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I

ABSMACTIL
The Flexible Pavement Branch, Soils DivIsion, U. S. Ar n Engineer

Waterways ExpRriment Station (IM), Vicksburg, Miss., has conducted a
series of tests to establish aircraft ground-flotation criteria vithh
special enmpasis on developing criteria for the C-5A .Lircr&ft. This
report presents an ana3.,ysis of data collected as a result of traffic tests
on unsurfaced soils and soils surfaced with V2 and T11 landing mat. Also
flotation research program, a description of the test equipment, materials,

procedures, and techn-iques used, and examples of use of the criteria.

This abstract is subject to special export controls and each trans-
mittal to foreign governments or foreign nationals may be made only with
prior approval of the Air Force Flight Dynamics Laboratory (MIM), Wright-Patterson AFB, Ohio 45433.
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determined. Drawbmr pull measurements were made at the beginning of each
test, at intervals during testing, and at failure in order to'obtain drag

adSeveral scale mee.el tests were conducted to obtUain speed versus drag
data. These test~s we-e run using various speeds, loads, tire pressures,

adtire si.zes. The principles of scale modeling were used4 in planning
)these t;ests so that dimensional analysia principles could be used in

analyzing the results.

4 '0 Spe,,ifically, in this stuay:

a. Single-wheel or equivalent single-wheel loads were related to
tire pressure in terms of an index of available airfield sur-
facing strength (IA) for T2.1 and M,8 landing mats.

b. bjnsurfaced-soil strength requirements were related to single-

B wOieel or equivalent single-wheel loads, tire pressures, and
coverages.
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c.a A pr:)eedure Zor r.!o~v!X, watltiple-wheel loads operating on
landing mats or unsurfazed soils to an equivalent single-ioteel,
load wds developed by relating spacing t o prcent increase il
single-vheel load for each adjacent wheel.

d. Results of :the aimulated C-5-6 test (12 wheels) on landing =at
comoared favorabJyvith the T11 criteria but indicated that the
148 criteria were conservative for the C-5A type 2pading.

e. Results of the similated C-5A tests (12 wheels) on unmufaced
soils were more favorable than -; ,he criteria developed f)r_0 determining ground-Iflotatioin re~rairem-nts indicate, Howmever,

-J \the criteria are considered applicable to the C-5A beca=e of
the unknown effects of turning and braking on umszraed soils.

f..rawbar puU. measurements were related to soil subgrade strengths
for T11 and FB landing mats and for unsuarfaced soil.

Vae. T e eneral trend of the effect of tire size, tire ply ratirg,
Z- and tire pressure on ground-flotation capabiities of aircraft

. operating on unsurfaced soil vas determized.

l,; h. A general relation betveen velocity and drpg w.- est-blished for
Q ,speeds and sa1 loads.

i. A g eral relation between tire contact pressure and tire infla-
A - - tion Jressure was established for the typea of ti-es used.

2
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MOTION 11: TEST MUIR AMD MAM 41

Tes t Section

A layout of a typical test section is shown in Figure 1. The test
sections gene.-ally were constructed with two traffic lanes, and each
traf~fie lane cons .jted of three items. The natural soil in most test
sections was excavated to a depth of 6 f., and the Lxcavation was back-
filled ith the soils described below. For the initial tests, two test

i sections were excaated to a depth of only 2 ft. This was consistent with
past practice and is considered adequate for the loads and heel spacings
used. However, because of the magnitude of the loads and the very wide
wheel spacings involved in many of the later tests, it was decided that
test sections sfhould be excavated at least to a depth of 6 -ft. After
backfilling was completed in each test section and the desired soil
strengths were obtained, one test item was surfaced with Tll landing mat,
one item was surfaced with MB landing mat, and one item remained unsur-
faced. Me items of a test section were constructed so that, when com-
pleted they vould-have comparable strengths. That is, the subgrade CER
strengths were prepared so that each item would have about the same capa-
bility for carryjing traffic. The T11 mat on a 2-CMR subgrade was con-
sideredi approximately- equal in strength to bO mat on a 4-CER subgrade or
an unsurfaced item with a soil strength of 10 CBR. Once the test sections
were constructed, they were ready for trafficking.

Boils.

Classification data and gradation 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 differences in characteristics. Sol
No. 1, used in test sections 1-4, wa a 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 liquid limit of 61, a plastic limit of 24, and a plasticity index
of 37. These soils were ued primaily because their strengths can be
easily contrblled and maintained.

As .ndicated in the definitions of TO-type airfields, the strengths
of the rear-erea and support area aJ rfields are defined in te.-s of Tll
and M,8 landl-ag mats, respectively. Therefore., th3. T3I and YB mats should
be used in thev ground-flotation stuiy.

The 6 " s P. heavy, deep-ribbed, steel mat. Figure 3 shows M8 mat,,
and a coy,@lets aescription of the mat is given In WS Technical v.-morandum

.5O

A 3-324, Ailan landing Mat Investi ion, Enineerng Tests on Stel,

ewdl



Pierced !Qpe, V3 and Aluminum Pierced Te, Y.,

The modii .ed TU1 mat is a lightweight, extruded-aluminum panel with
a SO._ d surface. TIl mat is shown in Figure 4, 3nd a complete description
is given in WES Technical Report No. !-63, "Engineering Tests of Ex-
perimental TU Aluminum Airplane Landing Mat.'

!-*ad Carts

The load cart with which the majority of the test traffic was ap-
plied is shown in Figure 5. The cart is drawn by a commercial-type
tractor and consists uf an interior load comnartment with loaded tracking
wheels and an outer support frame. Weights were placed in the load com-
partment to provide the desired test load, and the configuration and tire
size of the tracking wheels were varied according to test requirments.
The load compartment is connected to the frame by a single draw Din in the
front, providing free vertical movement independent of the frame. The
frame prevents lateral movement of the load compartment but does not pro-
duce any significant load on the tent section. The wheels of the tractor
traffic the test section, but the weight and tire pressure are -mill and
this traffic is considered negligible.

The load cart shown in Figure 6 is similar to the one discussed
above, except that it balances itself and has no need for an outer frame.
This cart was used for the twin-twin assembly 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 compartments to provide the desired test load, and the con-
f'!guration and tire size of the tracking wheels were varied according to
test requirements. The load boxes are interconnected, and the forward
box is connected to the frame by two draw pins. The boxes are free 4t.
move in a vertical direction independent of the frame. This load cart

wav operated in such a manner that the wheels of the frame and the power
unit did not traffic the test secticn.

Te load -art 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
special frame which contains the tracking wheel. A wheel is cantilevered
to the side of the frame to provide support. The load for the tracking
wheel is applied directly to the frame. The track and cantilevered wheel
are balanc-' with weights so that when the load is applied to the tracking
wheel, the vehicle will nmt overturn. The front wheels of the truck traf-
fic the test section, butv the weight and t~xe pressure are small and this

traffic is Considered negligible.

Several special tests usirg model wide tires9 were conducted. Theload cart for these tests is shown in Figure 9. This cart consists of the

8
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*woit end of a 2-1-bm, C=6 tuek a~4 a frsze construc-ted to cantilever
ibe tnIz i eele 6xf to the side of tim track. A platform idiih was
loadd -to =Vly i.d±gt to the tineels vaes construicted above the tracking
-will-s. Ifle pi1atfo= and -wheelg wex~e -.mnected to tbhe special frar-e in
meh a rmser tbat they provided fre- verticsl =ve-eat. Me conf-igtra-
tio of the tires and tire sizes on ts tracking assebbly were varied
&ccording to test requiremnts.

Tires, Whbeels. and Axles

The izes and cbracteristics of tires used in the groind-flotation
stddies were deterIned by a c_. -o of t reauie s aria avala-
bility. Considerations of timing and availab l.ity required substitution
of so=e tires of sizes different than those stated in the test pan. Th
tires used in =ost tests were not new; therefore, there were individual
variations even among ti-res of the same size. The tire sizes used for
traffie tests are sho-cn in Tables 1, I1, and III.

eie wheels ued in the tests were actual aircraft wheels ob-
ta dn ftm the Air Force.. Ho-ever; the axles had to be made so that they
not only vould fit the wheels but also could be attached to the load
cartm, A-xles were made for each weel size.

RBB Fa'aeiit,

A description of that portion of the AIM test facility and related
equipment used in this investiga-ion is given in part XIX of this report.
A more conlete description of the facility and relatedsequipkent and test
procedures and techniques is presented an WES TR 3-666.

9
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7'j MCTMN III: TESTS

Traffic Tests

. A series of traffic tests that would provide the data needed f-r Ae-
vel e nt of ground-flotation criteria was planned. These tests are
presented in Table VII of Appendix I which describes the test plan for
develont of design criteria for the a-ILI aircraft. However, the tests
which vere actually performed varied somewhat from those which were
planned because of special test dr-velopments -'r because some tests in, -_

ceted that other planned tests were unnecessarj. A summary of the results
ot tests actually conducted is shown in TeAbles I, II, and IL

The traffic tests were conducted to simlate actual aircraft traffic
on an airfield. A load cart was prepared by attaching the desired number
of tires of a given size and spacing to an axle ad connecting the axle to
a load cart. The tires i-ere inflated to the inflation pressure spec-ified
by the test plan, and the cart was loaded to the desired test load. The
load cart was then dh-iven back and forth across the test lane. Traffic on
test lanes 1 through 114 was evenly distributed, i.e. all points in the
traffic lane received the same aount of traf fic. However, experience
has indicated that in actual operation of aircraft the center portions of
a runway or taxiway receive more traffic than the outer edges, and the
distribution of the traffic is a normal statistical distribution. There-
fore, test lanes 12 through 37 were t-afficked using the normal distribu-
tion in order to better simulate 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 traftic across the
traffic lane.

Drawbar Pall Tests (DBP)

DBP reasurements (Table IV) were taken in conjunction with the
traffic tests and were obtained before traffic, et any significant point
during traffic, and at failure. These tests were conducted by connecting
a load cell between the power unit of the load vehicle and the load box.
A typicall load cell hookup is shown in Figure 10. Ole DBP force was mea-
su-red as the power unit transmitted force to the load box through the

load cell. The load cell was equipped with strait gages that fed an
electrical signal into an aiplifier, which translate-d thf strain iuto
pounds force and transmitted this information into a continuous strip
recorder from which the DBP could be read directly.

DBP masurements obtained from related studies are shom in Tab. V.

These data were obtaiied from tests conducted by the Togles Wid ioei
eaircraft companies. Two types of data were provided by the Doiglas com-

pany. ane set of data was obtained during traffic tests on vs.ed
soil and FB landing mat by connecting a load cell between a tractor and
a load cart. Mhe other set oft 2ouglas data and the Doeing dta were

A *10
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~d t2r~~ ~t1 ''I3at test at Mxaier's Dry ze~ke in Calf-roiia~~~ya air~ 3 cfrt with a trkaetor =an mesitsn~the BE?1 by use of

Speed Tesats

"T-6-acdo=lnIs1i the necesmia7 o sed. testing,, soil saradeg Vere con.-stutd b _urslfOz tzonsth, with apr IlmteJ~y the sa- #W~&being Used for a32 tests. The Wped te-sts -here the conducted or, theses~b'a~ us~g ingle-Viwee loAs and several velocities, as Shmin in!Dri 1. A sit:-"e wheel Tith a giveni tire -0remmie was ,,-m4ed to theI desipabid wviot and th~en towed down the subZ,.i,, 8t a desiamated

VA60#it~ Each test consisted, of individual lasses down the soil stb~adeVith all nec~ssaxy wipta being recorded on each pass.



