of the same structure failing in this way. Overgiathicular
failureis less of a life safety rislas a large portion of the structure remained together. This failure

is due to inadequate connections betweervtioehalves, anavas infrequently observed
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Figure 4-2. Failure at the marriage line

The least severgype of structuralfailure in MMH is the failure of the roefo-wall
connection, as it leaves the structure remaining upright and relativelyAsaigure of this type
of failure can be seen Figure4-3. This type of failure occurs when the dead weight of the home
and the anchorage systems provide adequate resistance of the uplift forces, but the connection
between the roof trusses and the top plate of the wall cannot withstand the uplift forces. As seen
in the left side oFigure 43, a consequence of losing the roof diaphragm is that the walls lose their
top attachment poingnd act as a cantilever, making them more profaltoe. Overall, this type
of failure is typically not lifethreatening to ampants and is preferred over the following failure
mechanismbecausehe loss of the loadollecting elements in the roafsoreduce the uplift loads

acting on the building
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Figure 4-3. Failure of theroof-to-wall connection

The next critical point in th&MH load path is the walio-floor connectionThis could
occur if the roofto-wall connection fails first, leaving the walls vulnerable, or it could occur simply
due to an inadequate connectibigure4-4 shows a single home from different sides, illustrating
the consequences of this type of failunea tornado, the stud walls experience a combined loading
of lateral pressures and uplift. If the windward wall fails at the floor connection, the home will

most likely be destroyed, placing the occupant in significant danger of being struck by debris.

The final and most critical component in the lateral load path is the anchorage system. As
discussed in the poekurricaneMMH studies, anchorage failures are common under high wind
loads, and the same issues were revealed in this tornado. There arptdiégrees of anchorage
failure as defined by the EF Scale, indicating different wind speeds. The first and least destructive
type of anchorage failure occurs when hEIH simply slides off of the piers, as seerFigure
4-5. In this case, the anchorage system does not rupture, but deflects beyond what the piers can

withstand. This may be due to ground anchor deflections as discussed in Section 3.2, or yielding
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of the straps. However, this type of failure is not-tlieeatening to the occupants, as MiIH

remains intact.

Figure 4-4. Failure of the wakto-floor connection

Figure 4-5. Sliding off the home off tlieundation
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The other two failure mechanisms of anchorage systems are much more catastrophic to the

structure, and consequently to the occupants. The first is the rollingidMkE as seen ikigure

4-6. In this case, the anchorage fails, resulting in the lateral loads rolling the home in the windward
direction.Sometimeshe structure essentially remains impact as seen in the picture, but the debris
within the home may put the occupant in danger. Thstigpe of failure for aniiIMH , however,

is the lofting of the hom&Vhen winds are strong enoughd/or of sufficient duration, trstructure

is lifted up and thrown, or lofted, in the windward direction. In most cases the home is completely
destroyed upn impact,resulting in a low chance of survival for any occupants. The re$ult
lofting can be seen iRigure4-7, as evidenced by the chassis being wrapped around a tree several

yards off of the ground.

Figure 4-6. Rolling of aMMH
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