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ABSTRACT

This report is presented in compliance with the requirements
of Department of the Navy, Air Systems Command Contract
N00019-69-C-0063. The results of an investigation of the
interaction between landing gear and soft soil are presented.
During early May of 1969, OV-10A (BuNo. 155392) was used to
perform sixteen landings and takeoffs on soft unprepared
terrain at Blackstone Army Air Base, Virginia, Two fifty
channel oscillographs were used to measure time histories

of the airplane response, Measurements were also taken of
the terrain contour and static and dynamic strengths of the
soil. Landings were successfully performed with soil
penetrometer (static strength) readings as low as 40 for sink
speeds as great as 16 feet per second. The experimental data
is presented.

Equations of motion are presented for a mathematical model
of the OV-10A landing and taking off from yieldable uneven
terrain, This model simulates the soil-tire interactions,
landing gear-airplane interactions, and the airplane dynamic
response. A system of 20 non-linear, coupled second order
differential equations results. Analytical determination

of landing gear loads for correlation with experimental data
was included in the work to be performed under this contract.
However, this task could not be accomplished within the
allocated funds.

Conclusions and recommendations are presented.
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INTRODUCTION

One of the major facets in aircraft design which has been
receiving increased attention recently is the military need
to operate from unprepared terrain, Two basic problems have
resulted from this need, First is the definition of adequate
design criteria that will satisfy the above military need but
will not impose excessive penalties on other operational
necessities. Second is the capability on the part of the air-
craft industry to satisfy such criteria in a rational manner
rather than rely on a trial and error approach,

Since there is a serious lack of past experience on which to base
future criteria and methods to satisfy such criteria, it was de-
cided to utilize the OV-10A to obtain accurate and detailed data
while operating from unprepared terrain., This decision was based

on the knowledge that the OV-10A was designed and demonstrated to
operate from terrain that included rigid 4 inch high and 10 inch
long (l-cosine) bumps and 3 inch steps. Such design and test re-
quirements provided the OV-10A with strength to obtain data on un-
prepared terrain at military operational levels of sink speed.

In addition, OV-10A BuNo. 155392, was fully instrumented to perform
a complete formal Landing and Take-off Demonstration under the basic
OV-10A contract., Thus, approximately a hundred parameters were avail-
able to help develop a computer program to describe the response of
an airplane during such operation,

The schedule of work to be performed under Department of the Navy,
Air Systems Command Contract No., N00019-69-C-0063 was as follows:

(1) Develop a computer program for analytically simulating
the applied ground loads and airplane response for take-
off and landing operations from soft-soil rough-terrain sites.
Include in this program the interactions between the transient
motions of the airplane, landing gears, and soil for differing
rough terrain cortours and bearing strength of soils as well
as airplane and landing gear rigid and flexible body degrees
of freedom, including symmetric and anti-symmetric modes
of vibration,

(2) Perform laboratory tests to determine lcad-deflection
characteristics of the tires and load-footprint area of
the tires,
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(3) Perform tests to determine the impulse loading characteristics
of soil samples from the selécted landing sites.

(4) Perform two (2) take-off tests and ten (10) landing impact
and roll-out tests with airplane model OV-10A, Bureau
Number 155392, at Blackstone Army Air Base and at the
following conditions:

Condition No. Sink Speed Horizontal Speed Pitch Attitude
(v -- FPS) (V --- KNOTS)

1 10 75-80 Tail Down
2 12 75-8C Tail Down
3 14 75-80 Tail Down
4 16 75-80 Tail Down
5 14 90-95 Tail Down
6 10 75-80 Nose Down
7 12 75-80 Nose Down
8 14 75-80 Nose Down
9 16 b 75-80 Nose Down
10 14 90-95 Nose Down

Also, make each landing touchdown and roll-out on a different
portion of the test site, to preclude surface compacting, and
make the two take-offs over the same general areas as the
landing test area.

(5) Provide instrumentation for measuring time-histories of tire
pressures as well as maintain the instrumentation required for
the Contractor's Rough Terrain Demonstration required under
Contract NOw 65-0118-f., A complete list of instrumentation is
given in Paragraph 4.1.2.

(6) Determine analytically, airplane and landing-gear loads and
responses for the required take-off runs and landing impact
and roll-out runs from computer analyses utilizing Government
furnished data on profiles and soil characteristics for each
take-off and landing test.

(7) Record and read out time histories and peak values of airplane
and landing gear applied loads and responses and determine the
correlation between such experimental data and the analytical
data. In addition, determine the correlation between the static
measured and predicted terrain deflections.

FORM 351.F AEV 7.69
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Development of the computer program for analytically simulating the
airplane response and loads requires a complexity greater than
planned. Therefore, scheduled item (1) was not completed and item (6)
was not initiated due to insufficient allocated funds. In addition,
on the final landing under this contra:t, a failure of the nose gear
occurred. Since uncommitted funds were required to return the test
aircraft to flight status, additional funds were not available to
complete the contract at this time. The items completed and re-
ported herein, however, provide a basis for continuation of the
program, :
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3.0 SOIL STUDY

3.1 General

The objective of the following analysis is to develop
a method of determining the response of an aircraft
landing gear tire operating on soft unprepared
terrain. The analysis of the interaction of a
pneumatic tire and deformable soil may be separated
into two parts. The first part presents the de-
velopment of a soil model while the second part
presents the mathematical model of a pneumatic tire
on deformable soil.

The analytical representation of soil is presented in
Paragraph 3.3, This soil model is developed by as-
suming that the static and dynamic strength pro-
perties of soil may be mathematically represented by
a second order differential equation with variable
stiffness and damping coefficients. These co-
efficients are determined from experimental data
obtained from a penetrometer and a specially con-
structed cylinder drop test vehicle.

The analytical representation of a pneumatic tire on
soft soil is presented in Paragraph 3.4. A method

of determining the drag and vertical forces action on
the tire is presented. The primary input to the
analysis is the soil model representation.

Section 5.0 includes commeiuts pertaining to the

quality and range of application of the combined tire-
soil analysis.

FORM 351-F REV 7-869
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Nomenc lature

List of Symbols

Zz = Sinkage depth

l' = Sinkage velocity

2. = Sinkage acceleration

Z.m = Velocity of the wheel, probe, or tire at the
time of soil contact

7 = Vertical driving force

Y/ = Mass of cylinder

r = Mass of tire

Y/ = Mass of wheel

Virs = Effective mass of tire-soil interface

Cl2, 7. 210) = So0il dynamic damping coefficient as a function of
sinkage depth, velocity, and soii impact velocity

Arz) = Static soil stiffness coefficient as a function of
sinkage depth

Rz) = Static soil pressure as a function of sinkage depth

A = Tire width

! = Plate number

Ac = Length of plate l

ip = Plate thickness

V74 = Number of cylinder plates of thickness &

o = Plate thickness parameter (0</in <Z)

7r = Number of tire plares of thickness 7»

Ye = Tire-plate coordinate perpendicular to £ axis
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List of Symbols (cont.)

2
!

An
ry

dr

Xap, 240
26 (x)
X, X

Lt

Cos
Tr
Tex

Tsz

Tarx

Plate depth below soil surface

Tire length dimension associated with soft soil

Tire segment area associated with rigid uneven terrain
Undeflected tire radius

Tire deflection

Coordinates of axil in deck system

Terrain profile

Intersection points of surface and tire

Total footprint length of tire

Tire velocity parallel to X-axis (horizontal velocity)
Tire-soil effective deformation rate

Soil dynamic damping coefficient as a function of
sinkage depth, velocity, and tire-soil effective
deformation rate

Tire drag coefficient

Soil density

Soil inertia drag coefficient

Tire force resulting from rigid uneven terrain

Conventional tire drag force associated with tire
skidding, rolling, and carcass effects.

Vertical tire force resulting from the depth
dependent static soil pressure acting on tire
surface B

Tire drag force generated by soft soil rutting
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List of Symbols (cont.)

Tec = Tire inertial resistance generated by the rut
frontal area

Tox = Vertical tire force resulting from the dynamic
soil strength

FORM 351-F REV 7-69
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Analytical Soil Model

The primary assumption for the mathematical soil model
is that a soil element has properties of stiffness and
dynamic damping. Further, it is assumed that the soil
response may be expressed as a second order differential
equation of the form

MErClogin)l +K2)2 T (3-1)

vhere Z.m represents the velocity of the wheel, probe, or
tire at the time of soil contact.

The specific problem in formulating the soil model is de-
termination of the stiffness and damping coefficients,
Once the coefficients are determined, Equation (3-1) can
be used to calculate the penetration depth of a landing
gear tire in soft terrain. The driving force, 7 , will
then represent the vertical tire load and will be the
coupling term between the soil-wheel analysis and the
aircraft landing gear analysis.

Preliminary studies indicated that controlled tests on the
specific soil of interest could be used to determine the
stiffness and damping coefficients. Specifically, an Air-
field Soil Penetrometer could be used to supply data for the
soil stiffness coefficient evaluation. Also, drop tests of
a rigid vheel onto the soil could be used to supply data for
evaluation of the soil damping coefficients,

Experimental Data

Experimental tests were conducted at Blackstone Army Air Base,
Blackstone, Virginia. The soil type will be referred to
herein as '"Virginia Clay'". The basic data used for the soil
analysis and descriptions of the soil testing apparatus are
presented in Appendix Al,

Additional data required for correlation purposes between pre-
dicted and experimental load values were obtained at each of
the landing impact areas. This additional data is also pre-
sented in Appendix Al,
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3.3.2 Stiffness Coefficient Analysis

The static characteristics of soil were examined to
evaluate the static strength term, /Arny/7 , of
Equation (3-1). 1t is possible to represent this term as
the product of soil pressure integrated over the area of
interest:

.[‘Fym dA = (K ]Z (3-2)

Where, @(Z) represents the soil pressure as a function of
depth, £ .

Soil pressure information was obtainable from the penetro-
meter tests, The soil penetrometer was constructed to
read the pressure required to penetrate the soil with a .5
square inch area cone as shown in the following figure.

Force

/.5 Sp. Inch Area

w\ /
|

Penerrometfer (o=

FORM 351-F AEV 7-89
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The penetrometer data was converted to soil pressure data

by considering an idealistic method of measuring the soil
pressure. The force required to penetrate a flat plate

type probe into the soil at a nearly static rate was
measured versus depth. This force divided by the area re-
presents the average soil pressure. The relationship be-
tween cone penetration data and the nearly static penetration
of a flat plate type probe must then be established. This
problem may be separated into two basic parts. One part
deals with the geometric conversion of cone probe data to
flat plate probe data. The second part accounts for an
eliminates the dynamic effects associated with the penetrometer
data,

Geometric Conversion

A report by Richard Leis, Reference (1), is especially help-
ful in formulating the geometric conversion of cone probe
data to flat plate probe data, Briefly, the report is a
study of the relationship of pressure-sinkage characteristics
between a flat plate and four other, differently shaped probes.
The probes are depicted on Page 3-9, The pressure-sinkage
data was obtained with a precision bevameter which is a
hydraulic device that can offer a controllable constant
velocity penetration of the probes. Leis penetrated the flat
plate and other four probes into soil and recorded required
pressure (defined as required penetration force divided by the
flat base area of the particular probe) as a function of
sinkage depth., The results of these tests have been reproduced
from Reference (1) and are presented on Pagz 3-10. Leis de-
duced a relationship between the pressure-sinkage data of the
flat plate and the other four probes, The findings mey be
summarized as follows. Initially, the reference point for the
sinkage measurements was the initial soil contact point of
each probe., As a result of the test observations, it was
noted that by changing the reference point on the four general
probes to an intermediate position along the probe, the
pressure-sinkage curves would be shifted to match the flat
plate data. Specifically, a reference point shift of 1/2 inch
for probes 2, 3, and 5 and 1 inch for probe 4 would force

the pressure-sinkage curves to be nearly coincident with

the flat plate curve. Leis attribues the observed relation-
ship to boundary layer effects: once the boundary layer has
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developed around a probe, which will occur at a
specific depth depending on the probe shape, the
reaction of the soil is independent of the probe
shape, Thus, it was concluded that oddly shaped
probes display physical properties in soil very
similar to that of a flat plate probe.