Vie failure criteria prresented below ir ar used t~o judge fa.&,lure of
ibema during traffic testing. See Appendix IIT fk de iiions of terms.

Ia. Unsurfaced items. Failure of unisurfaced items was based primarl)y
on permanent deformation or ratting. However, elastic deflectionJ was alto taken into consideration. When rutting exceeded a 3I-in.

have occurred idien the elastic deflention exceeded 1.5 in.

b. ndn mML,, at. Failure of the mat-surfaccel items was judged on
fthe b~giz f (1) develolment of' roughness, and (2) excessive mat
1 breakage. When deviations of' the me.t surface f.'rom a l(G-f't

straightedge equaled or exceeded 3 in. in &y dix~ection witbin
the traffic lane, the test item was considered failed due to
roughness. When mat breakage developed in 10 percent or imare
of mat panels within the traffic lane, the tes^ s item was
consider,-d failed.

A
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S5iL Data

V BTt w co t ,'. den si t 4, = a C ME O t mr-_-I t ic s w e e =s e p ri r t n 5laffi, t intertals d ring traffic n a cha=e-e in strength s i- f
catea, arA at the point of failwe in tesst items. crwever, aen

4axxe o-curred after a few passes, only the bfore-traffic data ware
obta -e. Mis -wa done tease the tie-to-failure lapse vaS nrt s f-
fieient to pernit a change i- soil rists. Sol test were rad
em the smrftce of the soil and at depths of 6s 12, end 18 in. ze
tssta were =Ae W. e Aepth. e ratcd streugth of the tez' it=n was
Armal Y oa azTinei effects of the CER v-iues for the surface ani
fbr 6- S 12-in. epzhs ft-" -- i btained before, dzerng, a=' at
evi of traffic. However, in ;artin instances, exztrme or irregaar

u valaes were ignored uben the analyst decided that they were not r-.perly
repjrszetativa. Test procedu-es = tecaniqgee for these soil tests are
presented in 143.itary Stazr.ar& 1L-s-m-62iA.

~Coveages

nI A coverage is a rnasare of the a=omt of traffic applied to a test

Iit=. Coverages were recorded at failure of a test item and at any timethat signifcant measurements or observations rere accomplished. Te pro-

enwnr-es for qpling traffic and counting coverages for any test lane are
prezented in the data report for that lane.

iTir Contact Area

eze tire contact area is an average contact area determined ty ob-
taiing a tire print and measuring its gross area by use of a planimeter.
IMe tire print uas obtained by rolling the loaded tire onto a piece of
heavy paper lying on a hard surface and spraying paint around that prt
of the tire in contact with the paper. The paint was then alllowed to dry
a6 the tire ms rolled a*sWy, e ving a tire print autline on the paper.

Tire Inflation Pressure

bTe tire inflation pressure is the gage r=ss re to which a tiLre is
inflatad prior to a given test. Tire inflation pressure was checked prior
to md periodically throughout each test, and maintained constant at the
specifie- value throughout each test.

A 13
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2ie zmuftoeI c~~tt btains-d during thoese tests wer de -a

Defi~s=6de1&tL-.

21-- vsaiou types of defcmtim me-ts dbtain 'i2 thee
tests ve pmm-,m deforz-tic?, differential font~,rt~zwA

diTlg. e demftmio rase~ent t.-,r used to plat cross
seotina ed pr fe f- the- rw.Acus St~.~is differential defin-=tion

is a-measvre of the rcougbnesa-- -, xv. = a-. vas used in dete=Ling
failure. FWIiting is a i t2 d~fo=- tion mpre~mt but is appli-
cable to =42 owe rt Iiisibing is the te= applied to thF measizre of the
5i,!ferentI-,r' Zcoraton owein'riing aos thc vidth of one 1*at-?ing r,-:4 ir5ei A-= om ctlete d iz~ssian arA illustrations of defozxttm ab-
torain =1' mweduzes for mtzi the =ss-xmrmts are prwented in

Me deflectica ra evsnt, oivbe.ed during thase tests, va're total
=Ig e1lwtic deflectlw. £.atic detleatio1 =ewurcr~ts we~ obtainfA -0

wdtin judginS failure of en itemx. ToWL3 deflec'~on =r t4nt wa.re
M mdin e=~o to relate olostic deflec'ti ow I p r~.nst W~ormtat
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Z-,pe A: Cmaik, e~t tta aal of c - stee

3 B.- Sze f -At ~ riTets Im stmaL-d b

1~ jP.: ArT otter type c-, bire:s3, In mat =cu1face =at~~uce

Sh = resks tbiat wmcr on =e t; are ill1nstrated in Trigures
14Ed15 &E -- ls'-ida oa.

Z-p A: Break =-rrig an the unl-az ping sIde o-- =at psnal
1-,'een looking 1rg hole azd side corimector slat co-
site tie v z o; n of adjaent panel.

Ty pe B: Break occurring aghu~ the czurl cor. the overlapping
side of mat z~.at the en!! joint.

af mt aD&I ~~a hole.

I Vpe D): Brt~tak -Fr= sii'! connector hole to tibu1~td aole. I -

ZVe E: Ary otlier ty~s of mat bmeak not dseuseed above.
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:oza--af azBaaidiez-L ne!_adft,- ealg~ng irc-n-ft lnd-a- gar on
Ei.o z'-gWds of dataiinr cleted ofrir thi s ;' - re ed to and

tize ca~-a't area wr tire P~reSsure reurdto Suprort a givwen load on1
am airfield- 4br a staed =-=ber of careragns. _70or iznsur-faced soil-s, these

va5.bis=v been relate.! tbroazgh the day l-_opmert of a noogra-_h for
- -~ ~ 1e-eel cea.s, srzd - 0. "dUstMEI. cin-.e for z=Ltiple-iheel.4 - es~*'-;ea. T---lcadzjvus i ~v s used to resolve multiol-eubhel

azeVt*e into aree load. hbis e~mdiaerrt single
dIee ad ca= TIhen te ureA- witb the rcno&grexh to letermidne st-tc-gth

re-qui4-ents for =ms-urfaced aols nd inversey to det-m-n the relative
fteioncapbflity !5f a jzo-oxced 1em- r~ gear design on unirproved Sur-

i~ne~ ?~:lardig ma, these vaables hav.e been related for single
I ~ ~ ee1-- b,: use of an~~uixalent thic~ness conzzeut' and a nCBR formnla

in crdEr- that these critex a for =lme-1±eel assemblies could be used,
a Weans s c'vLoe for relAtIng zzul_'tiple-wheel -assetbly lcvad to

e~il~tsingle-wheel loads. Thbis eoae~t: ngle-wheel load could
them be usea -t-h the siagle-wheel criteria to d-- sign a multiple-vheel
gea-r f=r desled flotation, or !nversely to dete-imine reruirements 6f
a mt-zurf~zted airfield to saurort -the int=ended l oading,-

quvIenr Tickneos Ccace yt

Mze proceEure used to anal-yze the landing m- t data -was to relate the
load-carry7ing capabilitiez of the mat to the load. .carrying capabi-liti- a2
a flexible airB Ied pavemnent. This -was done by 9 ,soing that f'or a given
landing mat failure point the mat is equaivalent in strength to that thick-

Lde ness of fflexible pavement required (as indicated by the C.BR formula) by
K4the conditirms causing failure of the mat. This f ,)Iows the basic pro-

cedr.res set forth in analyzing data in TR ?io. '3-539,7 fo.: sirqle-whee'.
Ibads. In order to u~se this criterion fo. multiple-wheel loads, a means
vas developed for relating multiple-wheel loads to equivalent single-wheel
loads.

OFR Formula

- To determine the thir-kniess of flexible pavement structure required
for any loading ozdition, the folloiwing formala is used:

t (0.23log C +3.15)
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- hecre

t= thickness of flexible pav=_emt struture, in.
C = num:er of coverages
P = single-wheel or erwaivaient single-whe-a load, lb

C2R = soil strengt&h a=aureent
A = tire contact area, sq in.

By using the CBR formla, a thithaess of raveent structure -an be
calculated which will pro_'do the same load-support capabil'ty for each
test loading and suvbg-ade condition as did the landing r' tested. For
the purposes of tkis study, this thickness is ter-d "equivalent thickness
and is defined as an index of the strength of an jrfield surfaced with
landing mt.. in keeping with this definition. ihe symbol "I" is substi-tuted for "t" in the CMR formula as shown low.

P A
_I - 0 , 3O. s 1og 1 + 0.15) P . A

This index of t!e airfield suafacing strength is referred to in two
diffzrem ways in this report. The first use of the index, !A , is to
evaluate and express the available strength of an existLg mat-surfaced
airfield. Me second use of the rdex, 1R I is to eialuate landing geardesigns for mat-surfaced airfields of specific design.

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

Normalizing of Data

Although comparable test items were prepared the Same i an, attempt
to develop ident-.'al conditions, it was inevitaole that some variation
would result.

To analyze the test results, therefore, it was necessary in some
cases to normalize the data. That is, the results of each test, expressed
as coverages 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 tha data was acco.mplished by entering
the CBR formula with the actual test conditions and detc cinig an"equivalent thickness." Men, using +his "equivalent thickness" and a CBR
(or load) adjusted to the desired. value, the number of coverages which
could be expected to produce failurc at this CBR (or load) ;:-.z nrnputed
by again using the equation. For examplv, consider a load vhich failed
on a 3.5-CBR subgrade at 76 cover&:es with a tire contact pressure of
100 psi, and is to be normalized to a 4.0-CBR suL de. The equation
would be as follows:

'!77
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c~- --411

j~~...(0.2 Ic C..i 1 *..J .5)5 l

a-e Irm P idicanze! vor off the- fcn and solfrig for the =rzalized
cwerege lvel (Cae) theI r-ez.lt is- 19 camwegaa. Therefo-e, a lc=3 Vlich

S76 covera~ges "~ a 3. 5-IM sol±_zde th a 100-psi tire ctascz mres-Iato -- 19 c~a- e oa -CER s7ah rzees
sL ~e cza ~e 2zed to___teaesc

I S'- ~ !raffilc Seqts cm X:Aif -ed

TII Al~iz= Iazing 34x,

For Tepur-pose of analy-Als the data Cbi-ea &ari'n testing
on M ipn-;g ae scarized inTable I. in additiz data uzeaz in

thi aalj-i 'mI.oltained ftring related meli-.
Table I. R-r test is assin--! a test fed~r e~sy reI'ereze.

