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FOREHORD

The investigation reported herein was conducted from May 1964 to
January 1966 by the U. S, Amy Eagineer Waterways Experiment Sitation
(¥ES), Vicksburg, Mississippi, for the Landing Gear Group, Air Force
Flight Dynamics Laboratory, Air Force Systems Command, United States Air
Force, under USAF MIFR AS-4-177, dated 8 May 196%, %0 develop landing
gear design criteris for the CX.EIS aircraft {later designated the C-54
sircraft). This manuscript was released by the authors in July 1967, for
publication as an R™ Technical Report.

The investigation reported herein was conducted under the general
supecvision of Messrs. W, J. Turnmbull, A. A, Maxwell, and R. G. Ahlvin
and under the direct supervision of Mr. D. N. Brown. Other personnel
actively ongaged in the study were Messrs. ¢. D. Purns, D. M. Ladd, H. H.
Uiery, Jdr., W. J. Hill, Jr., W. N, Brabston, J. E. Watkins, G. M.
Hammitt II, A. H. Rubiedge, A. J. Smith, and M. J. Mathews., Several tests
were conducted by the Army Mobility Research Branch, Mobility and
Envirommental Division, WES, under the general supervision of Messrz. W. G.
Shockley, S. J. Knight, and D. R. Freitag and under the direction of
¥r. J. L. Smith. This report was written by Messrs. D. M. Ladd and H. H.

. Ulery, Jr. Appendix II wes written by Mr. W, N, Brelston. The Flight
Dynamics Laboratory engineers who monitored this program were Messrs., Peter
Smits, Robert J. Parker, and Paul Wagner werking under the supervision of
Aivars V. Petersons, Technical Mansger.

Directors of the WES during the ceduct of the study and the prep-
aration of this report were Col. Alex G. Subton, Jr., CE, and Col. John R.
Oswalt, Jr., CE. Technical Director was Mr. J. B. Tiffany.
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ABSTRACT

The Flexible Pavement Brench, Soils Division, U, S. Army Engineer
VWaterweys Experiment Station (WES), Vicksburg, Miss., has conducted a
series of tests to establish sircraft ground-flotaticn criteria with
special emphssis on developing criteria for the C-5A urcréft, This
report presenis an analysis of dsta collected as & result of traffic tests
on unsurfaced soils and soils surfaced with M8 and T13 landing mst. Also
pregented are introductory and background information on the HES ground-
flotation research program, a description of the test equipment, materials,
procedures, and techzigues wsed, and examples of use of the criterie,

This abstract is subject to special export controls and each trans-
mittel to forelgn govermments or foreign nationals may be made only with

prior approval of the Air Force Flight Dynamics Laboratory (FPN), Wright-
Patterson AFB, Ohic L45U33.
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;rfs’gg % This recort sumrmarizes results of an extensive study to develop
i P g retbod for designing an efficiert landing gear configuretion for
'% eircreft required to operate on TO-type airfields. This methed was de-

veloped from a series of ground-flotation tests conducted cz mat-surfaced
subgrades and unsurfaced subgrsdes. Also presented is & discussion of the
teating procedures and techniques and of the data analysis of all ftests
conincted in conjunction with the ground-flotation investigation, in-
cluding tracking, drag, and speed tesis.
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To develop criteria for the efficient design of aircraft landing
gesr, a series of treffic tesis was conducted with numerous wheel con-
figurations, locds, snd tire pressures. The configurations varied from
a single wheel up t~ 12 wheels; the loadings varied from 1000 to 273,000
1b; the tire pressures ranged from 20 te 250 psi, and wheel spacings
varied from 2.0 radii up to 6.8 radii. These tests provided sufficient
date to develop ground-flotation criteris for a wide range of conditions.
The date were analyzed to develop basic single-vwheel criteria. Then a
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*9‘6” metrad of extending the single-wheel criteria to multiple-wheel data was
ﬁ;‘é'c;i determined. Drawbar pull messurements were made at the beginning of each
> 3,\ test, at intervals during testing, and at failure in order to ‘obtain drag
2l information,
e %
54 Several gcale morel tests were conducted to oSbtain speed versus dr
7, ag
B data. These tests were run using vearious speeds, loeds, tire pressures,
b col ; . .
2.0 and tire sizes. The principies of scale mndeling were us2d in planning
&1 N : N P
- %a = these uvests so that dimensional analysis principles could be used in
5 % fx analyzing the results.
1 g Sverifically, in this study:
% 3
e i
AT [ a. Sipgle-wheel or equivalent single-wheel loads were related to
B A = g
‘»2?5 Lk %ire pressure ir» terms of an index cf availeble airfield sur-
2 B fecing strength (I A) for Til end M8 landing mats.
ﬁ’%?"‘ 2 b. Unsurfaced-soil strength requirements were related to zingle- .
A 3 H wheel or equivalent single-wheel loads, tire pressures, and S
‘ ‘fé’/:* . caverages,
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londing mats or upsurfaced soils to ga equivalent single-wheel
3oad was developed by relsting spacing t© percent increase in
single~wheel load for each adjacent wheel.

Results of the simulated C-54 test (12 wheels) on landing mst
compared favorably with the Til criteria bui indicated that the
¥8 criteria were conservative for the C-5A type lneding.

Results of the similated C-5A iests {12 wheels) on unsurfaced
s0ils were more favorshle then vhe criteria developed fOr
determining grownd-{iotation requirements indicate. However,
the eriteria are considered applicable to the C-5A beca:ze of
the wnknown effects of turning and braking on ursurfaced soils.

Jrawbar pull. measurements were related to soil subgrade strengths
for Til and M8 landing mats aad for umsurPaced soil.

The geperal trend of the effect of tire sige, fire ply rating,
and tire pressure on ground-flotativr cepabiiities of aircrafi
operating on unsurfaced soil was determined.

A general relation between velocity snd dreg was egi~dlished for
slqw speeds and small loads.

A g&_eral relation between tire contact preszers snd tire infle-
tion pressure was establiched for the btypes of tires used.
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Beckorord

Rirerafs dssigrors st design alrereft lzndisg soors thst 1233
231o% slrwralt 10 fly & given r=ber of scriies Irow 8 dexigosied 2ir-
$iedd. The oored ooroert of alrerefY opersiicon in & thesler-of-
cperstions (00) is E5et Leovy-corpo eircraft must be cooetle of flging iz
&3 out of tzexs veoy close o cmist Iroops. Tils oomeest regTTes
Thet sone e of sirfleid from viich tre gireref oo coevelte o2 oon-
ctracted i1 chese exies. In e TO, ke sirfislds thel sxe covsihooriad
will edtie: be srfeceds ¥ith edrfielsd lenflrz oSt or repain cmerrdenad.
Efrer of trese {Goes of slrfisids nerelly kas g low stresgih a3 s shert
1i2e, zek.ng It ozpehle of sooomrolsting wost beswy-cevpo alrcradt 2o
only & fes btexeoffs &4 lenlicgs. Thersfore, pesly devalopsd sireralt
zust be tesigred o0 thsl they oo pericrn & szfificier® cmber o2 Lehecifs
&n? l=rlingxs O scoomplish tie destved miasicr oo low-girengih =2irfialds,
This reguires the simvrafi leo@ien goer 4 Teve 2 soffefest omber of
tires of sucth a2 size, $nflelicn Trescore, end soeoing thet They wI1E oot
oveloed the efxiial].

The C-33 is a kemyy-carge sircrafs It 2 morixrm groos waligtt of
790,000 $o 806,000 1b end 2 combsl wedght 2o support eress of SO0.000 %o
£03,000 Ib. Tre missicn of this efrcesfs requires ikt 13 cperzta in
a strength ezzivelest 4o thet of M3 izmotes met om 2 2SR sborade. ™
operake cn this $yre of sirfield reguires =zt eleguete Ticizlicrn Te
designed into tre lending gesr. Criteriz for deiemining oroond-Fistalics
reguirenests for edreraft l=mdirg geer gre coxtsiced in J. B. froy Bgliree
¥aterveys Sxpertment Sietion (VES) ¥iscellersons Pomer %ol L5350 "Groz4-
Fiotetion Regulirexests for Aircraft Ierdirg Cweer,”i#  erd U. S. ALr Poree
Systems Coand, Fzedgasriers, "Eardbock of Irstractions For Afrcrart
Design,” APSC Mermel §0-1.2 Zowever, tre criteria presested thewein ere
socevpat limited becense they ere bzzed ¢n oriy 2 =mell smo=t of d3s3a,
£33 most of the oriterie have recceived oply iisited validselic:. It wes
Getarmined thet for a mrearan as large as tke C-I4 yrogrem, tre eriteria
ehonld te Dmther valideled &3 Izproved. Trhe Adr Porce, therefors,
regquesied thel 3 coxducl a s=ries of tesis iz Jevelcy adsguste gromed-
fiotetion criteris for tke C-5%, which ooaid 2isc be expifed 1o otker
drcra?t. In eddtticn, the WIS v25 reguasied (o meke e shdy of the roll-
irg resistence forces iisb mighn be experiences by tke <82 =8 4o &y
t0 develce-2 relstion tefvesn epesl exd roliipg rezisterce.

[y

\

T Triseh smters reder to simdlerly nucberad itexs #n the Iiset of
Referznces Tolloving the text of this regort.
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Sposa g2 Sxene

Tre poroose of 588 reert is 0 crmerive remnits f &3 exienslive
iy o so8y 2 mettod Por Jesligrdng on officient Izmding goss oonfiga~
Lica O Zirmelt rectlred 4o cpersie o Tl-ispe eirfleide. THisg method
=5 deyeicoed Prom 8 serics of zmom-Fiotetion Lesis cof=rcied o w2l
e=rfeosd e rosrmfroed gotis. 230 Tresesie? ip Unis repcrt is & discme- .
e3% Tasis oominmzited i= comfuific> ©in THe groond-Ticieticon imvestipelicn, 1
IznioRingy e treffis, s01isry resictencs, amd cpeed fesis.

padecales e
W N

Tp Sureicy exiferis oo the efficiet Aexlin of aircradft iem¥rg
gesr, & $o33 seziss ¢f 1xefP5 s Lests wes oomdivoies wilE o etTrs Seel
oo gretiens, Toads, 203 tie yTezoTres. TEe wheel comMorsiisTs
TExial Iom 2 sirgie 522l 1 4o 12 heels; tie 3cedircs wrrief foom RO
0 275,000 iD; ihe tive trez=rres rzomed Irom 1T To 250 pst, e wheal
Tzacirg vzried from 2.0 redid oo Y0 5.2 maFtii. The muitipie-stesi tests
w2me man o Ceterndne e effect of Tize sresdisg on ermtysiest sivglie-
vheel 2ozis. These Sests provifeZ oxfPisiert Zeis o develsy gmoTd-
el xriteria foT 2 Wi2a r=ope o2 oomBiTicns. Tze &efis were =xlyzed
o Serelss besfic single-vhosl milarde. Twm e meliold 9f extending fre
strte-giesl criferds 2o milllzio-s2en) d=iz wes dctermived.

