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of the Vehicle Equipment Division, Air Force Flight Dynamics Laboratory,
Wright-Patterson Air Force Base, Ohio, Mr. George Sperry (AFFDL/FEM)
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This report covers work conducted from 18 December 1970 to
15 June 1972.

The authors wish to thank Mr., Sperry for his efforts and assistance
in integrating the research program toward Air Force objectives. This
report was submitted by the author in July 1972,

Publication of this technical report does not constitute Air Force
approval of the reported findings or conclusions. It is published only for
the exchange and stimulation of ideas.

KENNERLY H. DIGGES

Chief, Mechanical Branch

Vehicle Equipment Division

Air Force Flight Dynamics Laboratory
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ABSTRACT

The design and utilization of military aircraft in forward area
situations has required a continual investigation of those factors which
define the aircraft flotation performance and surface operating capability
on semi- and unprepared soil runways.

The following is a Research and Development Computer Program
Report that documents the analytical braked wheel on soil sinkage prediction
technique, the associated FORTRAN IV computer program, and also the
numerical results which have been obtained. The material reported herein
was developed under Contract No. F33615-70-C-1170,

The report is presented in four sections. The first section provides
an introduction; the second section is concerned with a description of the
analytical approach; the third section contains a description of the computer
program, including instructions for the preparation of input data; and the
fourth section describes a number of example cases which have been
processed with the computer program.

It is recommended that the reader obtain referenced report (7) to
obtain an overall approach to the braked wheel on scil problem,
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SECTION I

INTRODUCTION AND AIRCRAFT FLOTATION/
OFPERATION SUMMARY GUIDE

(1-7)

A number of comprehensive efforts have been conducted in recent
years in studying the problems associated with the operation of military air-
craft on forward area soil runways. The results of these efforts have led to
an identification of what have been termed the primary and secondary
variables which influence aircraft flotation/operation performance. The

primary variables are aircraft surface drag, sinkage, multiple wheel effects,

braking, soil surface type and strength, and tire size and contained air

pressure. Secondary variables include multipass, speed, turning, landing

impact, surface roughness, texture, and stress hardening characteristics,

The current research effort described in this report is a part of a
continuing research program sponsored by the United States Air Force, The
objective of this continuing research program is to: (1)define analytically
landing gear-soil interaction; (2) develop a system for comparing and rating
the flotation capacity and surface operating capability of landing gear contact
elements and landing gear systems during aircraft operations on soil runways;
and (3) develop systematic design procedures for optimizing the flotation

(3)

and surface operating capability of future aircraft. Phase I of this program
included a survey of the flotation problem, the establishment of the critical
parameters, and an investigation of available flotation data leading to the
development of a flotation analysis equation. Phase II(Z) included the
development of an empirical sinkage prediction equation, development of a
lumped parameter simulation sinkage prediction technique, conduction of the
Rolling Single Wheel Verification Tests, and the development of the Single
Wheel Relative Merit Index (RMI) system for defining comparative flotation
(1)

capacity (see Figure 1 for a typical comparative rating). Phase III - Part 1

consisted of the development of the multiwheel sinkage-drag analysis
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Figure 1. Cargo Type Aircraft Landing Gear Flotation Ratings



equations, conduction of the Multiwheel Verification Tests, and the development

of a lumped parameter iteration technique for simulating the interaction of

(7)

dual tires on soil. Phase III - Part II' °, describes:

Braked Wheel Verification Tests

Lumper Parameter Braking Simulation Technique Computer

Program

Development of Braking Analysis Equations for Defining Braking

Drag Ratios

Preliminary Studies of Multipass and Speed Effects.

The results of the tire/soil interaction studies conducted to date, as
well as the results of numerous mobility studies, were used to develop the
Aircraft Flotation/Operation Summary Guide presented in Table 1. The
information contained in Table I provides an up to date review of flotation
information for aircraft operations and design personnel. The details of
the development of this information are available in past reports(l-T).
Reference to Table I indicates that considerable progress has been made to
date (1972) in establishing and verifying the criteria for the primary flotation
variables of sinkage, drag, multiwheel, and braking. Based on these criteria
it is now possible to develop systematic landing gear design procedures.

