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ABSTRACT

A mathematical model to predict sinkage and the resulting loads for aircraft wheels
nperating on bare soil surfaces is presented together with experimental results for a

29 x 11-10 8PR Type {li tire. Four primary foctors which determine soil rutting and
drag have been identified. They consist of the tire spring rote, the soil load

deflection relation, a drag inertia force, and a lift inertio force. Soil load deflec-
tions are based on the mobility number concept developed by the U. S. Army Corps

of Engineers Waterways Experiment Station. Empirical constants obtained from tests
conducted at the NASA Langley Landing Loads Track were used to compute the

inertia forces. Comparisons of predicted and measured rut depths and drag loads cre
made for a clay soil with CBR's ranging from 1.5 to 2.3 and speeds from 0 to 90

knots for tire inflation pressures of 30, 45, and 70 psi. Similar comparisons are made
for sand having o surface strength of CBR 1.5, The experimental progrom inciuded

173 tests with o single wheel and 3% tests with two wheels in tandem on buckshot clay
and 24 single wheel tests on sand. Overall average differences in predictions and

test data for rut depths were the following: 11% on CBR 1.5, less than 1% on CBR
2.3, oand 1.5% on sand. Overall average differences for drag loads were the
following: 6% on CBR 1.5, 9% on CBR 2.3, and 12% on sand. Average positive

ond negative differences were somewhat higher and were between 119% and 36%. An
alternate computation using a spring-mass-damper model as used in vibrating foundation
studies is also included. This alternate model is not recommended os it does not
account for Jdrag load interaction und thus is not reprasentative of the physicel system,
Methods for improvement of the alternate mode! are discussed. A computer progrom is
described which incorporates the soil /wheel interaction model with a simulatior of the
C-130 aircraft during taxi and take-off. Analyses with this progrem show that moderate
roughness has negligible effect on take=-off distance for either soft fields or hard surfaces.
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NOMENCLATURE

Tire footprint area - in.
Tire width - in, ond

Footing width in the Bekker Equation - in. '
Soil damping constant ~ lb. sec./in.
Colifornio Bearing Ratio - percent
Cone index - lb./in.2

Soil drag coefficient - dimensionless

Inertial lift coefficient ~ dimensioniess

Cohesion - |b./in.2

Dynamic factor

Tire diameter ~ in.

Inertia lift force - Ib.

Net vertical force acting in the tire footprint - ib,

Spring force from the soil load deflection curve - 1b.

Vertical tire force - |b,

Drag force - Ib,

Slope of cone index vs. depth curve averaged over o depth equal
to the tire width - Ib./in.z/in.

Tire section height - in.

Cohesive modulus of sinkage in the Bekker Equation - Ib./in. Hn
Cohesive modulus of sinkage in the Reece Equation - dimensionless
Empirical drag interaction constant - in./lb.

Empirical inertia lift constant - in./lb.
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Frictional modulus of sinkage in the Reece Equation - dimensionless
Tire footprint length - in,

- . . 2,
Zffective soil mass - Ib. sec.” /in,

Exponeni in the Bekker Equation - dimensionless
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NOMENCLATURE
(Concluded)

Applied pressure in the Bekker Equation - |b./in.2
Initiol tire inflation pressure - Ib./in.

Time function of applied footprint pressure - lb./in.2
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Tire rolling radius ~ in.
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Clay soil mobility number ~ dimensionless

Sand mobility number ~ dimensionless

Dynamic soil mobility number - dimensionless (used to represent

either sand or clay in a general discussion)




SECTION |
INTRODUCTION

Operation of large aircraft from unpaved airfields continues to be of concern to
military plonners. Since 1958 three large cargo transport types, the C-130, the
C-~l41A, and the C-5A, hove been operated from or hove been tested on unpaved
landing surfaces and toxiwoys. To date the C-130's have been used extensively

for routine airlift to and from remote areas by both military and commercial
operators by the United States and foreign countries as well. These landing surfoces
have ronged from smooth to very rough, hard-haked to muddy, rocky to sand, ond

grovel to silt surfaces, usually bare but covered with mats in the wetter softer areas.

The C-141A, while designed for operation from paved surfaces only, has been
tested on both matted and bare surfaces and has been shown to have ¢ limited

copability for operaiion from unpaved areas.

Repeated operations from unpaved surfaces, without major landing areo maintenance,

l is a design requirement of the C-5A. High flotation, maximum wheel separation, and
low operating tire pressures are features of this design intended to provide this capability.
To date limited testing from unpaved surfaces hos been conducted, but no routine

operations from such surfaces have been scheduled.

Military logistics, airplane specifications, and mission flexibility moy require that

these and future large cargo aircroft be capable of operating repeated(y under
increasingly stringent requirements from forward areus with minimal preparation ond

very limited mointenance expenditures.

Most full scale aircraft tests on soil surfoces ore for the determination of performance
capobilities; few gather dato for improving other designs. In almost all the tests y
i ‘ conducted thus far, the aircraft loads and takeoff or landing distance hove been of *

nrimary importance, and only superficial attention has been given to the effects on

the surface so long as operation could be sustained. No single instance where surface \

ruts have been measured and correlated with whee' loading has been found. No 4

quantitative information about the progressive deterioration of the surface strength




axd A

with continued operations using aircraft as the test vehicle is available. As

efficiencies must improve in the future STOL and V/STOL air vehicles, it
becomes more and more difficult for on aircraft designer to apply the civil
engineering soils analysis approach, based primarily on the theory of the
failure of building foundations, to the design of gear systems for these aircraft

which operate at ground speeds up to and above 100 knots,

In 1967 the Air Force began a series of tests using the Landing Loads Track

at the NASA Langley Research Center to study soil/wheel interaction under
controlled conditions (Reference 1) to develop better analytical soil models.

So far only one tire size, a 29 x 11-10 8PR Type |ii, hos been tested. Parometers
investigated include wheel load, speed, tire pressure, soil hardness, ond free
rolling and braked conditions. These tests and a limited amount of aircreft data

comprise almost the entire amount of experimentol information ovailable today

for wheels cperating on unpaved surfaces at speeds above obout 20 knots. A
summary of the soil conditions and types and the wheel configurations included

in the test programs at the Landing Loods Trock is shown in Tabie 1.

Soil inertio forces have been found to strongly influence the behavior of wheels

at high speed. At 90 knots the wheel used in this program produced little rutting

for the same wheel loads and soil strengths that were found to produce several ¢
inches rutting at 5 knots. From 30 to 50 knots, rutting increases with increasing

velocity; whereas it wos previously thought thot low speed rut depths were the

maximum ever obtained and that it was unnecessary to study the wheel behavior

ot high velocity. The information gathered in this program proves that consider-

ation must be given to the forces and deformations at high speed.

In the current study soil load-deflecrion properties have been based on methods
developed by the U, S. Army Walerways Experiment Station. Their procedure
was chosen as that most representative of wheel loading of soils. It is desirable

as more tests are mode fo improve upon these relations and to eventuaily develop

a general method for calculating soil load-deflection cheracteristics under moving
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wheels with a minimum number of empirical constants. Much of the empirical
data in this report is the result of a iimited range of test data and the lack of
suitable instrumentation to measure tire deflections ond footprint pressures at
high speed. These deficiencies can be corrected in the future through contin-

ved research and development programs.

Results of this study of wheel behavior at high speed are encouraging, and it is
probable that onalytical expressions can be developed for calculating these
forces except for semi-onalytical determinations of a wheel lift and drag co-
efficient. Anaclytical techniques con possibly be developed which relate these

coefficients to the geometry of a particulor tire.

The soil model hos been incorporated into a prototype aircraft taxi and take-off

simulation computer program using the C~130 aircraft.




SECTION I
SOIL/WHEEL INTERACTION MODEL

The term "soil/wheel interaction refers to the rutting of a soil surface over which a
wheel rolls and the influence of these ruts upon loods applied to the wheel. Both the

ruts and the applied loads are mutually dependent upon the magnitude of each other, and
this mutuo! dependence is called interaction. This interaction occurs between the vertical

load ond the rut and between the drog load and the rut,

Through a phenomenon colled "slip sinkage" (2), a broked wheel produces drag loads
higher than a free rolling wheel . These drag loads increase the rut depth over its free
rolling value. The increosed rut depth then contributes to higher drag loads becouse of
the larger rut cross sectional area. A phenomenon similor to slip occurs on a free rolling

wheel os soil inertia forces increase drag loads at high speed.

The experimental results for this program were obtained at a constant wheel load rather
than at a constant penetration into the soil surface. The results thus contain the types of
interaction seen on o vehicle which ruts the surface ot a depth determined by the applied

loads.

Figure 1o shows how a typical rut for 0 30 inch diameter wheel loaded to 5300 Ib. varies
with velocity between zero and 90 knots. The velocity axis has been arbitrarily divided
into three regions. Region I, the low speed region from O to about 20 knots, shows that
the rut begins at o muximum and decreoses to 63% of the zero speed depth. Region |,
the intermediate speed region from 20 knots to around 40 knots, indicates an increasing
depth with increasing speed to 72.5% of the zero speed depth. Region |iI, the high speed
region above 40 knots, shows thot the rut, ofter reoching a second maximum, continues to

decrease with increasing speed. At 90 knots it is only 40% of its zero speed value.

Figure 1b shows the drag loads applied to the wheel as it forms the ruts shown in Figure

la. The drag lood shows behavior similar to the rut depth.




3’04NG 10§ 1jog ©
uo sppcy Bpig pup syydag yny joordA) 20614

Aj130ja A “sa pooy Boug (9) Lpoogap sa yidag 4ny (o) |

SLOM - A L0324 SLONA = ALDOVIA :

o8 o or 02 a & o8 o or o a i
o 0
;
»r v
e 2
& g o ® ® &
© ® L) 08 © «Q «Q ¥ ;
= @ @ o > 2. )
o - — o}
3 o o S = =1 ;
] = » — — — L i
= — & = - -2 1
bt - —  joet 3 v 1w
g 3
- A% =
5 E
2 8 !
099 7y Yy i
v S v T i
s z
000l 02 I
v !
|
)
I
- . W,
1
1SS 3Ud S8EL 1Sd m 330055 344 5UIL 354 02
JvO1 1710085 Qo8/ GYOY T8 00y i




Clearly the rut depth and drag load quantities are related to each other. By o cross
plot they are found to be approximately linearly related as shown in Figure 2. These
data points were obtained by taking the average values of rut depth and drag load for

a constant speed ot each of the points shown, thus representing an equilibrium condition

ot each speed.

Bucause of the interaction of the rut depth and the wheel loads, neither quantity is
independent of the other, and therefore, in an analytical model they must be calculated

simultaneously. Subsequent parts of this section explain how this is accomplished.

i, DEFINITION OF TERMS
There are several terms and definitions used in the development of a soil/wheel modal which
are not commonly used by aerospace engineers. The most significant of these terms are

discussed, and references given for obtuining additional information.

a.  Soil Properties
The important properties to be considered are soil strength measurements used to define
test conditions, the dimensionless quantities which arise from on onalysis of the soil/

wheel system, and the parameters used to distinguish different types cf soils.

()  Californio Bearing Ratio

The expression CBR is an abbreviation for California Bearing Ratio, which is o measurement
of soil strength. In simplified form this number is the ratio of the load required to deflect
asoil 0.1 in, to the load required to deflect a standard crushed gravel 0.1 in., using a

3 in.2 piston. A load of 3,000 Ib. (i,000 psi x 3 in.2) is required to deflect the

gravel 0.1 in. Since CBR is expressed as a percentage, the ratio is multiplied by 100

to obtain the CBR number, Additionai information on CBR measurement is contained in

Reference 3.
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For the range of clay soil strengths that have been used in the experimental progrom,

the force required to deflect the piston 0.1 in. voried from 45 lb. ot CBR 1.5 to 132
Ib. ot CBR 4,4, These forces represented soil pressures of 15 psi and 44 psi respect-

ively.