Prexber i3 mecsurenssis were mede st the Tegfinming of esck fesk,
£2 irlersals Semieg Sesiiog, end =X Z2ilure. Tosoe mezerrewsrls wers
mele o ¢tiedn rolliesy resistesce IxPoometicn.

Beveral iasts were conducted 1o the XIS Lowry Mohility Pesesrch
Srenes (BES) test Fortity $0 ctieds zpeed versns rpllidnz resistarce dale.
Teenby-three tesis vece ro= using vericss speads, iosds, 3ire pressures,
ezd tire slzes. The primeipies of scale modaling were used @ | pizeming
these tests 50 thet dmernsicmsl srmalysis trirciples o034 be used in
exeiyzing the resulis.

:

231 deze collected under this ipvestigefion are reporied zu ceparzie

°
garts of this series of regoris. Tre follovwirg iist relsiss eech report
prt to the informetion comtalired theredn. 1

!

Tt Pact Title

Tesic Rerort

2z%a Besort on Test Section
Dste Report on Test Section
Date Beroxt on Xest Section
Date Beport on Test ZSection
Bsba Raport on Fest Becli
Data Report on Test Secticn U
{Cortimm=d) J

ERE Lk
W P N

-

g
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.
|
\"

Eexcxt Pert itie

m Tast Secllion 7
Dete Peport on Test Eaction 8
Tetas Beport oo Test Uection 9
Deta Report on Fezt Sectisa 1D
Eelts Besort ¢n Test Sectics ig¥F
Dztg Recort oo ¥erl Beciieon 13

'
]

Vot

SEREI LR
]

= on Test Sesticn 1k

. Dsta Bexert oo Test Uecticn 1%
Ptz Peoort on Test Seciion 135

- Dete Pepori on Test Sactiom 16
TR D2tz Parors ¢ Test fectieon 37

pan ¢ Pete Repott oo Idghi-iced Tests

-

* Rest sacticn 31 is repgried sepmmetelr 28 the

¢

Some of e terws used 1Els roport zre defin=d g3 followvs:

B

&. Figisetion. Toe floskd-g or soporidson of &n alrcreft oo ike
mt&-jg‘narf%lrg gwm

;

(]
0

CxiiZorrde Bea—ing Retio {ER). Tre =3 is 2 messzre oF soil
streasit exd 3 nsed $o svelnzle Lhe gbildty of soils 0 resist
sheer deformeticn. Tre (R test is comiucted Ty forcizg 2
2-in.-d3zx pieton inio ke woi2. Thz loed regnicsd To force
tte piston inso tie soil . . in. if szressed as e percanisge
of tke sterderd velue for crusted stoze. This rercemtege is
tte CZR. (See WIL-STD-€23AC for stenderd testirg procedures. )

c. Cope indey (CI). As ipdex of s0il strecgi: orieined with ike
coze veretrometer. I5 is the umit 2083 required 3o z=eirtein

\ movement 0f the coce-skared prote nmorme: o tre swriece of the
] 5531, It bas tke Hxepsions pounds per sjusre inch; s is
usueily _iven 25 R aversge vedue for 2 specified lgyer of
¥ 8013 severel inches thick.
¥

S é. Ooveregs. Sufficient rasszes of lozd tires ip edjecent tire
3 osths $c <over 8 given width of surface ares opne tize. A

2 ¥ coversge is eguivalent 0 the load repetition fector used in
o previcas grourd-flovation studies.

r;é e. Equivalent single-whesl loed (BSWL). 4 ioed on a single tire
: whick produces effects o3 the supporting reiivn that are
egulvelent o the offects preduced by & loed on & rauitiple-
theel assesbly.

\n
”n




Erdyalent vaiiuns, The redius of = circle heving the sgoe erea
TETLE TOEN Bntke

R BT

TOES =t &rez of 8 ingle tire. o5
Cg ‘.
Testerof-crerstions {T0) adrfisldn. Idrited-life fecilities
snich are clinsified end dsrined 85 101lo¥s.

Bw;g‘vea edrfdedds. 0 alrfields thes wrzayly zust support
the grerations of hesvy-cargd sircraft, medius.cargo alreraft,
g3 fighter-beoher airezedt for & pesiod of b to 6 ronthe., The
qaRToiiing repz-ed sfrfisid is sharscterized as 3 £8#14 having
tae egmivalest or 8 T1L lending pst murfece lying ddrectly on

e 5023 subgrede.

&TW r;‘ 'N:’rwﬂ 'y

i
A

toe gperciions of redirm-curgo aircraft (=md concelvebly certain
fignter-border adrcereft degigred for cloge tecticsl support)
for 8 paricd of 2 o 3 veeks. The controlling suprozb-sres
alrfield ig charactecizad ve e field kgving the eyndvalent of ]
2z ¥3 l=x2irg met siwfece lying rectly sn 2 A-CER subgrede. 1

Forverd-tea airficlds. 0 sirfields kst zust surport the
opersbions of iisison, observsbicn, erd light-transport-type 1
glrorelt, icciunding beavy-cargo haliccplers, for e period reng- ]
ing frox & fev deys %0 3 wesks. The combtrolliing furvard-arss -
eirfi=1d s cheracterizel ss a field having & 4-CER subgrede o
vith o sbtrecturdl surfexdireg. IL should he noted tbat sn adr-
ereft having sufficient fiotstion to operste on & 5-CER subgrede
for g sobstential omber of operatione will have the cspebility
of cpezsting & fever pber of times on subgredes having
ctrengthe beloy 4 CER.

Dreg. For the pwmpose of this report dreg =nd rolling resietance
ruve the sgre rmeaping.
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SECTION II: TRST FQUIPVENT AND MATERIALS
Teat Section

A leyout of a typical test section is shown in Figure 1. The test
geckions generslly were constructed with two traffic lanes, and each
traffic lane cons i3ted of threec items., The ngtural soil in most test
sections wes excavated to a depth of 6 £4, and the excavation was back-
filled with the soils degcribed below. For the initial tests, two test
sections were excavated to a depth of only 2 £t. This wss consistent with
past practice and is considered adequate for the logds and wheel spacings
used. However, because of the magnitude of the loads and the very wide
vheel gpacings involved in many of the later tests, it was decided that
test sections should be excavated at least to & depth of 6 2. After
backf1liing was completed in each test section and the desired soil
strengths were nbtained, one test item was surfaced with T1l landirg mat,
one item was surfeced with M8 landing mat, and one item remained unsur-
faced. The items of a test section were consiructed so that when com-
pleted they would-have comparable strengths. That is, the subgrade CER
strengths were prepared so that each ifem would have about the same capa-
bility for carrying traffic. The T1l mat on a 2.CBR subgrade was con-
sidered epproximately equal in strength to M8 mat on a 4-CBE subgrade or
an unsurfaced item with a soil strength of 10 CBR. Once the test sectlons
were constructed, they were ready for trafficking.

Scils

Classification data and greda’ion curves for the subgrade soils used
in the test sections are shown in Figure 2, The two soils used were gen-
erally the same with only some small 3ifferences in characteristics. Soil
Ro. 1, used in test sections 1-4, wos & fat, buckshot clay (CH) with a
liquid limit of 58, a plastic limit of 27, and a plasticity index of 31.
Soil No, 2, used in all other test sections, was a fat, buckshot clay (CH)
with a 1iguid limit of 61, a plastic limit of 24, and a plasticity index
of 37. These soils were used primarily becsuse their strengths can be
easily controlled and msintained.

Landing Mat

Ag l!pdicated in the definitions of M-type airficlds, the strengths
of the resr-sres. and support aree ajrfields are defined in terms of Til

ard M6 landing mats, respectively. Therefore, the T11l and M8 mats shouid
be used in the ground-flotation study.

The M8 ig & heavy, desp-ribbed, steel mat. Figure 3 shows M8 mat,

and & complete uescription of the mat is given in WES Technical r.morandum
No. 3-32%, "Airplens landing Mat Investigstion, Engineering Tests on Steel,

T
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Pierced Type, ¥B and Aluminum, Plerced Type, 1»29.“3

The modified T11 mat is a lightwelgbt, extruded-~aluminum panel with
a 25113 surfece. T11 mat is shown in Figure 4, and s complete description
is given in WES Technical Report No. 2-63l4, "Eﬁg‘l_neering Tests of Ex-
perimentel Tl Aluminum Airplene Lending Mat."”

Ioad Carts

The load cart with which the majority of the test traffic was ap-
plied i1s shown in Pigure 5. The cart is drawm by & commercial-~type
tractor snd consists uf an interior losd compartment with ioaded tracking
vheels and an outer support frame. Weights were placed in the load com-
partment to previde the desired test load, and the configuration and tire
size of the tracking wheels were varied according to test requirements.
The load compartwent is comnected to The frame by 2 single draw pin in the
front, providing free vertical movemsnt independent of the freme. The
frame prevents lateral movement of the lusd compartment but does not pro-
duce any significant load on the test section. The wheels of the tractor
traffic the test section, but the weight and tire pressure ere small and
this traffic is comsidéred negligible.

The load cart shown in Figure & is similar to the cne discussed
above, except that 1t balances itself and has no need for an outer frame.
This cart was used for the twin-twin asserbly tests.

The load cart used to apply the prototype load traffic {12-wheel
tests) is shown in Figure 7. This load cart is driven by electric motors
located in each wheel and consists of a power unit and frame and three
interior load compartments with the tracking wheels. Weights were placed
in the load compertments to0 provide the desired test load, and the con-
figuration and tire gize of the tracking wheels were varied according to
test requirements. The load boxes are interconnected, and the forward
box is connected te the frame by two draw pins. The boxes are free i
move in & vertical direction independent of the frame. This load cart
was, operated In such a manner that the wheels of the frame and the power
wnit did not traffic the test sectica.

The load cart used for several single-wheel tests is shown in Fig-
ure 8. This cart consists of the front end of a 2-1/2-ton truck and a
gpecial frame which contains the tracking wh2el. A wheel is cantilevered
to the side of the frame to provide support. The load for the tracking
wheel 1s anplied directly %o the frams. The track and cantilevered wheel
are balanc. .l with weights go that when the load is applied $o the tracking
wheel, the vehicle will not overturn. The front wheels of the truck traf-
fic the test section, but the weight and tire pressure are small and this
traffic is ¢opgidered negligible.