(5)

One such system ° which was recently developed is detailed in Figure 2,
The basis of the design approach uses drag and sinkage as the optimizing
variables in selecting candidate landing gear designs., Each design is then
further evaluated by the multipass analysis procedure and the resulting
information is used to select the finalized landing gear design., As additional
information becomes available on landing gear loads, aircraft turning inter-

actions, landing gear storage volumes, and weight trade-offs, a full

optimization design procedure will be developed.
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SECTION 11

ANALYTICAL BRAKING ANALYSIS

The interaction of aircraft tires with soil runways while an aircraft

(7)

tire is being braked is a complex phenomenon. In actuality, braking does
not occur independently of other equally complicated effects such as the

rolling action of tires, the speed of the aircraft, and turning. Also, proximate
tires interact, the behavior is basically three-dimensional, the composition
and material properties of soils are usually uncertain, etc, The purpose of
this section is to describe the idealized problem considered and the

analytical/numerical approach utilized to approximate the sinkage of a

braked aircraft tire into a soil runway.
A, PROBLEM DEFINITION

The idealized problem which was considered is defined below by listing
the assumptions which were made and discussing the loading, region of

solution, and boundary conditions,

Agsumptions

- A single wheel is in contact with the sample of soil under consideration.

- Only vertical loading and horizontal shear loading are applied to the

soil surface.

- The deformation of the soil material due to the loading considered
results in a state of plane strain; thus, the problem is considered to be two-

dimensiocnal.

Loading

Figure 3 shows the portion of the soil surface which is loaded by a
uniform vertical pressure, P, and a uniform shear distribution, P, The
indicated loading is intended to represent the effective loading applied by an

aircraft tire during braking.
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Region of Solution

The loading shown in Figure 3 is applied to a soil surface which is
infinite in length and depth. In order to obtain a solution by numerical
means, the extent of the region affected by the loads must be restricted to be
finite. Figure 4 shows the region of the soil medium considered in the
computations. The dimensions of the considered region were selected such
that the applied loading has negligible effect on the displacements at the

extremities of the region.

Boundary Conditions

- Under the applied loads the normal stress is equal to the applied

vertical pressure and the shear stress is equal to the applied shear stress.

-« The shear and normal stresses are Zero on the remainder of the

so0il surface.

- The displacements are zero on the artificial boundaries which limit

the extent of the soil medium (Figure 4}.
B. ANALYTICAL/NUMERICAL APPROACH

The soil medium was taken to be elastic-perfectly plastic with the
elastic deformations governed by Hooke's Law, the plastic deformations
governed by an incremental stress-strain relation based on the normality
flow rule, and the plastic yielding governed by the Prucker-Prager yield
criterion., The primary soil parameters of the soil model consiset of the
elastic Young's modulus (E), the Poisson's ratio (v), the cohesion (c), and

the friction angle (@).

The analytical/numerical approach utilized to obtain approximate
solutions to idealized braked tire/soil interactions problems is the lumped
parameter iteration technique, This approach has been used in all other
phases of this project and is well documented. Therefore, the reader is
referred to other reports, such as References 1 and 6, for a detailed

description of the lumped parameter technique,



The soil region of Figure 4 was modeled by the lumped parameter
technique as shown in Figure 5. The mathematical relations, which govern
the behavior of the lumped parameter model of a s0il medium subjected to

surface loading, are summarized in Appendix I.

The vertical pressure=time curve is shown in Figure 6; this is taken
to be the same pressure pulse used previously so that comparisons can be
made between various phases of this project in the future if desired. For
the case in which braking effects are present, the horizontal shear loading
(Figure 3) is taken to have the same time variation as the vertical load
{Figure 6) and the magnitude of the shear load is expressed as a percentage

of the vertical pressure(g= Pg/Py).
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SECTION 111

COMPUTER PROGRAM

A FORTRAN IV computer program has been prepared to implement
the braked-wheel/soil interaction mathematical model on the CDC 6600
computer at Wright-Patterson Air Force Base. This section contains a
description of the subject computer program as well as instructions for the

use of the program to obtain numerical results for particular problems.

A PROGRAM DESCRIPTION

The braked wheel sinkage prediction computer program consists of
five FORTRAN IV subroutines which are overlaid to conserve core storage.
The source deck listings of the various subroutines, as well as the overlay
and calling programs, are contained in Appendix II. A general flow chart
of the computer program is presented in Figure 7, and a more detailed flow
diagram is given in Figure 8 of the displacement and stress calculation
procedure. DBrief descriptions of the particular function(s) of each of the

subroutines shown in Figure 7 are given below.

Subroutine SRDAT

The sole purpose of this subroutine is to read input data from punched
cards which contain a complete description of the problem to be considered,
e.g., geometry, material properties, loading, input and output tape infor-

mation.