(2) Cone Index T

Cone index is measured in the field using either a standard penetrometer with 0 0,5
in.2 base area 30° cone or on airfield cone penetrometer having a 0.2 in.2 base area
30° cone. Cone index is obtained by dividing the applied force by the cone base area.

Penetrometer measurements are sometimes substituted for CBR tests, Time savings from

use of the penetrometer may be as much as 100:1 if excavation is required to obtain the
CBR/depth profile. Reference 4 discusses the oirfield cone penetrometer. Throughout 1
this report a cone index to CBR ratio of 50:1 is used for conversion. |f a different ratio
is used for other soils, empirical constants developed herein will hove to be adjusted f

accordingiy.

(3)  Rut Depth Measurements

Rut depth is the difference in the profile of the undisturbed soil surface and the profile
of the center of the track left by wheel passage referenced to a fixed elevation. Both
rod and leve! profiles and continuously recorded profiles have been used. Continuously
recorded profiles provide improved results because of the better definitions of transient

effects caused ky changes in wheel loading.

(4) Mobility Numbers
The Waterways Experiment Station (WES) developed the concept of mobility numbers
through dimensional analysis and from cross plots of o large riumber of tests for a range

of tire sizes. Test results were reduced to sinkage ratio, Zs/d, versus mobility number,

1, as shown in Reference 5. For clay the mobility number has been defined as:

Q =Clbd) [ Bt
¢ F h (1)




For sand the mobility number has been defined as:
3
_ Glkd)® 8

=Sl 2 (2)
5 Ft hr

Q

Mobility numbers incorporate the important parameters which relate tire properties
to soil conditions. So far, these relations have been developed only for cohesive
materials as represented by buckshot clay and for frictional materials represented

by Yuma sand. Insufficient test dato is availcble to predict accurately the behavior
cf mixtures of clay and sand, a loose compactibie soil, or a hard soil having a wet
surface; however, these materials are believed to hove responsc choracteristics

between those »f clay and sand.

Tire properties included in the mobility numbers are discussed below under Item b.

(5) Dimensional Analysis

Pelationships which led to the develapment of the WES mobility numbers were
derived by dimensional analysis. Briefly the procedure consists of grouping all of
the system variables into feasible relations in which dimensions cancel to produce

a "dimensioniess" quantity. By further physical reasoning, the number of these
relations may be reduced to a minimum. Reference 6 presents u general development
of the technique. References 7, 8, and ¢ apply the procedure to the problem of o

wheel rolling through soil. Reference 9 shows the detailed development of the sond

mobility number.

Extension of the dimensional groups to include inertia effects ot high speed was
discussed in Reference 7, but no additional work was done in this respect on the
present program using dimensional anclysis in the development of the recommended

soil model. The empirical relations obtainied are, however, dimensionally correct.




{6) The Dyncmic Fuctor

Experiments have shown that the deformation of soil decreases as the rate of loading
increases. Conversely, when o rolling wheel comes to rest it will sink to o greater
depth during the first few seconds after it is stopped. This effect takes ploce at too
slow a rote to be considered as inertial resistance of the soil particles ond is attributed

to time dependent propagation of intergranular stresses and friction,

The Waterways Experiment Station has made plate sinkage tests to determine a dynomic
factor which, when multiplied by static sinkage, attenuctes the sinkage by an amount
which is proportional to the rate of loading. The dynamic factor is described in

Reference S, and shows that there is no attenuation for o load pulse duration of 4

.o 1. . . 1
secands but that the attenuation is 55 foro pulse duration time of 106 second,
The empirical equation is:

D=1.041.30e %"

@)

Most of the velocities tested were greater than 5 knots, These velocities correspond to
pulse durations of Q.24 seconds or less, The dynamic factor was then alwa,s greater
than about 2.0. Since Equation 3 has an asymptote ot 2,34, it is seen that there is
not a large chonge in the value of D ov.:r the velocity range considered compared to

the change from zero (D=1.0) to 5 knots,

(7)  The Bekker Equation

Many investigators have basea their calculations of wheel sinkage on the Bekker

Equation:
Ke a

P=(E—+K¢) Zs (4)

where p is the opplied pressure q
t is the footing width

Zs is the rut depth




K is the soil cohesive modulus
c

K¢is the frictional modulus
n is on orbiirary exponent related to the properties of the
particulo: soil being used,

or the modified equation by Reece (IC):

[z
Pk, T (5H) (?s“) (5)

The model presented in this report does not utilize these sinkoge equotions, and the

parameters K , K¢, =nd n were not measured as o pert of the te:t nrogrem,
<

By properly choosing the value of n it should be possibie to correlste stotic and rowing
sinkage test dotc with Equations 4 ond 5; however, hey have no velocity Jenendent
relotions and cannst, without modification, predict the velocity depzndent behavior

of the test wheel.

Reference 7 contcins equotions which relate the value of K and K¢ to the cone index,
c
Cl, and Reference 8 relates these quontities to CBR. (n both coses the relations ore

only approximate.

b. Tire Geometry

The importont tire geometsic properties have been found to be the tire diometer, width,
section height, ond deflection under ioad. These quantities are illustrated in Figure o
and are cbtuined from tir2 manufacturers' published daso (11). They are incorporated
into the soil sinkage calculotions through the mebility number as discussed above under

Item a,

()  Rolling Radius

The rolling radius of a tire has been estimated (12) to be:

R =R -1/3 5, (6)




Figure 3. Tire Geometric Properties




e

for hard surfoces. It is not possitle to determine accurately the rolling radius on a
soft soil without some measurement of the instantaneous tire deflection, and it was
not obtained during these tests. The hard surface approximation is being used until
better information becomes availoble. Rolling radius versus tire inflation pressure
using Equation 6 is shown in Figure 4. For the tire pressures tested the radius varies

from 13.12 in. for 30 psi to 13.56 in. for 70 psi ot o 5300 |, load.

(2) Tire Load Deflection Curve

The locd deflection curve for the 29 x 11-10 8PR type Il| tire used in this test progrom
is shown in Figure 5. It is re-plotted from manufacturers’ published dota (13). From
these curves the tire deflections, 5,, used in the computation of the mobility number
are obtained. Maynitudes ranged from 2.3 in. at 70 psi to 3.54 in. ot 31 psi fora
5300 Ib. load.

(3)  Footprint Pressure

Soil is deformed by pressure applied inside the tire footprint and is proporiional to the
magnitude of the applied pressure in a non-linear monner. The pressure sinkage
relationship varies with the soil strength and the rate ot which it is looded, decreasing
in sinkage with both strength and rate of loading increases. In oddition the pressure
underneath the tire is non-uniform. No equipment has yet been developed to measure
these pressures under pneumatic tires ot high speed, but some work hus been done on
rigid plates, rigid wheels, ond pneumatic tires at low speed (14), (2), and (15). These
tests have shown that the pressure distribution in the soil is not uniform under o {oaded
surface, even under flat plates. The pressures under a rolling tire are usually divided
into noimal pressures perpendicular to the local surface of the tire ~nd shearing
stresses along the circumference of the tire. Pressure is assumed to be constant across
the width of the tire although this has not been found to be true in the cuse of rigid
wheels (16}.

A wheel rolling free ot comstant velocity is in o condition of rotational equilibrium

with ali forces und momants balanced. Vertical load is supported by pressure applied
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in the tire footprint ond ultimately through the sidewall. Pressures are not uniform, byt

the integral of the pressure over the area of contact must equal the applied load. Under

S

iigh drag lood conditions, as encountered in deep ruts, the pressure centroid must shift
forward of the axle centerline in order to provide o balancing moment which equals the
drag moment and maintain zero angular acceleration. [f this condition were not true,

the unbalanced dicg moment would accelerate the wheel and force it to go fuster than
the towing vehicle. Obviously this does not happen ond the wheel is in a balanced

condition.

> A forward shift in the pressure centroid increases the pressure under the wheel above

the average footprint pressure ot zero speed. Increasing pressure ahead of the wheel

-

oxle increases the rutting. It is quite evident in the test data as illustrated in Figure 1
and is called drag load interaction. For the 30 inch wheel the amount of rut increase
necessary to bring analytical and test results into opproximate agreement was found to

be 0.28 in. per 1,000 Ib. drog load at CBR 1.5.

(4) Tire Footprint l.ength
Tire footprint length is used for inertial lift calculations and to determine pulse ioading '

time of the soil for calculating a dynamic factor.

This length is:

. 2
L =2 \[d( 5,+Z)-( §,+2) 7)

us determined in Reference 5 and is the length of the chord of a circle having a

diameter equal to the undeflected tire which has penetiated the ground a distance

( 8t + Zs)' 8t must be the hard surface deflection since tire deflections in soil have not
been obtoined. Reference 12 indicates that tire distortion by vertical load may reduce

the footprint length by approximately 15% on a hard surface, but any change coused

by vertical load distortion while the tire is rolling in a rut has been neglected.




| __an - o = = cas i - ————

Figure 6 shows the footprint length of a 29 x 11-10 8PR tire versus sinkage for 3 tire
pressures. |t varies from o minimum of 15.5 in. to @ maximum of 25,2 in, for ryt

sinkage to 4 in,

(5) Verticol Load

Load applied to the soil surface is equal and opposite to the vertical load applied at
the wheel axle. This load is distributed over the surface of the soil in proportion to
the local tire footprint pressure. The vertical load is assumed constont for o freely
rolling wheel on a smooth surface. Local undulotions in the surfoce will induce
oscillations in the vertical load, generally in proportion to the amplitude of the
undulations for small amplitudes. Any factor which abruptly offects the rut depth

can change verticol lood. These factors include changes in soil strength with distance
troveled, brake application, and broke release. Usually these load oscillations

produce pothales or "washboarding" of the surface with repeated passes.

There is some amount of filtering of both the tire loads and abrupt rut depth changes
because of the finite footprint length and because internal inflation pressure limits

the radius of curvature of the tire for local deformations (assuming that the forces are

not large enough to cause puncture). Interaction of the tire with roughness or surface
strength changes over distances less thon the tire footprint length are not well understood
and are usuaully neglected. However, since they moy be important for some opplications,

they deserve further study.

(6)  Rotre of Soil Deformation

Soil deformation takes place from initial contact of a peint on the tire with the soil
surface until the axle passes over this contact point, The load history of this particular
point in the soil is u pulse. Duration of the pulse is proportional to wheel forward speed.

The derivative of this pressure vs. time pulse is the instantaneous rate of loading.

18
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As a first approximation pulse time is taken as:

L
tp ==y (8)

from Reference 5.

At high speeds this expression may approach a volue of:

L

t D e

p 2V (%)

because the tire is increosingly supported on the fronr half of the footprint length.
Soil inertia forces cause the footprint pressure centroid to move forward and the
pressures to become small quite rapidly aft of the axle centerline. Reference 17

assumes pressure to e«tend only 10° to 15° aft of the axle.

Pulse times are shown in Figure 7 for the test wheel and vary from 0.24 seconds at 5
knots to 0.0076 seconds at 100 knots.

2. A RECOMMENDED MODEL FOR THE FREE ROLLING SINGLE WHEEL

During the development of a rut depth and drag lood prediction model, attempts have
been made to use mothematical relationships which are consistent with as much of the
available experimental results os possible. Three approoches to a soil model have
been considered. These are the mobility number relotionship (15, 18), the Bekker

sinkoge equation and its modifications ('?), and a spring=mass-damper system (20).