Several special tests usinz model wide tiresg wer2 conducted. The
load cart for these tests is shown in Figure 9. This cart consists of the

8
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t;:eﬁmc:’smgmee.stﬁ"‘mt}msié.cf fruck. A platfornm which was
Ioaded o zpply welight to the wheels res construcied above the tracking
vhedls, ke piatform and wheels were ncnhected to ths special fraze in
Mam‘mtmzvmmmimm The coniigura-
ticnofthet‘.msmﬁresizeseatb«mckingass@lymev&ried
gccording to test reauirexents.

Tires, Wheels, and Axles

Tne sizes and charecteristies of iizes used in the growmd-flotetion
studies were determined by & corbination 5f test requirerents ana aveile-
pility. Ccnsiderstions of timing and aveilebiiity reguired subsiitution
of coxe jires of sizes different than those siated in the test plen. e
tires vsed in st tests were not new; therefore, there were individual
veriations even smong tires of the serme size. The bire sizes used for
traffic tests are shown in Tables I, IX, and INI.

The $ire wheels used in the teazts were atvipal sircrsft wheels ob-
tained from the Air Force., Howzver, the axles had to be made so tha% €
not only wonid £it the wheels bui also could be atbtached tc the load
carty, 4xles were made for each vheel size,

AMBRB Facility

A descripiion of that porticn of the AMER test facilily and related
equipment used in this investigation ic¢ given in part XIX of this report.
A more complete description of the faciliby and related_equipment and test
procedures and technigues is presented in WES TR 3-665.5
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SECTION TiI: TESTS
Zraffic Tests

A series of traffic tests that would provide the data aeeded for de-
velorment of ground-flotation criteria was pianned. These tests are
presented in Table VII of Appendix I which describes the test plan for
development of design criteris for the (X-Hifl aircraft. However, the tests
which vere actually perfurmed varied somewhat from those which were
piranned because of special test developments tr becavse some tests ind -
ceted that other piermed tests were unnecessaxnyr. A summary of the resuits
of tests sctually conducted is shown in Tebles I, II, and IITI.

The traffic tests were conducted to simlabe asctuel aircraft traffic
on an airlield. A load cart was prepared by atbtaching the desired number
of tires of a given gize and spacing Ho an axle and comnecting the axle to
a load cart. The tires were inflated to the infiation pressure specified
by the test plan, and the cart was loaded to the desired test load. The
load cart was then driven back end forth across the test lane, Traffic on
test lenes 1 through 11A was evenly distribubed, i.e. &1l points in the
traffic lene received the same amount of traffic. However, experience
bas indicated thst in sctual operation of aircraft the center portions of
e Tawey or baxiway receive more traffic than the ouber edges, end the
distribution of the traffic is a normal statisticel distribution. There-
fore, test lanes 12 through 37 werée t—afficked using the normel disdribu-
tion in order to vetier simmlete an actual traffic situation. Guidelines
placed on the test section for the load cart to follow while applying traf-
fic were spaced to allow control of the distribution of trafiic across the
traffic lane.

Drawber Pull Tests (DBP)

DBP measurerents (Table IV) were taken in conjunction with the
traffic tests and were obtained before traffic, at any significant point
during traffic, and et failure. These tests were conducted by connecting
a lcad cell between the power unit of the load vehicle and the load box.
A typical load cell hookup is shown in Figure 10, The DBP force wes mea-
sured as the power wait trenamitted torce to the load box through the
iocad cell, The load cell was equipped with strair gages that fed an
electrical sigral into an amplifier, which translated the strain inte
pounds force and transmitted this information into a continuous strip
recorder from which the DBP could be read directly.

DBP measurements obtained from related studies sre shown in Teblz V.
These data were obtained from tests conducted by the Dougles snd Zoeing
aircraft companies, Two types of data were provided by the Dougles com-
pany. One set of date was obtained during treffic tests on wasmurfeced
soil and M8 landing mat by comnecting a load cell belwesn 2 Gractor spd
a load cart. The other seb of Douglas data and 4he Boeing dabs were

w

WM\&!A}

NN N

%

» W‘&‘:\m“ )’:'J,:Q.ﬂi AN O 3 P

R

"~y

,&m’ ooy M BT
LT e
LAY R

) Ty
¥ ~\.v“.‘?p




- .
s ~ i o i
FNCTRAN . - ‘- . ) ; )
= - ) - Ot .. T m— T
= . - ™ 7 - T .

P T [ 3 o

S Coviniand during actidl THSH testa ab Harper's Dry Iake in Califernia
%{W the aireratt with & teactor end measuring the DEP by uze of
SR - (- -7 N~ € SO - )

- A

A ced Tests

" 59 accomplisk the necessary speed testing, soil sibgrades were cone
. structed © o wiform strength, vith spproximately the same strength
S being wsed Pfor ail tests, The speed tests were then conducted on these
~ - spbgrades using sirgle-wheel loads and several velocities, as ahown in
Tebie VI. A sinzle vheel with a glven tire pressure was loaded to the
weight and then towed down the subgrsds at a designated
i veloeity, Each test consisted of individual Pasges down the so0il subgrade
T with 1l necessary dets being recorded on each pass,
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SROTION IV: FATLURE CRIVESTA

- t . . [P
- .- - P < R B .

The failure criterls presented below wers used to judge fatdure of
items during traffic testing. Sec Appendix IT for definiiions of Lerms.

Ungurfaced itens, Feilure of unsurfaced items was based primarily
on permanent deformation or rutting. However, elastic deflection

wvas also tekeh into consideration. V¥hen rutting exceeded & 3-in.

depth, an item was judged failed. PFallurs was alse congidered to

have occurred when the elastic deflention exceeded 1.5 in.

&.

Landing mat. Failure of the mat-surfaced items was judged on
the bazis of (1) development of roughness, and (2) excessive met
breakagre. When deviations of the mat surface from a 10-ft
straightzdge equaled or exceeded 3 in. in any direction witbin
the traffic lane, the test item was considered failed due to
roughness. When mat breakage developzd in 10 percent or more
of mat panels within the traffic lane, the tes: ilem was
consider=d Pailed.
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SECTION Ve LA COLISCITOI

Soil Iata

Fxter content, density, erd CBR deter—drpations were iz prior tn
‘raffic, et intervals Guring traffle vhen a chenge in strepgih w=s indi-
cztad, axd at the point of Pailure in a2l fest ibexs. However; shen
feilure occurred after 8 few passes, only the tofore~traffic dats wers
cstained. This wes done becsuse the tire-to-failure lepse was not ouf-
Ficlent to peredl a change ir s0il characteristics. Soil tests were zde
&t the gurfece of the soil end et depths of 6, 12, spd 18 in. Torw:
vests were g2de 5t esch depih. The ratcd strength of the test itews was
nozzally bzsel on corbined effectes of the $BR waiues for the surfsce erd
for ©- =i 12-in. depihe o =1} &3%s obtained before, during, enl st
el of txaffic. However, in certain instences, extreme or irreguiar
valies were ignored when Zhe snalyst decided thal they wore pot rroperly
representative. Tes®t procedires sud techniquee for these coil ‘tests sre
vresented in Kilitary Starderd HIL-STH-621A.

Coverzges

A coversge is a rpasure of the axount of traffic applied to a test
iten. Coverages wvere recorded at failure of & test item ard at any tice
that sigpificeut reasurerente or observetlions were accoxmplished. The pro-
cedmres for applying traffic and counting covereges for any tesi lsne are
pregented in the data report for that lane.

Tire Contact Ares

The tire contect area is an average contact area determined bty ob-
taining a tire print and messuring its gross area by use of a planimster.
Tne tire print vas obtained by zolling the loaded tire onte 8 piece of
heavy pover lying on & hard surface end spraying paint arounZ thaet parg
of ke tirxre in contact with the paper. The paint was then 2lliowed to déry
apd the tire wes rolied awny, lewving & tire print Gutline o5 the papsr.

Myre Infiation Pressure

The tire infistion pressure ie the gege nrzssure to which a tire is
inflated prior to z given test. Tire inflziion pressure was checked prior
to and periodically throughout each Test, and maintained constant at the
gpecified welue throughout eech test.
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TEo sscoiTEin fypes o Izta crisirad from tide fest xere(s) cexizem
Tores Tocred fir a 1o cart o crerdtoe static Incriie erd cogmene
foriard Toveient (Selial I77), (b‘ame.gezm’z:zimto._jrm.a
m&:‘r‘m&mf&.&ﬂmmbm{mp),
*}nﬁm;mm&@gamﬁm‘m@m(mﬁ). Typical
o133l reeor®ras of IEF aze £hoRn In figrres 13 /3 32, TR frdiia)
IE2 valce o3 e raxdsoox force chial =3 &oxrirs £ saries P starf-stoe
cperct3ors oo e Test Item o3 w=s recd ddirectily fro= ike Kighesu miict
oo & 53 &8s inddcxted in figmre 11, Tee roliirg IEP w=s chixined ©F
mamm&.m%(?fmm),mﬁm&
syerazs valse of &s resdinss chislrned Syoo e comsiterd epesd o ecTess
e tast secliom. Pesk IEP wezr iskem 10 be ter 7aixe of {&e highest poant
cx tke greeh (Figere 12). Peak IEP was chieined durirg 8 ccosternt speed
Ioh.
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Eurfece Devistions o ¥est Sectiams

e srfece peasarens=ts obtained during these tests vere deformse-
tions end defleeticss.

Deforzticns

Tas various {ypes of Eeforzatiom reasurermgats cbiained ding these
tests vere perminent dsforreiion, differential deformati-., ruttivg, =g
disking, The permacnt Geformation rensurezents wcre vsed to plot cross
sections end profilss for the vericus ite=.. The differentisl deforzstiocn
is e-eagure of the roughnses of o= zted and was used in determisivg
fatlure. Rutiing iz & diffirentinl deformation recswresent but 28 sppli-
ceble to cnly ame rri. Dishing 3s the terp applied tc the measure of the
dizferentis? Z=rozmation cesuxring scrose the widlh of ome laniing zav
g=mel. A pore ccoplete discussion axd {liustraticns of deformatlons ob-
teined apd procedures for peking the caasurerznts sre presented in
Apperdix 11,

Deflectiong

Tae daflectica peacmenests obteined during these tosts were total
end elestic deflections. Biastic dsflsction msosurezants were obtainad w0
goplet in Xudging feilure of en iten. Total doflecticn meastrezents ware
thtained in ovder to relate elastic defleciion ard percanent deformation
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Crea¥ orcyziz=g et e znd of mErel oo m2ls si3e of
semter~Iine gpiice Zodnk.

Skearinz ¢f 23 compecier rivets inst=iled Ty Zeciory.
Zie Gpe tresk is c2iled 2 rirgomt.