Subroutine SDATI1

The functions of this subroutine are to print out the input data in a
convenient tabular form, to calculate and print out a number of soil
parameters using the input data, and to nondimensionalize various parameters

needed for other parts of the computation.

12
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General Flow Chart of Computer Program
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Subroutine SDAT2

This subroutine performs different functions depending on whether the
input data indicates that a new problem is being considered or that a restart
run is desired, The former option causes this subroutine to initialize various
arrays required in the computations., The latter option causes this subroutine

to read the restart information from tape.

Subroutine SCALC

This subroutine represents the main part of the computer program since
all of the solution loops are contained in SCALC. As indicated in Figure 7,
SCALC increments the applied loading, computes displacements and stresses,

stores information on disc as required, etc,

Subroutine PROUT

This subroutine prints out the results of the numerical computations
performed in subroutine SCALC in a convenient form, and stores on magnetic

tape sufficient information to restart the computations in a later run.
B. PREPARATION OF INPUT DATA

Instructions for preparing input data for the braked wheel sinkage
prediction computer program are given helow. The data are divided into

sets of one or more cards each.

Set 1 (one card) - This set is provided so that the user can supply

title information which appears on the first page of output. The

first 40 columns can be filled with any alphanumeric characters.

Set 2 (one card) - Material properties are specified with this set:
RHO (Cols. 1-8) - Soil density (Ib/ft.>) (p)
PO (Cola. 9-14) - Peoisson's ratio (v)
E (Cols. 15-22) - Young's modulus (psi) (E)
C (Cols. 23-30) - Cohesion (psf} (c)
PHI (Cols. 31-38) - Friction angle (deg.) (#)

15



Set 3 (one card) - This set contains information about the loading

and geometry:

TD (Cols. 1-10} - Total time duration {sec) of the applied loading
of Figure 6

FPL (Cols. 11-20) - Tire footprint length (in.) (£} of Figure 3

PKP (Cols, 21-30} - Peak load (psf) (pmax.) of Figure 6

WOT (Cols., 31-40) - Yield function unloading tolerance (g)
(dimensionless). A value of 5.0 x 10-° is suggested.

IB (Cols. 41-45) - Mass point number at left-hand extremity of
applied pressure (Figures 5 and 9)

IEN (Cols. 46-50) - Mass point station number at right-hand
extremity of applied pressure (Figures 5 and 9)

BETA (Cols. 51-60) - Ratio of the applied shear loading to the

applied vertical pressure (ps/pn)

Set 4 (one card) - This set provides geometry and load incrementation

information:

H (Cols. 1-8) - Distance {in. ) between mass points (h) (Figure 5)
DT (Cols. 9-20} - Time increment (sec) (tc)

M (Cols. 21-25) « Number of mass points horizontally (M')

N (Cols. 26-30) - Number of mass points vertically (N')

Set 5 (five cards) - This set specifies the time variation of the applied

loading. The left half of the pressure vs. time curve of Figure 6 is
divided into 20 equal parts; then the 21 pressure magnitudes are

punched onto cards in 5F11.2 format.

Set 6 (one card) - Blank

Set 7 (one card) - This card specifies input and output tape numbers;

NIT (Cols. 2-6) - Input tape number
NOT (Cols. 6=11) - Qutput tape number

16



Set 8 {one card) - This set specifies various indices which control

input, output, and tape operations. The 16 indices provided by
this set are punched in a 1X, 1615 format. Initially this card is
prepared completely by the user; however, after the first run all
but one piece of data are printed out and all the user has to do is
supply one data item.
a) For the first run Set 8 has the form
1 LEN ILI IEI JLI 0 0 0 0 1 9 10 O 0 I O
The user supplies:
LEN - First load increment for this run
ILI - Print every ILI load increments
IRI - same as ILI
JLI - Write on tape every JLI increments
b) For continuation runs all information except LEN is printed
out on the output tab of the previous run. The user simply
punches this onto 2 punched card and supplies a new value of

LEN.
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SECTION IV
NUMERICAL RESULTS
Several example cases have heen processed with the braked wheel

sinkage prediction computer program, The soil, load, and computational

parameters which are common to all of the examples are:

Soil Parameters:

130 ib/cu. ft.