The mobility numb .r concept is chosen to represent the soil load sinkage relationship
{excluding inertia forces) because of the considerable omount of experiments corried

out with wheels during the development of the mobility numbers. The Bekker equations
were excluded because insufficient test information using wheels to establish the load
sinkage relation was available and because soil constants, Kc, K¢" and n, necessary

to utilize these equotions were not measured in the test program. A spring-moss-damper
system has been considered as an oltemative model and is discussed in more detail below

in a separate item,
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Inertia forces representing drag and lift have been combined with empirical mobility

number load sinkage equations in the model. A drag/rut depth interaction (which

can be converted to o pressure sinkage interaction) was observed in the tests. It is
also included. A schematic representation of the model is shown in Figure 8. it
consists of four forces acting through springs (in the sense of a load deflection
relation), Two of the spring forces, the tire spring and the drag interaction spring,
act in o direction to increase rut depth. Two other spring forces, the soil resistance

and inertio lift, act in a direction to reduce rut depth. Solution is by calculation of 1

steady state equilibrium forces through iteration, This method was recommended in

Reference 7. '

a. The Tire Spring
The tire spring is represented by its non=linear load deflection curve from Figure 5.
There is no damping associated with this spring, and to calculate forces or deflections,

the load is ossumed to be applied at o point.

b.  The Soil Spring
The soil spring is represented by an empirical mobility number relation. This equation

indicates that rut depths decrease with increasing mobility number os:

AZ = | 21208 0095 |4 (10)
Ssoil Q' -.9468
spring c

for a clay surface, and

sz - [.._.3_431 - o017 ] y o)
SSO“ QS - .6239
spring

for a sand surface. These quantities show o rapid decreose in sinkage with increasing
values of ' c and Q's . The range of mobility numbers encountered during testing
wos from 2.6 10 7.9 for clay ot CBR 1.5 and 2.3,
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For wheel velocities above zero, mobility numbers are multiplied by the dynamic foctor.

The product of the dynomic factor times the mability number is called the dynamic mobility
number ond is designated by the symbol {1\ Since the dynamic foctor is always equal to
or greater than one, the dynamic mobility number is greater than the mobility number Q .
Predicted ut depths from Equations 10 and 11 thus show decreasing rut depths above

zero speed because of the increasing dynamic factor.

Figure 9 shows predicted sinkages as a function of soil strength using Equation 10. The
forward velocity is zero (D=1.0 ond Qc = Q’C), and predicted sinkages are for 70, 45,
and 30 osi with cone index values from 25 to 400. These cone indexes represent CBR's
from 1.0 to 8.0. Tests were run between a point just above instability due to excessive
sinkage to the point of negligible sinkage. This wos from CBR 1.5 to CBR 4.4.
Predicted sinkages ranged from 2. in, to 0.5 in. Maximum measured sinkoge at zero
forward speed was 3,17 in., and the minimum was below the resolution of the measuring
equipment, For a 5,300 tb. load an the test wheel, the range of soii strength that wili
produce useful test information is quite narrow. The entire range of soil strengths tested

represented only 5.3% change in the soil moisture content at 89.5% soturation.

Figure 10 shows the predicted ond measured sinkages for a sand surface using Equation 11,

Only one sand strength was tested.

As showr in Figures 9 and 10 the WES mobility numbers did not proouce os great a spread
in sinkage with changing tire pressure as wos found in the test doia. Since the only
variable in the mobility number that changes with tire pressure is the deflection, § N

the numerical vnlue of the exponent on 8, was increosed from 0.5 to 1.2 for clay and
from 1.0 to 1.5 for sand in order to increase the spread with tire pressure. The revised

mobility numbers are:

o . O (s) ( .534)

Ff (hf)

(12)
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for clay, and

t t 13)

for sund.

The numerical constants in parentheses shown in Equations 12 and 13 adjust the entire
mobility number independent of tire pressure so that the rut depth predictions did not
change when the exponents on 5, were increased. The number also contains a 15%
adjustment that resulted from a tire ply rating change in the analysis. It was included
here to avoid re=-calculating all of the empirical constants ofter a satisfactory compori~-
son had been raade at a differen: ply rating. |If it is necessary to change the predictions
for all tire pressures by a constunt .mount, it can be accomplished by an apprepriate

factor on Equations 12 and 13, The factor is determined by curve fitting.

c. Drag Interaction Spring

The drag interaction spring is the most difficult portion of the soil mode! to justify.

It is bosed on the hypothesis that the equilibrium rut depth is not dependent upon the
wheel vertical loading only, but that it is olso dependent upon the drog load reaction
in the soil; thus these quantities are inter-related and cannot be determined independ-

ently.

Figures 11 and 12 show schematic pressure distributions that are believed to exist in the
soil and the resulting force diograms. At low speeds illustrated by Figure 11, the
inertia forces are small and the pressure distribution is not much different from thot
underneoth a static wheel. The rut depths are decreasing in this region with increosing
velocity because the effective soil strength is higher due to increasing rate of loading.
These soil strength changes are represented by the dynomic factor correction discussed
above. Above about 20 knots, inertia forces start to predominate in the drag load. The
moment about the wheel axle caused by the drag load has to be balanced by a lood

generated from a distortion of the footprint pressure. This pressure distortion produces
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higher normal pressure on the soil and thus deeper ruts. The tire hos o tendency to

"dig in" as speed is increased. Figure 12 shows o possible pressure distribution for
velocities above 20 knots. Although tire deflection is not shown in Figures 11 and 12,
it will be greatest at the point where maximum pressure is applied. The tire will be
flcttened to a greater extent olong the slope of the rut than it is direcily beneath the

oxle. Reverse curvature cf tho tire may occur at the point of maxiraym pressure. At

) this time no limit of the locol pressure to o value equc! to the tire inflation pressure is

’ seen for either soft or hard surfaces.

i

b Drag interaction would soon immobilize ¢ wheel except that the wheel drag coefficient,
C.. continuously decreases with increasing velocity. At some speed the continuing

DI
reduction in the drag coefficient more than offsets the tendency of the wheel to "dig in",

thus resulting in o peak in the drag load ond the rut depth.

Referencas 1, 5, ond 21 have referred to the speed at which the peak drag occurs as

the "slaning" velocity. The use of this term to describe the peak should be discontinued,

as the wheei is definitely not planing. In fact it is at its deepest point in the soil for any speed
except for static and low speed towing conditions. A more appropriate term would be

“tronsition velocity".

There may be a planing speed for wheels on soft scils, but it would have to necur at
high enough velocity that the soil inertia lift force would equat the whee! weight. This

would probably not occur below 100 knots for most large aircroft tizes.

The amount of rutting that is caused by the drag food was first determined erpirizally from
test dota. A semi-analytical procedure was later developed and it discussed bejow under
Item f. Figure 13 shows the incrementol rut depth coused by interaction os o function of the

drag loud und as a function of the soil strength. The equation reprasented is:

K F
V4 - 4

oy (cn®® (14)
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Figure 13. Incremental Rut Depth Caused by Drag Load
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It was previously thought that Kd was a function of tire pressure and that AZs varied

inversely with cone index (21), but additional calculations have shown that a drag better

overall fit to experimental data is obtained with Equation 14,

d. The Lift Spring

As wheel speed increases, soil Inertia forces are generated and these forces resist
deformation of the soil. They are large at high speed and are not included in the
mobility number representation of soil sinkage and will not appear in a load deflection
curve for soil that is loaded at a slow rate (over several seconds). In the soil model this
force is represented as an increment which is proportional to the square of the forward
velocity of the wheel. This force is not lift in the sense of circulation about an airfoil
but is similar to the force which separates a hydroplaning tire from the pavement surface

or the force which supports a planing flat plate on the surface of deep water.

The force generated on the tire is assumed to be of the following form:

_ 2
F=1/2pbL CV (15)

The net force on the wheel which causes penetration into the soil is then:
F =F-1/2prcv2 (16)
net t t L

Since the rut depth is proportional to the net force applied or the difference of the
applied force and the soil resistance to deformation (until depth equilibrium is reached), a

rut depth increment is proportional to some factor times the inertia force, or:

AZ = K (1/2pbL C V%) (17)
ik | t L
! 0.8
€

The constant KI is the form of a reciprocal spring constant since it converts the force into
a deflection. The lift coefficient, CL' cannot be computed directly from the tests

because of the way in which they were run. A constant verticol load wos used so that

the soil reaction is always equal and opposite to this load.

-




In the absence of any additional data C, from Reference 5 is used. It is shown in

Figure 14, The amount of rut depth redtcfion from the lift is determined from the
value of KI' Figure 15 shows the magnitude of the rut depth reduction as a function
of the lift force and the cone index. The variation of the volue of K' inversely
proportional to (CI)O'8 is somewhat arbitrary at this time and is used to be consistent

with the variation of the drag interaction term.

Figure 15 shows that the lift interaction is quite small for values of lift up to 1,000 Ib,
The maximum value of AZ at 100 knots was, however, 0.246 in. in the onalytical
solution or a lift of greater it than 10,000 Ib. Since this magnitude of lift cannot be
obtained with a 5,000 ib. ballast load, it indicates that although the product of

KICL may be approximately correct CL actually is too high and Kl is too low.
e. The Drag Load Equation

The equation used to solve for the drag load is:

Z
, %
Foolu + ) F +40bZ C, V2

' (18)

7 .
Ls—) Ft' is the drag which would be

expected for o wheel starting from a zero speed condition. The second term is

as wos used in Reference 5. The term, (uo +

the inertio force caused by the motion of the wheel. It is based on the assumption that
soil con be represented in the same way that flow is represented in aerodynamic or
hydrodynamic problems. This assumption appears to be satisfactory ot ieast for the
soils tested in this progrom. All material was in o near saturated condition at high

moisture contents.

The magnitude of the drag load is highly dependent upon the drag coefficient, CD' and

the manner in which it varies with velocity. Figure 16 shows the CD used in the
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analytical model. Superimposed on the function used are experimental values of CD

computed by rearranging Equation 18 to the form:

ZS
Fx -.(p°+[.;_.) Ft
C.-=
D
l/2Psz v? (19)

and using measured values of Fx' Zs' and V. 5300 lb. was used for Ft in all cases.

The curve used in the analytical calculation: approximates the test data well from 20
knots to around 80 knots. The analytical curve falls below the average of the test data
above 80 knots. 1t is suspected that this is coused by the lift term's being too low, which
would in turn cause higher predicted ruts that must be reduced by o reduced drag

coefficient.

f. Selection of Interoction Coefficients
Interaction coefficients were first developed by trial and error for the 29 x 11-10 8PR
tire. These coefficients will clso be needed for other tire sizes in order to have the

model generally applicable. A pressure deflection curve will be needed for the soil

material loaded by the particulor tire being studied. This can be obtained from pressure . {

sinkage theory or preferably from tests.

(1) Drag Interaction Coefficiant (
The drag interaction coefficient has been successfully calculated for the 29 x 11-10 8PR

tire by assuming that the drag interaction is proportional to o footprint pressure increase

which may be equated to a footprint area reduction as in Figure 17, The center of

pressure shift, Xc o.’ of the verticol [oad is first calculated according to the equation:

F

Xeop. = F (R) (20)

The area reduction is then assumed to be the product of the center of pressure shift and

the tire footprint width:

AA =X (b) (21)
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The pressure increase caused by this areo reduction is then:

Fy

AP~ r erR\ e
_F.t. ) b Fer (22)
Po Fy
Ap is considered as a prassure increase, and the incremental rut depth caused by this

pressure increase can be estimated from the load sinkage curve shown in Figure 18,

(2) Lift Coefficient

Without the benefit of tests run ot constant depth of penetration instead of ot constant
load, it is not possible to caleculate on accurate |ift coefficient, in the absence of ony
better test data, o. additional theoretical calculations, the lift coefficient shown in

Figure 14 should be used.