2 C: Dezocicg of riseis siong cezier-iina spiice loins.
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She mat breaks hst ocour on the 13 ==t are {llastrsted in Figures l
1% e2rd 15 erAd =re classifizd as folleowr.:
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Type B: Break occurring tarough the surl or: the overlapping
gide of 3%t panzl. at toe end joint.
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Type O: Diesk cccurring betwzen curdl on the overlagping aide
of =st o355y and biailated hole.
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Type D: Przsax fros sidn conpector hole te tubulated ncle.
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Type B: Awny other &ype of m3t brazk not discusesed above.
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Lrproech

Tre amt3yisics of d=fe colizcl=ld duricsg this «tuiy vas directed towmséd
tee Zovaicmmer’ of grooef-Folation repisresents for alreraft laxding
g==Ts. oo eviterie rpeedsd for designing ex eircrefi lsndiag gear com-
sigh of 8 el of detercining e mber of tires, FHire specings, and
i8re oooizel arez o2 tire presswre reauired o0 suppori 2 given iopd on
gn airfiel For & sisted mrber of corersges. For unsuxrfaced seile, these
veriznies kzve been relzaied {mromgh the dovelopment of e mocogrash for
girgie-wneel iceds, ard < o affusiment cuwrse for —mitiple-wteel
esseriiez. Tre lczd-zdjusr L crwrye 35 used $o resolve multiple~vhnel
assembides inbo ar ecudvalent single-wneel loed, This eguivelent single-
weel load cem $Ien te mwzed witk ke norogreph ic deterodne strength
regirements for unsirfaced soils, and inversely 0 dztercine the relative
Ticteion capebilliiy of & propoxed lznding gear design on uynirproved sur-
faces. PFor Zarding ral, these saxiedlas nave been related for single
akecls by ass of sm “squivzlent thicimess concept” and a "CBR foremia.”

In cxder that these criteria for mmifiple-wheel assezblies could be used,
2 me2ns wes dsveloped for relating meltipie-whee] -zssembly leed: to
ezmivalent sipgle-wheel loads. This egnivelient ringle-wheel load could
than p= used with the singie-wieel criteria o dszign 2 multiple~wheel
gear for dseired Tlotation, Or inversely to determine recuirements o6f

8 pat-surfaced airfield to suwtort the iniended loading.

Equiveiert Thickmess Ccuceyt

The procedare used to znalyze the landing m:t data was to relate the
lozd~cerzryirg cepabilifiese of the mat to the load--carrying cepsbiiitizs =i
a flexible girfield pavemsnt. This wss done by sssuming that for g given
lending mat fallure poini the met is equivelent in sirengtk to thet thick-
ness of flexible pavenment required (as indicated by the CBR formula) by
the copditions causing failure of the mat. This follows the basic pro-
cedures set forth In anslyzing dats in TR fHo. 3—539,7 for single-wheel.
loads. In order to use this criterion for multiple-wheel loads, & means
was developed for reiating miltiple-wheel icads to equivelent single-wheel
Josads.

To determine the thickness of flexitle pavement structure required
for any loading ~ondition, the following formula is used:

t = {0.23 log C + 9.15) g——gB—R - ‘5
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T = thicknsss of flexible pavement structure, :m,

C = mr=ker of coverages

P = gingle~wheel or ergivalent single-wheci load, 1d
CZR = goil strength rmessuresent

A = tire conbect srea, sq in.

julkblgy #1 M gy 34
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3By using the CBR formaia, o thickmess of pavement structure .an be
ecaelculeted which will provide the sere losd-suppert capability for each
test loeding and subgrade corndition as did the landing r=i tested. For
the purposes of vhis study, this thickness is termed "equivalent thiciness”

BN

) end is defined as en index of the strength of an sirfield surfaced with
1} landing mat. In keeping with this definition. uhe symbol "I" is sutsti-
34 tuted for "t" in the CBR formuls as shown bziow.

; - 0.7 ’0"':"!‘015\ __P___oz

¥ T - 0-23 202G + 0.15) Vyigw - 5

f

This index of Tue airfield surfacing strength is referred to in two
diffzrenc ways in this report. The first use of the ipdex, I , is to
eveluste and express the available strength of an existing mat-surfaced
airfield. The second use of the index, I_ , is to evaluvate lending gear
designs for mat-surfaced airfields of specific desigs.

—

by A o3

The CBR formule relates all the variables used in the testing program,
as well es the variables needed in designing an adequate landing gear.

i e Crs Ll

Normelizing of Data

A

Alvhough comparable test items were prepared the szame in an sitempt
to develop ideati~al conditions, it was inevitsole that some variation
would result.

' i

AN

To anslyze the test resulis, therefore, it was necessary in some
cases to normalize the data. Thal is, the results of each test, expressed
as coversges at failure, were adjusted to show the coverages which would
have produced failure in the test had the CBR been exactly that desired.
In one instance an adjustment of coverages was made to compensate for a
change in load. This normalizing of th2 data was accomplished by entering
the CBR formuia with the actual test conditicns and deic:ainirg an
"equivalent thickness." Then, using *wis "equivalent thickness” and = CBR
(or Joad) adjusted to the desired walue, the number of coverages which
could be expected to produce failure at this CBR {or losd) was ~omputed
by agein using the eguation. For example, consider a losd which failed
on a 3.5-CBR subgrade at 76 covert_es with a tire contact presswre of

o

[rmcmmdey

3

i

; 100 psi, and is to be normalized to & 4.0-CBR out..ade. The equation
3: would be as follows:
¥
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{0.23 10g 75 + 0.15) 1!&313.3) - =t -

o<
{0.23 10z g; + 0.15)
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T2 leed P will cameoe? oue of the formmie, exd eolving for The normaldzed
coverage level {Cy) ibe resnii is 131G coversges. Therefcre, & 1cad wnich
z=xeg 76 covereges on & 2.5-CER saobgrede with 2 100-psi tire comtect rres-
sure c£Q te =pacied to meke 11§ coverazes on 2 3-CER sutzreds.

Eirglsdoeel redfic Testz on Modified
13 Al —Spu— Zarding Mat

Por the ThrTos2 of exeldysds, tre Tasic dsis chteined durirng testirg
on Til ianding rof ere scxrarized in Teble I. In ediditicm, Zaie used is
this anaiysie Tut obvtzained Suring relsted irmvestisxzeions ere alep showm I
Teble I, ZBech test is assigned a test m—mer Jlor essy rafarence

pE A= 4 =TI, 2 9

Tpe index of gvailable edrfizia~swriecing sitrengih (I, ) w=s celm-

leted for all single-wheel tists, ez=d valves are shown ip Te*ls I mupder

the coluzn hemii=g “ry Ffor Sipgle Wreels.” T devzlop gromd-flotell
eriteria for singie whegls, e relation was needed that wozld relate tire

coatact area or everage tire conbact pressure, CEX, coverages, ard lead,
Therefore, Xp , which relates these factors, was plotied against the wieel

joad. Using this type of plot, the sircraft designer can design e singla-
wheel landing geer when the lozd that ke gear must carry is ¥roum.

Tpe in3tial dete plot imvolved the 200-psi tire pressure dsbe 23
is shown ia Figure 16, A curve vas drawn through the deta, with e
general shepe 0. the curve being based sc=evwkeil urom prior exTeriznce.
Test voint T25 wes a nonfailure, indiceting that thaz oixnt wouli pe piotted
higher if faiiure had occurced, so the curve w2e drawn sbore the poimt <o
better approximate failure. The curve breaks downward as the loads gat
very large, indicating a very ranid failure rore related to the =at
characteristics than te the mat-gibgrade structure at these losds.

After the 200-psi curve was esteabll caed, tke data for the 100-p3i
curve were plotted (Figure 17). Ornly two single-wheel 100-psi poimts were
obtzined. The general shape and sicpe of the previocusly esteblighed
200-p8i curve was used Lo 4draw the 106-psi curve. The curve was drawn
tnrougk test point T3 with wery little counsideration givea o tecc T12
beoguse the traffic in vest T12 was mixed., Six humdred coversages of &
35-kip, 50-~-psi, single-wheel load had been evplied to this test ilem
»rior to the application of 6J-kip traffic,

Only one sipgle-wheel test was comductzd using 50-psi tire pressure,
and it wes a nonfailure point. However, this point {T11) was plotted
(Pigure 17). To nroperiy =atablish the 50-psi curve, an es.imzte was
made of the test poinmb locatica if fallure nad cecurred. To do this, the
previous pattern of spacing of the Ia curves showr in MP 4-U59t wes
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*.0 7 uwmsd. & Tobio of £he 5O- and 100-psi values of I provides am esti- #
==k o2 {kr lcoitiem of the 53-pei poimt in ibis investigation. The 50- K

~ g2l curve 35 $Hrn iim Shromgh the estimated polnt uaing the genesal B
R £riza &z@sf.a_’:;acfﬁ:e 200553, curve. i
-'B_w crosp~plctting the three curves developed in thiz investigation, ;j

& Paxdly of Ip cworves wvas drawn for the Tl mxb. Thege swrves are snown S

in Figure 18 snd are designaded for rear-arez sirfieids since itke rear- 1

gres sivdfeid is defired in terms of the T msk.

Te imitiple-fheel Praffie Tests on Vodified 5
y ';‘i: 13 Alvsines Landing ¥at
R
_ ?;j ¥altiple-whesl tests were conducted to obtain date thet would permit
] é the development of proecedures for designing moltiple-wheel aireraft land-

"% ing gears. %he tezts conducted ard daota collecied permit a direct cox-
g,;gt, perison of trafficking with sipgie- and imitiple-wheel assextlies, and

4 Derzit a riudy of the effects of whsel specing on the perforcance of e -
F ifipis-vheel esserbly, If this data can b2 used to relate raltiple- E
43 sheel dsta to single-whweel date, i.e. resolve multinle-wheel loads %o

% equivalent single-vheel lcads, Then the previously developed Iz curves E
3 can De nsed for raitiple~wheel gezr design. The syproach, tiersefore, was
) t5 develor rrocefures for resoiving muiiiple-wheel loeds into egquivalent L
& singlz~-wteel lseds (ESEL). An eguivalent single-wheel losd can be ex~
;' preszed elther as a percentzge of the esssesbly ioad, or as a percentage
-7 of the 1oad oz opz tire of the assexdbly. YThis study expresses the ESKL
Y 23 g percentzge of the load per iire, and the ZEEL will slways be grester
% than the icad per tire.

- B

£ suwrzeary of the mlitdipie-wheel test date on T11 landing mat is
suosn in Teble I. The data were normelized to 3 2-CER subgrade, and the ]

,:
Addgy
& g

-39 resulting coverace values are zhown ir the colurm emtitled “Formalized '
- £33 Coversges.”