The ind-r- of available ar -sfa g srnh()wszlu
lated for all single-uhme3 te-sts. arzd vauIres are srnin T he I =Ec-
the colti he2, 1 for Single irheels. "it A -~eeop g--r d-f lot imc
C riteria for single -ateals, a relattion ,-&s eedEd t--t Ycrild relate tire
contact area. or avrerage tire ccanact pressure, CER coveragee, eaz~ l=-:.
Therefore, IA , vhich relates thzse factors, was mlotte~ against the vteel
load. Using this type of plot, the aircat desigmer can d-,ssz& a sige-
whc-el landing gear when t.he load that the- gear- =jst sarry is 137,-

4The initial data- plot inivolved the- 2Da-vsi tir.-e -,-essure dsta &r-I
is s1bwn in Figure 16. A curve uws drawom through the data, -4th t~he
general shape oL the curve being based scne-.ta+, upan pirexrperice.
Test, -mint TI25 was a nou-failuare, 1w-icatiig that the joint Dol~ e platted
higher if faiLnre had occurred, so the curve -ms drawn abo-.e the point to
better approximAte failure. The curve breaks downrwaxd as the- loads pat
very large, indicating a very ranid failure more related to the ---t
characteristics than to the mat-ribhgrade structure at these loads.

IAfter the 2 00-psi curve ua etabl.aed, the data for the lCC-mzi
curve were plotted (-Figure 17). Only two sing,1e-whee1, IC-psi moints -iere

A- olptained. The general shape and slope of the previously estabIlid
200 -psi curve waz used to, draw the 100G-psi curve . The cur re was &raw.

I ~through test point T3 with -e4-Y little euira.ongivaa ',o tezc T112
because the traffic in test T12 wnsmixd. Si ude ov0gso

~ f 35-kip, 50-psi, sin-gle-wheel load had been Fvplied to this test item
-t r..or to the application of 60-kipD traffic.

~J IOnly one single-wheel test was- coanducted using 50-pai tire pressure,
ea it was a nonfailure -ooint.. Howver. this pint (Ti) wa plottedj(Figure 17). To properly -- tab~ish the S0-psi curve, an es~i=te -was

-~made of the test point locati.m if failuare had occurred.. To do this, thej previous pattern of spacing of the IA curves shoun in HP 4-~4591~ was
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UiZdd.k A--4tF Vf ta: ?, - 4S IM-SPai -ialuesCC- 1A P~OB5 Mesti-
Batt- 4tzf"z letmof tbo 50-%a point in t"Ma immeiat3i. The 50- 4

p~ c~ve ta dztsm tbrv' tbpa estimted, poit uaing the genera].
#;:i- trA44e gote2Q-s. ke

~z ~o~t~ng te three curm dneelpe in tbi-P iuvestigation,
&fe~ily ox? IA crveA sas dra f=r thbe MI] =Lt. These _=mv are shcrci

F41 In ?igre 16 md are des ate& for rear-area e4.rf -elds since the rear-
-ae aifield is defthae in tax= of tte M! nt

Knitiple-elraffi Tests o.n Yr d
T11 Alvr~1rni Laning M~at

_Dle~re test.s were conducted to obtai data,- that would permit
the doevalqprzat, of wocce&-;res for deaigning rwa tile-whel airmrafft laznd-
ing geams Mhe tests condincted azA data coUected permit a direct eor-
parisoz of trafficking wilth ;;ingle- and imfltiple-dafee] aszemllies, n

pe ta rtuay of the effects of iiespigenteezaceoa
~iltple-bcelassetbly. If this data asn be used to re2~ate r-2ti_le-

wh-6 dta tof tglheel daa i~e resov beiaz-he greaster
ofvaen thel-hel loads otohenreo the prevhy.~fiosl steepes the _kcxWL
chan te use for =tie ga ein.heapec,

to dznao pof he o reso:ipie-Lhee =xtdest ae l ladingo eqa ent
pr e ith ~asl a. perceatagwe o~ le theae:ro ad. o-~r sba and the
ofelaog treo theue~r sebl yThi theou en ste ENT

a a perngetagde othladaprtairei appo wud theid 7M .L ala di rete
thn ithe lof the te.c fa'cigo h ~Liinc~rn h w

A 5 uS tof tame Lltipleandel test o ducted oan T11 lnin per tisea
100-psi ie 2761 1. e d asth whlere norved toa -Msher at,a the 3i
bemetn leaeach valeael zhowg n t e erorm s idtivid "ol ize wrd

Vi ntalpo o telile-wheel anaysi (test ofin t3.he ltwin-L tcol ocr o
tw ing sesoande twel dteladpte. This poc would o a irtec
inoco ofel thee efAct ofleed ticin anllh 93 when cdq the ltin-

coverages veanatc (wheel spcnnot rccu) fo1 test pin 174 tori BThee

is -oe. o fth t, o hr the c ere oiznter ato25 ceoerae, whi~stc' is th

Z=1=of 07 -rap (nom~lzed o a2-M ubgnado sutainl i th



IIA neeea~y to calculate the- comre--ges for the zero spacing point using the
Sfc~~ r to draw tbhe curveb this pc,-tnt as shown in 7Figure 19.

shi c~vre lates coierages and spacirg. Zia objeclive of this study is5
to relate- qpaing aei in orde-& to be ablea to obtain an euivalerit
gsingle-wheel load for =ltiple . Mverefore, a ccap-Mior plot was
produced. by use of the fo z!a, wbich related covres and lod for: ,_, -leee. This is ahic in the right--nEportion of 'Fige 19. _.I

To obtain an ESn 5. it is necessary to deten-e that load en aI single tire (with characteristIcs emu!valent to om--- tize of tlz sssezbly)I -hich ov-i' -roduce the same effoet on a paveent as t 'eti. asse!'.o±,
The EI will be cal to tbe load on one tire of t'-s asst-bly plus the
additional loa contate by each nesz-by tire. IThi add-ticzr load

S-er and dlo*-e the actual load per tie can be determined from Figure 19
and plotted -s the percentage by ;ich the load on one tire of the asseblI
wzt% be increazed to arrive at the ES'R representing the entire as-e !y.
Tbs peref-age is shcn in figure 20, and is called the load-adjust
eurve. It is used 5in detarm in an EM when the spacing betureen the
wheels, in raix, is l--wn. The load an one wheel of an ass e-Zly is
adjusted to the ESP naely by increasing the one-vhcclI load by the per-
centage effect ftcm all surrounding w-beels.

Only the singie-wheel data -were ued for the develolcments in Figure 17
to a-oid unknowns -ich miht e st in MRL det-rmiations. With a means
of deterning ESML = establisBed, how-e'ier, it becores possible to further
verif - the r1gure 1? curves by using the =iltiiple-wheei test results.
Accordingly, an equi.lent single-vheel le-=d sas determined for each
ealtiple-vheel test, arn iA was c&sculated. These 7alues of fA are
shown in Tab]l 1, and are plotteed in Figure 21.

YAny of these test wointb fall direct on or very near the correspond-

ing A curve, indicating that the load-adJustent curve rks for these
points. E-wever, several of tb- ptoist do not ccr-'.e favorably, ' these
are discussed in the follo ing parhgrsz.

There is some indication that the !oad-adiustment curvr may vary
with load. This is indicated by points T1 and T2 for the 200-psi data and
T13 for the l00-si data. These particular tests were run at a load; other
than the 35-kip i.-ad used to develop the load-a justmwit k,_re. and eacn
me tsals off the IA, curve.

Test points 19 and TlO fIall off the 100-psi curve and T15 falls off
the 50-pi curve; howaver, they are considered sufficiently close to pro-
vide an adeqmte check of the load-adjt-stment curve,

Test points .18. and 19 are representative of the three-,-heel tests
and plot consideralv above the l00-psi are. These tests prodwed much
batter resuts than expected. The reappn for the results of these tests
beizn as gcI as thay _.ere iAi &w.,h o-w . they were conducted with
a softer tire (24 ply) than s4ne of the cher test.* this difference Iu ply
rating is not considered sufficient to cause the differences that occurred.
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- Teat point 520 fallIs off the 50 -psi curve. However, tailure intst
T20 vas due to ej~utic deff~ction of the =at, vhereas failure~ in the other

;3 tiss -ea due to rougbness. Had sufficient trPaffion, been a-mplied to produce
Aga'~atedr diferentia1 deforinations, the data point would have fallen on or

nea- the 50-r,,"cuve

E ~This anaJlysis o-f tne 111 miltiple-aeel data. indicates, that the
criteria as develop~ed said as shoown in -Figures 18 and 20 can be used for14the design of aircraft !a--ding gears required to operate on modified V-1

~Ilandifig =at, but th~at sc-e variation off thez load-a:Ajustment curve vith
~ load =ry not be reflected by the zriteria.

Traffic Tests on NO Steel Laending Yat mttafcdt

F4 i or t-he parpose of analysis, the basic M-A landi.-g mttafcdt
j- jj bt.eined during this izvestigation are sunarized in Table UI. Each test

is assignei a test number for easy refP-rence.

Teexisting ground-flotation criteria for 101 mat contained in IC
;:51 fr sngl --heels are based oni a wide ranze if earJl,-r tests. These

criteria are, howevey, known to be son-het- nse.'-vativc - -- f-P' of theg nroedures uzIin determining the rated C R f or each test . Also, the load-
4adjust-menmt curve in DTP 4-4i59 -,as based on only limited indications fromfiviu tests that the effect or- cne wheel upon another .-as zero at

apzo Iatl four-radii spacirg. The tezts on 148 mat 'were, therefore,
to be conducted for updating the !A cures, and f r developig an adequate

~~ U ~~~load-adjurtzent curve. ~~~ivsiain
Very few sin ;t--_beel tests were run on M a.i hsivsiain

and these were azot suffici ent for revising the TA curves, although theY

indicate that a revision is necessary.4 The approach to the Y.8 data analysis was to assume that the load-
~iJ adjustment curve developed for the TiI landing mat was al.o applicable toffMB mat. Thiz load-adjustment curve and thbe CBR fbormula were then used to

develop the 'A, curves. The equivalent single- .ieel load was determined
for all multiple-wheel tests and is shown in Table II. This equivalent

sie-w~c,1load was substitutel3 into the CBR formula for the correspond-
ing test conditions and IA waC alculated (Table II). These i. valuesflalong with the single-wheel !A 'V ".1r.es were plotted versus the s nle-p wheel or equi2valent single-wheel load and are shown in F'igure 22. The test
points plotted are 50- and 100-psi data and define a pattern of performance.
Curves following the general ehape and slcpge of the previously developed

P The !A curves, as drawn, pass through or near mobt of the test
~. points, indicating that the load-adjustment curve developed for TlI land-A ing mat can be used for these M8 data points. However, some of the data

points fall considerably off the curves. These points are discussed in

tefolloving paragraphs,
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- to intW.I slngle- Oheel test poiint idxc does nt fall on

4 ~ Cund~ f~r covrages t a teted. Zine~ nwst of the data points

Obta_-hea at tke am load W wheel efine en 1A curve, not much con-
~e~~A was gizm to point I in drawing the cu-re *

Tests IMIO an& Mi ere ran at wheel loads Breater than 35 kips and
idizate tb..t the load-adjuswent curve Day vary with load. This also
Vas ixidicated in the TIl tests.