Based upon these observations, it was assumed that
by shifting the reference point from the tip of
the penetrometer cone, the penetrometer data could
be transformed into flat plate soil pressure data.
Results and conclusions from Reference (1) were
utilized to determine an approximate axis shift
for the penetrometer cone. Considering probe
bluntness and shape, and the general trends pre-
sented in Reference (1), it was concluded that a
reference point shift of 75% of the cone length
would modify the penetrometer data to represent
that of a flat plate probe. The resulting shifted
penetrometer data is presented on Page Al-57.

Penetrometer Dynamic Effects

Various soil studies such as Reference (2), have
presented experimental data that show that soils
exhibit an effective increase in penetration re-
sistance as the rate of load application or
penetration increases,

Based upon the penetrometer data and preliminary
analysis it was determined that the average penetro-
meter soil penetration velocity was 1.5 inches per
second. Erroneously, one might assume that at

such a small penetration rate the dynamic stiffness
effects of soil would be negligible. However, many
studies such as Reference (2) have presented ex-
perimental data that indicate inciecases in soil
strength as high as 907 above the static strength
for plate sinkage rates as low as 0.6 inches per
second. Thus, it may be assumed that the penetro-
meter data contains dynamic stiffness effects,

In order to determine the true soil static strength
the dynamic effects must be eliminated from the
penetrometer data.
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PROBES USED TO DETERMINE
PRESSURE SINKAGE CHARACTERISTICS

All top surfaces
3" X 1"

FORAM 351-F REV 7-69



North American Aviation/Columbus NR70H-570
North American Rockwell 3-10

o\

PRESSURE VERSUS SINKAGE DEPTH

In.

Pressure - Lbs./Sq.

(Extracted from Ref. (1))

FORM 351.F REV 7.69 Sinkage - Inches
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Observations of the OV-10 resting on the "Virginia
Clay" indicated that the shifted penetrometer data
was not representative of static soil pressure.

With a main gear tire footprint area of approximately
165 square inches and vertical load of 4200 pounds,
the average pressure exerted on the soil was 25 psi.
The tire was observed .o sink about 1 inch into the
soil, However, by using the shifted penetrometer
data, presented on Page Al-57, representing the
softest soil (Terrain Hardness A), it can be de-
termined that the tire would sink only 0.1 inches into
the soil, Further investigation indicated that the
poor correlation between the observed and calculated
tire sinkage resulted from the presence of dynamic
effects in the penetrometer data,

To extract the dynamic effects from the penetrometer
data, it will be necessary to consider additional ex-
perimental observations., One available source is in
Reference (2). The needed data from Reference (2)

is presented on Page 3-13, This data was obtained
from several constant rate plate sinkage tests and a
very slowly loaded or static test. Though these tests
were not conducted on "Virginia Clay," the general
results will be used. As stated in Reference (2), it
is expected that different soils will display somewhat
different characteristics although the general trends
from one soil to another should be similar.

By interpolation of the curves on Page 3-13, a curve
representing the change in the ratio of dynamic soil
pressure to static soil pressure as a function of
sinkage depth for a constant probe velocity of 1.5
inches per second was obtained, This curve is pre-
sented on Page 3-14 and was used to ratio the pre-
viously modified soil pressure curves to account for
and eliminate the dynamic stiffness effects. The re-
sulting curves, on Page Al-61, show the soil penetrometer
data modified to represent the static soil pressure of
"Virginia Clay" hardnesses A, B, C, D, G and I.

The static soil pressure curves for various

terrain hardnesses, as presented on Page Al-50,

were used to evaluate the soil strength term, [K/72)/Z,
by solving the integral of Equation (3-2). These

soil depth dependent static soil pressure values,fhz“
were integrated over the area of the probe-

soil contact interface. The probe is the 6-inch
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steel cylinder for which experimental soil sinkage

depth, velocity, acceleration, and soil hardness type

are known, The data from any particular drop test of

the cylinder furnishes the displacement of the wheel

as a function of time, The soil=cylinder contract inter-
face area and static soil pressure are both a function

of sinkage depth, Hence, sufficient data is available

to determine a value of static strength, [A/m/Z,

as a function of time. The mathematical nature of the
static soill pressure curves and the variable soil-cylinder
interface area requires a numerical integration technique
which is developed in Appendix Al., The resulting express-
ion for the static strength term is:

[Kew) Z ~2b{E (R o Cloora e Wy B9

where 6(,,) and 5(1.»/‘.-) are static soil pressure values

at soil depths &; and Ze-» which are obtained from the
static soil pressure curves on Page Al-61,

Values for the stiffness coefficient, A72) , could now

be determined. However, it is theorized that the

stiffness coefficients are not only a function of pene-
tration depth but also a function of probe geometry.

The soil damping coefficients are assumed not to be a
function of geometry. Thus, when solving Equation (3-1)

for tire motion of soft soil, the static strength term, /Aw/7,
must be re-evaluated to account for the tire geometry.
Evaluating the static strength term for the rigid cylinder
is only needed as an intermediate step to determine the soil
damping coefficients,

3.3.3 Numerical Evaluation of the Damping Coefficient

Damping coefficients were evaluated by using Equation
(3-1), the static soil pressure data, and the rigid cylinder
drop test data, Equation (3=1) is rewritten as:

Cra,d, dom) f/fﬂc g-TKewlZ - e Eff1// (3-4)

The static strength term /Arp/F , evaluated as discussed in
Section 3,3.2 and £ and # were obtained from appropriate
rigid cylinder drop tests. To obtain sufficient accuracy
in the solution of Equation (3-4), it will be necessary to
use small values of plate thickness in the numerical
integration of the static strength term,

FORM 381-F REV 7-69
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Further, in order to obtain an adequate representation '

of the damping coefficient curve for each terrain hard-
ness, many time slices must be examined. To facilitate

the desired quality of the damping coefficient evalua-
tion, a digital computer program was developed. The

output of the program is presented in Appendix Al.

Pages Al-83 through Al1-€5 present the damping coefficient
curves as a function of time for each of the six terrain
hardness types. The damping coefficient curves were reduced
to eliminate time dependeace and presented as a function of
soil deformation rute on Pages Al-91 through Al-96 .

CONSTANT RATE PLATE-SINKAGE TESTS
BOSTON BLUE CLAY
1,5 IN, DIA, PLATE

40 (Extracted from Ref. (2))

9,0 IN, PER SEC,

§ 30 2,6 IN, PER SEC,
N 0,6 IN, PER SEC.
[<3]
B 20
4] STATIC
&
2 10
Q
172]

0 A L

1.0 2.0 3,0

SOIL SINKAGE, IN,
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L\

RATIO OF DYNAMIC AND STATIC

SOIL PRESSURE

3.5

3.0 k

2.5

Sinkage Rate = 1,5 In./Sec,

DYNAMIC SOIL PRESSURE
STATIC SOIL PRESSURE

1.5 F

1.0 i 1 4
0.25 0.50 0.75

SOIL SINKAGE - INCHES

—AN—©
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3.4 Analytical Tire-Soil Model

An analytical representation of a pneumatic tire operating
on soft, uneven terrain is discussed in this section. An
equation of motion representing the vertical degree of
freedom of the tire-soil interface and an equation for the
total drag force acting on the tire are presented. The
vertical and drag forces originate from unevenness of the
terrain and the yieldability of the surface. It is assumed
that the condition of uneven terrain is independent of soil
yieldability.

The general ex: -essions for the vertical equation of motion
of the tire-soil interface and the total tire drag force are

given as:
Mys & = (Mr+Mu) G = Tre - Tse - Toe (3-5)
Total Tire Drag = Jax * Tex + Jarx + Jix (3-6)

Forces, 7ax and /#z , which are components of the force, /o ,
result from the rigid, uneven characteristics of the terrain.
Tire force, 7gx , is the conventional drag associated with
tire skidding, rolling, and carcass effects. These three
tire forces are discussed in Paragraph 3.4.1. Forces 7sz ,
Tar. » and Jrx result from the yieldable characteristic of
soil and are discussed in Paragraph 3.4.2. Specifically,

the vertical force Jsz is due to the depth dependent static
soil pressure acting on the tire. /#7x 1is the resistance
generated by soft soil rutting. 7zx 1is the inertial re-
sistance generated by the rut frontal area. The vertical
force term, oz , is discussed in Paragraph 3.4.3. This
force represents the dynamic soil strength resulting from
the resistance to motion of the soil under the tire. It

is a function of the soil dynamic damping coefficients that
are discussed in Section 3.3.

Paragraph 3.4.4 presents a brief summary of the soil-tire
relationships.

FOAM I81-F REV 789
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3.4.1 Tire Reactions Resulting From Rigid Uneven Terrain

FORM 351-F REV 7-69

It 1is assumed that the tire force due to undeflected terrain
is a direct function of the net area between the soil contour
and the undeflected tire circumference. This area is shown
as the shaded area in the sketch given below. It is also
assumed that the force acts at the centroid of this area and
is directed through the wheel axle.

The tire force versus area is obtained from the conventional
tire force versus deflection curve using A~ versus tire
force, =, where A~ is

An = /-72005-/—,},-7Jr (4, 'Jr)ﬁ"r" (rr-dr)? (=7

Note that the above relation is merely the relation for the
area of a segment of a circle.

X Xu)
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The conventional tire drag, /sx , associated with tire
skidding, rolling and tire carcass effects is a function

of the vertical component of 7R and the tire drag coefficient,
// . This force is represented by the following relationship:

Tex = U Tz (3-8)
Tire Reactions Resulting From Smooth Yieldable Terrain

The terrain surface is assumed to be smooth and yieldable
with soil properties and characteristics as described in

Paragraph 3.3. The tire surface B shown in the sketch below
is assumed to be flat.

The tire forces associated with surface A are those defined
in Paragraph 3.4.1 as T* and 7rx . Three additional tire
forces, Tst , Jr7x , and TIx result from the soft terrain.

The vertical force /S% acts on surface B of the tire and
originates from the depth dependent soil pressure. The
method of determining this force is similar to the method
of obtaining the static force acting on the rigid cylinder
as developed in Appendix Al. Consider the following figure
of the assumed tire.

Soil Surface
-

E-ﬂ

Surface B

rface A }

N

i

.'!H-_
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when A3 20and 22430

Then 2= (Z/1)Y,
tp’ Z/Ne
g * { tp [=1to Ne

The vertical force acting on surface B is given by

Tsz =‘§f[(1,5//1¢)(/’m-;)] (3-9)

The tire force /#7x 1s the rolling resistance generated by
soft soil rutting. It has been experimentally measured by
the U.S. Army Engineer Waterways Experiment Station, Corps of
Engineers, Reference (3). The experimental results irdicated
the following expression for 7arx :

Tery = (Trz +fsz)f; (3-10)

Tire force, /zx , represents inertial resistance which is assumed
to be proportional to the rut frontal area and the dynamic soil
pressure. The following relationship for inertial resistance

was developed in Reference (2).