-

| £ Tne initizl plot for the rultiple-wheel analysis was of the Swin-

s £né singie-tznden assesbly dats. This approach would provide & direct e
3 o injdication of the effect of spacing on the ESWL when coxzraring the twine- $

Rl yiesl feia $0 cingle-<hicel Imts., £ yore 1D .wuows 8 alot (C normasized

T coverages versus vneel gpacing {in radai) for test points T4 to 8. These

53 were twin- and si.zle~tanden tests corducted using 35,000 1b per tire and

g 100-psi tire pressurs. As the vheels were coved farther spart, the ESHL

53 o3 beesme less; axd each whsel began to parform a3 an individuel single wazel.

77; Therafere, the curve becozes horizenbal at 250 coverages, wkich is the

nber of coverages {mormudized $o a Z2-CER subgrode) sustained in the
sizzle~vhesl $est (test polet 73). The largest B8 tbet could cceur for
twin wheels wold be twice the lced per tire. Tals would ocour if the losd
¢ S0 va2ls were copsidered to be all ome wheel, end the conditicu pro-
gucing thls situation (whleh cennot occur) would be thab in which ope waeel .
35 €3 top of ths obhor or where the cembter to camber (o-c) specing iz zerv. f -
Bewsvor, to deaw the cosslsis coverages versus spacing curve, it is
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neecsgsery to caleuisbte the coverages for the zero spacing point using the
TR} fozzula =ed to draw the curve e tkis peint as ghowp in Figure 19.

This curve relates coversges apd sphcirg. The objective of this study 1S :
§o relnte spacing =3 lca€ in oxder ¢6 be able to obbain an eguivalent }
sirgie-wheel lcad for rultiple whe2ls, Therefore, a capanicon piol was p
produced, by vse of the (BR furrmle, whick relsted cow=rages anj lcsd for S
single vheeie. This is zheum in the right-lmnd portion of Figuwre 19,

Toew
)

Tcabtamanm. 3t is necessary to determine thet lozd on s
singie tire (with charecteristics equiwvzlent to cm: tire of tie assesbly)
vnich wiis Droduce the serme effoct on a pavexent as 1h: *olal assenn:y.
The ESWL will be orasd to the losd on one tire of ths assexhly plus the
edditiona) icad combtrikuted by each pearby tire. Tnis adaiticmsl loed
over end atove the ectual losd per tire can be @etermined from Figure 1S
end plotted x5 the percentege by which the load on one tire of the assezbl,
st be incressed $o arrive at the ES¥L representing the entire a.,aa'o"y

This percentage is shown in figure 20, and is called th=a load-adj t
curve. 1t is used in deter—ining az ESHWL whea the spacing bebtueen the
wheels, in redii, is mown. The lozd on one wheel of an essexdly is
sdjusted to the ES¥L merely by increasing the ore-whecl load by the per-
centege effect fron g1l surrourding wheels.

dniy the singie-wheel data were used for the develoimenis in Figure 17
tc avold unknowns vhch might exdist ln ESKL determinationg, ¥With o rmeans
i determdining ESWL now establisbed, however, it beccres posgible t¢ further
verify 3he Figure 17 curves by us:ng the cmltiple-~wheei test resulis.
Accordingly, &n eapiwvnlent aingle-wheel 10ai was determined for each
%ltiple-w‘mal test, snd Ip was csiculeted. These values of Ip sare
ghown in Table I, ard arc plotted iv Pigure 21.

Hany of these test points f8i1 directly on or very near the correspond-
ing I, curve, indicating wuat the load-adjustment curve works for these
points. Powever, several of tb- poimis @9 not compmre favorably. =and these
are discussed in the following paragrapas.

R R G 21 L R S8 NS TS SR ST IR VA, o

There is some indicatiecn that tihe iload-adjustment cuxve may very
with load. This is indlcated by points T3 and T2 for the 200-pai data and
Ti5 for the 100-psgi date. These particular tests were run at a lcad other
than the 35-kip 128 used £5 develop the load-asd juslmend urre, and ezaca
une talls of f the Iy curve.

Test points 70 and TI0 fall off the 100-psi curve and T15 falls off
the S0~-psil curve; however, they ase considered sufficiently close to pro-
vide aun adequate check of the load-adjusiment curve,

Test points 18 and T1S are represeutative of the three-whaeel tests
&nd plot considerably ebove the 100-psi curve. These testz produced muck
betier rasults then expected. The reagom for the resulbta of thesz tests
being &g goxl as they ware iz pot Imown. Arthough they were ccnducted with
& softer tire (2k ply) than some of thes cther tests, this difference ln ply
rz%ing is not congidered sufficient to cause the differences that occurred.

20




Test point P20 falls off the 30-psi curve. Rowever, Faiiuvre in test
720 was due to elaskic deflicetion of the mat, whereas feilure in the sther
Tents was due to rovghmess., Had sufficient traffic been applied 4o produce
greater differentizl deformeiions, the datz voint would have fzilen on or
near the 50-T.al curve.

This an=iysis o the 111 multiple-~wheel data indicates that the
criteris as developed snd as shown in Figures i8 and 20 can be ussl for
the design of aircreft landing gesrs reguired to operate on modified TA1
landing mat, but that sare variation of the lvad-adjfustment curve with i
losd may pot be reflected by the criteria.

- ¥ Traffic Tests op ¥8 Steel landing Mat a
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Por the purpose of analysis, the basic MB lending met traffic data
obtained during this investigation are surmarized in Tatle IT. Back test
4 is assiynsd a test nuzber for essy refzrence.
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The existing ground-flotation criteria for ¥E mat contained in MF
L.i551 Por single wheels are based cn a wide range 27 early tests.

d
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These
eriteria are, however, known to be scmcwher cunservmiive beeouse of the

i
&
g Trocedures nsed in determining the rated CER Tor each test., Also, the loed-
E adjusizent curve in MP 4-459 was based on only 1imited indications from

2,
WOnd,
@
",

-\

L R L

rrevicas tests that the effect of one wheel upon mnother was zero at

43

ad . approximately four-redii specing. The teoris on M8 mat were, therefore,

g{é ) to be conducted for updating the Ip curves, and for developing an adequate

E;} . loed-adjustzent curve. .
g = Very few singie~vheel tests were run on MB mat in this investigation, i
vk ard these were uot surficient for revising the I curves, aldthough they

‘a-fg i indicate that s revision is necessary.

7

f;ﬁij 3 The aprroach to the ¥8 data analvsis was to assume thal the losd-

~E 4 adjustment curve developed for the Tli landing mat wes alsc applicabtle to

== I ¥8 mat. Tkie load-adjustment curve and the CER formula were then used to

%‘—‘_3‘ 3 develop the I, curves. The equivaleai single- 1eel load was determined i
X for a1l multiple~wheel tests and is shown in Tehle II. This equivalent

Fﬁ," i;a single~wLoZi loea was substitutel into the CBR formula for the correspond-

O . irg test conditicns and Iy wad :alculated (Teble II). These I, velues

«*;'_ 3‘1 along with the single-wheel I, v-lves were plotted versus the séngle«

N;‘g ¥ wheel or equivelent single-wheel lcad and are shown in Figure 22. The test

R points plucted are 50- and 100-psi date and define a pattern of performance.

- ¢ o Curves following the general sghape and slcpe of the previocusly developed

oo ] 713 curves were then drawn through these points (Figure 22).

P o

f’* E* Tae IAp curves, as drawn, pass through or near mos* of the test

%{ v points, indicating that the load-adjustment curve developed for T1l land-

ing mat can be used for these MO data points.
points £51l) considershly off the curves.
the following paregraphs.

R/
/205

Howaver, some oI the data
These points are discussad in
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- Tes‘b 'ooizxt HLis s a.nglﬁ-.moel test 'ooin’c which does not fell on
e I _gu¥ve, ﬁeresesmtobenoreaaonmmiteminthisue#
faﬂe under faer coverages then expected. Cince most of the data points
ékéaina:z st the aare loed per vheel defined en 1, ourve, not mach con-

ﬂ@tﬁsn was given $o point M1 ir drgwing the curve.

———

Tests ‘1&6&.&!&1 were zdn at wheel loads greater than 35 kips and
inAicate that the losd-adjustment curve pny vary witk lcad. This also
was indicafed in the TI1 %$ests.

 Teshs ¥16 and ¥17 are the tbree-vheel gear tests and regulted in
=t points that fall considersdly off the 100-pzi Iy curve, These
‘es*s psoduced better results than a1l other coapsrable tests, end a
study of the dsta shows no specific reason why these tests do not conform
to the btern estadliched by the other 35-kip wheel load tests.

Tost point ¥20 represents ine 12-whesl test rum o simulate the C-5A
landing gear. This point plots higher +hen the 100-psi I curve and is
slso = nonfailure point. Test poiuts which plot above the I curve
indicate that the use of the criteria as developed would be conservative.

Test roint M9 falls velow the 50-psi Ip curve; however, it iz s
sonfsilure point, Had this test been continued to failure, this point
would be plotted higher. Test M12 was a remm of test M5 and plots
exantly on the I, ecurve.

Using the pabtern of spscing developed in MP h-ll»59,l the 50- and 100~
pei curves were extrapolated to develop & 200-psi curve. These curves
were then oross plotted end a family of Iz curves was developed and is
showr in Figure 23. These curves are entitled support-srea alrfield curves
since the support-sres uirfield is defined in termz of the M8 mat.

Yais analysis of M8 data indicates that the criteria as developed

and as shown in Figures 20 and 23 c¢i1 be uwxed to design a landing gear
for an aireoraft required to operate on an M3 lsniing-rsb-surfaced airfield.

Singzle-Wheel Traffic Tests on Usawrfaced Soil

The results of the single~wheel traffic tesis on unsurfaced soil
ure gumnerized in Table ITI. EKight single-wheel lvoads ranging from 1 to
€0 kips were used during the ground-flotation test program. Approximately
%0 percent of the single-wheel tests were conducted with a 25-kip wheel
load. A pozograph (Figare 2h) wnich incorporates the variasbles of tire
prespure, load, CBR, and coversges has been used for a rumber of years
to detern'ne unsurfaced-scil strengtb requirements., ‘herefore, to analyze
the single~wheel tests the failure data were plotted on the momograph form.
The ground contact pressures were calculated for all tests and were used
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excinsively in making the plots. By cross plotting, szoothing operations,
and taking previcus work info eecoant (Figure 2% acd References & and T),
a comlete set of lced cuxves was decived and is shown in the left-hand
portion of FPigure 25, This nomograph is presented as a revieion to the
vnsurfaced requiremsnts 2s given in the nomogrsph shown in Figuve 24, Tas
reletions between test dsta and the finalized lcad carves are presented in
Pigure 26. All single.wheel load failure data are shown. This figure
showa that gemerally the load curveshave been drawn to produce a conserva-
tive relation in terms of coverages. Figures 27 and 28 are plots of all
25~ end 35-kip cingle-vheel loed data. For compariscem purposes, curves
obtained from the nomograph {Pigure 25) are superimposed on these figures.