Tests Y26 and 17 are the tbree-wheel gear tests and resulted in
teat points that fall consideravly off the 100-psi !A curve. Theserrests p uc e better results thau all other ca=_irable tests, and a
study of the data shows no speciffic reason x6xy these tests do not corform
to the patte n establic-ed by the othcr 35-kip *heel load tests.

Test point Y20 represents i- 12-wheel test run to simulate the C-5A
landing gear. This point plots htgher than the 100-psi IA curve and is
alo a nonfailure point. Test poits wi ch plot above the IjA curve
indi6ate that the use of the criteria as developed would be conservative.

Test pDoint 9 falls below the 50-psi I A  curve; however, it is a
r.nfailure point. Msd this test been continued to failure, this point
voud!_ be plotted higher. Test M12 was a re_-n of test W7 and plotsep'ntly on the IA nune.

Usizg the pattern of spacing developed in MP 4-459,1 the 50- and 100-
pai curves were extrapolaed to develop a 200-psi curve. These =urves
were then cross plotted and a family of IA curies -an developed and is
sbow in Figure 23. These curves are entitled support-area airfield curves
since the suport-area airfield is defined in terms of the Y,8 mat.I Tis anlysis of 18 data indicates that the criteria as developed
and as siown in Figures 20 and 23 cva- be iced to.design a landing gear
for an aircrift required to operate :n an M8 laning-r+,-surfaced airfield.

SinFle-Wheel Traffic Tests on !Uzurfaced Soil

The results of the single-wheel traffic tests on unsurfaced soil
exe sumar.zed in Table III. Eight single-vheel loads ranging from 1 to
60 kips we:e used during the ground-flotation test program. Approximately
40 percent of the aingle-wheel tests were conducted with a 25-kip wheel
load. A omograph (Figare 24) which incorporates the variables of t're
pressure, load, C.M, and coverages has been used for a number of years
to deter*mine unmirfacei-soil strength requirements. Therefo 're, to analyzethe single-wheel tests thi failure data were plotted on the nomograph form.

The ground contact pressures were calculated for all tests and were used1I



euzI=ve3sr in raking the plois. By c 'Sg P'ti-0i, . =aotbin,, optrations,9
and takng erous -. ork into a t vant (Figure 24 azd ROferenees = nd 7),
a ccmplete set of load curves was deztved and is shown in the left-hand
portion of Fipire 25. This norgmph is presented as a revision to the
unsurfaced requirementa as given in the nograph shown in 'i e 24. The
relations between test data and the finalized load curves are presented in
Figure 26. All single-wuheel load failure data are showm. This fi.gare
shown that generally the load curves hare been drawn to produce a conseria-
tive relation in terms of coverages. Figures 27 and 8 are plots of all
25- and 35-kip Eingle-wheel loA data. For coparison purposes, curves
obtained frm the nomograph (Figure 25) are superimosed on these figurts.

lmlt e-U-eel Traffic Tests on Unsurfaced Soil

VI in addition to '-'- results of single-wheel traffic tests, Table iL
presents a surmary oV all .matiple-rheel tests conducted during this stutd..
The majority of the miltipla-wheel tests were performed using a 100-psi

Vtire inflation pressure and a 35-kip wheel load. In order to relate these
test data to the unsurfaced nomograph, which was developed with the single-
wheel test data, the relation bet-een the load per tire and the tie spac-
in& of the multiple-wheel assemblies is needed in order to resolve the
multiple-wheel loads into equivalent sing1 -wheel loadsz Figure 29 shows
a load-adjustment cLuve ror multiple-wheel assembliet that has been in use
for several years. nain curve is contained In reference I and shows that
an adjustment is required when the adjacent tires of a multiple-wheel as-
semrlly are spaced less than four equivalent radii center to center. This
curve, which ms used to determine equivalent single-wheel loads for air-
craft operating on both landing-mat-surfaced and unsurfaced areas, is
bied on a very limited, number of multiple-wheel tests on landing mat
(Reference 7). The ground-flotation tests on unsurfaced soil present the
firs9 opportunity to sc+ually develop an equivalent single-wheel load re-
latJ n for multiple-iheel assemblies operating on unsurfaced areat.

Since the bulk of the ground-flotation multiple-wheel test data in-
volved the use of 35-kip wheel loads and 100-psi tire inflation preasures,
these data were used in thie anglysis and development.of a load-adjuitment
curve for the determination of equivalent single-whee! loadA .After the
test data ha" been normalized to 10 CBR, a plot of normalized coverages
versus tire apascing was made and is shown ir the left-hand portion of
figure 30. The 100-psi criteria as obtained fzrcm the unsurfaced nomograph
(Figure 25). were ui ed as an aid in drawing tho curve. Te upper part of
the cure ias d awn ie extend to 85 coverages,, which represents a single-
wheel load of 33 kips (P) that was obtained friam the nomograph. The lower
part of the curve was drava '-o 4.9 coverages as obtained from thti nomograph
and represents 2P or 66 kips. The load curve, right- ,nd plot, was then
dram with intermediate load values for l0O-ptI tire pressures being
obtained by use of the nomograph. These two curves show that a relation
between spacing and load can be developed, as shown in Figure 31, where
load is expressed as a percentage 'Werease in load per tire. The value P
as read from Pigure 30 would be zero percent increase, and the value 2P
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v~udbe 00percent nrae Thi eurve, qedai,~ -I,* load-adjustment
_Uve ca ~ deterii e the eq!naxt saigle-wheei load by

M_ f .Ne. of' -Ae wheel 1!on another wta -the spacing betwet-n

bt, hmf U-1 Vigura 3u se of the multiple-Vheel data ft the - camv

CM-_ e ft I

as £i..wll; htrwee4 xame cl the data do not it the curve. A
&iier1 ilienoi of all zmatiple-wlaeel data is contained in the folluwinag

Five two-hee!-assembly tests (U39 through u4f3) with the wheels

j abreast and. one two-wheel test (U4f) with the iheels aligned in tandem were
acmducted idrvi this investigation. Flgure 30 shows the data frcm these
tests and in all cases represents normalized 35-kip, l.-pai, 1O-CBR re-
-qlts. As sho=n in this figure, the twin -sacing varied from 2.4 to 5.56
radii. The qpe g on t'e one single-tnder test was 5.56 radii.

When tbpae data are compared with an average single-wheel test data
yoimt (Figur!e _b) there is a strong indication that there is no effec.

the second heel bf the twin assembly when the two wheels are spaced at
least 4.2 ra.-ii apart. The average single-wheel data point shon is an
aver-ge of tests U30 azd U31.

A.direct couarison can be made between test tT43, which involved a
twin-wheel assembly with t-in spacing of 5.56 radii, and test U44, which
Involved a single-tandem assembly that had a tandem spacing of 5.56 radii.
From Figure 30, it should be noted that for the seme ass-mbly load, tire
pressure and spacing, and CBR, the single-tandem configuration produced
trice as many coverages as the tvin-wheel configrationa. This would indi-
cate that for the two-wheel asse-bly it is more beneficial to arrange the
wheels in tandem than abreast from the soil load standpoint. Although not
as pronounced, this sme trend is evident in the test -esults obtained froi
comparable twin-tandem (U48) and twin-twin assembly (U-7T) tests (see
Figure 30).

Tests U45 &d U46 were performed using three wheels abreast with eac.
wheel loaded to 35 kips and tires inflated to 100 psi. From fge
which presents data normalized to 10 CBR, it should be noted that by in-
creasing the center-to-center tire spacing of the three wheels from 2.6
to 3.2 radii, coverages at failure increaed from 22 to 50. The increase
in coverages is as would be expected. Also st2lwn -a Figure 30 are tests
U30 and U31, wdch are single-wheel tests that have been averaged and
normalized to give the indicated average single-wheel test point that
is plotted at zero sptcing and 55 coverages. When this point is compared
with the three-wheel t.ts, it can be seen that the single wheel is not
as uevere as the three wheels spaced at 2.6 radii, but the single- and
three-wheel test results are approximately the seme when the tbree wheels
are spaced 3.2 radii mart. This is an indicaton that the effect of
adjacent weels on the load on one wheel of the assembly its negligible
wa. the adjacent wheels are spaced approximatelY 3.2 raoii apart. The
e ylyeis ot the 100-psi, 12-wheel tests (3.3-radii spacing discussed
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subaeeannt3.y can also lead t'- thi-s same conclusion. However, it is bes-
lioved that this twend is not sufficiently developed to iwarrant changiag

A the- qproach used to develop the load-adjustment curve discussed previously
~~4c r. and hon in Figure 31.

A further cp arison, c=n be made between the three-whael, assetbly
K testz and tests U39 end U4j~i, which involved twin-.wheel assembliea. Fig-

ure 30 shows tliat when the wheel spacing is about 2.6 radii., ibe twin- and
three-wheel test results are apoximatel~y the same. Haever, when the
whseel spacing was about 3.2 radii, -hbe three-4hael test, which produced ap-p proximately the same number of covei ages as the single-wheel tests, pro-.
duced -sigificantly more coverages than the twin-wheel test. There is no
qvparent reason for this lazt firding.

Two tests with four-whe A. aseemenbiAes were performed during this study.
Test 1348 vas a tv -.tander. test (tiro sets of twin ;Aheels aligned in tandem),
and test MT.7 was a twin-tvin-assed,2y test that involved two sets of twin
wheels aligned abreast. - igure 30 shows that a single wheel 'with the same
tire presure w-d load as one wheel of the four-wheel assembliez produced a
greater nwfber of coverages than either the twin-tandew or twin-twin as-
semblies. It also shows that although the ti n-tandem conufiguration pro-
dueed slightly more coverages than the twin-twin gear, for all practical
purposes the action of the two diffrn types of coaf'igurations is about
the same. Thus, from these four-wheel. tests, there is no indlcation of a
distinct advantage of' one type of gear over the other.

Several tests were performed with a 12-whee±L assembly (4 abreast,
3 in live) to sliuvlate the C-5A aircraft lending gear. These tests are

A aot shovc in Figure 30 for c'omparative purposes due to differences in load
~ I per tire. Therefore, several additional plots were made to provide an

analysis of' the 12-wheel tests end are discussed below.

{i telvc-4iheel Traffic Teats on Unsur'aced Soil

Table III immarizes all 12-wheel traffic test data. A 21-kip wheel
KUload -- a used P' Cl1 tests except test U6,!: which had a 22,750-1- wheel load.