Trx = Cot ¥ /% vz (3-11)

The soil inertia drag coefficient, Cor , must be determined ex-
perimentally since there is at present no theoretical means of
determining its value,

Vertical Tire Force Due to Dynamic Soil Strength

Soil resistance to tire sinkage in soft terrain is known to
vary with sinkage rate and the initial tire-soil impact velocity.
This resistance 1s known as the dynamic soil strength, :

Tos =/C'u,i.i)]l. (3-12)

The coefficient, (%!.é;i) , is the soil dynamic damping co-
efficient for the tire-soil interface. It is obtainable from
the soil dynamic damping coefficients, C¢s.i,4&:.) » Previously
determined from the static soil pressure and cylinder drop
test data as discussed in Section 3.3.
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The so0il dynamic damping coefficient curves presented on
Pages (Al-91) through (A1-96) generally indicate increased
coefficient values, Cre, i, i,0) » for increased initial soil
impact velocities, Z,, , of the rigid cylinder. An identical
impact effect results from the motion of a tire on yieldable
terrain. This impact effect was experimentally observed and
documented in Reference (2). This reference concluded that
the impact type load resulting from the tire motion could be
represented as increased soil resistance due to an effective
increase in the soil impact deformation rate. The following
equation for the effective impact deformat?on rate of soil
under a rolling pneumatic tire was developed in Reference (2).

s L -
82 ) (3-12)

Note that ({¢/¥) is the impact duration, the time the soil
element is under the tire. The parameter, § , replaces the
initial vertical impact velocity parameter, i;,, in the damp-
ing coefficient term. At the instant of tire impact fs.f- Zrm
as before. However, after initial impact, the motion of the
tire influences the dynamic soil strength.

Summary of Soil-Tire Relationships

The following equations represent the vertical equation of motion
of the tire-soil interface (surface A), and the total tire drag:

My E « (MueMy)q - Tae z”' [(206/7)(Ryea))]-[Cuai §)] (3-14)
Total Tire Drag = Jax +M4 et *{77!! "12":'.[(”/”0)(% (z;)}]} fe
+ Coz f/o.s Vo2 Sald

The specific terrain contour data, Pages (Al-121) through (Al-125)
are utilized along with tire position and geometry to obtain
forces 7ax and 7## . The soil hardness type (A, B, C, D, G

or I) is used to indicate the proper dynamic damping coefficient
curve, Pages (Al-91) through (Al1-96), as well as the static

soil pressure curve, Page (Al-61).

Tire geometry, sinkage depth, and the instantaneous vertical
and horizontal velocity of the tire are used to obtain the
effective impact soil deformation rate, ¥ , from Equation (3-13).
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The instantaneous value for the coefficient,(,'m[,;') ;
can then be determined from the appropriate soil
dynamic damping curve on Pages (Al-91) through
(A1-96) . The generalized mass, My , is a com-
bination of soil mass and the tire geometry.

It represents the effective mass of the moving

soil under the tire., Values for the effective

mass can be obtained from correlation of theoretical
tire response predictions and experimental measure-
ments, All other parameters and terms in Equations
(3-14) and (3-15) are obtainable from tire geometry,
sinkage depth, instantaneous velocities, and soil
pressure and dynam.c coefficient curves contained

In Appendix Al,

bk TR REV T 6
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4.0 AIRPLANE STUDY

4.1

4.1.1

4.1.2

Airplane Instrumentation
Landing Gear Load Calibration

Strain gages were bonded on the landiug gears in the
locations shown by the sketches given on Pages A2-5
and A2-6. A typical strain gage bridge is also shown
on Page A2-7, For calibration purposes, the landing
gears were mounted inverted in a fixture with a dummy
wheel installed. Loads were applied singly in the
vertical, forward, aft, left, and right directions.
The loads were applied at the center of the axle for
vertical and drag directions and at the rolling radius
of the tire for the side direction. They were applied
perpendicular and parallel to the fuselage reference
system with the oleo in four different positions of
compression.

Strain gage outputs were recorded by a standard oscillo-
graph and the results reduced to a unit R/Cal step and
plotted against load for response analysis. These data
plots are shown on Pages A2-8 thru A2-43. The resulting
interaction equations are given on Pages A2-44 thru A2-49
and plotted on Pages A2-50 thru A2-61.

Pilot's Panel and Oscillograph Parameters

The total list of airplane parameters recorded during
the tests are as follows:

Pilot's Panel

Parameter Range
1, Airspeed 0-500 knots
2. Altitude 0-35000 feet

3. Vertical Acceleration @ C.G. + 10 "g's"
4. Frame Counter
5

. Angle of Yaw + 7.5 degrees
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Oscillograph #1

Channel

No.

OO~V EWN -~
L]

—
o

11.
12,
13.
14.
15.

16.
17.
18.
19,
20.
21.
22,
23.
24,
25.
26.
27.
28.
29.

30.
31.
32.
33.
34.
35.
36.
37.
38.
39.

Parameter

Altitude (Low Range)

Lateral Stick Position

L/H M.G. Tire Pressure

R/H M.G. Tire Pressure

Airspeed (Low Range)

N.G. Tire Pressure

R/H Boom Inbd Dorsal Attach Load

R/H Boom Vertical Acceleration @ F.S. 380

Lateral Stick Force
R/H Boom Outbd Dorsal Attach Load
R/H Aft Inbd Vertical Spar Attach Load

Longitudinal Stick Position

Longitudinal Stick Force

Cockpit Floor Vertical Acceleration
Rudder Pedal Position

Cockpit Floor Longitudinal Acceleration
Elevator Spring Tab Position

L/H Fwd Vertical Inbd Spar Attach Load
Cockpit Floor Lateral Acceleration
R/H Engine Longitudinal Acceleration
Trace I.D.

Trace I.D.

N.G. Drag Load Fwd Link (T/M)

L/H Aft Vertical Inbd Spar Attach Load
Pilot's Seat Longitudinal Acceleration
Elevator Position

R/H Engine Lateral Acceleration

L/H Fwd Vertical Outbd Spar Attach Load
Pilot's Seat Vertical Acceleration
Rudder Position

L/H Engine Mount Vertical Acceleration
R/H Engine Vertical Acceleration

Pilot's Seat Lateral Acceleration

L/H Aft Outbd Spar Attach Load
Horizontal Fwd Spar Lateral Acceleration
L/H Aileron Position

NR70H=570
4=2

Calibration
Range

0-3000 feet
+ 30 degrees
0-120 psig
0-120 psig
0-160 knots
0-160 psig

50 n 1g"
80 lbs

o
b

26 degrees
10 degrees
120 1bs
10 ll ] ll
3.25 inches
5" 1] "

[+i+I+1+ 1 +

5"'"

g S
15"'"

I+i+

10 |l ] ll

35 degrees
25.5 degrees
15 "g'S"
10-" L ll

25 degrees
20 llglsll

25 llg'sll

10 "gls"

I+ 1 +1+

1+ 141+ 14

25 " t "
25 degrees

I+1+
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Oscillograph #1 (Cont.)

Channel

No.

40.
41.
42,
43.
4.
45,
46.
47.
48.
49.
50.

R/H Fwd Outbd Vertical Spar Attach Load
Horizontal Fwd Spar Longitudinal Acceleration
Longitudinal Trim Actuator Position
Horizontal Fwd Spar Vertical Acceleration

R/H Aft Outbd Vertical Spar Attach Load
Upper Right Fuselage Longitudinal Load FS 140

Correction and Pilot Marker

Oscillograph #2

FORM 351-F REV 7-69

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23,
24.
25,

L/H Hoop Pressure

R/H Ho>p Pressure

Angle of Bank

Longitudinal Acceleration @ C.G.
L/H M.G. Vertical Acceleration @ Axle
L/H Power Lever Position
Vertical Acceleration @ C.G.

R/H Power Lever Position

L/H M.G. Vertical Load

L/H M.G. Side Load

L/H M.G. Oleo Position

L/H M.G. Drag Load

Trunnion Vertical Acceleration
Lateral Acceleration @ Axle
Longitudinal Accleration @ Axle
Sideslip (F.T. Boom)

L/H M.G.
L/H M.G.
L/H M.G.
Angle of

N.G. Hoop Pressure

N.G. Scissors Axial Load
Angle of Pitch

N.G. Oleo Position

Trace I.D.

Trace 1.D.

NR70H=570
4=3

Calibration
Range

50 llgls"
1.6 inches
SO "g'sﬂ

I+1+1+

0-9000 psig
0-9000 psig
*+ 15 degrees
lo "glsll
250 "g'S"
120 degrees
_t 10 llglsll
0-120 degrees
+ 25000 1bs
+ 1000 1bs
0-9.06 inches
+ 50000 1bs

<'3|+|+

25 "glsﬂ
50 “g'S"
250 Hglsﬂ
15 degrees

+1+1+1+

0-25000 psig

+ 15 degrees
0-7.53 inches
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Oscillograph #2 (Cont.)

Channel Parameter Calibration

No. Range

26.

27. N.G. Vertical Load + 20000 1bs

28. N.G. Fwd Link Drag Load + 60000 1bs
- 30000 1bs

29. N.G. Vertical Acceleration @ Axle + 250 "g's"

30. N.G. Longitudinal Acceleration @ Axle + 250 "g's"

31. N.G. Lateral Acceleration @ Axle + 50 "g's"

32, N.G. Oleo Axial Load 0-25000 1bs

33. N.G. Side Load + 8000 1bs

34. R/H M.G. Side Load + 10000 1bs

35. R/H M.G. Vertical Load 0-25000 1bs

36. R/H M.G. Drag Load + 50000 1bs

37. R/H M.G. Oleo Position 0-9.06 inches

38. R/H M.G. Vertical Acceleration @ Axle + 250 "g's"

39. R/H M.G. Trunnion Acceleration + 25 "g's"

40. R/H M.G. Longitudinal Acceleration @ Axle + 250 "g's"

41. L/H Engine Truss Diagonal Axial Strain-

Upper Member =
42. Lateral Acceleration @ C.G. + 3 "g's"
43. L/H Engine Truss Diagonal Axial Strain -
Lower Member =

44. R/H M.G. Lateral Acceleration @ Axle + 50 "g's"

45. Angle of Attack (F.T. Boom) + 50 degrees
- 10 degrees

46. L/H Engine Truss Diagonal Axial Strain -
Inbd Member =
47. L/H Engine Truss Diagonal Axial Strain -
Outbd Member =
48. Angle of Attack (ADD Probe) + 25 degrees
49. LLORI Correlation =
50. Correlation and Pilot Marker =

4.2 Tire Data
Load-deflection characteristics and load-footprint areas for the tires

was provided by the B. F. Goodrich Tire Company. This data is pre-
sented on pages A3-10 thru A3-13,

1351-F REV 7-69 .
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4.3 Airplane Mathematical Model

The minimum degrees of freedom to adequately represent

the airplane response are longitudinal (Xp), vertical (Zp),
pitch (), roll (), and flexible (f’) motions. The
landing gears require stroking (§, ), ‘fore and aft ( 94.),
and lateral bending, ( 94 ) motions In summary form,

the airplane degrees of freedom may be simply written as:

(M + chi)XD zlxo +Dxko + 'Z'Gxo‘- (4-1)
Lr] J
(Mu+ EMe)Eo = Lio+ Deo + F Guo, (4-2)
¢ 3
oo P J
Iyy 6+ Jue 9 = My +‘£ Ge; (4-3)
Iox ¥ - Jxe 96 = 2'69; (4-4)
& em Gy § e mw'y - (4-5)

The gear motions are more complex since the equations
must be written relative to moving coordinates. Using
the sketch on Page 4-10, the moments about the nose gear
fork pivot point may be obtained using the vector
relation:

M= Figg*MRuce + F [ [Fon (Dex Fo)Jam — (4=6)

Assuming the nose gear to be symmetric about its
plane and applying equation (4-6), the fork pivot point
moment reactions are:

Mue = Inx, (POE+ PESE)+ (Irr, ~Tea, )(6+6) 6 SF
+Zp [SPSE Tuo +(SOCPSE -COCE) Tro]-ds Rys  (4-7)
Myl = Ivn (6+8)- (1o, Inn )9 SECE+ M. L, (Tx8, SE+ Fes, CE)
* L [(COSE+S6CPCE) o+ SPCE Tro +(08CHLE-565E) Teo]
“2a(CPTko - J85¢Tvo)- Rus [Xs S(E-0)- 25 C(£-7)]
“Ras[Xs CE-0)+ 25 S(F-T)]- W. Lecq (COCPLE-S65F)  (4-8)

ORM 381-F REV 7-69
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Mzt = - Los (P SE+PECE)- (Dvi- Iua NG+ E)PCE M boy Fra,
A [S05P Tuo # CPTvo - COSYTan)-2a [ SYCE Teo
+ (0958 +38CPCE) Tvo |+ Xs Rvs - We Lu g COSY (4-9)

Similar considerations provide the following force
reactions at the fork pivot point:

Rus <M (-Fis,  CF+ e, SE)-(SCPSE-COCE)Teo + SYSE Tvo
+(J6CE+ COCPSEN Teo - Wo)*Rus CE-T)-Ras S(E-0) (4-10)

Rv -/fh.i'.u‘“'.fe.f‘f Tao - C9 Tvo + COSP(Teo-M.) + Rvs (4=11)
Rew *~Mu(Txn, , 5§ +Ti, o C8)+(COSE+SOCHCE) Teo -SYCE Too
-(COCPCE-3058)( Tao- Wo)+ Rus S (£-T)+ Res C(£-T) (4-12)

The acceleration terms in the above are derived from
the vector relations:

l:?-.a,_“';';rs,,“ Z:*FYBL“ ]:H.';a‘,“k: (4=13)
Raoq = R BT #Togy 2R} (Lo ) o (D00 R)
(0> Rl )+ e (i < )
+ 2% Fo) T @0, 2@ < )
fZ(ﬁ'li.)+(wi~E,,)¢ﬁ~(@:~ﬁ:.) (4-14)

;';a,_“' fae, +1‘“[(5f¢"./J{+(6.*¢;}'€{] (4=15)
[roc, = Fro ~Lece [P SE+(6+2§)P0E] (4-16)
F1s, = 2o+ Lu [(5*.,;)C{-[(G.*f)ﬂL ¢ 5¢f (4=17)
Ixs, * 'f:., -4, [(6.?'-/3') Jﬂ-(é-,d')'c%] (4-18)
Fvs, = s, +1,['?J/5-(€.-2/3./'}€/5] (4-19)
I.”;a,. . /’T;a, +1,{(é°-,'5'}c/5,.[(é-,5')’+¢‘]s,5] (4-20)
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Fn, = Xscg+Xa, + 128,0-X8,6%+ Y, 90+ 25,6 (4-21)

Fra,= ;’;cs*;’;,'Zia,‘;'*h,‘ié-)’a,‘/"-la,;’. (4-22)

l.'.u, . 2;“ +Z"a, +1( );a, ‘;”/.a, é)-X,, g+ Ys, :f.-la, (9"*67 (4=23)

Where: Xg,* Xoa* (Zrca -1.,,/?¢;j E 0T 16ad; 4, (4-24)
Yo Yea O b LecellE9, 6+ £ 0 b ]

“Us,ga Xreadb@ac & * Brony, Uy; (4-25)

s, ‘Z/u*{é@ {I '(x/a"lra}jz"'@:j 6 *5,¢/ud‘- QJ" (4-26)

The terms X8, , Xg, , etc. are the scalar differentiation
of the above relations,

Dynamic and kinematic constraints are acting on the nose
gear. The dynamic constraint is the cleo stroking relation:

MsLs = Res ~6s + Ws (4-27)
With: £, =[/:';,L +(é°¢f)(/_s SF-2s C'f)*(a.*f)z(/l’s Cfe ds S:)ISF
{Fan HO*E) G LE-2s S7)-[(6+5)+ [ 5E- 25 68) J €T (4-28)

The torque arm kinematic constraint is:

=008 (1 [-dcH-SH(4*-a%) "] (4-29)

Where:,l{lﬂ'rjz'"¢;j £ (4-30)
d = Ks Clf-H)os SE- )l Clrens, Q) @rang;~Pronaid @i (4-31)

The torque arm muments and forces are:
Mics = =L, (98- G834)e (fes,~ Lin J6-4)9 Sh oMl CCE YoMl SE44)  (0e32)
Myi = Ivy (é.'/ij*(lu,‘lxx,”; 25}5(;3 “Mho (;'xq J)S ‘iia, 6}4)

LR S(EB)-Res CCEA)]- Wk (3054 +090908) + M7, (4-33)
Mer  Loa,($38+ V4 08)+ (Les-Ln )6 -1V + 11 4,1y Py 44, Rre

“Wolkiog COSP-Myi S(E98)+ Ml C(544) (4-34)
Ru = {1 0B Tinscq Sp)# Re CU5HA)# R 5 (51f)

* W, (cocy 38 - 5604) (4-35)
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Ryt =My 71804 * Rre - Wi COSY (4-36)
Ret = M, (Fxty B~ FaneyCB)- Rus S(E4f3)+ Re CLESA)
*+W, (5854 + 09CYCA) (4-37)
Wnere: Fou, , = Fen, Ly [(69) 8- (6:4) 08 (4-38)
Frrce = Fra, +he [$58-(6-2/4)9 04] (4-39)

o0 oo 0 oo - [ 4 ‘ .‘

Fesico = Fam 4 hiea [6ACA+[64) 9| (4es0)
A summation of moments about the nose gear trunnion
gives the following relation for the drag brace load:

Ro = 10:.{ Irrer8+l. rior §eme (2 6Tes I why,~Asreq ri ;lor/'*{/t -J)Rxs
KlR (1) Res Cpe i tr e F- ﬂchg Wer(SBCO0PST)}  (4-41)

Lo l"‘ Xp[(ma 'la}Jl'f(hm ‘l:,/cﬂf (Xl,“‘lu)/lyu'lm) L
Fiby = Xa,y* Koy +208,6-Xa, 6%+ Y, 95 +24, 8 (4=43)

sy, * Zactiog+l /Y;r ‘/-X:,G} ~Xg, 84 Ya, P-11,(6"% 9" (4=44)

Using these moments and forces the fore and aft bending
equation becomes:

me; ?‘1 O”IJ‘ Cd; q.“ l”](. ak @3&; ﬂu« '”xl[‘l“d.- C(/l‘”'xl¢;ﬂl‘ J{ﬂ*ﬂ'}]
¢ Ret[Braad; S(890)-4, B raag, Cl4H)e ,%'[- (COPrsag,* 5 STBs6rs: NtncaVos)

*(Jf¢m4; Xp (’(f¢;644,-}(11“‘ -Z,,)] (4=45)
Similarly the lateral bending relation is:

M1, g, * May Co, COL; Gt + P00, Gy, = RvsBisag,  [{-2s [565¢Tro +CTro
- 085P(Teo-We)+ R J-2a[ SPSF Tuo + (S0CYSE-080)Traf My, JOCE-0)
*{(4-Xs)[ 3659 Teo + P Tvo -0859 Teo)# ¥s R + 24 [SPCE Tao
#(085F+0CPLE) Tyofe We(ligg-Xs)COSP+ ML [ S(E-T)]B ey,
* R Grsag, + (M C(Ber)- M S8 )| @ r6as, (4-46)
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Assuming that the airplane motions are known, then the
above equatigns result, in three degrees of freedom,
namely &; , Q4; , and ¢y, . The first two are coupled
and must be solved simultaneouslv. Rewriting those
equations that are functions of these degrees of freedom
in functional form and noting the boundary conditions
that My, = Mvs = 0 , then the solution is as shown
in the flow chart on Page 4-11 .

The remaining degree of freedom ( &}i ) may be obtained

by considering the boundary condition that the torque about
the oleo centerline created by the forces and moments on
the fork must be reacted by the torque link. The moment
about the oleo centerline due to the moments and forces
acting on the fork may be written as:

Mg, =(2: (985 Tuo + CP Tro - COSP(Ten~Ke)+ Rve ]+ £a [(56¢ £ 5E - C8CF) Tro
+ 5958 Teof- M f S(E-0)+{(Le- X 859 Tro +C¥ Tro -CESPTaa)# s R
Moy ) OOSP+20 [(005 £+ SOCHLE)Tr0+ JYCE o)t Me JOE-T)  (1mu)

The reacting moment due to the torque link is:

Ms ¢, =4, R, + Mx, S(B+T)+ Mus O(8+7) (4-48)

Setting these two relations equal to each other and
writing those equations which are a function of {y;
in functional form, then the solution is shown in the
flow chart on Page 4-11 .
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NOSE GEAR EQUATION FLOW CHART

| Rxs *F(Rus,Rus, £ du;) Rue = F(E, Gai)
Rar = f(Rxs,Ras, £, ;;) } Rac» F(E §u:i)
! 1 R
My =f{Rxs, Race, f, ?d.') Rxi = f(Rxe, Rae, ;:. é.di)
K} Ret = F(Ree, R, &, Qi)
My, = f(Rxs, Res, E, §u; )= 0 i ]
Me,, = f{Rxs,Ras, E, Ja;) =0 Rui = F(E, §ai)
K] Ru = FIE, Gui) }
. -.—p;:-f(é",ﬁd.) Lr’ —
o {Res = H1E. 80 [—— { | Fes < (65§, o)
_________ —— 1
7 Ry = f(Rrs,Rxi,Ru1) A,}"+B,'q'4,--0, (6s)
r——- Ry =f(Rvs, §4;) : J.. = |
Ro = { ‘- e oo
r ‘ | P (51 QJ ) ‘ g" qd‘.
Ryi =f(Rve, 54;) : — = .f
' ' > Jdi = F(Res,Rx1, Ret, Rp) o A2E+B2Gdi = D:
! Ryi = f(Rys, 71‘) | L N e s

T M. = f(/?rs)” — | Mac © f(ili}
o MiL= f(Rys,dqi) |—ud Mic = F(§y)

{ I ] 1 9 1 r

Mx = f(MX,L . Mu:)
> Me) = fF(Rye, Ml:.,Ml'L' Gei)

1 1 ' 9

Mx; = F{RysS, ?1()
Me = F(Rvs, §ai)

‘ f(RYL,M’:,M!;_) = f(Rvi,Mxi, Ma)) }— Rvs = f(é'.-.')