Multiple-bhecel Traffic Tests on Unsurfaced Soil

In addition to “ne resulis of single-wheel traffic tesis, Table 111
rresents a sumary of a1l maltiple-wheel tests conducted during thnis siudy.
The majority cf the multiplz-wheel tests were performed usipg a« 100-psi
tire inflation pressure and a 35-kip wheel load. Ir ordzr to relats these
test data to the unsurfaced anomograph, which was developed with the single-
wheel test data, the relation between the load per tire end Zhe tire spac-
ing of the muliiple-vwheel assemblies is needed in order to resolve the
miitiple-wheel loads into equivalent single-~wheel losds. Figure 29 shows
a load-adjustment cuxve for muliiple-vwheel sssemblies that has been in use
Por several years. This curve is contained in reference 1 and shows that
an adjustment is requirsc when the adjacent tires of a maltiple-wiieel as-
gexhly are spaced less than four eguivalent radii center to center. This
curve, which wes used to dstermine equivalent single-wheel loads for air-
creft operating on both landing-mat-surfaced and unsurfaced areas, I8
bssed on & very limited number of mwltiple-wheel tests on landing met
(Reference 7). The ground-flotation tests on unsurfaced soil present the
firy’ opportunity to sctually develop an equivalent single-wheel load re-
latisn for multiple-vwheel assemblies orerating on unsurfaced aress.

Since the bulk of the ground-flotation multiple-wheel test date in-
volved the use of 35.kip wheel loads and 100-psi tire inflation pressures,
these data were used in the anplysis and development of a load-adjustment
curve for the determination of equivalent single-wheel losds. After the
test dats had bheen normalized to 10 CBR, & plot of normalized coverages
versus tire spacing was made and is shown ir the left-hand portion of
Tigure 30. The 100-psi criteria a8 obtuined from the wmsurfaced avmograph
(Figure 25) were u:ed as an aid in drawing th: curve. The upper part of
the curve was d awn to extend to 85 coverages. which represents a single~
wheel load of 33 kips (¥) that was obtained fiom the nomograph. The lower
part of the curve wag drawn . 4,9 coversges g3 obteined from the nomograph
and represents 2P or 66 kips. The load curve, right-hwmd plot, was then
dravn with intermedioate load values for 100-psi tire pressures being
ob%eined by uze of the nomogreph. These two curves show that a relation
between spacing and load cun be developed, as shown in Figuce 31, whers
logd is expressed as & percentege imereage in loed per tire. The value P
a8 read from Figure 30 would be zZero percent increase, and the value 2P
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. “om be 100 per«ent incresse. T’zna eum, c&?_i.ea the Jozd-adjustment
“eurve, o&G h\u...@;i @9+¢1-mine the eg;xmvmnt single-wheel losd by

epbiccting $he em.eo’ of cue wheel wpon another wheu th’* spaeing betwesn
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be ’éhc'*n in Figurs 30 some of the multiple~wheel data £it the curve
as %‘ﬁ fairly welly however, 3ame < the data do not rif the curve. A
Zenerel discussion of all multiple-wheel data is conmtained in the folluwing
parsEIapha.

i Five tup.yieel-assenbly tests (U39 bhrougk U43) with the wheels
abreast and one two-wheel test {ULL) with the vheels aligned in tandem were
conducted quring this investizstion. Figure 30 shows the date from these
tests and in all casges represents normalized 35-kip, 1¢Go-psi, 10-CBR re-
sults. As shown in this figure, the twin specing veried from 2.4 to 5.56
radii. The specing on toe one single-tandem test was 5.56 radii.

¥hen these data ere compered with an everage single-wheel test date
point {Figure .0), there is a strong indleaticn thet there is mo effec. .2
the seccnd vwheel of the twin assembly when the two wheels are spaced at
least .2 redii apart. The average single-wheel dsta point shown is an
average of tests UJ0 ard U3l.

A.direct comparison can Ye made between teet 43, which involved a
twin-vheel essembly with twin spacing of 5.56 radii, and test U4, which
involved & gingle-tandem assembly that had a tandem spacing of 5. 56 radii.
From Figure 30, it should be noted that for the seme agsembly load, tire
pressure and spacing, and CER, the single-tendem configuration produced
twice as many coversges a2 the twin-wheel configurabtisn. This weuld indi-
cute thaty for the two-wheel sss=bly it 1s more beneficiml to arrange the
vheels in tendem than abresst from the soil iload standpoint. Although not
as promounced, thie seme trend is eviden® in the test results obtained from
comparable twin-tandem {U48) and twin-twin assembly (UL-.7) tests (see
Figure 30).

Tests UL5 sad k6 Were performed using three wheels abreast with eack
wheel loeaded to 35 kips and tires inflated tvo 100 psi. From Figure 30,
vhich preseats deta normalized to 10 CBR, 1% should be noted that by ine
creasing the ceater-to-center tire spacing of the three wheels from 2.6
to 3.2 radil, coverages at fediurs incressed froam 22 to 50. The increase
in coverages ig 8z would be expected. Also sbtwn la Figure 20 ere tests
U30 end U3l, which are single-wheel tests that have been aversged and
rormalized to give the indiceted average single-wheel test point that
is plotied at zero spacing aud 55 coversges. When this point ie compared
with the three-~vheel susts, it can be secen thet the single whezl 18 not
as severe as the ghree wheels spaced at 2.6 radli, but the single- and
three-~wheel test results are approximetely the seme vhea the 4hree wheels
are spaced 3.2 redil vpert. This is an indication that the effect of
edjacent wicels on the load on ome wheel of the asseably 18 anegligible
wace the edjecent wheels are spaced epproximately 3.2 radili apart. The
enalyeis of the 100-psi, 12-vheel tests (3.3-rediil spacing; discussed
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subsequently c2n also lesd i~ this seme conclusion. However, it is be-

Ioved that this trent is not sufficlently developed to warrant changing

’ : the approech used to develop the loszd-edjustment curve discussed previously
L sad ehown ia Figuwre 3.

A Durther comperison csn be made betwzen the three-vwhzel assemhiy
tests end beste U3G 2xd U40, which involved twin-wheel assembliiesz. Fig-
ure 30 shows th«t when the wheel spacing is about 2.6 redii, the twin- and
tlree-vheel teast resuiie zre approximately the seme. Zowever, when the F
saeel spacing was about 3.2 radii, - be three-whcel test, which produced en- 3
proximetely the seme mumber of coveiuges as the single-wheel tests, pro-
duced elgnificantly more coversges than the twin-whesl test. There is no
auparent reasor for this last firding.

ok LT

o il

Two tests with four-whewl asiemblies were performed during this study.
Test ULB wee & twin-tander test (two sets of twin sheuls aligned in vendem),
ard test UMT was & twin-tvin-assem>ly test that involved two sets of twin
wheels gligned sbreast. ¥igure 30 shows thet a singie wheel with the seame
tire pressure snd loed as one wheel of the four-wheel assemblies produced =
greaber mumber of coversges than either the twin-tandem or twin-twin as-
semblies. It aleo shows that elthough the twin-tandem configurstior pre-
duced slightly inore coverszges than the twin-twin gear, for sll practical
purposes the sction of the two different types of coxfigurations ls about

T e S R R T it s

%5
=70

2 the same. Thus, from these four-wheel tests, there is no indication of a
38 Pf distinct sdventsge of one type of gesr over the other.

.3
Y : Several tests were performed with a 12-wheei assembly (U4 abreast,
A 3 3 in 1ine) to simulste the C-53 sirersft leanding gesr. These tests are
°'° 3 3 not shown in Figure 30 for compecetive purpeses due to differences in load
.w;}» £ per tire. Therefore, several additionsl plots were mede to previde an
r- s , analysis of the 12-wheel tests and are discussed below.
g4 i
;‘% i Trolve_theel Traffic Tests on Unsurfaced Soil
[T &

4 ,
2] i Teble IIT surmarizes all 12-wheel traffic test data. A 2l-kip vheel
3 { loed wes used ir i1l teste except test US3 which hed a 22,750-1. wheel losad.
3 3 A1l tests were copducted using a 20.00-20/22 pl; tire infiated to either a
[*;H} H i00- or 55-psi tire pressurc. To analyze thase twsts, a »lot of rated CBR
T b verzus coversges at fallure is ghown in Figure 32. This figure indicates
\ 7 £ that except for test US6 which is suspect, the 12-wheel tests produced con-
o & sigtent straight-line results. Pest US6 1s suspect because while this test

g wag bedinz comtucted, & variction in tire pressure from 50 to €O psi wes
£l

diecovered. This finding ploced the test in doubt and resulted in the
decision to remy. ke cotire test, and subsecquontly test lane 3% was tested.
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Single-vheel tests UL2, UL3, and ULl vere performed Yo obitain test
dsta thot could be corpored with that from 12-wheel tests US0, UGL, and
U62. Flgure 33, praeccuting this compzricon, is a plot of rated CER versus
covercges ot fedlure for thoe &l-kiv, LO0-psi, sinzle-whesl load tests end
the 100-p3i, 18-uhool tooh wader.B21 eqch wheel locded to 21 kips. This
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figure showz that there is very 1ittle difference between the single-whvel
aed the 1B~vheel ‘test reésulis for rated CER values of epproximately b and 6
{Vests 12, U13, GEO, arnd T61). Tt would eppear from Sigure 33 thet the
12.vneel gear would allow nore coverages than the single wheel Por a given
CEBR. Eowever, for sll practical purposes, the coverages sve identical.
This indicstes that for tris particular 12-wheel gear arrangerent {3.3x
3.823.3 radii spacing) the equivalert sinmgle-wheel load for the gear would
be equal o the load on one wheel und that there is no effect of the
adjacent wheeis on the load on one wheel of the assembly. The load-
adjustmint curve, therefore, would not give adeguate results for the 12-
wheel tests urel in this program because it shows some inflience of ad-
Jacent wheelis and would result in an eguivalent single-wheel load greater
than the lcad cn one wheel. Use of the nomogrsph and the load-sdjustment
curve for all 12-wheel tests conducted on unsurfaced soils produces con-
servative resulis when comparing predicted coverages with actusl coverages.
This conservetism varies among tests, but in generai the nomcgraph pre-
dicts sbout ome-third as mary coverages as the actual 12-wheel test data
indicate.

Although the criteria as developed do po% directly refiect behavior

for 12-wheel gesr assemblies, they are consfdered spplicable because of
the unknowwn effects of turning end braking on unsurfaced goils.