Al2 tests were conducted using a 20.00-20/22 P1, tire inflated to eithera
100- or 55-psi tire pressure. To analyze thise t,4sts, a plot of rated CBHI
verzus coverages at failure is shovia in Figure 32. This figure indicatesI
that except for test (156 vhich is suppeab, the 12-wheel tests produced con-
Aitent straight-line results. Test U,16 is a-aspect because while this test
was boin,- condiucted, a variation in tire pressure from 50 to 50 Psi was
discovered. This findiriS placed the teot In doubt end resulted in the
decision to rerti the =~ire test, and eubcquuctly test lane 34! was tested.

Sing4e-theol testo U112, U113, and U314 were, performed to obtain test
data thct, 40uld be conpercd with the,, from 12-whoel tests U60, U61, and

12.Figiwro 33P prooenting thIA ersn is a plot of rated CBR versu

covrc~ t failuro for the 1-~~LOO-psi, oingle-wheel load tests and
the 100-psi, 12-Vacal toot io&Atah whel loaded to 21 kips. This

25

4!" 7-I-



figure S hea that tbare is -rer 4ttle diff eiece betureen the single-wheeL
and th 1i2-wheel 'test reaulta for rated CBE vaLues of approximately 4 ard 6
(eA W., ti3, U6D, atd M-4). It would appear fr= iue 33 that the
12-wheel gear would allow irre coverages thou n the single wheel for a given
CBR. However, fez all practical purposes, the coverages are identical.
This indicates that for this Iarticular 12-wheel ger arranZgement (3.3x
3.8x3.3 radii spacing) the equivalerC single-wheel load for the gear would
be equal to the load on one wheel -nd that there is no effect of the
adjacent wheels on ,h,- load on one wheel of the assembly. The load-
adjustant ew.,ve, therefore, would not give adequate results for the 12-
wheel tests use3 in this progrnm because it shows some infItence of ad-
jacent wheels and would result in an eqaivalent single-wheel load greater
than the load on one wheel. Use of the nomograph and the load-adjustment
curve for all 12-wheel tests conducted on unsurfiaced soils produces con-
servative results when comparing predicted coverages with actual coverages.
This conservatism varies among tests, but in general the nomrgraph pre-
dicts about one-third as many coverages as the actual 12-wheel test data
indicate.

Although the criteria as developed do not directly reflect behavior

for 12-wheel gear assemblies, they are considered applicable because of
the unko)wv effects of tur.-ing end braking on unsurfaced soils.

Drawbar Pull Data

The results of the drawbar pull (DBP) tests were used to gain an
indication of the landing gear rolling resistance as a function of landing
surface. Th, DW data obtained in this study are presented in Table IV as
drawbar pull measurements. Data used in this analysis but obtained from
other sources are presented in Table V. Use of the term "rolling resis-
tance" in this report refers to drawbar pull.

To relate DEP and landing surfece, the DIP data were expressed as
a percentage of koss load and plotted versus average CBR at time of test
divided by tire contact pressure fcr landing-mat-surfaced and un=urfaced
soils 2Aese were the primary variables affecting test results. The data
for uns'xrfaced soils are shown in Figure 34 for initial DBP, Figure 35
for average rolling DEP, and Figure 36 for peak DEP. After plotting the
data, a limiting curve was drawn on each figure. The data were grouped
bcuse most of the data were obtained over a small range of CBR's. The
use of the curves as drawn would resul, in safe or conservative drawbar
rull determinations. The wide scatter of the data wth n the CMI range
inicates that perhaps more factors influence the rolling resistance than
were measured. These curves may be used to estimate a limiting rolling
resistance value that can be expected to occur on a landing eturface **Ith a
given su~rWa: OMt value.

,h DW data obtained on landinrg mat are shown in Figure 37 for in-
ti,, LW, Figure 38 for averagc rolling DBP, end Figure 39 for peak DEP.
heoo da ware all clustercd within a small CM, range, and no attempt was

ma e lzav a Limiting curve.
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2ha olijeativ. n tb see,' tezts vas to obtain a rels izn betv.ca
0 vety taS=i -re .- itt.nce =d to uzq tlie prin=_*2_z -of rcvl- rodel-

l, in plian, the te ts wo that th results cold be - %, to Proto-
=& doni. T U3 tls Vhi~ -d ae ooz-cucted iu +.-; L!2B faciLity

A= -&d mled, &nd a n ar of the -tert rewalis is slun in

941mee the objective of this test proera= was to develop a relation
betwer irg esistence anid velocity, theze varibes were p lte arA
-me sli(A in Figoe 40 The rolling resistsnce is shwiu as a ratio cif the
ipl1rZ~ xtesistane ia pounds to the veight on the vheel in pounds. A cmex~
uas tamn driwn tbroi;h thie points plotted. As the velocity increased, the
drit Bece scautered, 2xobsbly becae of ielboncthat ocamrzed
the ilea'Mved dr~u the coil subgrade and the rezulting effect of inertial
forzea acting on the Iced cell. -Although a curve cani kirw tbou

-ie -Ifr Vid tests were ru, tplzting the re.sults of -the
scaled tests es d sacieonless Syendttes, it vs.;3 aticipated that a c)'n ~e
vould be developed that could De used ta: det~rmii-the x, ZVs=_

for-a iwide range ot tire sizes, veights, and velocities. 11oever, several
plots vere ae using the scaled terma aad velocity, anid theae produced
only a wi~e scater of mata, as showdn in a typical plot in ?igure 41C. The
results did not produce sucCessfUl scaling. however, recent tests co&-
ducted in a r eleted study using Povered wheels and more experience vith
this type ot stucdy have produced goo-d re-mults using the principles of
.3caling. Ze indications, therefore, &ce that theEse tests sbould be rerun
in the ligh of recent findigs.

22aio of" Tire Inflation P.ressure
and - round donact. Pressure

Table Ell includez a sim~ary of tire inflation pressures used during
these tesfU anid the correqpond-ing computed ground contact pressures. Fig-
ure 4.2 is a plot oZ these data and -also includes data ftcm tests previously
eonducted and reported i.n Refeaience T. It can be aeen the&, lip to 100 psi
the ground contact pressure is approxmately 10 percent greater then the
tire inflation pressure. At some point between 100 and 200 psi the reverse
becomeas tre, end from P.W to 3,00 psi the tire infletion, pressure is .up to
.5 pcecent Vreater than the grow.,', mi~tact pressure. The point where
inflation sAd grourd contcot pressures are equal i-s difficult to define;

hoteveft would aP-ear '~obe at approxim]ate~ 130 'Psi. AMy effect of
tire size zad ply rating on ground cop-tact pressure could not be determinad.

Tire E&y Tests

A fta~ aie ~-Vaol load teats on. unrsraaed soils Yoere conducted
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-to detez ina t re te t chssare ri.tia T e
refitted by ply ring =d cowe iges. Mwese tests are s= rized as

-~ - folloZrs.

lE. Of f
Sir-ap Isl- roC i cover-.I

- -wheel tion COU;ct ages
T~est - Lon Presmare Pressure Rated at Tire Tire

-iOs IY Psi CM~ Failure Uy Size

U30 35 100 11o 9.5 60 24 56z16
U32 35 100 112 £74 3 6
U33 35 100 112 9.2 16 38 56x16

r2 I 119 35 NO 3-10 6.7 10 24 56x16
U131 35 100 10 11.. 50 24 56x.6

These tests were performed with a 35-kip oingle-wheel load an a 56xi6

tire inflated to 100 psi. Tire ply ratings of 24 and 38 were used.
These tests can be divided into two groups and asnlyzed as follows.
Ttsts U32 and U29 offer a direct c-parison of the effect of chenging

rom 38 to 24 ply as all test vmriables except the ply rating were the
same for .bth tests. These two tests indicate that by decreasing the
ply from _8 to 24, the coverages increaze from 4 to 10 or by a factor
of 2.5. Except for rated Caz values and coverages at failure, tests
U30 and U31 are duplicate 24 -ply tests. By averaging these two tests
a CER of 10.25 and 55 coverages are obtained. By normalizing the
rated CR (9.2) of test U33, which was a 38-ply test, to 10.25 CBR,
a coverage level of 23 is obtained. This can then be directly com-
pared with the 55 coverages, and a ratio of 2.4 is obtained. Thus,
from these two groups of tests performed to determine the relationK I |between coverages and ply rating, it can be concluded that by de-
creasing the ply rating from 38 to 24, coverages increase by a factor
of 2.5.

Tterefore, he tests conducted to study the relations between

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

Tire Size Tests

Traffic test data used to investigate the effects of tire size
on flotation are shown in the following tabulation.
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C6ver-
ages at

-Groud Failure

Lul =- Can- Cover- Iormai-
rele- %ion e Tire ages ized to

'vhee Fres- Pre- Tire Diam- at 8.5

Test Ie4 sure sere and Ply eter Rated Fail- and
5VI. __ Mi- psi Rat _rn in. R ure _250O0 Lb

%0 35 100 11o %x16/24' 56 9.5 60 107
25 100 103 56x16/?2 56 9.1 70 54

U20 25 100 110 25.003/30 70 -. 8 200 290
V24 25 100 100 17.00-3 2 45 7-8 100 142

. 00 116 34x9.,5 34 8.5 32 17
U33 35 100 112 56x16/38 56 9.2 16 27U14 2]. 100 84 20.00-20/22 56 7-.5 4-o 39

Tires of five different sizes wero used, inflated to 103 psi, and
loaded as shown. The data have been normalized to 25,000 lb and 8.5 CBR.
The data indicate that coverages increase with an increase in tire dism-
eter, and thus, for a given tire dismeter, coverages increase with a
reductiou in ply rating. Test 1,14 does not compare favorably with tests
U30, 1T21, and U33. The reason for this is not apparent from the data.

Tire Pressure Tests

Results of tests performed on unsurfaced soils to investigate the
effects of different tire pressures are sumarized in the following
tabulation.

Cover-

Infla- Ground ages at
Single- tion Cont6act Failure

Wheel Pres- Pres- Normal-
Test Load sur.e sure Rated Cover ized to
No. kips __ __ ._ _ages 5 CB_ Re_%ars

UI5 25 25 34 3.9 200 -- Nonfailure
UI7 25 60 63 4.6 30 40
U16 25 40 49 4.7 150 207
U18 25 80 82 5.0 20 20
U19 25 100 100 3.9 3 4-1/2

Traffic of a 25-kip single-wheel load on a 25.00-28, 30-ply tire was
applied to test lanes havIng approximately the same rated CBR. Five dif-
ferent inflation pressures ranging from 25 to 100 psi were used in these
tests. Figure 1+3 is a plot of coverages versus grouod contact pressureand' shows test data that have been normalized to 5 Ci. As would be
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Mpeti the teeL d Z zbo tbt by- decresn the tire pr ,a rub-
&tbv i5.za~ SI ov=aas cm be 1btsirwd- Alzo Eba in iguire 243

tLb, =vaalr3 -6mus tfre pessw relstion fol- a 25-Is.p sluje-vhiae1
1ocd Xtes+ d&,,u rM=1re4 to~ oz obtain-ed frft the uanurfwaced

vit wSt eut de" ro tis lwer tire pre~ines m 'is alit3.y conevti e
forttz vper tIra jixrsure reae (80-:.02 pa).
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baxc eria Precented harein may be =zz- tq determine gmoA-
f1~tin~ ~L ~ ft r sinsIe- and =ltize--Adee1i az cr saz-

bliez. Mt. use of t crriteria is aa eva-uatiom rather than design
prced-re. Tet is, a ge_ is yrpozd for a given set of cnditions
ean tlin chcked to detezr.ne if it wll be satisfactory for those con-
dit!ons. Fox operation on leding rat, an ip waluz is calculated using
the MR formila aand ccTred v an IA value read fro igre 18 or
23. If the IR  is equal to or less than the IA , the pr'posed gear is
,asable of perfrnming the specLied mnision. Fr operation on unsurfaced
Soil. the umsurfaced nomgmph is entred with the characteristics of the
rrcya.se g-1 r, and its capabilities in ter=2 of eove-ages or CER are read
fraz the .z-gra-_h. MIe tapabilities are then c~pared with the stated
r-%quireents to determine if the proposed gear is capable of earformimg
the stated mission. Exaples of the use of the :riteria are as follows.