(3) Mobility Number Changes

Figures 19 and 20 show the range of the dynamic mobitity numbers calculated for CBR
1.5 ond CBR 2.3 clay soil using Equations 23 through 33. The location of the cross
hatched vertical bars in relation to each other defines the relative magnitudes of sinkage
that will be predicted for the differenr tire pressures shown. If these bars are close
together the predicted results will be close together for the different tire pressures as was
found when the WES prediction was used as in Figure ?. The only term in the mobility
equotion which changes with tire pressure is the tire deflection, 5, As tire pressure
changes the value of 8' changes, In the WES mobility numbers the value of the number
is proportional to 5twhich is less than a linear variation. {f was found in tests that the
29 x 11~10 8PR tire varied more in sinkage than would be expected from the 8, voriation
in the mobility number. Consequently the value of the exponent on 8, was changed

. from 0.5 to 1.2 for the colculations shown in Figures 19 and 20, Multiplication of the

mobility number by a constant will shift the mobility number to the left or right. This

was done to offset the effect of changing the exponent on St'
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g. Method of Solution for Rut Depths ard Drog Leads

The equaticns which are solved for rut depth ond drag loads are summarized here:

{1} Soil Spring Equations (for Clay)

z = § +12 ' (23)
(2] ! $ .
[ 2
= 2 - 24
L, =2%dZz -7 (24)
f = Lt (25)
LV
D =1.0+1.34e %", (26)
1.2
N N (T A (.534) (27)
TeTi6
F' (h') 1/2
) M B - ows |4 ()
ol Q' - 9468
{2) Drug Lood Equation
Z .
5 2
= — 4 1/2 pt 29
F [“O“LL, ]Ff  1/2pbZ C, V (29) ﬂ
(3) Inertio Lift Force Equation
b 4
S 2 o
. Fo=1/20b10,C v (30) ‘
(4) Drag Locd ond tnertio Lift lateractions
A
s Y Kd F:( : (31)
3 - e
drog (CI)L'8

43




e e R T T T e —

o S
az, _NA (32)
fivt (Cl)d-g
(S} Rut Depth Equation {Summatior: of Deflection Tomponents)
Z = AZ SR YA - Az (33)
s *501] sdmg *ift
Spring
Equation 33 is solved implicitly ror Zs by recrronging to the form
AZ + AZ - AZ - Z =0 (34)
s . ] S,. S
soil “drag fift
SP00G _

These equations are sican in flow choit form in Figure 21. The computer progrom
used to ot toin the solurion is {isted in Appendix C. Sample calculations ore shown

in Appendix {3,

(8) Assumptions Used in the Equations

The wheel is ossumed to be in o steady state condition with no rototional or lincar
occele ations. This is not o severe restriction as changes in tire deflection, rut

depth, cone index. or velocity can be treated os step increments urd o new eguilibeium

solutica ro the equations established,

There is not enough information known abour the transient response of rires to
predict the effacts of the rare of change of these parameters, but they are expecred

to be small since the soil wiil oct o2 a tmoathing filter tc attanuate ary high frequencies

(7Y Comparisons to an Ajternats Modz!

The point of refurence for the solution of tha equations above is the wheo! axle. The
soil is considered to flow past the wheer at o velacity equel to the Tnwara velaocity
o' thz wheel. A similer coonlizote system is used in the study of aircratr flight and

ir the sofution of some hydrodynainics problems,
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A somewhat different approach has been suggested (5) in which the soil and wheel are
made up of a series of springs that are deformed in a time sequence. The pcint of
reference is external to the wheel and the time history of a single point in the soil is
considered. The total whee! response becomes the summation of all of the deformations
of these points in sequence. This procedure has been previously used in tie study of the
vibrations of building foundations (22). The approach is quite well suited to the study

of fixed structures where the only coordinate to be considered is the vertical motion.
When it is extended to the case of two coordinates with the motions in the horizontal
direction being manry orders of magnitude larger than the motion in the vertical direction,
computational problems arise ond the steady state solution becomes somewhat easier to

vse.

3. A MODEL FOR BRAKING

The braking conditions studied herein are for a locked towed wheel. Intermediate
slip behavior has not been considered becouse of the short time to reach full brake
pressure, usually oround 0.3 seconds. More consistent results for the locked wheel
could also have been obtained at the higher velocities if more distance in the soil bed
irad been avuailable for braking, but an attempt was made to obtain both free rolling

and braking coefficients in a single run.

Drog loads and rut depths caused by o locked wheel are higher than the corresponding
values for a free rolling wheel, At 20 knots the increase is 167% for the drog load
ratio and 141% for the rut depth with a single wheel at zero degrees yaw on Test Bed
IV. At 90 knots the increases are less, being 72% for the drag load rotio, and the rut
depths are opproximately equal.  This behavior is illusirated in the test results in

Section {1l below, particularly Figures 42 through 47,

It has been found that the broking loods and rut depths can be predicted using the free

rolling model with a change in the drag coefficient, C_ . The revised coefficient is

D"
shown in Figure 22. It produces a good comparison with both vt depth and drag lood

test data at 70 psi tire pressure but predicts lower values thon observed in tests for 45
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and 30 psi tire pressure particularly at speeds below about 60 knots. These lower tire

pressure conditions could be predicted much closer with o coefficient which increased
with decreasing tire pressure. No variation with pressure was indicated for the free

rolling coefficient.

A possible explanation of the apparent increase in CD for 45 and 30 psi tire pressures
is that the tire sidewall is less stiff at lower tire pressures ond distortion of the tire
causes the increase when brakes are applied. This deserves further study, as it has an

important intleence on the use of lorge fow pressure tires for future oircrafr,

4, A SECOND PASS MODEL
No second pass informotion was gathered during the testing phase of this program so

therefore only estimates of the wheel behavior can be made at this time.

a. Second Pass Equatian
The rut depth equation for clay that should be used for second puss prediction is:

7 - [-——i‘io-s- - .0638 ]d+AZ - AZ
S S
drag

s o - 1.5789 (35)
C

fift

The empirical constants are from Reference 5 ond ore a curve fit to WES experimentol
dote. AZ ond AZ use the same coefficients as in the first poss model .

Predictions 909 of se':.cmdl‘ﬁ pass behavior of the wheel are shown in Figures 35 and
36 of Item 6 below.

b. Recommendations

It is recommended that Equation 35 be used for second pass predictions until further
informotion becomes available. An area of soil response wnich has not received much
study is that of a compactible soil. This material is more likely to occur under natural

conditions than would be indicated from the amount of attention it has receiver in

laboratory tests. The lower rut depth increment predicted by Equation 35 should occount

SO .




for part of the second pass response of a compactible material. As the number of passes
accumulates, the soil should become harder and then Equation 35 would predict more
rutting than might cccur on subsequent passes. Little compoctive effects were observed
in the clay test beds below CBR 4 because the water content was high enough that

remoulding of the material could take place without a corresponding strength change.

5. LANDING IMPACT

It is frequently assumed that since a landing impact may generate vertical loads greater
than 1 "g", the rutting ot impact would be greater than during free rolling. This
assumption is not validated by either aircraft landing tests (with C=~130 aircraft) or by

o limited number of tests ot the Langley Londing Loads Track. The ruts actually start at
zero depth and increase to the free rolling value after spin-up. There is evidence of
skidding during spin-up in the form of material ejected to each side of the rut and

loosening of material in the bottom of the rut.

If drop tests ore mode at zero forward speed 1he sinkage is greater thon that of a free
rolling rut because of the added increment of vertical load from dynamic response of the

londing gear.

The forward speed of most aircraft at touchdown will be in the vicinity of 100 knots or
more and at these speeds drag loads and rut depths are well below their peak at the rid
velocity range. Vertical load also storts to build up from zero as the aircraft is moving
forward. The vehicle will travel forward several feet before full gear load is applied,
thus accounting for the gradual increase in rut depth, Wing lift during touchdown also

tends to keep the rutting low.

Since the wheel is not rotating at impact, a drag torque must be applied by the soil to
rotate the wheel. As for as can be determined, this is equivalent to applying broking
torque except that in the case of spin~up slip begins ot 100% and decreases instead of
starting near zero increasing to 100% os for braking. During spin-up there is probably
a smooth transition from the locked wheel drog coefficient to the free rolling drag co-

efficient proportional to the percent slip.
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From the limited amount of information available, it is concluded that conventional

landing operations will produce no deeper ruts during impact than free rolling ruts on
on undisturbed surface. Repeated londing impacts at the same location on an unpaved
surface would tend to couse accumulative surface domage from o weakening of the

soil structure by the spin-up loods, but this domage is likely to accumulate less ropidly

than in the area where brakes are applied.

6. COMPARISONS OF THE SOIL MODEL RESULTS WITH TEST DATA
Equations 23 through 33 of {tem g. above were programmed for computer solution,
The independent variable, velocity, was varied from 5 to 100 knots in 5 knot increments.

Computer results we.e then compared with test data from the Londing Loads Track.

The drag load interaction ord inertial lift interaction coefficients were first determined
from the 70 psi CBR 1,5 clay tests using the drag coefficient, CD, from Reference 5,
adjusted so that 1.0 on the nomalized velocity axis corresponded to the velocity of
the peak drag 1oad on the test curve. When it was realized that this drag coefficient
was too low at speeds below 1,0 on the normalized curve, o free rolling drag co-
efficient was selected by trial and error with the computer progrom. This coefficient
improved the model results at speeds from around 5 to 30 knots where both dreg ond

rutting predictions were too low (21).

The modifications of the mobility numbers in Equations 12 and 13 were made on the
basis of the spread in the rut depths for the 70, 45, and 30 psi tire pressures on CBR

1.5 clay and on sand.

Voriation of the interaction factors inversely with cone index was not determined from
test data but was incorporated as o logical way to change the constants after poor

results were obtained when interaction was held constant while soil strength changed.
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A test of the validity of the model is whether it is capable of predicting results of

other test coanditions not used in the model derivation, Comparisons have been made

for dato obtained at the Landing Loads Track. Unfortunately a sufficiently large number
of wheel sizes, soil strengthe, and wheel loads have not heen tested to refine the

model with respect to wheel geometry,

Usually the differences in o model and an experiment can be attribyted to random
error when the model is known to be theoretically correct and measurements are

made to verify well defined constonts. In such cases the variations are subject to
statistical analyses to determine probable error and confidence, The analytical
model in this report consists of the primary variables which determine rutting and
drag. There are secondary variables which affect the solution to a lesser degrce but
nevertheless provide a bias in the data which is identifioble os being non-random in
a simplified statistical analysis. These second order terms include such items as the
true variation of lift and drag coefficients with tire pressure, soil strength, and
applied drag load; the actual cross-sectional orea of the tire which is only approximated
by the quontity {sz]; ond localized voriations in the soil loading rate instead of an

assumed average loading rote.

Another bics is introduced by arbitrary lift and drag coefficients rather than values
derived as a "best fit" to all of the experimental data avoilable. There is also a

tack of well defined mean values for the test data. In most cases only one experiment
was run for eoch test condition and, ot most, two points were obtained for a few tests.

The means which have been drown through the test dato must of necessity be estimates.