Drawbar Pull Date

The resulta of the drawbar pull (DBEP) tests were used to gain an
indiecation of the landing gear rolling resistance as a function of lauding
surfece. The DEP data cbtained in this study are presepted in Table IV as
drevbar pull measurements. Data used in this analysis but obtalned from
other sourccs are presented in Tabis V. Use of the term "rolling resis-
tence" in this report refers to drawbar pull.

To relate DEP and landing surfece, the DEP deta were expressed as
a percentage of wross load and plotted varsus aversge CBR at time of test
divided by tire contact presswre fer lending-mat-surfaced and unsurfaced
soils Tlhese were the primery variebles affecting test results. The data
for upsurfeced £0ils are shown in Figure 3% for initial DEP, Figure 35
for average rolling DEP, and Figure 36 for peak DEP. After plotting the
dsta, a limiting curve was drewn on eech figure. The deta were grouped
boemuse nost oF the dsta were obtained over a amall renge of CER's. The
use of the curves es drawn would resulu in safe or conservsiive drawbar
rull determinations. The wide seatter of the dsta within the CER range
indicates that perheps more factors influence the rolling resistance than
were peasured. These curves may be used to estimete a limiting rolling
resistence value that can be expected 10 ocour on a landing surface with a
given subgrode CER value.

e DEP dote obbained on lending matv ere shown in Figure 37 for ini-
tis2 UEP, Fizure 38 for average rolling DEP, and Figurs 39 for pesk DHEP.
Zhsse data wore 21l clustered within s small CER renge, and no attempt was
mzde 0 draw a limiting curve,
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Zhe obiective of thy 5o gee?‘ tests wes to obtain a relsZion between

- veiooddy e rolliinz safttence red to use the priccriss of csole rmodel-

i3 in pleroing the tests co thal the repulls could be axvoniled o proto-
type eoxditiona.  Thae $¥sks which were confusted in £l £33 fmnty

- vare pletred £od sexded, and s cxery of the test pecults is shown in
T “a'&le?l.._

fé‘xi.;zce the objective of this test program was io develop & relation
betwser Tolling resistence and velocity, These varisdles vwere plotled and

- aee £isn 2p Figure 40. The rolling resistance ic shoun as a rgbio of the

rolityz renistence ia pounds to the weight on the wheel in pounds. & curve
wes then drowvm throngh the polmts plotted. Az the wvelocity increased, the
dohe Teeome scatbered, Drobsbly deczuse of xhesl towmmce that cecurred as
the vheel w.ved éawn $he coil subgrade snd the resulting effect of inertisl
forces acting on the logd cell. Alihough e me esn ve drave tb:muga

" the poinkz 48 plotted, the use of this curve is 1ixitod to the rauge of
: ’Jea.vc»i’;ie,s for wnich tests were run, By plm:bing the results cf the

ccaled testy es dimensionless guantities, it was snticipsted ¢het a cuve
would be developed that could de used io debérmime3hs Tolilng resisvanie
for 8 wlde renge of tire sizes, velgobe, and veloclties. Howsver, several
plote vere z=zdé using the scaled terms zod velocelty, =md These produced
only & wide scnbber of deba, as shown in a typiesd plot in Figure Ul. The
results did not produce successful scaling. However, recent tests con-
ducted in 8 relsbed study using posrered wheels and more experience.with
this type of stuly have produced good rezults using the principles of
sealing. The indicetions, therefore, ace tnst therz tests should be rerun
in the light of recent £indings.

Comparison of Tire Inflation Pressure
arz iiround Contach. Pressure

Teble IIT includee a sumnary of tire inflstion pressures used during
these tesis aud the corresponding compuled ground contact pressures. Fig-
ure 42 is a plot of these data and also includes dete frem tests previcusly
esnducted end reporbed in Reference 7. It can be seen thsb wp to 100 psi
the ground condact pressure 18 approximetely 10 percent greaber than the
tire inflebion pressure. At some point between 100 apd 200 psi the reverse
bemomes true, aod from 200 4o 300 »al the tire infletion pressure is up to
15 porecnt greater than the grouwnd coabach pressure. The point wheve
infletion aifd ground contact pressures are egual is difficult te define;
hovwaver, 1t would agpesr o0 be &b epproximetely 130 psi. Apy effect of
tire size and ply robing on ground copbact pressure could not be determiped.

Tire Ply Teedy

& few single-vhocl logd tests ea‘unmrfaceé 55ils vere conducted
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spexiPleally to determine the reletion between tive chevacteristics es
refliscted by ply rading end coversges. Tnese tesis sre smumarized as

4

I

i Te. of

Sirzi=- Infia- Tround Cover-

. ¥aesd Hon Codacs ages
Test- Inzid Prescure Pressure Hebed st Tire Tire
Ie. EHops pzt Pp3i CER Fatlure Piy Size
. 030 35 100 110 9.5 &0 24 5616
CT U32 35 100 12 5.7 b 38 56x16
B33 35 100 12 9.2 15 38 36x16
K f175°] 35 b 110 6.7 10 2% 56x16
031 35 100 110 110 50 2k 56x6

These tests were performed with a 35-kip single-whesl losd on a 56x16
tire infisted to 100 psi. Tire ply ratings of 24 and 38 were used.
These tests can te divided intc two groups and analyzed as follows.
Tezts U32 and U2Q offer a direct corparizon of the effect of chenging
from 32 to 2k ply as 8ll test variables except the ply rating were the
ssue for both tests. These two tests indicate thst by decreasing the
ply fros 38 to 24 the coverages increase from U4 $o 10 or by a factor
of 2.5. Exeept for rabed CER values and coverages st fmilure, tests
U30 and U31 are duplicsbe 24.ply tests. By averaging these two tests
a CBR of 10.25 and 55 covereges are obtained. By normalizing the
rated CER (9.2) of test U33, vhich wes a 38-ply test, to 10.25 CIR,

a coverage level cf 23 is obbained. This can then be directly com-
pared with the 55 coverages, and & retio of 2.4 is obtained. Tmms,
from these two groups of tests performed tc debermine the relstion
between coverages and ply rating, it cen be concluded that by de-
creasing the ply rating from 38 to 2, coverages increase by a factor
of 2.5.

Therefore, the tests conducted to study the relations between

tire ply and coverages indicate that this relation changes with the
. load on the tire.

Tire Size Tests

Traffic test data used to investigate the effects of tire gize
on flotation are shown in the fsilowing tabulsiion.
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Byl
S Cover-
i ages &t
PR Gronad Failure
B , Infla- Coa- Cover- Formal-
RN ¥ Sipgie~ Hion  Lad Tive ages ized to
'%" 3 Yheel Pres.  FPres-  Tire Bize Dlen- at 8.5 CER
Y Regt  Ioad sure sure and Ply ebter Rated Fail- and
oy * Fo.  kips  psi psi Ratjng =~ _iw. CER  ure 25,000 1b
£ T 35 160 110 56x16/2k 56 9.5 60 107
£ U1 5 100 103 5&x16/22 56 9.1 70 5k
i‘% U20 25 100 3110 25.00- '%/30 70 7.8 200 290
% wh 25 200 100 17.00- 512 45 7.8 100 1h2
Y [£10] 19 100 116 3hbxg.c 1 3k 8.5 32 17
{3 033 35 100 112 56x16/38 56 g.2 16 27
2 US| 100 8% 20.00-20/22 56 .5 ko 39
k
e
¥ Tires of five different sizes wer: used, inflated to 1GD psi, and
loeded as shown. The date have been normaiized to 25,000 1b and 8.5 CER.
g The data indicate that coversges increase with an incereasz in tire Gilam-
5 eter, and thus, for a given tire Qlameter, coverages increase with a
3 reduction in ply rating. Test Ul% does not compare favorably with tests
U530, ™21, and U33. The reason for this is not spparent from the data.
£ Tire Pressure Tests
N
; Resuits cf tests performed on unsurfaced soils to investigate the
4 effects of differeut tire pressures are swmearized in the following
tabulation.
;; Cover-
g Infla- Ground ages at
5 Single- tion Contact Failure
] Wheel Pres- Pres- Normal -
Test Ioead sure sure Rated Cover- ized to
Bo. kips psi psi CBR ages 5 CBR Renarks
] U15 25 25 34 3.9 200 - Nonfailure
7 ULT 25 60 63 4.6 30 40
I U6 25 Lo iTs) .7 150 207
; Ui 25 8o 82 5.0 20 20
u19 25 100 100 3.9 3 h-1/2

Traffic of a 25-kip single-wheel load on & 25.00-28, 30-ply tire was
applied to test lanmes having approximetely the seme rated CBR. Five dif-
ferent inflation pressures ranging from 25 to 100 psi were used in these
testa. Figure %3 is a plot of coverages versus ground contact pressure
and’ shows test data that have been normelized to 5 CR. As would be
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- capEied, the teeh daba spow thut by deoreasing the fire presmre, 3 sub-

"7 stompicd Incresse in toveraZes omn be obtednsd. 2lso ehown in Figore 43
is the coverages Tartus tire prezswre relstion for a 25-idp sinzle~vhesl
locd {test deta pormalized 4o 5 0ER) a3 obbsinzd frem the uncwrfaced
meogreh (Figure 25). For thase portlcdlsr tests the nomogreph egrees
‘with ettt gaba For tks lower tire pressuwes exd is slightly conssrvetive
Por-the upper tire yressure renze {80-202 pul).

WL
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PR 1
2 O}M BN - .
R S
Lf ‘§ - ) - Th2 or.ieris preceubed fereln ngy be used t¢ determine gromd-
S ) Tlotaticd roguizemerts for single- and mlitinlewdeel lending . eoor assen-
A _b2ie3, The use of tex criberia is an evaluvation rather then o design
L s T pEocefure. Faet is, & gew. is proposed for a given set of copddifions
R and then checked te debermine if it w31l be satisPactory for those con-
oS ditions. For overaticn on lamding mat, an Iy value is caleulated uszing
. toe CER forrula ond coopared with an I velue read from Figure 18 or
j:“‘ 23. If the Iy is equal %o or less than the I3 , the priposed gear is
595 sapable of perfomning the sperified nission. ¥For operation on unsurfaced
' %“s g0il , the unsurfoced noongraph ig entered with the charscteristics of the
g“’ propoged ge v, and its capabilities in terms of cove—eges or CER are read
3 froa the nomograph. The cepsbilities are then compared with the stated
. {} rzquirerents 1o determine if ihe proposed gear is capable of rerforming
. §e the stated mission. Examples of the use of the :riterda are as follows.
2§
i“ Typical Examples
B Example 1
i 5
: Required. Design & landing gear for an aireraft with a grosa weight
) %5" of 83,500 1b ard a main gear load of 37,500 1b that wiil operate for 1000
s coverages on e 4<CBR subgrade surfaced with Til landing mat.
TS
) }f ged., A single-wheel lasading gear with a tire infiation pres-
% sure of 125 psi.
% s
; Solution, To determine if the proposed lendirg gear will satisfy
3 the stafted requiremsnts, it is first necessary to calculate Iy .