Dcal Exmles

Example 1

REeqired. Design a landing gear for an aircraft with a gross weight
of 83,500 lb and a main gear load of 37,500 lb that will operate for .000

Li coverages on a 4-mCBR subgrade surfaced with Tl landing mat.

1 Poosed. A single-wheel landing gear with a tire inflation pres.

sure of 125 psi.

Solution, To determine if the proposed landing gear will satisfy
the st te requirements, it is first necessary to calculate iR*

1,t (0.23 log C +0.5)f lM I

I = (0.23 og 1000 + 0 15) iA  y -

11t 2-j~

is then compaed with 1A which Is read from figure 18 and is

eqml tb 27,6, This comparison shows that iR  is slightly less than
1 A ; therefore, the aircraft lmding gear proposed is suificient to per-
ferm the stted mission.
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~ e e CM~ a =L - cizfew with ?ll landitg r-at.

P =' u. A t -n-td=Im . .ng ge=r asse .iy w.th tire 8pacinva of.

4 W. t =1-a zire c=n tat area eof 260 sq in-, and a tire presswre )if

Solutaion, To determine if the proposed landing gear -will satisfy
the st~t requirements, It is necessary to determine the equivalent

- 1 " 'o a Im f u c.4sIculating the equivalent
radius as follows:

2hen calculate tire spacings in terms of the equivalent radius:

Twin Spacing 91 in. - 4.50 radii
9.10 in.

Tandem Spacing 9.0 ±n. = 6.59 radii=9.10 in,

Diagonal Spacing 72.67 in .9.I F u4 7 -99 radii

FrmM Figure 20, the increase in the load per tire due to the ad-
-acent tires is determined. The tires are syraetrical around the center
of the assembly, so that any of the tires may be chosen as the critical
tire. For this example, wheel 1 was chosen. The influence of the othertir-s is ap follows:
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Niee1 2 at b.50 =&Ud *&cetag 15.7 vercent

Wheel 3 at 6.59 radii spacing 0.0 p-zxcemt

Wheel 4 at 7.99 radii spacing = 0.0 perceLt

Total 15.7 percent

Therfole, the ES.'L is 1.157 x 38,375 = 1, ib; I R  is then
calculated as follows:

P A
'B (0.23 1.0g C + 0.15) It CR

11h0 24.4

I must then be compared with IA which is read from Figure 18 and
is ee to 24.5. This comparison shows that IR is slightly less than
Iv e therefore, the aircraft 3anding gear proposed is sufficient to per-
form the stated mis-ion.

Exaple 3

Recuired. Design a landing gear for an aircraft with a gross weight
of 55,500 lb and a main gear load of 25,00 lb that will operate for 175
coverages on an unsutfaced 6-CBR subgrade.

Proposed. A single-wheel landing gear assembly with a tire pressure
of 60 ps ..

SolutioL,. To determine tf the proposed gear will1 satisfy the stated
requirements, it is necessary to enter the -- umograph (Figure 25) with the
given wheelI load, tire pressure, and coverage level and read the CBR re-
4uired to perform the desired operation. The CBR value read for this ex-

'I ample is 6; therefore, the proposed geax is capable of performing the
desired mission.

E re ed. Design a landing gear for an aircraft wit a .gross weight
I of 250,000 l.b and a main gear load of 112,000 lb that will operate for

-00 coverages on A usurfaced 1 3-CBR subgrade.
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of 9-. in., tire canta-9t ared of 295 sq in., and a tire pressure of
95 psi.

0 00 0 0
Sohtion. To dee rtie it the proposed landing gear will satiefy

te st reuirements, it is necessary to determlae the equivalent
'3ingle-wheel load. 7his is accomplished by first calculatiu3g the equiva..
lent radius as follows:

r ~ ___ -1O-t Ara f q969 in.

Then calculate the distance from weel 2 to the other wheels. If

the critical wheel for an assembly is not known, all wheels must be

checked.

39 in.
Wheel 2 to wheel i = - = 4.02 radii

Wheel 2 to wheel 3= = 4.44 radii

Mheel 2 to wheel 4 829 8.46 radii

From Figure 31 the ineel in the loa per tire due to the adja..

~cent tir'es is determined. This Increase is as follows:

Wheel 1 at 4.02 radii spacing = 17.0 percent

Wheel 3 at 4.44 radii spacing = 7.5 percent

Wheel 4 at 8.46 radii spacing = 0.0 percent

Tbtal 24.5 percent

Therefore, the ESML is 1.245 x 28,000 lb = 34,860 lb. Using this
ESIL, enter the nomograph (Figure 25) with the tire pressure and coverage
level desired and read the CBR required to perform the desired operation.
Mis C13R valuse for this e? mle is 10; therefore., the proposed gear is

1 ca.able of perfoming the deired mission.
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XSwed. on the rewults of the sbady describe-s hereiz, the following
cbeuin are drawnt

a. S ~ir~le-wheel or equivalent sins-wheel loads can be related to
ti- a pressure in terms of an index ofr avail-a.ble airfield sur-
facing ntrenghs (2:A) for Ti and NB landing xLts. As irdicated
in Figures Id and 23, IA increases with load untL'., failure

~becomes more related to the characteristics of the a t o
the subgrade structure. At this point, IA decreases as thie
load is increased. IA also increases as the tire pressure

b. I~zltiple-wheel loads operatint, on ladig mats can be resolved
into equivalent single-wheel loads by re-tating spacing and per-Iii-cent increase in single-wheel load -Tor eachL adjacent wheel.
Figure 20 prese.: this relation. ad shows that the perceen,
increase changes very rapid.!, between 3 and 5 radii, and becomes
zero at 5.5 radii. Thr. equivaletit aingle-wheel load can beP1 applied to the baelc IA curves for determining ground-
flotation req' iremente for multiple-vheel loads. % here is an
indication, wowever, that the load-adju1stment curve mqP vary
someviat with load.

C - aiarfaced-sal 11;trength requirementas c= be- related to single-U wheel or equivalent single-whm:1 . ads. tire prebares, and
fl coverages.* The nor-agh pneveuted in Figure 25 iartrates

this relation and shown that the. 1 U;:owab1e traffic increasep
as the load or tire pressure decreases or as the CBR in.,reases.

d tliple-wheel, loads operating on unsurfaced soils can be re-
solved iLnto equivalent sigle-wheel loads by relating spacing
and percen-t increase in single-wheel load for each adjacent
wheel. Figure 31 presenta this relation and shows that an
eqivalent single-whael load will decrease with an increase in4 spacing with a very rapid change occurring between 2- and 4-
radii spacing. The inflvence oT spacing on the ESWL is zaero at
5.5-radii spacing. The B1&L be applied to "due nomograph

'(Figure 25) to detenme groun.-fictationr requirreMents for
mltiple-wheel gear.

e. nesults of the simulated C-5A L (12 wheels) on landing -mat
compared favorably with the T11 criteria but indicated that the
V18 criteria were conservative for the C-5A type looding.

f. Results of th smulated -5A test (12 whieel3) on unsurfaced
soil -mare mor'e satisfactory then thG criteria developed for
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i , . _." t e1: -&ifot.tion .-sne,-_t indicate, .evee, the

-~~ ~T, Zz~ed e ria i o C-%A type gear C-Onfiutions Ume can-
sidWrei zwlic~le bocause of the unmo-mn effects of baiw, and

- -turing on unsurfaced-soils.

E. brm'ar pU .2L ureimnts cm-te relatad to soil subgrade

pu l decreases as the CIBR increases.

h. Mhe general trend of the effect of tire size, tire ply rating,
and tire presire on ground-flotation capabilities of aircraft
operating on unsurfaied zoil os determined. The data indicate
that the allowable traffic on an unsurfaced soil increases as
the tire diameter gets larger and decreases as the ply rating
increases. Also, the allowable traffic increases as the tire
pressure gets sn2mller.

i. A relation was established between velocity and drautar pull.
Weis relation is presented in Figure 40 and shows that as the
velocity inoreases, the drawbar pull decreases.

j. Average hard surface tire contact pressure can be generally re-
lated to tire inflation pressure for the typ. es of tires used.
Figure 42 shrs that for inflation pressures below about 130 psi
the contact pressure is greater than the inflation pressures,
and that for inflation pressures above 130 psi, the contact
preosre is less than the inflation pressure.

Recommendations

Based upon the results of this study, the following recommendations
are presented:

a. Additional tests should be conducted to establish the effect of
load on the load-adjustment curve since these ests indicated
thAt the load-adjustment crve may vary with load.

b, Since these tezts developed only a trene,, f rther testa should
be conducted to establish fully the effects of tire pressure,
tire ply rating, and tire size on ground flotation.

c . Although the wodeling tests to study speed versu drag were
u cessb)2, further vttemts sbould be made to use mode.ng
to stutly t4is relatio-. since recent raodel testing with powered
wheels ha.' been successful.

_. Additi~ool tests and studies should be m.de to determine specif-
i0?l1' the rason- for the 3- nd 12-,,neel tests prodt:cing con-
;teo iInt2y better reswlts then anticipatled.
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rsfr- bItt-l'U OU mzf-,-7 soila titn VaLis &Irezt at
t%- t-., tZ -i; tbeteore, adItma te ting sbval2d be coni-

oftszmyh--be ini tha t-t for flexible

coeitive re.ts. Mierefore. a study of these procedurez
Cml be onducted since C-5-k aircraft %wLU be requixed

- to erate fxcm puvemzmts.

~.A sr-ady sbould be rmde of the proceduxes for counting coverages
Sirce the reathod used may contribute to some of~ the differences
occurring ir the test resUts reported herein~.
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&MLIDIX 3: P=~ aF TD M Z~LMA OF D2SIM1

- 0CITZUI m Tm CX-MIS AUIMVMA~

ic PTI=rY ObJective of this progr- is to obtain iafficient e.taI

for establishb6g criteria which will prmnit design of an eff icient !,Aling-
gear cCXfiuatiCn for a 700,000- to 800,00-lb gross weight sabsom.