All of these items contribute to differences between data and analyses which are not
random. The best error evaluation that can be made in this cose is the overall average
difference without establishing confidence limits. As these deficiencies are corrected

through additional test data and through better identification of the secondary variables

in the analytical model, errors can be more closely evaluated using statistical techniques.
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a.  Comparisons for Free Rolling on Clay Surfaces.

Figures 23 and 24 compare rut depths and drag loads from the analytical model with
test data on o CBR 1.5 clay surfuce. Figures 25 and 26 show corresponding data for a
CBR 2.3 clay surface. These comparisons show that for some test conditions rut depths
and drag loads are higher or lower than the analytical model predictions fa: the reasons

discussed above.

The model predicted rut depths in CBR 1.5 ciuy, cn the average, 11% higher than the
measured values. The average of the overprediction difference wos 24%, and the
average of the underprediction difference was 11%, For drag loads on CBR 1.5, the
model underpredicts the measured values by an average of 6%. The average of both

overprediction and underprediction differences was 13%.

On the CBR 2.3 clay surface the rut depths predicted by the model were, for the overall
overage, less than 1% higher than the measured values. The average of the overprediction
difference was 34% and the average of the underprediction difference was 36%. Over-
all, the predicted drag loads averaged 9% higher thon the measured volues. The average

differences were 30% for overprediction and 17% for underprediction.

Examination of the individual comparison plots indicates where the analytical model and
test data differences occur. In Figure 23 the analytical model predicts too high for ruts
beyond 50 knots. This indicates that lift is too small ar high speed. If lift is increased,
the drag coefficient will also have to be increased in this speed range to compensate for
reduced rutting since Figure 24 shows that existing predictions of drag lood are correct,
Rut differences between analysis and test at 45 ond 30 psi ore attributed in part to
increasing errors in measured ruts as their accuracy becames increasingly poor as absolute
magnitudes become small. Comparisons of ruts and drag loads on CBR 2.3 show that 70
psi tests are consistently under predicted. Nc trend is evident from 45 and 30 psi, but it

is noted that test data scatter is larger ot these test conditions.

52

Y



AVERAGE RUT DEPTH - IN.

3.2

2.8

29 x 11-10 8PR Type lll Tire
5,300 Lb. Vertical Load

Test Results
A~ 70 psi
-~ 45psi
-0O- 30 psi
—— Analytical Predictions

1 1 1 1

20 40 6C 80
VELOCITY - KNOTS

Figure 23. Comparison of Anclytical and Test Rut
Depths for CBR 1.5 Clay

53




AVERAGE DRAG LOAD - L3,

3200

2000

1600

1200

800

400

|.. 29 x 11-10 8PR Type Il Tire Test Results
5,300 Lb. Vertical Load 70 psi

45 psi

30 psi

Analytical Predictions

| ] 1 1 1

0 20 40 60 80 100
VELOCITY - KNOTS

Figure 24, Comparison of Analytical and Test Drag
Loads for CBR 1.5 Clay

54




29 x 11-10 8PR Type 1ii Tire
5,300 Lb. Vertical Load

2.0
Test Results
—~- 70 psi
_G__ 45 psi
1.6 |- —@- WO psi
) . ——e-w Analytical Predictions
z
§
T
&
W12
! =
2
[+ 4
[89)
<
W 0.8
<
0.4

VELOCITY - KNOTS

Figure 25. Comparison of Analytical and Test Rut
Depths for CBR 2,3 Clay




29 x 11-10 8PR Type |1l Tire
5,300 Lb, Vertical Load

2000 +
Test Results
~A- 70 psi
-B-~ 45 psi
L1600 | -Q~ 30psi
@ /,—A\ ——— Analytical Predictions
fa)
<
©
O 1200
PSS
a
jue)
&)
g
< 800
<
400 1
(
0 ] 1 ! [} i
0 20 40 60 a0 100
VELOCITY - KNOTS ‘

Figure 26. Comparison of Analytical and Test
Drag Loads for CBR 2.3 Clay

L eTe= o e e e e meme e s mase L



e TTITITT TT L L aeroreeere— —— en
= LT

Figures 27 and 28 show data for CBR 4.4 clay. Rut depth test measurements were not
obtained for these tests, but they were quite small (on the order 0! 0,5 1., ond less).
Drag load measurements that were made compare reasorably well with test data on an

absolute magnitude basis.

b. Compatisons for Free Rolling on o Sond Surface.

Figures 29 and 30 compare rut depths and drag louds on a sand surface with analysis.
Only one series of tests was run on sand so comparisons for a strength variation could
not be mode. For the single strength tested reasorably good agreement was obtained

between the model and test data.

Figure 27 shows that the overall behavior of the model and test results are similar with
respect to velocity and tire pressure changes. Test points are above and below

onalytical predicted values. The average of test points greater thon predicted is 22%.
The average of test poirts less thon predicted is 21%., The overall overage of the test

noint differences is 1.5% more than predicted,

Similar dif{erences ave seen in Figure 30 for drog loads. Test points above predictions
uverage :3% greater while those which are below the predictions average 21% iess,
Tr.c overoll averoge is 12% below predictions, To obtain this aareement, some changes

in tve coefficients i(’ ara K| were required, The dvag coefficient, ., is also much

o]
lower for sond than for clay. The coefficient published in Reference 5, which was

initiclly uscd for the cloy soil model, is still being uted for the sand model,

Inprovement in occuiacy ¢t the model for sand can be expected whan daia is obtained

over a range nf strengths and for o ronge of wheel sizes ond loadings,
c. (Comparisun for Braking on Cley
Considerable difficulty was encounterad in obtaining good results with the braking

mode! (21). 1t has Lieen founs it at tha bast cgreement can be obtained by keeping

the model identicel with e free roiling model except for o chonge in the drag
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coefficient, From the improvement noted in the comparison of the model with drag load
test data at 70 psi it now appeors that broke torque at afl speeds can be accounted for
through the drog coefficient, If this assumption is correct, it means that braking effects
are coused almost entirely by the relative velocity of the tire with respect to the soil.
Once methods for evaluating this coefficient are obtained (through testing probably),

improved predictions can be made.

Figures 31 and 32 compare analyses with test data for CBR 1.5, and Figures 33 and 34
compare analyses with test dota for CBR 2.3. Good comparisons are obtained for drag
loods at 70 psi tire pressure using the drag coefficient from Figure 22. Not enough rut
data points were obtained to define adequately a velocity variation at this tire pressure,
but ogreement with the available points seems to be rather poor as indicated in Figure
31. Drag loads at 45 and 30 psi are only about 50% as high as measured values over the
whole velocity range. This suggests that a drag coefficient variation with tire pressure
exists which offsets the normal decreose in rutting with reduced tire pressure that is

seen from free rolling tests, Further computations with a drag coefficient which is
allowed to change with tire pressure should be made to determine the omount of improve-

ment in drag prediction and its effect upon rut predictions.

Figures 33 and 34 show comparisons of the model and test data for CBR 2.3 cloy. Some
improvement in the comparisons for rut depth over that for CBR 1,5 may have been obtained
ot the lowest tire pressure, but substantial dota scatter is present, Drag loads are ogoin

only gbout 50% of the test values.

d. Second Pass Prediction:

Figures 35 and 36 show a comparison between ruts and drag loads predicted for first ond
second poss ot 70 psi tire przssure on o CBR 1.5 ciay surface using Equation 35. Ruts
decrease from 2.4 in. on the first pass to 1.36 in. for the second pass at 5 knots; from
2.21 to 1.17 at 40 knots; and from 1.44 to 0,64 at 100 knots. The overage reduction in
rutting for these three velocities is 47%. The drag loods decrease from 2000 pounds to
725 pounds at 5 knots, from 2810 pounds to 900 pounds at 40 knots, and from 820 pounds

to 300 pounds at 100 knots. The average drag load reduction for these three speeds is 65%.
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' As discussed above in Section {l, these values are estimates based on the analytical

model.

7. AN ALTERNATE SOIL MODEL

The soil mode! presented above is based on the concept of constant soil rutting at a
constant forward velocity analogous to considering a tire deflection constant even

though the individual particles of the tire are undergoing o cyclic variation in their
deflection. The mode! is dependent upon the frame of reference used; in the recommended
model the fiame of reference is the wheel axle. An alternate approach wes suggested in
Reference 20 and shown here in Figure 37. In this approach the observer is located at

a single point as the wheel passes. A time history of the deformation ond load at this
point is developed. Such a frame of reference is equally valid for studying wheel
response, but incorporation of the model into simulation of a complete vehicle presents

problems not encountered in the recommended method.

The recommended soil model uses iteration to convergence of a steady state value of rut

depth and drag load for a given vertical load, tire pressure, soil cond:tion, and velocity.

Convergence usually tokes place within 10 iterations, This method provides a direct
caleulotion of the moximum value of rut depth and of the drog load on the wheel axle.
The alternate mode! starts with zero initial soil deflection and computes o differential
equation time history solution to reach the maximum deflection at o point in the soil. ﬂ
This maximum deflection must be known before any other time dependent computations
can be incremented. Since the differential equation time history solution is likely to be
slower than the i*zrative solution, some means must be developed to provide preper time

sequencing between various parts of the problem (i. e. between the wheel loads ond the

circraft structural toads). Although direct comparisons have not been made, it it

believed that the iterotive process is much faster than the differential equotion solution.
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Figure 37. Proposed Alternate Spring-Mass-Damper Soil Model
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The afterrate mode! consists of repeated solutions of the differential equation:

M, Z =p (N -F (36)

spring ) s

where Me is the scil effeciive mass, P, {1V is the wheei footprint pressure time history,
and C is the soil dunping factor. The values of Me and C are from Refzrence 20.

Fs ring YO tzken as the siatic load detlection curve for CBR 1.5 clay os measured at
thz Logr\dinwg Louds Track. The forcing function, po(r), was assumed to be a (1 - cosinc)

stape pulse of duration L varying linearly with the torward speed of the wheel. These
¢ vV :

gulses ara shown in 2V Figure 38 for four speecs,

Fizure 3% shows time histery solutions of Eguations 36 at aifferent whee! velnzities. As
the wheel velocity incraases, the time during which the soil it iouded decreasas and the
deflection decraases. Figure 40 is o olor of the muximum deflection vs. wheel velocit,.
11 is o continunysiy decreasing tfunction and does no1 exnibit any evidence of resonant

esponse to the single pulse lood.

Tho magnitude or the sinkage predicred by this mediel is less than thot predicted by the

WS mobiiiry nurzber approach hut by preper avdjustment of the raass, spring, and

- dumper numerical velues, the curves cculd arobably te Frought inio clote ogrecment,

This model again points to the neec! for a g irieraction tenn vwhizk increasss the
presiure pulse in proportion to hie drog load, 10 is believed that witt edditicnal develop-
ment of this model and inceiporation of the zomectiors aiready applied to the WES
mobility epproach, it couid produce gbout tie san:2 accuracy as the recommended model.
The computaiion time problem nentioned earlier would, however, remoin. Figure 41 is

a sketch of o possible modification of the alternate soil model to incorporate the drag

force interaction and inertial |ift.

A listing of the computer program used to obtain the results contained in Figures 38-40

is shown in Appendix C.
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Because of the failure to predict observed rut depth variations with velocity, and the

lack of a drag int.raction term in the equations, this model is not recommended for

computation of aircraft wheel loads.

TW —




S cemmeagz. gl

SECTION 1
TEST RESULTS

The data reported herein are from the third series of tests that were made ot the NASA
Londing Loods Track. Table | shows soil strengths and wheel geometry used for oll of
the tests. In this test series o study was made of the yowed rolling properties of single
wheels for yaw angles up to six degrees. A tandem configuration was studied for £, 300
pounds and 11,200 pounds loading on the two wheels. A few tests were run with a

rigid single wheel io compare with the pneumatic tire results.