RS

},,5 .
i _ P P
e I.R—(Q.23logc+0.15)v T C 57
s
&'i
P ‘7
e I, = (0.23 log 1000 + °’l5>V?r"a’:§f% - g‘j.z.?gg
S .
by
; I, = 2Tk

vyt
“

) In is then compaved with Iy which is read from figurs 18 and is
% equal 40 27.6. Tals comparison shows that IR is slightly less than

¢ Ip 3 therofore, the aircraft lsnding gear proposed is sufficient to per-
e forn the stated mission,
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A,

ceFfeiig 2 - -

-~ Targiyed, TDesign & Ianding gear for en atversft with o gross veignt
" 92 AT IS end & msin gear Ioad of 153,500 1» that will operate for
23T cgvarages on & Y-LER cungreds gurfeced with TI1 landing mab.

’ ] Erorszed, A twin-tandem londing gear asserdbly with tire spacinge of
41 vy €0° 12, & tire comdect arce of 260 eg in., and a Hire presgure of
150 pai.

S

Solution, To determine if the proposed laading gear will satisfy
the stated reguirerments, it is necessary to determine the equivalent
sglc-whsc) load, This 3

s iz dome by fivet caleulsting the equivalent
radiug as fellows:

= ‘!C;‘lrm—-‘t&? Axen 2\12___50 = $.10 in.
Then caleulate tire spacings in terms of the equivalent radius:

Twin Spacing = ;%b—%‘-:— = 4.50 radii

Tendem Spacing = 96.—-%.63%6—-

[

6.59 redii

Diagonsl Spacing = g%g%%—“i- = 7.99 radii

From Figure 20, the increase in the load per tire due to the ad-
Jacent tirss is debermined. The tires are syrmetrical around the center

of the asgeanbly, so that any of the tires muy be chosen as the critical
tire. For thiz exarmle, wheel 1 was chosen. The influence of the other
tires is ap follovs:
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Fpesl 2 a5 %.50 Tadid sgacing = 5.7 peveent
Woeel 3 at 6.59 radii spacing ~ 0.0 purceat
Yheel % at 7.99 radii spacing = 0.0 percent

Total 15.7 percent

Tnerefore, the BSWL is 1,157 x 38,375 = 44,400 1b; IR is then
calevlated g5 follows:

1i

®

Iy = (0.23 20g C + C.15) '\gm

I, = (0.23 og 200 + 0 15)\[““00 -2

I? = 2h,4

must then be compared wich I which is read from Figure 18 and
is equa§ %o 24.5. This comparison shows that IR is slightly less than
;s therefore, the aireraft landing geer proposed is sufficient to per-
form the stated miscion.

Exazple 3

Recuired., Design a landing gear for an aircraft with a gross weight
of 55,500 1b end a mein gear load cf 25,0C0 1b that will operate for 175
coverages on an unsurfaced 6-CBR subgrade.

OEOSed. A single-wheel landing gear assembly with a tire pressure
of 60 psi.

Solutiou. To determine if the proposed gear will satisfy the stated
requirements, it is necessary to enter the mumogreph (Figure 25) with the
given vwheel load, tire pressure, and coverage level and read the CBR re-
guired to perform the desired operation. The CBR valve read for this ex-
ample is 63 therefore, the proposed gear is capable of performing the
desired mission.

Example 4

Required, Design a landing gear for am aircraft with. a gross weight
of 250,000 7o and a main gear load of 112,000 1lb that will operate for
100 coversges on an unsurfaced 10-CBR subgrade.
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ped. A twin-twin lending gesr a.wembly with tire spacings §

of 39-43-39 in,, tire contact arda of 205 aq in., and a tire pressure of o

- 95 PSio ‘; :
] 28

%"-——‘—' L—-a@'

Solntion, To determine if the proposed landing gear will satiafy

S ——— g
T e o, 2 Y ESO T v
( o “ i e A
‘e L, Loy B oo
o . W TP w0
e

L the shatcl requirements, it is necessary to determiune the equivalent

R A gingle<wheel logd. This is accomplished by first calculatiag the equiva.
o lent radius as follows:

oA

oI r—

? r= V..’gg“a-——-—-———c,f Area = VQ;T-S- = 9.69 in.

O A N oo e T TR

by

Then calculate the digtance from wheel 2 to the other vwheels. If
the critical wheel for an assembly is not known, all wheels must be
checked,

TRy
furew s, \ S

Wheel 2 to waeel 1 = 19-%‘;1'- .02 radii

G

¢ Wheelatowheel:%--—@—hl}hradii

Wneel 2 o wheel b = §-‘?§§ - 8.46 radii

From Figure 31 the incieaze in the lced per tire due to the adja-
cent tires is determined. This increase is as follows:

Wheel 1 at 4,02 radii spacing = 17.0 percent

Wheel 3 at 4.4k radii spacing = 7.5 percent

~

Wneel 4 at 8,46 radii spacing = 0,0 percent

P

‘fotal 24.5 percent

Therefore, the ESWL is 1.245 x 28,000 1b = 34,860 1b. Using this
ESWL, enter the pomograph (Figure 25) with the tire pressure and ccwverage
level desired and read the CBR required to perform the desired operation.
This CER valuve for this evemple is 105 therelore, the proposed gear is
capable of performing the desgirsd mission.

N
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SEGTION VIIT: CONCLUSIONS AND KECOIZ/ENDATIONS

" Conelusions

Based on the resulis of the stndy describel herein, the follewing
conetusions are drawn:

Ee

1 {y]
.

P U i, <t A i KRS A, ST Nk s

Sirzle-vheel or equivalent single-vheel loads cen be related to
$i:2 pressure in terms of an index of svailable alrfield sur-
facing strengths {I4) for T11 and ¥2 landing mats. As irdicated
in Figures 180 and 23, Ip Iincreases with load wabtic failure
becomzs more relsted to the charecteristics of the mav thss to
the subgrade structure. At this point, Iy decreases as the
load is increased. IA also increases as the tire pressure
decreases,

¥ultiple-wheel loads operating on landing mats can be resolved
into equivaleni single-wheel leoads by relating spacing and per-
cent incresse in single-vheel 1load for each adjacent wheel.
Fgure 20 preseris this relstion. zad shows that the percent
increase changes very rapicly between 3 and 5 radii, and becomes
zero at 5.5 radii. Ths equivalent single-wheel load can be
applied to the baeic Iy curves for determining ground-
flotation reguirvemente for mmltiple<wheel loads, There is an
indicuticn, hkowever, that the load-adjustment curve may vary
somewhiat with load,

Varurfaced-solil strength requirementis can be related to singlea
rheel or equivalent gingle-whesl .cade; tire prescures, and
coveragee. The nomegraph przoented in Figore 25 iijustrates
this relation and shows that tha =21lowable traffic increaseg
as the load or tire pressure decresses or as the CBR increases.

Multiple-wheel loads operating on unsurfaced soils can ve re-
solved inte eguivelent single-wheel loads by relating spscing
and paerceny increase In single-wheel load for each adjacen?®
wheel., Figure 31 presenis %his relaticn and shows that ap
equivalent single-whcel load will decrease with an increase in
spacing with a very rapid change occurring between 2- and k-
redii specing. The Inflvence of spacing op the ESWL is zevo &t
5.5-r20l. spaving. The BESWL .an be applied to the nomogreph
{Figure 25) to determine ground-fictaticn requirements for
midtiole-vheel gearc.

Results of the simuleted C-5A i.s¢ (12 wheels) on landing mat
compared fovorably with the T11 criteria but indleated that the
138 criteris were conservative for the C-5A type looding.

Results of the simwlated C-5A test (12 wheels) on umsurfaced
goil were more satisfactory than the criteria developed for

3
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L Gsbenden grovnd-Dlolizhion zequiremsnts Indleate. Eawever, the
pmomrdezed eriterds for C-5A type gear configurations are con-
gidexcd applicgbile beeguse of the unknown effects of breking and
turping on wasurfaced -soils.

g Drpivar pull wraswrenents can-Be relatzd to soll subgrade

':\\\A strengths for 38 and TI1 lsnding mats end for unsurfaced soils.

T Figuves w30 prescot this reletion an’ show that the drawbar
, pull decreases s the CBR increases.

h. The gencral trend of the effect of tire size, Tire ply rating,

. aud tire pressure cn grouwnd-flotabicn czpabilities of aireraft
vierating on unsurfaced s0il sas determined. The data indicate
that the sllowable traffic on an unsurfaced scil increases as
the tire diaweter gets larger and decreases as the ply rating
increnses. Also, the zllowable traffic increases as the tire
pregsure gets smeller.

i. A relation was established between velocity and dravvar pull.
This relation is presented in Figure X0 and shows that as the
veioclity incresses, the drawbar pull decreases.

4« Averege hard surface tire contact pressure can be gemerally re-
lated to tlre inflabion pressure for the types of {tires used.
Figure 42 sho.s that for inflation pressures below about 130 psi
the conitact pressure is greater than the inflatior pressures,
and that  for inflstion pressures above 130 psi, the contact
pressure is less than the infletica pressure.

Recomnendatiogg

Based upon the results of this study, the following recommencdations
are presenteds

&. Asgitionsl tests should be conducted to establish the effect of
load on the logd-adjustment curve since these teshs indicated
that the load-gdjustment cvrve may vary with load.

©. Since these tests developed only a trend, further testa should
be conqueted to esteblish fully the effects of tire pressure,
tire ply rating, snd tire size on ground flotation.

c. Although the wodeling iests to study speed versus drag wer:
wmouceegsivl, further ehteampts should be made to use modeling
0 study this relatior. since recent model testing with powsred
wheels hag been successful.

¢. Addatisonl tests and studies should be made to determine specif-
denile Ghe resson for the 3- end l2-wheel tests prodncing con~
giobanbly betber resnlis thon anticipated.
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Thirz ¥o3 ca indication fron these tozts that vhe in tzhiem
exformed botber or wmewrfossd goils than waesls shresst at

- €he gmr ppoeingg therefore, eddit’onal tesbing shcu’d be con-

X

gduetzd 32 eshablich this relstion.

Ip oubzrowth of this siudy has heen Vo indicste thzt for flsxibie
govements the rocedures used for obtainir; the cguivelent
sinzle-zel Joad for rzoy vheel asserblies may yield unduly
Therefora. e study of these procedures

canzervelive resulds.
» gireraft will be required

£oonld be conducksd since C-54

o upevate from paversuts.

A study should be made of the procedures for cowmting coverages
since the rathod used ray contridute 30 some of the differerces

ceeurring ir the {est rasulis regorted herein.
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