1trMPIVorb 8=raft tolat Twifl be cawabie of oper-ating on support-qaa air-
filft~. It In also desired to obtain data for lruproviug existing gmoud-
flotation w-ertr-, Particularly in regared to 1cr-presoare zire- and ligbt
wheal loads. b3pcific objectives of the field tests outlined harein are
to detern.ie tle effects of the foljing variables on surface distortio4

and rolling resistances on botL unsurfaced and mat-surfaced 3oils:

a. Tire-inflation pressnre

b. WheO! locd

wl. 1tiple-heel ass emblies

d, 14heel spacing on multiple ass;emblies

e. T-re size

f Speed (to a limited degree)

A proposed schedule of tests to meet the test objectives is shown in
Table VII. This schedule indicates a rather extensive and time-consuming
test pro.<am which shoold furnish a considerable amout of basic data for
use in revising and imroving current grmnd-flotation criteria. However,
due to the izgortanee of the time eleemnt in this investigation, completion
of this schedule of testing maz not be possible. Dzvations from this
echeaule -filJ be czde w- teat data re obtained anwd by information fur-

nished by the _yPorting QZeucy (USAF) from related studies. Every effort
will bz r--de to obtain the xJi-- M t of information with e±uinum ef-
fort. Spt-ch!a tests wi.l be used to the fullest extent possible.

S32%Preo . teats %.wh 1000- end 2000-3b single-ihzel loat will be
ac tc1 In Vtz, .=IA: ty res a ch facility at the U. S. Army I&zineer
wt .% zs flr eri t S~tion 1,13), Vicksburg, Ias. Ech test will be
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-tse +_'- - . .- -

a... w croil rAw Ma 4nL-Ci tett rssu wiL, have a dt h
S e y fMw tir praI ean d m be bjcted to uniform-coverage. o

_ tootc f6z t hel loads Satel tba coWX lbt wil be conducted on
6ecrs. yortcar tet szeotichr io ongar 4 at VMS. s ie sections Ill
covigt of e or mro tet Ixaes uiat w o be tb wit to trasai of a
secfit Vasol or casE~bly lacid and a specific tire preasure. Each test
I= V 1 1f Ocwist -of overmst it,= of dgfeerent subgr e strengths
for t. Te he einS he -=*Via lenes will be appro u te 12 ft wide
erA vM1Y be- stabj -. tea to uniform-coverage traf f .c. A typical layout of a

test e=VIte is ahmm in pigmre 44.

2  Test Crt

lbst of the tests in hangar 4 ill be conducted using present load
carts. Hmvever, the size of the prototype gear is expected to be such
that a special load cwt amst be designed and built in order to test it.
%doze!e d cart will be designed and built so that it will be versatile and
ospable of being sdptex T o alost a-y type gear that may be proposed for
the 5X-BW &ircraft. Pressure distribution on a smooth, hey soil surface
for tires used in the prototype tests will be obtained using C presure
cells rminted on a rigid plate.

@peed Tests

Mltead speed tests will be conducted in conjunction with tests shown
in Table VII. The VISS Aill attempt to develop relations between drag
(rol1m4, resis~aa) and sWed thrcaqgh tte use of dimensional analysis and
ve-1--del testlug or oth= reco~~znded procedures. Relations between
&=Z, u-4 rate^ of eaceleration will also be stadied.

Oxe pnolsblity o? conxducting full-scale drag speed tests will also
t-- z=dnefd. T e ra at 1s=t -'= orgcnizcations that =zy have the capa-

Wbi1-y of =&etftv thzca fu.U-scale &-ag Wped tests: I1=S Larding
L pz, t jealy R:zzrch Center, Lwtgley Air Force BLase, Va.., and

Laaiaece'49 izinrton 5, Dal. These orgitzations
vMl be catc~mted brjplnotethsenapovd

.:t.' Cove=_a

ILDY: ,. PfeeG@VTCZ ..,-m L! n 0Ia Al fcc the Various sub-
".3,-:-A .-Ce%"+ I V9-UC0 Z itISI PRO c0oos.



jf42* zb"x dema*~ in Iwso *--n 20 ceraz. l &Ua

A heor clhe soil (CH) will be use for the test section s u oss

abades Vill be. cmatrued as required by test conditions to a
tvtal tki*I s or 24 to T in. in 6-me-thick e eed iyers at water

oaltsnt0 Ws required to obtain th-e aiealrecl su ,r e strengtbs. AU umsur-
ed r test it will be covered wAh rembra to prev t drying, ex-

cePt for the actual ti=ia tbAt traffic is being applied. Wnkiing of the
Murface to prevel't dryim- PzjR a bmilftip in strength will also be accom-
plished as required.

Test Observationstea~on

lftr content, density, and OBR detenminations will be T&mde prior to
trffc and at point of failure In all test items. Similar dletermitations

yalso be made at intervals during traffic where there is aw visual in-

dics.tion of a change in strength. Mhese tests will be made at surface of
zub~ade and at depthbz of 6 -2, and 18 in. The rated strength of the test
items will ncrmally be based on combinad effects of the CBR valeu for the
surface and 6- and J2-in. .epths for all data obtained before, during, and
at end of traffic.

The rolling resistance or drag forces will be reasured for each test
item at the beginning and end of traffic and at same interval during
traffic.

Level re dings to determine surface distortions and elaztic deflec-
tion of subgrede vid/or nut will be taken prior to traffic, A intervals
duringg traffic,, an at an of trffic.

Close visual cbezvationz of behavior of suvrades and .mt during
ti ft illt~ be iz~de ad recorded throt'Zhut the 4raffiv perIcA.~ Thesz
db ;crva2tionz vill be supplc~entea -Ath p'otographs as &pprogw.-late.

Teanative F1 AIu Criter-lA

%Lzz) VWaI~xrx, criteria pr~n~d b& 7 cvm te ounly m are aab-

jetto cbzvnva. Mny ct~e w-1ll te besed om a Lora dotaJ-le-A Oty tVb~a
i:a, U;ca roible ikn to thie t4-= oz pr&aAouo faDlurs celtcrio an0 dm"re
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Vzlw Otf -r~lc test itc wMI*~~ hb=U ca~ elzrMe 1cf. eion

+'ca I.-~ ia or z&A 3-in. deth, il-t-a ft vin
be-OuL-4 f hllc. A =, a1Zo-able rolli1g razitme in Pea'c of
~~a~1 -A3. cY rm be ima-tporated Ii the failure zritew.8.

YclUre of tho ra-owae tqst lt,-e 'qi be julg1ea ona the imi-S of
(U) dsevelozzent~.o? routs 'baeaen (b) excessive rat brealmse. iVben surface

d~ ~icn~frz~ 1 s raiLtedge equa or exceed 3 Ini. in em direct'ion
vihin lhe twafgie 1=. %he. t vt Item wfl be e--.idereIa ilt dve to

1aismm IT4a2 =at brmbag Nmelops in 10 percerb or more of mat pemie~a17j Iithin tbo traffieo to the eoxte t of produeWi tire hwsz-rd or e-=er-
~ arer~?toier~ion, he tev item %AIf be considered faled.~ Shs *Al

a32ow for a -lO0 percent rat rplI ent durl-r the perilod of traffic.



S8MmL 0? mm0

-I1±conCctact 8190±e,- hI &1L
Mfra PVrw~v-e Ares, vMI-Ie1 AzaaLW7 Sodiz Smri M

8.50-10 30* 10 1,Cm Sizz1m100 -2 -

8.01 10* 50.0 2,0( SL"Cl 2,000 -2 - -
30 33341 1,000 Uzzle 2,000 - 2 --

30 33.50 2,000 tdrale 2,000 -2 -

25.0-2 30 3,000 10,00 ~znzgl I'M0 -3 --

40 1,000 20,000 SUSle 20,0 tv -

60 1,030 2,000 Mrn~a 2,COO - - 2-

5.00-2 200 ±.00 30,000 Sinz1e 30,000 32 1
200 17.00 15,000 Male 150,00 3.40
20 1700 20,.1000 S 70,00 1.5-O 20
200 1..- 35,000 Sivgh Z5,000 6.40 8 1

5zvl 200 260-O 52,OO SDZU 5=2,000 -- 20 8 4
2D l500 3POO 'L- 0,W 3.0 20 a1 ht

200 263-0 52,!X-0 m,-dln 101,qOw 45 20 a1 4t
201054 5,W TVD-,00 6.0 20 81 1

m0002 10630 5,00 $rwle 5000 - 30 11 2
100 350 5,000 win 0,000 3.0 20 11 2

5&6 200 350 5,000 rvtn 04,000 11.5 10 11 2
35 20 5,000 Twin 704,000 6.0 10 11 2

200 0 1.00 350 35,000 Tvin-Twl 35o0,00 --. 10 1& 2
100 350 35,000 Tin~eTae T0.00 31.0 10 11 2

5&1 00 350 35,000 Twin-n. 710,000 11.5 10 11 2
I5f02 50 300 35,000 Svin 70,000 6.o 10 1 2

3050J 35,000 Twin-"W 70,000 3.0 80 4 2
Im 30 35,000 TwnI-we 70,0m0 4.5 8C 1 2

500 350 35,000 TwA-nde 70,000- 6.o 0 1 2

25.00-28 100 200 25,000 Sino1e 35,000 - a -- 2

5616 10 750 25,000 Win1~ 25,000 3.0 8 -- 2

1.01 10 250 2O 5,000 Tin 25,000 -5 8 -- 2

25.00-9 100 250 25,000 Sin~le 25,000 -- 8 -- --

5&.0d2 100 00~ 30,000 (32 ~hes 26000 3. 8 1

75002 1100 3%00 _%0,000io (UC 000 3.0 8 11 2

25.00-28 ~ ~ ~ ~ ~ ~ -4 W050 3,D0trie~ $, 3.03 4 2

110 750 30,000 360;m0 3.0 it 1 2

* mae teats will be mymeted with wn extra wide tire if tUds apera desirable as hA test
progxana prcreanes.

s* -,o teats will be oiucted as pert of a related study. 0O1y urzt-cheIk tezts i4th "3-pai
timis will be Inaluded in this yrogr=e.

t Tteeo teatm have bean cm. rU4 ona TfI Lat as part of a rzlatce st'yv
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AIXZMIX M: DZC~Ar aml D MIIECTIMS

Bfoxcmtiona and deflections reflect th,- Seneza~ shape or c'wrdition
of ti~eu~ eo a test section and are used in judging failure condi-
tiomz. Definitions of wAd procedures for determining the various types of
defoz~2ations =1d deflectiar.;s are given iu the fb.loraizg paragraphs.