All tests in this series were run on a buckshot clay test bed with an estimated averuge

strength of approximately CBR 2.4.

1. TESTS WITH A SINGLE WHEEL

Rut depths produced by free rolling and braking wheels are shown in Figures {2 - 44 for
zero, three and six degrees yaw angle, respectively, for test velocities ranging up to
90 knots, The effect of yaw angle on rut depth is negligible for these conditions. Free
rolling rut depths voried from 2.4 in, to Q.86 in., and braking rut depths varied from
3.8in. t0 0.72in. In all coses the braked wheel rut depths are higher than the free
rolling wheel rut depths at low speeds but appreoach the latter of about 75 knots, Some
rut depths are lower for braking at 80 = 90 knots. This was caused by dynamic response
of the test fixture. At high speeds the time during which the wheel is braked is quite
small, and the average vertical lood may be less during braking then it is during free
rolling. In these cases the resulting rut depth may be less. Locking the wheel has fittie

effect on the rut magnitude in the 80 = 90 knot range.

At three ond six degrees yow angle the sensors used to measure drag load and lateral
load are rotated through the yow angle and measure ioads porollel ond perpendiculor
ta the wheel axis instead of parallel and perpendiculor to the direction of motion of the

test carrioge. The convention reported here is consistent with aircraft loods usage for
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calculation of internal loads on fixed gear oircraft, For nose or main geors which
r rotate with respect to the aircraft coordinate system or for caiculations of accelerations
olong axes that do nat coincide with the principal directions of the aircraft axis system,
it may be necessary to transfer lateial and drag loads to a new axis system during yaw

conditions.

Figures 45 - 47 show drag load ratios fer broking and free rolling at zero, three, aond
six degrees yaw angle. Yow angles of ihese magnitudes have little effect upon drag
ratios. Free roiling drag ratios varied from 0.52 to 0.14 depending on the wheel
velocity, Braking drag ratios varied from 1.03 to 0.32 and decreased with increcsing

speed.

An evaluation of the effect of yow angle on the measured drag loads was made from a

straight-line leost squares fit of the drog loads versus corresponding rut depths. For
equivalent sinkoges, ranging from 0.5 in. to 2.4 in., drag load ot zero degrees yaw
averaged 125 pounds more than o three degrres yaw and é5 pounds more than at six
degrees yaw. The results show that when averaging over this sinkage range, there is

no conisistent trend in the Jrag load results with yow angle. Additicnol data at higher

yow angles might better defi~> \he relations among these test conditions and thus
indicate a trend, but below six degrees, any change ir the drag locds with angle will

be quite small.

A similar least squares straight line fit of drog load versus rut depth was made for yawed
wheel broking. This analysis showed tihat drog load ot zero degrees yaw averaged 73
pounds higher than ot threv degrees yaw and 220 pounds higher than at six degrees yaw ‘

for equivalent sinkoge between 0.5 and 2.4 in.

The brakiny drag loads for zero degrees yaw averaged 950 pounds higher than the free “

rolling drag loods for sinkages between 0.5 in. and 2.4 in,
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Significant lateral loads are developed on a wheel when it is yawed ot on angle to

the direction of motion. Figure 48 shows the lateral load to vertical load ratio
developed for free rolling on clay and on concrete for three and six degree yaw angles.
Variation with velocity is small compared to the variation with velocity found for drag
loads. Laterol loads on concrete are significantly higher than on clay. At three
degrees yaw angle the clay lateral load ratio is only 35% of the lateral load rotio

for concrete, or about 0,125, compared to 0,36 for concrete, At six degrees yaw
angle the clay ratio is also 35% of the concrete ratic, but the wagnitudes have 1n-

creosed to 0.22 for cloy and 0.625 for concrete.

Figure 49 compares lateral load ratios for free rolling with the lateral load ratios for
braking on clay. At three degrees the braking ratio is about 32% of the free rolling

ratio, and at six degrees the braking ratio is about 54% of the free rolling ratio.

These percentages are meaningful only in the coordinate system paralle! and perpen-
dicular to the wheel. If the lateral load is resolved to an axis perpendicular to the
direction of motion it should be near zero since the locked wheel cannot, in theory,

develop o side force.

. )

It is concluded from these tests that for wheel yaw angles up to 6~ the lateral foads
are always lower on a soft soi! surface than on a concrete surface. Braking lateral
loads are lower than free rolling lateral loads on the soil surface. The behavicr is

illustrated by time histories contained in Appendix A.

The decrease in lateral loads in soil over those encountered on hard surfoces at the
same yow angle does not imply that an aircraft landing gear designed for maximum
hard surface lateral loads would be odequote for operation in soft soil. It must be
remembered that the lateral loads on the soil surfoce occur simultaneousiy with drag
loods which ore much higher than are encountered on a hard surface for either free

rolling or braking. Each gear configuraticn must be individually evaluated to obtain
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its capability for sustaining simultaneous loads. There may also be potential problems

of maneuverability on soft soil during crosswind operations or during taxi or turning

moneyvers,

2. TESTS WITH A TANDEM WHEEL
Two 29 x 11-10 8PR tires were tested in tandem with @ 40 in, axle centerline spacing.
Vertical load was 5, 300 pounds on the tandem pair for a series of tests ot 70, 45, and

30 psi tire pressure and 11, 200 pounds for a series of tests at 30 psi.

Free rolling and braking rut depths are shown in Figures 5C, 51, and 52 for 70, 45,

and 30 psi. Pegk ruts occur between 40 and 60 knots for free rolling and are 1.6 in.,
1.1in., and 0.58 in. respectively for the three tire pressures. Braking rut depths
decreased continually with increasing velocity ot a slope of about 0.24 in. per 10 knots
above about 25 knots. The 45 psi and 30 psi rut depths for braking were quite close to
the free rolling values at 90 knots, but the braking rut ot 70 psi was approximately 0.6

in. deeper than the free rolling rut ot 90 knots,

Maximum braking ruts occurred at about 2C - 30 knots in a range that was nut studied in
great detail. It appears that there may be a peak in the braking rut depths in this speed
ronge consistent with the evidence seen in the single wheel tests, but not enough dotc
points are available for good definition at either wheel configuration. Maximum ruts for
braking at a speed of 30 knots were estimated to be 3.6 in., 1,8 in, and 1.0 in.
respectively for 70, 45, and 30 psi. The 70 psi braking rut depth of 3.6 in. compares
with an estimated 3.2 in. depth for the single wheel zero degree yaw case shown in
Figure 42. The difference from 3.2 in. to 3.6 in. is small enough to be caused by data
scotter and the 1100 pound difference in vertical load for the single wheel and the tandem
pair. It is concluded from Figures 42 and 50 that for equal tire pressures there are no

significant differences in the ruts formed by a single wheel and o tandem pair when both

assemblies are loaded to similar values.
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Figures 53, 54, and 55 show the tondem wheel drag ratios. Peak free rolling drag

ratios for the leading and trailing wheels are approximately equal at each of the three
tire pressures tested. Drog ratios ore approximately 0.42, 0,275, and 0.26 for 70, 45
ond 30 psi. In oll cases the peak drag load is reached on the leading whee! at a lower
speed than on the trailing wheel. The average difference in speed at the peaks is 19
knnts. If 70 psi single wheel drog ratios from Figure 45 are compared with those for
the tandem wheel in Figure 53, it is seen that the trailing wheel peck drag ratio occurs
at approximately the same speed as that for the single wheel, The magnitude of the
drag ratio for the single wheel and the tandem wheels is seen to be quite close when

Figures 45 and 53 are compared.

At 70 and 45 psi braking drog ratios ore higher for the trailing wheel. The average
difference is about 0.15 at 70 psi and about .0B at 45 psi. The data scotter in the

30 psi braking drag ratios precludes a definite conclusion os to the difference between
leading and trailing wheels for this tire pressure. The peak drog ratios for broking at
30 knots are 0.77, 0.77, and 0.64 for 70, 45, ond 30 psi respectively. The data
points ot 60 knots for 45 psi and at 63 and 88 knots for 30 psi were ignored since these

are beyond what is considered normal data scatter,

Figure 56 compares the 30 psi tandem wheel drog ratios for 11,200 pound ond 5,300 pound
ballast weights. There do not appear to be any significant differences in these ratios,
Figure 57 compares drag ratios for the single whee! and the tandem wheals for both free

rolling and broking at 70 psi tire pressure.

Differences are quite small for free rolling; both the single and fandem whee! drag -atios
reach a peck value of about 0.41, The velocity for maximum drag ratio is about 35 knots
for the tandem wheels and about 43 knots for the single wheel. Over the velocity range
from 20 to 90 knots the overage tandem ratio is 0.30 and the average single wheel ratio is
0.29. Allowing for the differences in the wheel vertical load, the tandem wheels average

220 pounds mere drog per wheel than the sinale wheel. For braking, the tandem wheel

dreg ratio average is 25% to 35% higher than the single wheel ratio.
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3. TESTS WITH A RIGID TIRE

A 29 x 11-10 8PR tire was filled with a rigid plostic foam having crushing strength of
approximately 2500 psi to provide a rigid tire of the same cross seciional profile as an
undeflected pneumatic tire. Because of time limitations only 6 tests were made with
this wheel, but the results show significant differences from those obtained with ¢
pneumatic tire. The primary differences are the much higher rut depths and drog loads

and the different mode of failure of the soil.

Figures 58 and 59 show the rut depths and drag ratios for the rigid wheel, The pneumatic
tire drag ratios for 70 psi tire pressure are shown for comparison. There appeors to be a
tendency for the rigid tire drag ratio to vary as the square of the velocity except for

the data points at 55 and 76 knots. [t is possible that there is a peak in rut depth and
drag lood between 55 and 76 knots and that the load will decrease at higher speeds as
shown by the estimated curves. The rigid tire drag ratio increases from about 0.5 in the

0 to 30 knot range to 0.85 at 75 knots,

From 20 knots to 75 knots the rigid tire rut depth is approximately 2.5 in. The 70 psi

pneumatic tire rut is about 60% of this depth and cverages about 1.5 in.

The failure of the soil in the rut was significantly different for the rigid tire than for the
pneumatic tire. A pneumatic tire compresses the soil and forces it to flow laterally around
and underneath the tire. As brakes are applied on o pneumatic tire it begins to shear the
material ond push it aside in large pieces. The bottom of the rut underneath o braked

wheel is filled with large loteral cracks indicating strong shearing forces.

The free rolling rigid tire produces o failure of the soil that appears quite similar to the
failure underneath a braked pneumatic tire. The pieces of clay ejected from the rut were

usually smaller for the rigid tire than those from a braked pneumatic tire, but at 60 knots

and above they were thrown as for as 30 feet from the soil bed. Additional data points ot
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oll speed ranges and further study of the soil mode of failure will be required before
be explained.

this behavior of the rigid tire or its relation to the behavior of a pneumatic tire can
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SECTION IV
INCORPORATION OF THE SOIL MODEL INTO AN AIRCRAFT TAXI SIMULATION

An onalog computer program was developed which incorporated the soil model
discussed above in Section ll. The aircraft simulated wos the C-130 shown below in
Figure 60 and was a proposed assoult transport version equipped with o special landing
gear designed for rough field operation. The schematic of this landing gear strut is
also shown in Figure 60. It consists of two air chambers, one of which by-passes the

strut damper orifice to limit high damper loads during operation on rough surfaces.