1
M= F(dei) [ = 1 {
M::I . {;g’::j 3 Qi = F(RYs, Rve, My y My, Rri,Mxs, M) _—’
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The main gear has some major differences compared to
the nose gear. Among these are that the main gear
cannot be considered symmetric about its XZ plane, and
the oleo capsule is pin jointed at both ends such that
it does not transmit any bending loads. Also the drag
brace is mounted such that drag loads are reacted in
tension instead of compression. Using the sketch on
Page 4-15and employing the vector relations used on

the nose gear, the main gear equations are:

M = Lan, (-FCE+ PESE) (Lrv, - Tea N6+ E) P SE~Lex, (645 - #7255 0F)
tLag [FSE(6428)PCE] Ive, [($55) (6+8)]- MY g (Fra, SE+F2s, C)
- Ya - (085§ +S60YCE) Teo + SYLE Tro +(000YCE- 585 E N Tao- W.)]
+2a[(S6CPSE-COCE ) TyotSYSE Tuo)-Rus[Vi(UesSE+AesCf)-2sPes]  (4-49)
Me= Iy (64 8)- (Tog~ Ten ) P SE CE + Lo (F O+ 98.5E) ¢ Lur, 91(0% - 5°)
+ 14, (9 SF- 9OCE)+MeKic (Fa, SE +Ten, CE)+ a [-(CSE+50EPCE) Tuo
+SPCE Tyo +(C8CPCE-S8SEN Tao - We) +2a (5859 Tvo - 0¥ Txo)
-Ras[- Xs (Mas SE+ Das CF)+Es (Ues O - Nes SE)] (4-50)
Mel=-leg, (PSE+PECE)-(Iyn - Len ) (6+E)POF + Len [(6+ )~ ()]
“Ara, [ F0F 4 9(6+28)SE]- Iy, (§¢¥- P SECE)+ M [Ner, Fra,
Vo (T, C8-Tia, SE)]-Xa[3659 Txo ¢ CF o - (59 (Teo-Wo)]
*Ya[l56CO5E-0808) Txo - SPIE Tvo - (58CE+ 0P SENTao -H.)]
-2 [(0958 + 5869 CT)Tro + SPLE Tao]-Rus [1s Pes~Yo(lles CF-AesSE)| (4-51)
Rew =M (-fxs, 0§ #7268, SE)* (0CE-J8CPSE)Tuo +3Y5F Tro
#5008 +COCPSE)Teo - We)-Ras (Mles €F - Aes S§) (4-52)
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Ryu =My Fra, g~ J859TeoC¥Tvo+C85Y(Teo- We) - Res Pes (4-53)
Rav=-M.( /.'f:a‘“ 74 */‘fw,, o CE)+(085E+ 580908 o -JYCE Tro
(305 -COCPCE) Teo- W) -Res (Les SE+Aes C8) (4=54)

Where the acceleration terms may be represented by the same
relations as for the nose gear except that all reference

to the torque arm needs to be deleted. The dynamic con-
straint of the oleo capsule is:

Msis = Res - Gs + Ws (4-55)
Withs & «[Fip, ¢ (Be £ SE-45CF)e(6+4) (s OFe2s S ) s

o[Fra - B (1 SF-2s08)- V62NN Cf ks SE)] s

o{Tia (e ENsCF o3 SE)- [(646) O (15 SE- 25 CEf Aes (4-56)

A summation of moments about the main gear post trunnion
gives the following relation for the drag brace load:

Rp‘lﬂx‘{l YYer .9.‘11)’.7 ‘?*Ix!“ ‘i"IYior ‘;é “Mey (£or,, i-;‘"or Nore Fl‘or}
“Xera (Rxe SE-ReeCE)-Limn (Re CE+ R4 SE)-Gs(-Nspu Jgs ff:u//b')

+ Wer (Xoree COCP + 2a7.6 S6)f ¢ (4-57)

Where: g, = £ 4-58
re: Mo ‘(/l,” 'Xcr”ll”,.'lln)*(fl”,"lar/(XIlM ~Nog) ( )

I'xsg, and h." are as the nose gear equations,

The fore and aft bending and side bending equations are:
Md; §d; + Md; Cd; LOd; Gat; *Me, Wet,* U = [l CF - A,y SE)Ruct - B, R

# (Weipg S5 Arp CEIRReBi0n; = [([rn CF- g SEIM * (U, g S

v CEIMeLirag, #Gs [, o fes *Peyy Pes * Meopi Pl Birng,

Yo (e g fas +De g Yes* At Fes Binas, [¢ G {lMsira Uy 2oy

# Paine (Visps T88)* Aron (20300208 )[- X0 [, 04 (X 45y~ Xo3)

Prina (Y0 Yoy )+ At gy (284ps~28a)] @irad; } (4-59)
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Ma; Gy, #My; Co;0t; §i, * Mt Q08 Gy, *[(U00 CF - Avepa SE) Rt Py g R
(M p S5 i CEIRe B g, #[ (Ut g CF Dt STIMed # (1,0 ST
*Aa,pq OF )M:Z]dm,‘, +Gs (U 0 fhes # Py, 4 Pes* 27, 3¢S)¢m,‘.
Yoty les iy P * At Bes)srat, o [ Wt )

+ A7, (284, ‘ll,}/¢m,‘ -n[ Meipa (Xsyps™80)* P, ( Y
*Atum (ll,,.-h,)]¢ ;m‘- ] (4-60)

In all of the main gear equations, the following apply:

Mas = XB3pa - K8sia t Xs CF+2s 5§

la-$ (4-61)
o _Yospq - Y8510~ Vs
Pis tc-S (4=62)
- -X; z
Sas = 28504 28504~ Xs SE+2sCE (4-63)

Le-$§

The main gear equations result ip a system of three
equations in the three unknowns § , 94;y 91; and may be

solved as indicated by the flow chart on Page4-17,
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MAIN GEAR KINEMATIC DIAGRAM
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MAIN GEAR EQUATION FLOW CHART
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4,4 Nomenclature

Symbols:

Xo, £p
6,y

PN

& m
)
A
e

Jpa

IxNor
8 8xSx &b g
I x

Qe O3

RXxn~

) oS

-

N, M

Subscripts:

X'Y,z
D; &y 1y 5P,
4,7,0

E
GG
ek
{
LGA, 1GA, PG,
764
8
REF
SPA, L PA, BPA
SLA

N

= Angular motion of

North American Aviation/Columbus
North American Rockwell

NR70H-570
4-18

Longitudinal and vertical motion of the airplane C.G.,
respectively

Pitch and roll motion about the airplane C.G.,
respectively :
fork and torque arm, respectively
Flexible motion of the airplane and landing gear in
the fore and aft and lateral directions, respectively
Stroking motion of the oleo capsule

= Position, angular velocity, and acceleration vectors,

respectively

Aerodynamic 1ift, drag, and pitching moment, respectively
Landing gear oleo and generalized force, respectively
Tire force

Reaction forces and moments, respectively

Moments and products of inertia, respeztively

Mass and weight, respectively

Structural damping coefficient and vibration frequency,
respectively

Mode shape and slope of mode slope, respectively
Inclination of oleo strut with respect to a fuselage
station

Length along a particular landing gear component

= Particular coordinate dimensions

Direction cosines

Particular coordinate direction

Parameter with respect to deck, fork, torque arm, lower
oleo, drag brace, axle, strut trunnion, and upper oleo,
respectively

Extended

Center of gravity

Airplane symmetric and anti-symmetric modes of vibration,
respectively

Nose, right, or left main gear

Fork, torque arm, drag brace, and strut trunnion to
gear attach point

Parameter with respect to the body axis system
Reference plane for airplane flexibility

Oleo, lever, and brace to post attach point

Oleo to lever attach point

The use of J8, (6, etc. is meant to imply the normal trigometric functions

sine and cosine of the respective angle.

Also, the use of a single dot

above a symbol is meant to imply differentiation with respect to time.
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5.0 CONCLUSIONS AND RECOMMENDATIONS

5s11

a2

Conclusions

l.

Penetrometer penetration rate as well as probe shape must
be considered when converting penetrometer data to soil
static pressure. A penetration rate as low as 0.6 inches
per second can significantly alter the soil static pressure.

Soil dynamic strength is a function of the vertical as well
as horizontal motion of the tire. For example, the OV-10A
effective impact velocity is estimated to be three times
the value of the maximum sink speed.

Due to soil dynamic strength, the OV-10A was able to taxi
over and land successfully at sink speeds as great as

16 feet per second and with soil penetrometer readings

as low as 40 (see Appendix Al). This static strength level
is a factor of three softer than it was originally expected
that the OV-10A would be able to operate satisfactorily.

Observations of the soil data indicated a large variation
of soil strength characteristics. Thus, to adequately des-
cribe the soil static and dynamic strength, penetrometer
and drop test readings should be taken at intervals mno
greater than the footprint length apart.

The ‘nertia drag coefficient must be obtained experimentally.
The soil-tire and landing gear-aircraft interactions result

in a system of twenty non-linear coupled second order
differential equations.

Recommendations

l.

Perform additional cylinder drop test data at impact velocities
up to 60 feet per second to obtain a sufficient range of soil
dynamic strength values.

Perform additional soil tests to evaluate the soil inertia
drag coefficient.

Mechanize the soil-tire and landing gear-aircraft interaction
equations on a hybrid (analog-digital) computer so that
correlation between experimental and analytical aircraft res-
ponse values may be attempted.

Perform additional study to provide data and criteria for
tire selection relative to flotation based upon the dynamic
influences from soft soil-tire interactions as developed in
Section 3.0.
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List of Symbols

R = Rigid cylinder radius

b = Rigid cyiinder length

Z = Sinkage depth

Rv = Total static force acting on the cylinder

tp = Plate thickness

n = Number of plates of thickness tp

I'm = Plate thickness parameter (0 < rm< 1)

{ = Plate number

X; = Length of plate

Z; = Depth of plate (

A; = Effective area of plate ¢

F%(gﬂ = Static soll pressure at depth 4

Rv& = Static force acting on plate ¢

Ky = Soil stiffness coefficient as a function

of sinkage depth
Cl6,4,35) = Soil dynamic damping coefficient as a function

of sinkage depth, penetration velocity, and the
cylinder-soil impact velocity
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DISCUSSION

The experimental data used in the soil study was obtained
from six general test locations, The map of the Blackstone
Army Air Base on Page Al-9 and the sketch of the landing
site area at the apex of runways 21 and 26 presented on
Page Al-10, may be used to locate the test sites. Test lo-
cation number 1 was on the centerline of Site II at fiecld
station 80. Test locations number 2 and 3 were on Site II
at field station 80, twenty-five feet to the right and left,
respectively, of the centerline. Test locations 4, 5, and
6 were in the touchdown areas of the left main gear, right
main gear, and nose gear, respectively, of the OV-10A landing
number 226, The OV-10A landing points are defined on the
touchdown points and terrain contour log presented on Page
A-11,

Two types of experimental tests were conducted at the test
locations, One test was used to indicate the static strength
properties of the soil. The second test provided data that
represented the dynamic characteristics of the soil. Data

from both tests was utilized to determine the dynamic strength
of the soil.

An airfield penetrometer (No. 6635-639-8973) provided by the

U. S. Army Aviation Material Laboratories of Fort Eustis,
Virginia was used to obtain data that was required to determine
the soil static strength. The penetrometer, depicted on Page Al-15,
indicates the pressure required to penetrate a cone-shaped probe
into the soil, The depth of cone penetration (measured from the
cone apex) and corresponding penetration pressure were recorded.
Penetrometer data of test location number 1 was not obtained.

A special cylinder drop test apparatus, depicted on Page Al-16,
was used to obtain data that represented the dynamic
characteristics of soil. Instrumentation on the drop test
apparatus measured the displacement, velocity, and acceleratiun
of a rigid steel cylinder that could be set up to free fall or
be accelerated onto the soil, Four 1/4 inch bungees attached
to the cylinder carriage and one of six positions (holes) on
the frame provided the accelerated drop tests.

The free fall drop test resulted in a soil impact velocity of
11.8 feet per second. The six accelerated drop tests with the
bungees attached to hole position 1, 2, 3, 4, 5 or 6 resulted
in respective soil-cylinder impact velocities of 11.1, 12.6,
14.2, 15.5, 16,7, and 17.5 feet per second. As a result of an
improper bungee length, all cylinder drop test data obtained
with the bungee attached at hole 1 was disregarded.