Density p =

Poisson's Ratio v = 0,45

Young's Modulus E = 8950 psi

Cohesion ¢ = 2000 psf

Friction Angle g = 15°

Shear Yield Stress k = 2440 psi
Load Parameters:

Tire Footprint Length £ =12.01in,

Peak Surface Pressure Prmax = 24600 psi

Pulse Duration td = 0.05 sec
Computational Parameters:

Time Increment At = 6,25 x 10-55ec.

Space Mesh Size h =3,0in

No. Width Mesh Points M!' = 47

No. Depth Mesh Points N' =27

The difference between the variocus sample cases is the magnitude of the
applied surface shear loading. In particular, the loading conditions considered
were § = pS/pn =0, .1, .2, .25, where the normal load P, was applied

according to Figure 6.

Figures 9 through 14 summarize the results obtained using the braked
wheel sinkage prediction computer program described in the previous section.

Figures 9 and 10 show the maximum deflection and the permanent deflection

18
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profiles of the soil surface for each of the four loading cases, Figures 11,
12, 13, and 14 trace the complete time history of the vertical deflections of
mass point Stations 23, 24, 25, and 28, Stations 23, 24, and 25 are
situated within the loaded surface area while Station 28 is located at the

point of maximum soil build-up in front of the loaded area,.

The sinkage profile under the loaded region (Stations 22-26) did not
appear too realistic at first glance since that is not what one would expect
if a metal plate were subjected to the same loading., However, it must be
realized that a metal plate is very stiff and would resist such a deformation,
whereas the idealized problem considered actually corresponds to the case
when the loading is transmitted to the scil through a thin flexible membrane
since the soil surface is completely free to deform. When this is taken into
consideration it is not too difficult to imagine the displacement profile
shown under the applied loading in Figures 9 and 10, Figures ¢ and 10 also
indicate that there is a substantial build-up of soil immediately in front of

the braked tire; this certainly is an expected phenomenon,

Figures 11 through 14 show clearly the ''rebound effect'" which occurs
under the loaded region (Stations 23, 24, and 25); that is, ars time increases
the vertical displacement first grows to 2 maximum value and then diminishes
until a permanent steady state sinkage is attained. Figures 11 through 14
also show the vertical displacement time history of Station 28, the point at
which maximum build-up of soil occurs in front of the loaded region, For
small times, this point behaves as though no braking were present (the
displacement of this point is in the same direction as the points under the
load for small times) and then pile-up begins. The upward displacement of
Station 28 also increases to a maximum value, but instead of decreasing to
a steady state value, it increases further until steady state is reached (this
is most apparent in Figure 14}, Apparently, the rebounding of the soil under
the load causes additional pile-up of soil in front of the loaded region., Also,
the build-up of soil in front of the loaded region begins to oceur at an earlier

time as the shear load is increased.
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Another interesting phenomenon can be seen in Figures 9 through 14
when the relative magnitudes of the displacements of Stations 23 and 25 are
noted, For the zero braking case {8 = 0, Figure 9) Stations 23 and 25 deflect
the same amount. For the B=,1 and 8 =, 2 cases the deflections of Station
25 is greater than that of Station 23 which indicates that the tire '"noses
down', However, for the largest shear loading (B = .25, Figure 14), the
loaded region '"noses down' until the maximum deflection is attained and then

"noses up' during the rebound period.

The following table shows the maximum and permanent nondimensional

displacements and also the ratios (ana")bra.ked/(zma-X) and

unbraked
(Zperta )yraked! (Zperm)ynpraked for the various loading cases,

TABLE II
NONDIMENSIONAL DISPLACEMENTS

AND RATIOS
B8 Max % Ratio Perm -%— Ratio
0 . 0435 1.0 . 015 1.0
.1 . 0480 1.1 . 020 1.3
.2 . 0560 1.3 . 0325 2.2
.25 . 0625 1.4 . 0495 3.3

Braking Verification Tests show the ratio of (Zma-X)braked to

(Zmax)yppraked
type soils when the ratio of B= Py /P, approaches one (1. 0).

to be in the range of 1.5 to 3.0 for predominately cohesive

The total computer run time to compute the permanent steady state
sinkage by incrementing the load to its maximum value and then completely

removing it was about 35 minutes for each load case,
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APPENDIX I

GOVERNING EQUATIONS, LUMPED PARAMETER MODEL
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GOVERNING EQUATIONS

The equations of continuum elasticity and plasticity used in the lumped
parameter iteration method are listed in this section in the form applicable

to the lumped parameter model shown in Figure 5.
A, DYNAMIC EQUATIONS OF MOTION

o {i+l,j+1) - o»n(i,j) TnC(i,j+l} - wng(i+l,j)

Ui, j) = A-1
pU(iL, j) h/\/? + h/ﬁ { a)

(i, )

D) - o (4L 1 iel) -
i) - o (i, j+1) rig(h“ h)) . Tng(1+ j+1) - 71
nif2 nif2

where

ng

{A-1b)

U and V are the displacements in the n and { directions, respectively;
o and Cl'g are the normal stresses and 7 is the shear stress;

pnis the mass density of the soil;

h is the grid size; and

the dots indicate time derivatives.