The aircraft simulation included three landing gear struts, representing one half of o
symmetrical oirplane, rigid body pitch and translation, three flexible wing modes, and
a deformoble surface for each gear. A flow chart for this sir-ulation is shown in Figure

61.

Runway roughness consisted of the centerline profile of an unprepared runway ot Fort
Campbell, Kentucky, designated as site U-8 by the U. S. Air Force (5). It is
considered moderately rough. Computer simulations were made for constant speed
taxi over the entire length of the runway at speeds of 20, 40, and 80 ft./sec. and

for take=-off runs beginning at one end of the runway.

1. TAKE-OFF DISTANCE DETERMINATION
The take-off studies were mode to determine if the surfoce roughness significantly
affected take=~off distance and how much the soil strength changed the take-otf

distance. Results are shown in Figure 62,

Surface roughness does not produce any appreciable differences in the take=-off
distances. As would be expected, the distances required to reach fake~-off speed

increase rapidly ot the lower CBR strengths. At a value of Cl =200 (CBR 4) the

increase is 18% over the hard surface value.
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Fige.e 60. C-130 Aircraft and Assault Landing Gear Schematic
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2. WING LOAD PEAK COUNTS FOR TAKE-OFF J'

Figures 43 and 64 show the shear and bending peak lood exceedances during take-~

off runs for wing station 550. Figure 45 shows the location of wing station 550 on a
general arrangement of the C-130E. This station was chosen because the dynamic
taxi condition produces the design loads at this location, The magnitudes of the
highest loads ore less than for constant speed taxi over the entire runway and the
number of exceedances at each load level is less thon those for the nighest speed

taxi runs.  The number of exceedances at o given load level is slightly higher on

the soil surface at C| = 200 than on the rigid surface because of the longer distance

traveled on the runway and the greater amount of roughness encountered. !

Wing loods encountered on take~off are low and do not exceed the design limits of
16.8 x 103 Ib. for shear and 1.9 x 106 in. Ib. for bending. |
3. WING LOAD PEAK COUNTS FOR CONSTANT SPEED TAXI

Figures 66 and 67 show the shear and bending peak counts for constant speed taxi at

20, 40, ond B0 ft./sec. These loads are higher than during take-off because of the

longer distances on the rough surface, but the loads are still below the design limits.

Wing loads increase with increasing taxi speed, but the increase is partially offset by 1
wing lift. Wing lift buildup reduces the dynamic loads through decreased geor dynamic

response because the gear operates about a lower slope on the strut airspring as lift builds

up. At 80 ft./sec. on o rigid surface the loads are reduced to approximately 50% to

75% of their value when wing lift is not included (1).

4. INCREMENTAL GEAR LOADS FOR (1-cosine) SHAPED BUMPS

Figure 68 shows the incremental gear loads from constant speed taxi over (1-cosine)
shoped bumps at several frequencies for the front main gear. The crosshatched area
in Figure 68 represents the estimated spread in load caused by different wavelength
bumps and the interaction of the three gears with the bump. For a single gear

simulation, bump wavelength and airplane speed can be combined and expressed
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C-130E GENERAL ARRANGEMENT
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Figure 65. C=130 Aircraft Configuration
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as frequency. However, as shown here, interaction on a multi-gear aircraft causes

f more deviation from the idealized case.

5. RECOMMENDATIONS FOR FURTHER COMPUTER SIMULATION

a. Incorporation of Roughness in Take=-off Analyses

This model has shown that since inclusion of roughness has little effect on the toke-

T —

off distance, for studies not including consideration of wing or gear loads the program

could be simplified to one using a smooth surface and static gear loads,

Ty

b. Pilot Inputs
No pilot inputs have been included in this computation. It is likely that there would

be some influence on take=-off distance because of the pilot control over aircraft lift,

and the magnitude of the differences to be expected should be evaluated.




SECTION V
CONCLUSIONS

1. A soil/wheel interaction model has been developed which identifies the four
primary factors that determine wheel ru's and drag loads. These are the tire
load-deflection spring rate, the soil load-deflection relation, and two inertia
forces. The inertia forces are |ift and drag generated by the soil resistance to

penetration at high rotes of loading.

2. Seccandary foctors have been identified which require additional testing and
anaiyses for adequate definition. The most significant secondary factors are
the drag and lift coefficient variation with tire pressure, tire cross sectional
area and forward velocity, tire/soil interface pressure distribution underneath
the wheel, and tire shape (cross sectional area and effective rolling radius)

in the soil.

3. An olternate soil model as shown by Figure 37 was compared with the recommended
soil model as shown by Figure 8. Trial solutions with the alternate soil model did
not produce the characteristic soil deflection~velocity relationships observed in
the test data as seen from Figure 40, The differences are believed to be caused
by the lack of a drag load interaction term, A suggested method of improving the
alternate soil model by including drag interaction is presented, but an evaluation

of the amount of possible improvement was not made.

4. Pressure=sinkage curves for additional wheel sizes and soil conditions are needed
in order to estimate drag load/rut depth interaction by the method in Equations
20-22 and Figures 17 and 18, Improvements in estimates of the drag load interaction
can be expected if dynamic pressure sinkage curves are ovailable. These should

include rates up to 150~200 in./sec.
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The predicted and experimental ground loads and ruts for a free~rolling wheel
were compared for the 29 x 11-10 8PR Type Il tire for two clay soil strengths 7 J
and one sand soil. For each of the three soils the average (over track length,
tire pressure, and velocity) of the difference between calculated and experimen-
tal results was less than 12%. Positive and negative differences (also overaged

over track length, tire pressure, and velocity) were between 11% and 36%. 1

Single whee! tests show very small effects of yaw angle (up to 6°) on drag load.
The ratio of lateral load to vertical load on soil is only 35% of the ratio on

concrete for yow angles of 3° and 6°. The ratio for braking on clay is 32% ond 54%

of the ratio for free=rolling on clay at yaw angles of 3° and 6° respectively. While

lateral loads decrease in braking, drag loads increase.

Only small differences in individual wheel drag ratios are found between single
and tandem wheels looded to equivalent weights on each wheel. Peak free rolling
drag ratios encountered were from 0.25 to 0.41 and are dependent upon tire
pressure, Peak breking drag ratios encountered were from 0.68 to 0,98. Maximum
free rolling rut depths with a tondem wheel varied from 0.58 to 1.6 in. The
maximum braking rut depth for the tandem wheel was about 3.6 in. at 70 psi tire
pressure. Comparisons of both free rolling and braking rut depths show that for
equal tire pressures there were no significant differences in the rut depths formed by
a single wheel and by a tandem pair when the load on the single wheel equals the

total load on the tandem pair.

Drag loads were greater for a rigid tire than for c pneumatic tire at the highest
pressure tested. Rut depths were 66% greater. Soil foilure underneath a free
rolling rigid tire resembles the failure underneath a braked pneumatic tire. A

satisfactory explanation for this behavior of the rigid wheel hos not been fourd.
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puter studies of the C-130 aircraft show that the difference in take-

Anglog com
off distance between a smooth soft surface and o rough soft surface is small and

in most cases can be neglected. Take-off distance increases with decreasing
soil strength as shown by Figure 62. From a hard surface to CI = 200 (CBR 4)
the increase is 18%. Wing load peak counts for take-off are less than for constant

speed taxi over the entire runway because of the shorter {ength of runway covered.
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APPENDIX A
TABULATIONS OF TEST DATA AND TYPICAL TEST LOAD HISTORIES

The data from the test program was in the form of time histories of the sensor outputs.
Since changing from one condition to another (such as from free rolling to locked wheel
braking) introduced oscillations into the data, portions where the loads were relotively
steady were selected and the average values in these regions were uted for analysis.
The quantiiies used are presented below in tabular form and referenced to the test

conditions of velocity, tire pressure, and wheel loading geometry.

1. SINGLE WHEEL TESTS

Three sets of wheel geometry were tested using the NASA single wheel dynamometer
support device (See Appendix B). These were run for zero, three, and six degrees
wheel yow and 70 psi tire pressure. The average drag load, vertical load, lateral load

(where significant), and rut depths are contained in Tables Hl and 111,

2, TANDEM WHEEL TESTS

One tandem wheel configuration and three tire pressures, 70, 45, and 30 psi were
tested. The tondem axles were spaced 40 inches opart. Results of the averuge !oods and
rut depth measurements for the clay tests are summarized in Tables IV and V. The
average loads measured during free rolling tests on the concrete surfuce are summarized

in Table VI for both tandem and single whec! configurations.

3. RIGID WHEEL TESTS

A few runs were made with a rigid foam filled tire in an attempt to determine the limit-
ing condition of no tire deflection. As discussed in the main body of the report, these
tests were so few in number that conclusive statements cannot be made, but the wheel
behavior was quite different from that of the pneumatic tires. Toble VII summsrizes the

rigid wheel lood overages and rut depths.
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TABLE VI

Summary of Free Rolling Tests on Concrete - Single and Tondem Wheel
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&, TYPICAL TEST LOAD HISTORIES

Histosies of drag, lateral and vertical loads for single wheel tests at six degrees yaw
are presented in Figures 69 - 89. These results include tests ranging in velocity from
5 to opproximately 70 knots. The test sequence was as follows: Touchdown occurred
on the concrete surface. The wheel rolled freely across the concrete and onto the clay

surface. Braking occurred over the final portion of the clay surface.
Portions of the loads time histories used for averaging are identified on each figure for

the concrete surface, for free rolling on clay, and, where applicable, for braking

on clay.
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APPENDIX B
ACQUISITION OF TEST DATA

Testing wheels on a soil material requires a device which supports and tows the wheels.
Precise lateral positioning on the surface is needed so that undisturbed surface profiles

ond subsurface properties in the wheel path may be measured prior to a tast.

Vibration and motions of the wheel support structure should be minimized to insure that

meoasured loads truly represent the wheel -surface interaction,

l. DESCRIPTION OF THE TEST TRACK

The facility used to perform these tests is located ai the NASA/Langley Research Center,
Hampton, Virginia. It consists of a 2200 ft. steel rail test track along which o test
carriage is propelled by means of a water jet catopult. Carriage braking is accomplished
by a cable arresting system. 'iast speeds were from zero (starting) to approximately 90

knots . !

The test carriage weighs approximately 80,000 ib. In addition a wheel test support and
ballast weight of approximately 10,000 ib. is contilevered from the right side of the
test carriage. Tests were conducted in a 6 ft. deep by 8 ft. wide tank alongside the
track roils. Soil was placed in this tank for a disiance of approximately 250 ft., ending
at the arresting system. A concrete section was poured just ahead of the soil test bed.
Height of the concrete section was equal to that of the soil bed in order to minimize
dynamic loading during tronsition from concrets onto the soil. Rolling drag coefficients

on concrete were obtained for baseline data.

A test track schematic layout is shown in Figure 90. Figure 91 shows operations on the

soil test bed. The test wheel is on the concrete approach ramp. A tug used to tow the
carriage back to the catopult roint and to conduct low speed towing tests is attached to
the test carrioge. The deep rut in the soil bed resulted from braking on a previous

test.

Addirional detailed test track information may be found in Reference 23.
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Figure 91. Landing Loads Track during the Soil Test Program
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2.  WHEEL SUPPORT DEVICES

Three interchangeable wheal support devices have been used for testing. They were
attached to a support structure and ballast weight basket shown below in Figure 92.
They were a single wheel cantilever axle mounted directly underneath the ballast
weight basket, a two wheel tandem configuration on o beam pivoted directly under-
neath the ballast weight basket, and a single whee! mounted in a dynamometer frame
capable of being yawed with respect to the direction of motion. These test fixtures

are shown in Figures 93 and 94.