'AM 381-F REV 7-69
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The data from each of the six test locations was obtained
in a consistent manner. At the initial position of each
general test location a penetrometer test and a free fall
cylinder drop test (designated Hole 0) were conducted. A
second penetrometer test and cylinder drop test with the
bungee connected at hole ! were performed at a position of
six inches down field of the initial position. The testing
process continued in the scme manner at six inch intervals
for each of the five remain.ng accelerated drop tests. The
resulting raw penetrometer data is presented in tabular form
on Pages Al-19 and Al-20. The pertinent cylinder drop test
displacement, velocity, and acceleration data is presented
on Pages Al-23 through Al-45,

The raw soil penetrometer data obtained from al! the cylinder
drop test sites was plotted as penetrometer pressure versus
penetration depth, Nine different curves were apparent and
arbitrarily identified a Terrain Hardness Curves A through I.
Six of these curves all differ in ultimate hardness and shape
and, thus, formed the basis for soil type differentiation,
These six plots of penetrometer data are presented on Pages
Al-49 through Al-54., The data for curves E, F, and H was
scattered and insufficient to uniquely define a curve.

Page Al-57 presents the shifted penetrometer data curves as
discussed in paragraph 3.3.2.1. Page Al-6l1 presents the final
static soil pressure curves, These curves are a direct in-
dication of the static load supporting ability of the soil.
Corresponding values of static soil pressure and penetrometer
reading may be determined for any specific soil element by
correlating the selected penetrometer data, presented on
Pages Al-49 through Al-54, with the static soil pressure
curves, presented on Page Al-61. Consider, for example, the
static load supporting ability of the soil surface of Terrain
Hardness A which is representative of the softest soil on
which the 0V-10 operated. The average penetrometer reading
over the first inch of penetration was approximately 40. The
corresponding average static soil pressure value is approxi-
mately 20 psi., Thus, a surface penetrometer value of 40 is
representative of a soil that can support a maximum static
load of 20 pounds per square inch with some soil deformation
but without vertical shearing.

The load supporting ability of the soil measured in CBR units
is not available for the various Terrain Hardnesses, Soil
tests to determine CBR values were not conducted and a general
method of transformation between penetrometer values and CBR
units does not exist.
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The method for determining the static force acting on the
rigid cylinder is developed on Pages Al-63 through Al-67.
Application of this method along with the static soil
pressure curves and cylinder drop test data ae combined as
discussed in paragraph 3.3.3 to determine the soil damping
coefficients presented on Pages Al-71 through Al-80. Plots
of the soil damping coefficients as a function of time and
vertical velocity are given on Pages Al-83 through Al-88
and Pages Al-91 through Al-96, respectively,

In addition to the penetrometer data associated with the
cylinder impact tests, penetrometer measurements were made

at each of the OV-10A landing impact areas. This data will
be required for correlation purposes between predicted and
experimental load values. The data is presented on Pages
Al-99 through Al-118, Specifically, the plots on Pages Al-99
and Al-100 show the effects of water added to the surface of
Site II to make it softer. The tables and curves presented
on Pages Al-10l1 through Al-106 present a general view of the
soil hardness for Site II on the day of the tail down landings.
Note that the symbol I used in the tables is meant to imply a
reading beyond the range of the penetrometer. A value above
300 indicates essentially a rigid surface. The remaining
penetrometer data presented on Pages Al-109 through Al-118
was taken after each landing at the impact points for all
three landing gears. There are three readings given for

each landing gear. The sketch under § (i.e., \J ) is meant
to depict the shape of the terrain lateral profile and the
given dimensions apply to this sketch only, The left and
right values are measured in undisturbed soil to the left and
right of the tire track, while the ¢ value is measured in
the compacted soil on the centerline of the tire track.

Terrain longitudinal profiles of Site II are given on Pages
Al-121 through Al-125. As indicated by the graph symbol
(e.g., GRAPH VII, etc.) only thirteen profiles were measured.
The location of these are given by the log on Page Al-ll,.

It was felt that these 13 profiles were adequate to describe
the contour of Site II,
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CYLINDER DROP TEST APPARATUS
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1 48 \ "
2 56 I (O o
3 68 In W
4 80 I LY
5 100 I R\
6 128 | N,
: HOLE #1—4
I ——
OSCILLOGRAPH - _: MOL £2——nig ]
| HOLE #3—]/ :
| HOLE #4— | )
CARRI o o —33
AMPL | o
30 V HOLE #5—]I |
pc |—f-! [t —
p.s. | | HOLE #6 =
I |
I' ]
| 4 | 1r I 1]
VELOCITY COIL [ i —
l I
: ] - L .Q.!
=
i * \./ ;
N
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’ ' North American Aviation/Columbus NR70H~570
North American Rockwell Al-17
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’ ' North American Aviation/Columbus NR70H-570
North American Rockwell Al-19
PENETROMETER READINGS

TEST NO. 1 (MAY 8)
NO PENETROMETER DATA EXISTS

TEST NO. 2 (MAY 10)
(Iggsgg) BUNGEE ATTACHED A" HOLE NUMBER

‘ 0 1 2 3 4 5 6
1 40 40 40 40 70 40 70
2 40 40 40 40 75 40 75
3 60 60 60 60 75 60 75
4 70 70 70 70 100 | 70 100
5 100 100 100 100 180 100 180
6 200 200 200 200 300 200 300
7 300 300 300 300 300

TEST NO. 3 (MAY 10)
15 05 BUNGEE ATTACHED AT HOLE NUMBER
(INCHES)
0 1 2 3 4 S 6
1 80 40 70 80 80 40 100
2 100 40 75 100 100 40 220
3 120 60 75 120 120 60 300
4 300 70 100 300 300 70
5 100 180 100
6 200 300 200
7 300 300

PRECEDING PAGE BLANK
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North American Aviation/Columbus
‘l North Americen Rockwell 2‘;722- 570

PENETROMETER READINGS
MAY 11
SITE NO. 2
LANDING NO. 226

LEFT MAIN GEAR - TEST NO. 4
DEPTH BUNGEE ATTACHED AT HOLE NUMBER
(INCHES) 0 1 2 3 4 5 6
1 275 270 220 175 190 185 195
2 280 260 255 165 210 205 230
3 240 240 245 175 205 210 230
4 205 185 220 205 225 180 180
5 265 220 205 215 300 160 145
6 300 265 230 230 230 190
7 300 280 300 300 300

NOSE GEAR - TEST NO. 6

DEPTH BUNGEE ATTACHED AT HOLE NUMBER
(INCHES) 0 1 2 3 4 5 6

1 200 130 135 155 165 165 150
2 165 120 130 155 145 160 160
3 230 105 135 160 150 140 140
4 300 85 160 160 155 150 150
5 185 300 155 220 220 300
6 300 300 300 300

RIGHT MAIN GEAR - TEST NO. 5
DEPTH BUNGEE_ATTACHED AT HOLE NUMBER
(INCHES) 0 1 2 3 4 5 6
1 100 120 120 120 125 80 110
2 105 120 125 115 115 85 130
3 110 140 130 110 145 75 170
4 140 190 200 300 300 65 300
5 300 300 300 180
6 300

FORM 381-F REV 7-89



’ ' North American Aviation/Columbus | NR70H-570
North American Rockwell Al-21
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North American Aviation/Columbus )
‘l North American Rockwell 2111.7-(2)}3! 570

CYLINDER DROP TEST DATA
TEST NO. 2, BUNGEE HOLE O
TERRAIN HARDNESS A

Time = T Units (1 T Unit = 00571 Sec)
2 3 4 5 6 7 8 9 10 11

NERDV4
/

[=]
o
[

Pyt
o

N
o

w
o

(1 A Unit = 1,395 g's)

&
o

Acceleration - A Units

]
—
o

(=]

b
o

(V)
o

F g
(=]

(1 V Unit = 3,924 in/sec)
N
o

Velocity - V Units

wv
(=]

0 Soil Surface

]

N
(=}

W
o

w
o

Displacement - D Units
(1 D Unit = ,038 1in)
£
o

(=)
(=]

PRECECIS PAGE BLANK
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North American Aviation /Columbus )
’l North American Rockwell l:l;zgl‘: 570

CYLINDER DROP TEST DATA
TEST NO. 2, BUNGEE HOLE 2
TERRAIN HARDNESS A

Time - T Units (1 T Unit = ,00571 Sec)
00 1 2 3 4 5 6 7 8 9 10 11

0 P\ X1
20 J/

30

Acceleration - A Units
(1 A Unit = 1,395 g's)

10

20

30

40

(1 V Unit = 3,924 in/sec)
N

Velocity - V Units

50

0 Soil Surface
10 ﬁ\

20

30

o

s e e

60

Displacement - D Units
(1 D Unit = ,038 in)
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North American Aviation/Columbus NR70H-570
North American Rockwell Al-25

o\

CYLINDER DROP TEST DATA
TEST NO. 2, BUNGEE HOLE 3
TERRAIN HARDNESS A

Time = T Units (1 T Unit = ,00571 Sec)
0K1234/_}67891u

/

(=]

7

Acceleration = A Units
(LA Unit = 1,395 g's)
(=]
o

w
1=

]
-
o

o

P
o

w
o

N

(1 V Unit = 3,924 1in/sec)
N
o
N

Velocity - V Units

(¥,
o

0 Soil Surface

7

1

w
o

P
)
]

w
o
4

(1 D U'nit = ,038 in)

Displacement - D Units

\
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North American Aviation/Columbus S
North American Rockwell ifllu (2): 570

o\

CYLINDER DROP TEST DATA
TEST NO. 2, BUNGEE HOLE 5
TERRAIN HARDNESS A

Time = T Units (1 T Unit = ,00571 Sec)

2 jL__ﬁ- 5 6 7 8 9 10 11
N A
SN [ I/
ol INLA

L=]
L=
et

Acceleration - A Units
(1 A Unit = 1,395 g's)

10
0 //f("> Tt
10

3(

40

50

(1 V Unit = 3,924 in/sec)

Velocity - V Units

60

0 Soil Surface

o\
0] \

30 \

40

50

60 I ]

Displacement - D Units
(1 D Unit = .,038 in)
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N
o

Acceleration - A Units
(1 A Unit = 1,395 g's)
—t
o

w
o

]
—t
o

o

[y
o

w
o

£
o

Velocity - V Units
(1 V Unit = 3,924 in/sec)
(¥, } N

(o) o o

p—
o

~N
o

w
o

Displacement - D Units
(1 D Unit = ,038 in)
w &
o o

(=]
o
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North American Aviation/Columbus
North American Rockwell

\

CYLINDER DROP TEST DATA
TEST NO. 3, BUNGEE HOLE 2
TERRAIN HARDNESS B

Time - T Units (1 T Unit = ,00571 Sec)
2 3 4 5 6 7 8 9 10

NR70H-570
Al-27

11

4l

NB

§gil §urfacg

>

N




Acceleration - A Units
(1 A Unit = 1,395 g's)

(1 V Unit = 3,924 in/sec)

Velocity = V Units

Displacement - D Units
(1 D Unit = ,038 in)

FORM 351-F REV 7-69

North American Rockwell

‘l North American Avistion/Columbus

1

CYLINDER DROP TEST DATA
TEST NO, 2, BUNGEE HOLE 4
TERRAIN HARDNESS B

Time = T Units (1 T Unit = ,00571 Sec)
2 3 4 5 6 7 8 9 10

NR70H-570
Al-28

11

o]\

20

30

/

]
—
o

o

[y
o

[
o

w
o

£
o

w
o

Soil Surface

p—
o

7

w
o

£~
o

wi
o

(o)
o




i
(=] (=)

N
o

W
o

Acceleration - A Units
(1 A Unit = 1,395 g's)
IS
o

]
[
o

o

10

20

30

40

50

(1 V Unit = 3,924 in/sec)

Velocity - V Units

60

10

20

30

40

50

Displacement - D Units
(1 D Unit = ,038 1in)

60

FORM 381-F REV 7-69
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North American Aviation/Columbus
North American Rockwell