B. QUADRATURE EQUATIONS

2
£- ot- t ot~ ..
Ut = A 4 ant At s B it At 4 Y (A-2a)
t  _t-At At (AD)? t-At ot
LAER SRR VL S SR PSR (A-2b)
.  t- it ..t
ot = A B AT 4 Y (A-2¢)
t st- £ aeta ..
LAER AN STl (A-2d)

where
At is the time increment, and superscript (t-At) indicates the variables

of the previous load increment,
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C. DRUCKER-PRAGER YIELD CRITERION

The criterion states that if the yield function, {, as defined below is
less than zero, the stress point is elastic, and if f is equal to or greater

than zero, the stress point has yielded,

Yield function = f = ol +\[E-k {A-3)
where
I=¢ +0 +D‘E (A-4)
1 2 2 2 2
J==[(c -o.) +(cd, -¢) +{c_-0 } +67 A=5)
o Loy o) rlog o) ooy ng ) ‘
o, = vie +0a)) A-b6
3 ( n ¢ (A-¢)
"2 8in@
o, =—28ind (4-7)
1 3 (3-8in0)
g bccos® yield stress in shear (A-8)
J3 {3-sin @)
¢ = cohesion
§ = friction angle
D, INCREMENTAL STRAIN-DISPLACEMENT RELATIONS
A€ (i) = AU, j) - AU(I-1,j-1) (A-9a)
m nifz
AEg (i) = AV{i-1,3) - AV{i,j-1) (A-9b)
w2
AEE(i,j) =0 {A-9c)
c o _ AUG-1,3) - AU(L§-1) 0 AV, j) - AV(i-1,j-1)
FaX i,j) = + A-9d
Yy d) 2nff 2 2nif2 (A-94)
where
A€, AEg , and AEg are the normal strain increments,
M

/_\.Yng is the shear strain increment,
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and

where

and

AU = ut - pttat {A-10a)

t t
AV A

1

vi oyt (A-10b)

INCREMENTAL STRESS-STRAIN RELA TIONS

o
Ac, = NAE + 2GAE_ - BQ —1 i8] [2Y | Bac (A-11a)
n 2[5 2f5
%c AW
Ao, = MAE + 2GAE, - BQ |—= + B{ [== + BA¢€) (A-11b)
< ¢ 27 23
"¢ AW
AT = 2GA - 8Q —= + BAE A-1lc
n¢ Yog °F 21/ {27 ( )
A€ = A€+ A€ A-12
n ¢ ( )
_ 14y I
B =150 e {A-13)
Q = _4G—2 (A-14)
1+ 6(1+via
1-2v

Ev

= Lame's constant in Hooke's law = ——————
M 1+ (1-2)

@]
I

Modulus of rigidity = Z(IE?I-\))

AW = Increment work done

=5 A€ +0_AE_+T _A A-15)
n n £ C ng Ync (

{1 iff> 0 and AW > 0 (loading)
B= 0iff> 0 and AW <0 (unloading) or f < 0 (elastic)
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Then the stresses at time t are:

t t-At t

o =0 + Ao {A-16a)
n n n
t t-At t
= +A A-16b
"¢ 7% ¢ (A-160)
t t-At t
= + A A-1
TnC T'nC TnC ( 6c)

F, STRESS CORRECTICN EQUATIONS FOR PERFECTLY PLASTIC

YIELDING
r= (1 1460, ) L - 2qk A-17
"n‘('”c)“n+“c[(+“1)3" ak] {A-17a)
N L+6a, 5= - 20k A
o = (t=n o+ n, [{146a, )3 - 2ak] (A-17b)
T:ng =(l-n ) T (A-17c)
where
2

J - (k-al)

n. = (A-18)

2 2
2] + 12q (k - alI)

and

o', o', and 7' ¢ are the corrected stresses,
n m

¢
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APPENDIX II

FORTRAN IV SOURCE LISTINGS
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