The test wheel was held in o retracted position to pravent it from striking the leading
edge of the test section. Atter the wheel wos over the tast section, o hydroulic
cylinder was used to lower the assembly and cct as a shuck absorber to minimize wheel

bounce.

Lateral translation of the test wheel and ballast weight to aliow several tests without
soil surface re~processing to remove ruts was utilized for initicl testing, but was not
used on the last test serie; because of added mechanical restraints in connection with

testing the wheel in a yowed configuration.
3. DATA RECORDING SYSTEM

Sensors were used to obtain load, acceleration, and velocity data as the wheel traversed
the test section. Outputs of these sensors were conditioned and recorded on a magnetic
tape recorder aboard the test carriage. Figure 95 shows tho instrumentation signol

conditioning and recording system.

Further data processing was done at the NASA Computer Center, and final output was

scaled piots of each variable versus time.
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APPENDIX C
COMPUTER PROGRAM LISTINGS FOR SOIL MODELS

This oppendix contains computer program listings for numerical computations needed with
the proposed soil models. "MIMIC" simulation language is used. A description of the

"MIMIC" system and programming instructions are contained in Reference 24.

Toble Vil shows the computer program listing for the recommended soil model which
utilizes the drag interaction concept and an iterative solution of the equilibrium, or
steady state, rut depth. Table IX shows the computer program for the alternate soil model
which is o differential equation solution fer the time history of a soil mass os it undergoes

deformation by the wheel .
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TABLE VHI

Computer Program Listing for the Recommended Soil Model

ee eV INIC SOURCE-LANCUAGT PROGRAMsse

yrvrc,

FON(CToRTMIN yDTMA X)
TONCKLeK2ok3)Y
PON(ZC IR HT YK
TON(MU WK SoKZoKU)

roAC CFNI17,.)
LTFY  TTNI(8J)
TTRE FEN(D,)
e PARIFVY}
FAR(CT)
e P ESMHITeFALSESTRUT.TA_SE)
e I3 (CI®EODIA)/(1,E0"VoSQR(HT)?
. —— i ATLY TUNITIRELFV)
o DELT
e e LAY LIMUIDELT42,-102.9J1A)
k- LIM{ZALl+DELT»10C,!}
i ooV 20 ¢SQRIDTASTZA-TACZA)
TP LT/(Ve2C,2}
— CYyN 1.3¢1e34eEXP(=-1s"T0eT>)
OMEG AP DYNOASEXP (1 ,2¢DEL T)e ,61Ue .87
e emee DB AMUSZ/LT )R -
cr FUN({TRAG, V)
e e e 2 DD K4 eZeVe20430Ve2T,300)
FC1t ccelr :
—— e e i m L e W IMUT019 0957020
cL FUN{LIFTyCI)
AT L. XSeCLeLTeVe2],Teve 27,3
FRAC KSeFD/EXP (Co89eCT)
- e LPLYFY A3/7EXP(8yCYY
nney (K1/(OMECAF-K2)-K2)eDIA
hd IMP1299272¢7°0RA5-QLYTTTY)
v YeKC+5,.
e e e o CINUV130e)
HCP{VELCsRUT+DRP AT sOMEGAP o DYNe LIFT)

 BDR(LOSD V2R s TP

HCR(COE Z'RDEAGSRLIFT)
JUTIV2yT0yOMEGA™ ¢ DYN+BY)

2UTECCDD T

AUTL20E7+RORAGIRLIFT)

£ND
"My AfdPTLT  AcQrN SHRT
FNATSERT ThE@TI RS FERRLY T 0 e —
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TABLE IX

Computer Program Listing for the Alternate Soil Model

CsoMIMIC SOURCE=LANGUAGE PROGRANC S

i e et . e

— RIRTIC,
CON(DT)
T CON(DTRIN,DYWA X
CO4{RHOWLT)
T CONLFV,PO)
CON(C|.BDJBI|l0JjU.E)
CON(PRESS)
. SPn | CFH(lde)
PARIV]
P FSuLT,FALSE s TRUE s FALSE)
- P ME CLORHOOEXP(]eS)A/ 3,41 08)
P A FV/FO
- 4 <. (A/73¢i4Te(BO*BieAU)eSQRIEORNDO/ Zee(TooNyT]
Kl PRLS5S/72e
T ot DSP(T,04,,001)
R K2 be2RI0 2oy /LT

SPRING  FUN(SPRIZS)

250001 SUM(=ASSPRING/ME AePRES/HE =C02S007/HE)

25007 INT(ZSDOOT 00} .

s INT (25007 ,0.)

PRES MPY(loe=COSILIM(TOLOK2:40¢46+2083)),K1)
FIN(T,01)
HOR (T ,ZSU00T 428001 ,Z5+PRES ,SPRING)
QuUT(T,250D0T,25p0T,2ZS+PRES,SPRING)
€ro

eND CumMPlLe HEGIN SURTY
"FTND SURT BEGIN ASSERRLY
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APPENDIX D
A SAMPLE CALCULATION FOR RUT DEPTH AND DRAG LOAD

The comoutations discussed here are for the recommended soil model which includes
drog load interaction and inertial lift in the rut depth computations. Equilibrium

rut depths are determined by an iterative process and are too lengthy for routine hand
calculations. The procedure for determining the input dota necessary for the computer
program described in Appendix C and the process by which a single step in the

iterative process tokes place are outlined below.

The sample calculation is for a 29 x 11-10 8PR Type l| tire icaded to 5,300 Ib.
operating at 40 knots over a CBR 1.5 clay surface. Calculations for other assumed

conditions or for a different soil are similar,

1. INPUT DATA
Tire data is obtained from manufacturers' published dato or from measurements and

tests of a tire. In this report manufacturers' data have been used. The information

needed consists of the following:
° Diaometer
° Width

° Section height

° Load deflection curve as o function of tire pressure

® Tire loading and tire pressure which are selected by

the analyst

Only two types of soil are used in rut depth calculations. These are sand and clay
which represent pure frictional or pure cohesive soils. Mixtures of cohesive and
frictional soil are assumed to have responses intermediate to the responses of these

two types of soil in their separate forms.

Strangth of cohesive soil (cloy) is measured by cone index, Cl. Cone index is

related to the other common measurement of soil strength, CBR, by the relation
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C1 =50 (CBR). The measure of strength for a frictional material (sand) is the quantity,
G, which is the averoge of the rate of increase in cone index over a depth in the soil J

equal to the width of the tire,

2.  CALCULATIONS

Tire deflection is obtained from the manufacturers' published data. For a load of 5,300

Ib. and 70 psi iire pressure the value of 5t is found to be 2.29 in, from Figure 96.

Other geometric data given fer the 29 x 11-10 8PR Type 1l tire are: i
® Tire diameter, d = 28,45 in.
® Tire width, b =10.71 in,

° Tire section height, h' =9.32in. 1

a.  Mobility Number

The above data are substituted into the WES equation for mobility number {as modified

to change the exponent on § '.):

.2

]
. Cl (ba) (&) (.534) (37)
F

t :t:]

[}

rlC

_ (75)(10.71) (28.65) (2.29) 2 (.534)
5,300 (9.32)"°

=2.0524

b.  Dynamic Factor
The dynamic factor is a@ function of the length of time o point in the soil is loaded, This

time is approximated by the equation:

(38)
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Footprint length, L', is pre-computed in Figure 97 for several tire pressures as a
function of sinkage (rut depth). At this point an initial rut depth must be assumed to
start the iterative calculation. This is arbitrarily chosen as 2,5 in. For 70 psi tire

pressure the footprint length is found from Figure 97 to be 21.4 in,

For illustration, 40 knots wheel spead will be used. The pulse time, tp, is then:

) 21.4
p. AOXT.69X12

where 1,69 X 12 converts knots to in./sec.

t = ,0264 sec,

The dynamic factor is next calculated from the equation:

D =1.0+1.34" %", (39)
1.0 41,3471 - 27(.0264)
=2.295

The dynamic mobility number, Qc', is:
Q,=D_aq

78 € (40)

_ 2.295(2.0524)
1.6

= 2,944

where 1.6 is an adjustment factor to remove the dynamic effects from the original test

data used to derive the dynamic factor,

c. Soil Spring Sinkage

Soil spring sinkage is obtained from the squation:

AZ 1208 L095] d (41)
*s0i Q. -.9488
spring ¢

f_.1208 o095 | 28.¢5
2.944 - 9468

=1.,4608
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To this point the computations are identical to those developed from the testing reported

in Reference 5. Incremental terms to represent drag load interaction and lift interaction

must be added.

d. Drag Load and Drag Interaction
In order to calculate the drag load/rut depth interaction the drag load is needed. This

is computed from: 7
N s 2
Fx—( Kt E;—)Ft+]/2pbzsCDv (42)

Rut depth, Zs' in the drag equation is unknown since it is a function of drag. To make
an assumed calculation, the guessed value of rut depth previously used for Equation (38)
will ogain be used. A drag coefficient, CD' is read from the curve of CD vs. velocity
in Figure 98, f

F =(.04+2.5) 5300 +1/2(.0001499) (10.71X2.5X1.72X811.2)>
X 1.4
= 3102.5 b,

The drag induced rut depth, AZs , is read from Figure 99 at 3100 Ib, load and is
found to be 0.86 in, drag

e. Inertial Lift Force
To calculate the inertial lift/rut depth interaction the lift is computed from:
F = 1/206L C V7 (43)

The lift coefficient, C , is read from Figure 100 and is found to be 0,238.

L
Fy = 1/2(.0001499) (10.71) (21..4) (. 238) (811.2)°

= 2690.34 Lb.

A rut depth increment caused by inertial 1ift, AZ_, is read from Figure 101 at Cl = 75.
and 2690 Ib. load. Its value is found to be Ilft0.0435 in,
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1.2 b Given: Drag Load = 3100 Lb,
Find:  Interaction Rut Depth = 0.86 in.
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f. The Equilibrium Rut Depth
To calculate the total rut depth, all of the components are summed:

Z = AZ + AZ - AZ

s s . s 5.
gg}!ng drag 1ift (44)

This equation is of the form x = Kx,y) and the equilibrium rut depths are thus the roots

of the equation:

Az + AZ - Az -Z =0 (45)
s . 5 5.
soil drag tift
spring
The numerical solution of the equation uses the iteration formula from the MIMIC

Programming Manuai, Reference 24, page 36. This is:

fI'\ - Cn xn
“n4l  T-< (44)
n
where Foot ,
¢ =207 (47)
n X =X
~1
This computation continues until x - fn' < 5x 10_6 Ixnl .
In terms of Equation (47),
£ =the n'" value of { AZ + AZ - AZ )
n s . s 5 .
soil drag lift
spring
i, = the (0=1)'" volue of ( AZ + AZ - AZ )
*s0il sdrog *ify
soring
x, = the value of Zs used in ine evaluation of fn

x = the value of Z used in the evaluation of f .
n-1 3 n-)




To begin the iteration a value of Z and x__, must be assumed. As used above, Z
is assumed to be 2.5 in. x__pis assumed arbitrarily to be 0.5, The value of fn-l must
be evaluated for X = 0.5. This means the computation of ( AZs + AZ

- 3
-AZ ) for Z = 0.5in, The numerical value is 1.6411 in, gg;!ng drag

ify

Using these values,

f=(1.4608 +0.86 - .0435)

. =2.2773
fn_] = (1.4501 +0.225 - 0.034)
=1,6411
_2.2773 -1.6411 C.318
" 2.5-0.5
and x _2.2773 - 0.318(2.5) =217
| nt 1-0.318
Therefore the assumed value for the second iteration on rut depth is 2.17 in.
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