Deformation is the difference between the elevation of a point on the
surface of a test bection prior to trafficking and the elevation of the
sa~ point aftez a specified nimber of treaffic coveraes. Geerally, the
poias of elevation are aLiag a line perpendimuam- to the direction of traf-
fic (knowu as cross-section deformations) or parallel to traffic (profile
deformation). A typical cross-s5ection deformatIon is detendned as fol-thyt
(IFLgure 415): Points A, B,. C, D),
and Eare points on the surface 0
of a test section. Theoreti- AC0
cally, the surface is uniformly
horizontal prior to the applica.- d
tion of teat traffic, . 4 due to A' Ce
irregumawzities in the surface of
the t.qt section, s=all differ-
ence,, in eleva-tion. exist. As
tratfic is applied, the test. sur-
fnoe Is deformed and the rela-
tive, positions of the pointsa
change inu . vaitical direction b
to A', B1, Cv, D's and El. TVhe
differences between the e2.eva-
tione of points A through E and
A' tbrough B' are equal to a, b,()
cs d, end e, respectively. Fiur 45. Cross-section deformatinn
Theze valv~es are then plotted maueet
from. a comou line, as srwro'n maueet
Fi-r 45(it)s in order to illustrate gaphic..y deformtion of surface
&cn the particv-1ar line selected.

Deflectien

a. Total deflection. Total deflection is the O.ifference between tha
- elvatioA o2 apotat on the Surface of a test section ez it

excr at w coveraga level end the elevation of the same poitb
i~aa satc toi:4 load irz ap~plied. Deflection generally is

zat poibr directly under the load wheel or aseMly 0_='
r:t cn'eeillcd Inter%,ale 7, either side. ror waple, In F:L e 6

deibIc-otuloa to point C under the ln-d wheel, and at
'snt A, Bs D, ad 13 on either aide : f the loaOd uheel. Prior

to cpp icbicn og tbs sati,,c 1cM,- polec,,s A, B, C$ Ds and 3
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Ic
Figure 4i6. Deflected

0 surface-of tert sc~on
C

on the test surface appeared as in Figure ( a) With th,' static
test load aplied at poInt B c E

C (larg ,rrow), the sur- A
face deflects vertically,
chenging the positions of A TEST
these points to A', B', C', -LoA
DI, ead E' , respectively. , = F :)

The differences in eleva- D&
tions between points A
tbrough E and A' through (s)
E' are a, b, c, d, and e,
respectively. These
values are then plotted ,j ~.fom a com-ion line as ind
Figure 47(b) in order to
illustrate the total de-
flection caused by the
static application of the (b)
test load.

Pigure 47. Illustration of total de-
b. Elastic deflection and flection measurements on landing mat

pemnnt de-formation. In
th _ measurement of to7 al deflection on metel landing mat-. it is
assumed that for all practical purposes the sueface of the test
section returns to its original zhape and elevation Upon remn-Val

of the static load; thus, the totl!
A deflection siso is considered to be

an elantic deflection for "!at. par-

Lwo OW E.. t cular surface. For an vzsi-faed
j11JJ 1 - plastic soil, ho-wever, thL assuxv-

A tion generall, Liiv-elid because
there Ia gnilfcext permanent de-

:1Iforion a. vgeU as ,: elastidc de-
o . .±,rtp. n on app.Lication of the

:,zatic ozd. Permanent deformation
i cused by rutting or soil con-IA -- ~'-- -- solidation end failure of the soil
to rebound fully to its original

o ~elevation. Total deflection, there-
o ' [.fore, is the sum of the p=er ant

defobm=!tion ad clastic deflection.
" (c) This is illustrated in FR re bk.

Te originU- elevation of a soil
Figure 48. Ill.stration of surface, A , is shoum in Fig-
otal deflection on utnou- iwe lc(a). Ta soil is deflected

fa,~ soil
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~ ~.3~a ~zi (~z~t 4'b)) =UtiLt re_-hes a=x
z~ ~ . ~ zil ~ ~ d.. to C

'w~ t- etrctl= in ta ewce is- eqal to A - B.
Mz ee 2atiom Lzeq to C - B , anL- p=,nent ds arzzo

-i vlto V . In denlectinv or-sfoced
zoilz, total _da_-_ctis m elther side ot the 1oed vhs, ze-

VZIIZP. are pgotte& frax t =-- in~e.

on Deaseion ader l Jit4,eel. M~e P-idof meaaig de-.ection.
a 6Vsa d±~e~tyoviF us-y =A ifrfo-t pro-

ced=~ used to deterne tielttion on eit1Ler side of the -,,heel.
Qna w.-ga- cove-ce by e a l J1ndru zat this~ vaLtie gep-erally

%~ ~eti~ie~by extra.polation of~ the curve ea-tablished by the
delem~ia -- oz eIt.'ex side of the load &eel. In Fig

=e49 beloW., the total defler~tions el, points A, B, D., and E are
dete~iIned &s described i, _________________
fte peedgparagrvS.a,
and the total cdeflectic-a at
p~int C Is3 d~cerrlaby
extrapolaticfl of' dleation x
data. conce~iqn AB andr

*E Ont nsm-ufaced sailze, - .,

1 owever, both total and
elastic .ieflection aea.sure- Figure 49. Illustration of deflec-
mants eara i2Ade dfret.. tion npasuerents =.der -wheOL load
~umder the load Vieel Zis on landing mat
imiethod involves a stsel pin

I and cap, the elevation of wbich muet be determined before and
after the static load is applied. Specifically, the proccdure is
as follows (Figure 50):

21c
< 'C

IC

"10
AS',= 50. Illuntrtion of deflection 'Lmt uder uiaeel

In Flgr'- 5VQ( I) te orifm crowd level is d t C Aptn~~ :~ U:::c Jtoth:cil :2h aoft ol the piz, 'pe,



~li~l~ bl~ izluA e .,l c.-, is then pl=cea c-n .t'&
pi~cr ze Vidvn "ib top oz the ca.p i n. _h

vit t~a l strf:oe Me eleva,-tion of the car tOP iz CISO
Mhe d~ifferencie betwzren C r -a ?~ :L- ',be, cal

vaeel isc ~yi-d Over the EM1 iZ~tr- h ol oi-
vaz~j. axis j, the pos-ition of rxdn== or total defectian. L2

4 Y-,ie 5<c),I tha ]ad -,aeel has been reved and the soil haz re-4 b-o=dzd itli the cap,- lez-i1 tha pin L-cedfted at tlDe position
of nni~ deflection, pn . rI.ote that p~l is the elevation of
tlre top of t,- pin, not the soil, ~ihis slightlY above the Pin
tcp e, =z-~"--n deflevcticn due to Ci~ thickness. -rhe soil does
ne5 zebomnd to itz origins.] positi-21, Cf b ut now 5 lgtli
17scr &* en (r-sasan'ed at the top of the cp). 7. e differeuce
beuraaen the elevatioa of the cap top at C-P ar' C is -,he
-oeiant 'defozt4.n and is desigaated AP

The total defleetion, 6t , is the difference between the cirigi1-
nal elevation ofP the soil an th-~;o of the soil at the
ma-yznmm deflection (Figure 50(qb) and 5C'c)). This deflection is
calculated by tbaking the difference between the pin elevation at
Pf &ud Pn The rnathenmtical expression is derived as foillws:

(6 Cf - Pn - te (2)

= Of~ - P' - (Of - Pf)

* Pf P

Frcm e~zlions 1 and 2, the elazstic deflection, A~ can be ob-
tAR4as follows: e

A 4 -L& (3)

A0  - P") - (Of c

meax~t coid sheet D- a aoby ub'izan adeess hole in



01- ~ ~ trX34 -ed oly to retal E-
a I~ !t. It iD a euw of

t~z dofoiazio of a stz! L* pzueI. Figue 51. Mflntration of dizbirg,
=4 ia dsexinzd -or Mar-1ngr the

-; :,ruze of the- =t pm.neJ frcm a straif~tcdge p1ac-ed =0:313~
tim wdeth of the pzel, A dishInZ aeei is illustrated in igure 51.

Dif feretya1z dfb~zion

Diffaexentiai dafo= tou is P.~nr of the rougbnass of a test
zection. M-e =ww--nt is =&d by p]lCivuc a st~~tde10 ft ]xqn on
ths ~f crio tbze test section and raasuzin6- the =JAr" vertical ~e~z
tture of the- zmnizee frei the- straightedze bet-en any tr.- Poirrls at which
the saic~tadge restse n '&e zuinface (Figur 52). r~~,tIbis reasue-

Figare 52. 1] butratijn of differential deformation mas5ure~ants

rant is mde it the stradhtedgre placed in tbree different positions:
.a1nItS the direction of truffic, tezzmed lovgitudinal differeatial deforma-
tion; perpnmdi-tlar to the direction of traffie, transverse d~fferential
defox-mation; =dns In r. onitondi tmll across th irecio of traffic,
dxegonal differew-Aml defoir~tion. tafc

AothAb-r type of defozmntion zzaaorxmi t in ussurf aced soils is the
dcstaminaticru of rut depth. GeneralIy, & zut 13 the- defoxm±ston result-
igi3 fram coil shwx~ dizp~zcc-ent coael by mn individuw1 trackivg tir-e
end he the gonra1 croo zection-,1 wnfigTuration shmm' in Eignra 53. Th

Y1 53. V ceAn o ng
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- St' aITrZ this case, the rut
________wiatti in equal a p-

prxfiate17 to the

width of the track-
_ ing tire. Meazure-

rmt of rut depth in
thia case is per-
fonned as follows:

Figure 54. i1hustration of rat depth = ureruts a straightedge is

placed on the
houlrders of th rat, as sho;n in Figure 54, and the maximm vertical dis-

tance from the lower edge of the straightedge to the bottom of the rat is
=aasured. Frequently, however, due to such factors as the spacing of the
load Vheals in ultiple-wheel assemblies or the influence of the tracking
cart outrigger vleels, a rat as distinguishable as the tjpe shown in Fig-
ure 53 is not evident. instead, although the general shape of a rut is
present, the width of the individual deformed area is tw to three times
the tire width. A configuration of this type of co~mound rut is shown in
Figure 55. Determination of the width of the rat in this case is a matter

Figure 55. Illustration of commpound rut

of judgment if the rut width is limited to one tire width, as shown in
Figure 55, the rut depth will be zero. Obviously this is erroneous becawe
the soil aurface is quite rutted. Therefore, in the measurement -f the
depth of a compound rat, a straightedge is -plized so that the ends rest on
the closes', prominent soil ridges or shoulders, as shown in Figure 56, and

Figure 56. Illustration of rut depth measuremnt

the rut depth is nazuared as the imnm distance from the lover edge of
the tfghte to tbe bottom of the deformed area. Obviously, as the
dist ece balxn closest prominent soil rldves, AB , approaches 10 ft, the

-nt no i onge- a rut depth determination but becomes a measure of
tm; 2riverse differential deformzation. There fore, the criterion for the
Sz~xi .a lloi.ble distace AB is threa times the tire width. If the dis-
42 -e betuszn closst p-omiznica soil ridges exceeds three time-s the tire
vrith, the __ urczxet is ma.e ,th a 10-ft stre itege and is called the
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d ercutimJ. deforz~tioa, in wOica case bb. rt de2th vI-U be
z= Soi44do=-tion in tbis ease ia attibmited to gencral consolidation
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