O\

CYLINDER DROP TEST DATA
TEST NO. 2, BUNGEE HOLD 6
TERRAIN HARDNESS B

Time - T Units (1 T Unit = ,00571 Sec)
1 2 3 4 5 6 7 8 9 10

11

Soil Surface

NR70H-570
Al-29



‘ North American Avistion/Columbus NR70H-570
North American Rockwell Al-30

CYLINDER DROP TEST DATA
TEST NO. 6, BUNGEE HOLE 2
TERRAIN HARDNESS C

Time - T Units (1 T Unit = ,00571 Sec)
2 3 4 5 6 7 8 9 10 11

o
(=]
p—t

i,

%

N
o

Acceleration - A Units
(1 A Unit = 1,395 g's)
[
o

w
o

-10
E 0
2 //
£ 10
-]
SN ]
& 20 /
- e
- /
[}

'u30 /
2/
0

e
vy
Q
> 50
0 Soil Surface
g 1\
Pw]
EE 10
Do
R
&
TN
[T b
[T =1
52 40
[« W a]
wm
wd -t
as 50
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[ ]
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Acceleration - A Units
(1 A Unit = 1,395 g's)

w
(=]

]
W N - -
o o o o o

&
(=]

Velocity - V Units
(1 V Unit = 3,924 in/sec)

un
o

w N —
(=] (=] o (=]

F =g
o

Displacement - D Units
(1 D Unit = ,038 in)

w
o

FOAM 331-F REV 7-69

o

North American Aviation/Columbus
North American Rockwell

-

L\

CYLINDER DROP TEST DATA
TEST NO. 6, BUNGEE HOLE 3
TERRAIN HARDNESS C
Time - T Unite (1 T Unit = ,00571 Sec)

2 3 4 5 6 7 8 9 10

e

NR70H-570
Al-31

11

\_|/

NV

Soil Surface

T
/1/




o
o

North American Aviation/Columbus
North American Rockwell

o\

CYLINDER DROP TEST DATA
TEST NO. 6, BUNGEE HOLE &
TERRAIN HARLNESS C
Time - T Units (1 T Unit = ,00571 Sec)

1 2 3 4 5 6 7 8 9

10 11

o]\

20

30

Acceleration - A Units
(1 A Unit = 1,395 g's)

40

10

20

30

40

(1 V Unit = 3,924 in/sec)

Velocity - V Units

50

Soil Surface

o\

20

30

40

Displacement - D Units
(1 D Unit = ,038 in)

50

/
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i
>y m o Bt

10

20

30

(1 A Unit = 1,395 g's)

Acceleration - A Units

40

]
o o (=]

g
o

H
o

W
o

Velocity - V Units

(1 V Unit = 3,924 in/sec).
()]
o

(=)
o

p—t
o

& W N
o o o

wv
o

Displacement - D Units
(1 D Unit = ,038 1in)

[+
o

FORAM 381-F REV 7-69

‘ . North American Aviation/Columbus
North American Rockwell

CYLINDER DROP TEST DATA
TEST NO. 6, BUNGEE HOLE 5
TERRAIN HARDNESS C

Time - T Units (1 T Unit = 00571 Sec)

0 1 2 3

4 5 6

7

8

9

10

NR70H-570
Al-33

11

/

N,

Soil Surface




x

N
o

Acceleration - A Units
(1 A Unit = 1,395 g's)
Pt
o

w
o

]
—
o o

[
o

w
o

o
o

Velocity - V Units

(1 V Unit = 3,924 in/sec)
N
o

v
=

-
o

.038 in)

N
o

Displacement - D Units
(1 D Unit -

& W

o o

v
o

FORM 351.F REV 769
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’ ' North American Aviation/Columbus
North American Rockwell

CYLINDER DROP TEST DATA
TEST NO. 5, BUNGEE HOLE O
TERRAIN HARDNESS D

Time « T Units (1 T Unit = ,00571 Sec)
2 3 4 S 6 7 8 9 10

pt

11

N

Soil Surface

NR70H-570
Al-34



E I s oy o =

‘ ' North American Aviation/Columbus NR70H-570
North American Rockwell Al-35

CYLINDER DROP TEST DATA
TEST NO. 5, BUNGEE HOLE 2
TERRAIN HARDNESS D

Time = T Units (1 T Unit = ,00571 Sec)
2 3 4 5 6 7 8 9 10 11

[=]
=]
—

(1 A Unit = 1,395 g's)
L] [
(=] =]

Acceleration - A Units
Lad
=

]
—
o

AN

10

20

30

40

(1 V Unit = 3,924 in/sec)

Velocity - V Units

50

0 Soil Surface

o [\
o )

30

Displacement - D Units
(1 D Unit = ,038 in)

50

‘ORM 351-F REV 7-69



(1 A Unit = 1,395 g's)

Acceleration - A Units

(1 V Unit = 3,924 in/sec)

Velocity - V Units

Displacement = D Units
(1 D Unit = ,038 in)

FORM 351.F REV 7 69
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’ ' North American Aviation/Columbus
North American Rockwell

o
—

CYLINDER DROP TEST DATA
TEST NO. 5, BUNGEE HOLE 3
TERRAIN HARDNESS D

Time « T Units (1 T Unit = ,00571 Sec)
2 3 & 5 6 7 8 9 10

NR70H-570
Al-36

11

/7

/

Soil Surface




North Americen Aviation/Columbus e
‘l‘ North American Rockwell T{‘Zg;{ 570

CYLINDER DROP TEST DATA
TEST NO. 5, BUNGEE HOLE &
TERRAIN HARDNESS D

Time = T Units (1 T Unit = ,00571 Sec)
1 2 3 4 5 6 7 8 9 10 11

o

o [\
WA\
30 \\ /

40

Acceleration - A Units
(1 A Unit = 1.395 g's)

10

20

ol

50

(1 V Unit = 3,924 in/sec)

Velocity - V Units

0 Soil Surface

I

30

" //

50

Displacement - D Units
(1 D Unit = .038 in)

60

*ORM 351-F REV 7-69



Acceleration - A Units
(1 A Unit = 1,395 g's)

(1 V Unit = 3,924 in/sec)

Velocity - V Units

Displacement - D Units
(1 D Unit = ,038 in)

FORM 351-F REV 7-69

o

10

20

30

40

10

10

20

30

40

50

60

10

20

30

40

50

60

(=]
-

NR70H-570
Al-38

’ ' North American Aviation/Columbus
North American Rockwell

CYLINDER DROP TEST DATA
TEST NO. 5, BUNGEE HOLE 5
TERRAIN HARDNESS D

Time - T Units (1 T Unit = ,00571 Sec)

2 3 4 5 6 7 8 9 10 11

l

Soil Surface




North American Aviation/Columbus :
’l‘ North American Rockwell Tﬁgg 570

CYLINDER DROP TEST DATA
TEST NO. 4, BUNGEE HOLE 2
TERRAIN HARDNESS G

Time - T Units (1 T Unit = ,00571 Sec)

5%
g'wOK 2 6 7 8 9 10 11
[Ta}
< O
, 10 /
5%, \| |/
-4'20
e \
§ 5 A\
- 30
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O wd
<~ 40
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o 10
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= /
P e 20
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s 30
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o> 40
e
50
0 Soil Surface
7 \
&
TE 10
- e
78 20
1 O
§"3o /
&)
9 F \._/
== 40
[- =]
]
ol =l
A 50
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Acceleration - A Units
(1 A Unit = 1,395 g's)

(1 Vv Unit = 3,924 in/sec)

Veloeity = V Units

Displacement -~ D Units
(1 D Unit = ,038 in)
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North American Aviation/Columbus )
’l‘ North American Rockwell - NR70H-570

Al-40

CYLINDER DROP TEST DATA
TEST NO. 4, BUNGEE HOLE 3
TERRAIN HARDNESS G

Time = T Units (1 T Unit = ,00571 Sec)

2

3 4 5 6 7 8 9 10 11

1

[

Soil Surface

]




Acceleration - A Units
(1 A Unit = 1,395 g's)

(1 V Unit = 3,924 1in/sec)

Velocity - V Units

Displacement - D Units
(1 D Unit = .038 in)

FORM 351-F REV 7-69
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‘ ' North American Aviation/Columbus
North American Rockwell

CYLINDER DROP TEST DATA
TEST NO. 4, BUNGEE HOLE &4
TERRAIN HARDNESS G

Time - T Units (1 T Unit = ,00571 Sec)

1 2 3 4 5 6 7 8 9 10

NR70H-570
Al-41

11

/

Soil Surface




North American Aviation/Columbus :
’l‘ North American Rockwell Tl(z 21; 570

CYLINDER DROP TEST DATA
TEST NO. 4, BUNGEE HOLE 5
TERRAIN HARDNESS G

Time - T Units (1 T Unit = ,00571 Sec)

g0 _ 1 2 3 4 5 6 7 8 9 10 11

10 I/
20 \\ ,/
o N/

40

Acceleration - A Units
(1 A Unit = 1,395 g's)

-10

k
\

—
o

X
o
\\

w
o

>
(=)
—

v
o

(1 V Unit = 3.924 in/sec)

Velocity - V Units

o
o

0 Soil Surface

o |\
A
o |\

t = .,038 in)

Displacement - D Units

(1 D:n.’.
L~

N
\
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‘ ' North American Aviation/Columbus
North American Rockwell

CYLINDER DROP TEST DATA
TEST NO. 3, BUNGEE HOLE O
TERRAIN HARDNESS I

NR70H-570
Al-43

Time - T Units (1 T Unit = ,00571 Sec)

1 2 3 4 5 6 7 8

=]
o

9 10 11

m\
\

20 \l

30 ‘\\~‘J,

(LA Unit = 1,395 g's)

Acceleration - A Units

40

10

ol |/

30

40

(1 V Unit = 3,924 in/sec)

Velocity - V Units

50

0 Soill Surface

N\ |
10

20

30

Displacement - D Units
(1 D Unit = ,038 in)

50
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Acceleration - A Units
(1 A Unit = 1,395 g's)

(1 V Unit = 3,924 {in/sec)

Velocity - V Units

Displacement - D Units
(1 D Unit = ,038 in)

FORM 351.F REV 7.69
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‘ ' North American Aviation/Columbus
North American Rockwell

CYLINDER DROP TEST DATA
TEST NO, 3, BUNGEE HOLE 3
TERRAIN HARDNESS I

Time - T Units (1 T Unit = ,00571 Sec)

NR70H-570
Al-44

11

10

‘\\ 1 2 3.4 5 6 7 8 9 10

20

/

30

10

20

30
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50

Soil Surface
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(=1

—
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L=

Acceleration - A Units
(1L A Unit = 1,395 g's)
3
=

-
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]
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30
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50

(1 V Unit = 3,924 in/sec)

Velocity - V Units

60

10

20

30
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50

Displacement - D Units
(1 D Unit = ,038 1in)

60

FORM 351.F REV 7-69

’ ' North American Avlatlon/Columbus
North American Rockwell

CYLINDER DROP TEST DATA
TEST NO. 3, BUNGEE HOLE 4
TERRAIN HARDNESS I

Time - T Unite (1 T Unit = ,00571 Sec)
1 2 3 5 6 7 8 9 10

NR70H-570
Al-45

11

—1°

wn

oil Surface




‘ ' North American Aviation/Columbus NR70H-570
North American Rockwell Al-47

SELECTED PENETROMETER DATA

(TERRAIN HARDNESS CURVES)

PRECECING PAGE BLANK
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Penetrometer Pressure - Lbs./Sq. In.

300

250

200

150

100

50

’ ' North American Aviation/Columbus
North American Rockwell

PENETROMETER DATA

TERRAIN HARDNESS A

NR70H-570
Al-49

Lele Siles
O 7est 2, Hole 0

0O Tesr 2, Hote /
O Test 2, Hole 2
O Test 2, Hote 3

O 7est 2, Hale 5 | -

1l 2 3 y
Sinkage Depth - In.

PRECEDING PAGE BLANK



Penetrometer Pressure - Lbs./Sq.In.

FORM 351-F REV 7-69

’ ' North American Avistion/Columbus
North American Rockwell

PENETROMETER DATA
TERRAIN HARDEESS B

NR70H-570
Al-50

250

300r

l w.u...

o S il |

7’0:/"4 Hole 2 i ]

.c, Hoke 61T T T

200

150

100

1 2 3 [}
Sinkage Depth - In.



‘ ' North American Aviation/Columbus NR70H-570
North American Rockwell Al-51

PENETROMETER DATA
TERRAIN HARDNESS C

300 ' r. .
Leota Sites
0 7esr é, Noke &
O 7est by Hole 3 ¢
o et 6, Hoke ¥
250 }b—— O Test 6’ MHote S5
D Tesr G, Hoke 6
g -3
B
\5 200
3
: )
g 150 2 < D
E b
P P i
:
£ 100
-]
o
50
0
(o] 1 2 3 b 5 6

Sinkage Depth - In.
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Penetrometer Pressure - Lbs./Sq.In.

300

250

200

150

100

50

’ ' North American Aviation/Columbus
North American Rockwell

PENETROMETER DATA

TERRAIN HARINESS D

NR70H-570
Al-52

Lot Lites

Q 7est S, Hoke /
O Teut 5, Hoke3

O Test S, Hore ¥

S A &

1 2 3 b
Sinkage Depth - In.



Penetrometer Pressure - Lbs./Sq.In.

North American Aviation/Columbus

’ ' NR70H-570
l North American Rockwell Al-53
PENETROMETER DATA
TERRAIN HARDNESS G
300 . ! ,
D reﬁ ‘) ’ 2-.4_”
o Jest 1 bk f
O 7ot § g5 | T
1
= ﬁ
@ '
200 T 2 N %
¥ o
150 )
100
50
0 b
1 2 3 L 5 6

Sinkage Depth - In.



Penetrometer Pressure - Lbs./Sq.In.

300

250

200

150

100

50

’ ' North American Aviation/Columbus
North American Rockwell

PENETROMETER DATA
TERRAIK HARDNESS I

F
Oote Jrkes
O 7esr 7, Hoke 0
O 7t 3, Hote X ‘
o faf.’,ﬂde¢
0 1 2 3 L

Sinkage Depth - In.

NR70H-570
Al-54



‘ ‘ North American Aviation/Columbus NR70H-570
North American Rockwell Al-55
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‘ North American Aviation/Columbus NR70H-570
North American Rockwell Al-57

SHIFTED PENETROMETER DATA

300

/ Terrain Hardness I

250 I’(/,

-:;;;;7r‘k'—_-_--h‘*‘~\~\\
200
Terrain Hardness
Terrain Hardness B

150 — "
4,
— e —— //' 1///// Terrain Hardness A
100 i L/ /, /[
- /
fsa— ’///,
50 /

0 1 2 3 4
Soil Depth - In,

Terrain Hardness G

Terrain Hardness D

(@]

T~

Penetrometer Pressure - Lbs./Sq.In.
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’ ' North American Aviation/Columbus NR70H-570
North American Rockwell Al-59
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‘ ' North American Aviation/Columbus NR70H-570
North American Rockwell Al-61

STATIC SOIL PRESSURE CURVES

N
o
(=]

—
oo
o

—
o
o

———————|Terrain Hardness G

1

140

Vel

E

120

f~—1——|Terrain Hardness C
100 /

ol ] T

Terrain Hardness D

60 = 7// Terrain Hardness 1
40 —/C—— Terrain Hardness B

ot

Static Soil Pressure (P_) = Lbs./Sq.In.

20 ——ITerrain Hardness A

0 1 2 3 4
Soil Depth (Z) - In.
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’ ' North American Aviation/Columbus NR70H-570
North American Rockwell Al-63
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‘ ' North American Aviation/Columbus
North American Rockwell NR7OH-570
Al-65

Method of Determing the Static Force Acting On the Rigid Cylinder

Depicted below is the rigid cylinder of radius A penetrated to

the depth £ in soft soil, The static reactive force acting on
the cylinder resulting from the depth dependent soil pressure is
determined by dividing the portion of the cylinder below the sur-
face into a series of flat plates,

FORM 351-F REV 7.69
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' North American Aviation/Columbus
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The static reactive force (soil static strength) is the sum of
the vertical forces acting on the effective area of each plate:

P,‘ ZRV/*ZRVI*"'*ZR’n*ZRMH’Zg’Ry{ (Al-1)

The elemental reactive forces, Avi, are a function of the effec-
tive area and the local static soil pressure. Accuracy of the
total reactive force, Rv , is inversly proportional to the

plate thickness fp . Generally, there are 77 plates of thick-
ness fp , and one plate (f7+l) of thickness m tp where m
is less than 1. Thus

N+ rm e %— (Al-2)

The following relationships result with reference to the pre-
ceeding figure.

C0S8; *(R-itp)/R, Ls 42,00, N4 m (Al-3)

X; < R(I-C05%6 )" | i<12,,NN+lm (Al-4)

Combine Equations (Al-3) and (Al-4) to obtain the following
expression.

: . Y%
x; [1R(it)-(itp)*] (AL-5)
Thus, the effective area of each plate ( is

Ai 'Zb()(")(.'.,) - i*/,l,"',l?,l?fl‘m (A1-6)

Note that when (=/ , the value of X;., 1is identically zero.
The elemental force acting on surface A; is given by the
following expression.

Rvi = (A)[Pgcar]  iet2, - m e lm ()

Where P@(};) represents the static soil pressure of plate
depth l" .

s E-(-F)tp ,ivl2,-,n (A1-8)
z

g'zl'rmtp L, L= n¢rm



‘ . North American Aviation/Columbus
North American Rockwell N§723'570
A =

The expression for the total static reactive force results
from the combination of Equations (Al-1), (Al-6), and (Al-7):

Ry 'Zb[é'[(&--X‘-_,)/}(,‘.;]+(X,,,r,,-X,)Pg(zn ro } (A1-9)
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North American Rockwell NR70H-570
Al-71
CALCULATED SOIL DAMPING COEFFICIENTS
Terrain Hardness A, Test No. 2, Bungee Hole 0
Z F 2 K(&) C(Z.2,214)
(IN) (IN/SEC) fINZSEC**2) | (LBS/ZIN) (LBS/ZIN/SEC) |
0.2280 138.9096 3.0690 244.7759 0.5136
0.4180 134,2008 7.6725 231.36109 1.2688
0.6042 127.5300 11.8575 219.4047 2.1111
0.8094 118.1124 16.4610 205.1040 3.2143
0.9956 109.8720 20.0880 19C. 7820 4.2691
~ 141970 | 100.0620 | 23.0175 177.0236 5.3832
1.3870 90.2520 25.8075 166.0537 6.7302
1.5770 78,4800 27.9000 156.8477 Be 3560
1.755¢ 66.7080 29.9925 149.5612 10,5826
L 128696 51,0120 30,6900 _145,4558 14,0823 |
Terrain Hardness A, Test No. 2, Bungee Hole 2
F F E K(Z) C(&,2 Z)
{IN) {IN/SEC) {IN/SEC*%2) | (LBS/IN) {LBS/IN/SEC)
0.2280 143.6184% 5.5800 244,7759 1.0432
0.4370 137.3400 11.1600 229.6970 2.0360
C.6802 127.5300 15.3450 213.9063 2.8643
0.8740 114.188¢4 19.1115 200.0498 3.9727
1.0792 100.,0620 21.9015 184,8101 5.1590
1.2920 87.1128 23.9940 171.2725 64259
1.5010 73.3788 25.80175 160.3296 8.1370
1.6910 60.8220 2T1.7605 152.0784 1C. 5488
1.8430 45,9108 28.59175 146.3790 14.2700
| _1.9950 32,1768 28.7370 141.3246 2041182
PRECEDING PAGE BLANK
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North American Rockwell

NR70H-570
Al-72

CALCULATED SOIL DAMPING COEFFICIENTS

Terrain Hardness A, Test No. 2, Bungee Hole 5
z F z K(E) C(z.2, Zr)

{IN) {IN/SEC) (IN/SEC*%2) | (LBS/IN) (LBS/IN/SEC) |

0.2090 193.8456 6.4170 244.,9241 0.9316
0.4750 185.6052 15.3450 227.1854 2.1706
0.7372 174.6180 20.6460 210.1707 29865
0.9880 153.4284 26.6445 161.3358 4,.3985
1.2540 131.4540 31.5270 173.5043 6.0774
1.4820 111.8340 ~ 34.8750 161.2414 7.8879
1.7176 92.2140 37.6650 151.0303 10.2899
1.9000 72.5940 39,1995 144.4208 13.5250
2.0330 50.6196 40.0365 140.1725 19.7042
201356 30,9996 39.4785 137.3735 31.3416

Terrain Hardness A, Test No. 2, Bungee lole 3
z Z = K(2) C(Z.Z,200)
(IN) {IN/SEC) {IN/SEC*%2) | (LBS/IN) {LBS/IN/SEC)
0.2090 165.5928 7.6725 244.9241 1.3275
0.4560 158.9220 13.2525 228.,2174 241477
Ce6932 146.7276 18.1350 212. 6431 3.0614
0.9424 133.4100 22.4595 194.7397 4.,1193
1.1400 117.7200 25.3890 180.8786 5.2536
1.,3680 98.1000 27.9000 | 167.0548 6.8766
1.5960 18.4800 29.2950 156.0274 8.8902
1.7860 59.6448 29.9925 148.4263 11.7936
1.9722 37.6704 30.1320 142.0514 18.3890
221204 23256440 29,8530 | _137.7667 28.5438

FORM 351.F REV 769
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North American Rockwell

NR70H-570
Al-73
CALCULATED SOIL DAMPING COEFFICIENTS
Terrain Hardness B, Test No. 3, Bungee Hole 2
z z F; K(E) C(2/2,224
(IN) [IN/SEC) (IN/SEC*%2) | (LBS/ZIN) (LBS/IN/SEC)
0.171C 14G6,1120 3.0690 421.0560 0.3699
0.3458 14l.6564 8.3700 426.5780 1.0257
0.5510 131.4540 14.6475 401.0132 2.0389
0.7600 117.7200 19.8090 37G6.6373 3.1292
0.9310 100.0620 23.71590 244,9055 4,5096
l.083¢C 80,4420 27,2025 323.,3340 6.6030
1.2730 60,8220 29.9925 299.4891 9.6555
l.4440 40,0248 32.3640 280.9567 15.9132
1.5770 21.5820 34.5960 268.1844 31.9455
Ll.6796 8,2404 35.4330 2593600 85« 3005
Terrain Hardness B, Test No. 2, Bungee !ole 4
z z Z K(2) C(R+2> £1n)
(IN) {IN/SEC) {IN/SEC*%2) | (LBS/IN) (LBS/IN/SEC)
0.2470 181.2888 7.3935 432.6683 0.8573
0.5130 173.0484 15.3450 406,7343 l.7458
0.7410 158.9220 21.6225 373.3887 2.7C74
1.0450 136.,1628 27.6210 328.5079 4.0475
1.2920 102.0240 33.0615 297.3172 6.6679
1.5770 56,8980 36.9675 268.1844 13.4198
1.7360 33,3540 38,0600 250.9166 24.0972
1.9570 19,6200 40.3155 238.9789 4]1.9688
2.1090C 9.8100 38,5020 229.7344 76 .4452
2.2040 3,9240 34,7355 224.5795 15R. 4509
Terrain Hardness B, Test No. 2, Bungee Hole 6
Z F 2 K(Z) C(Z4Zy & 1u)
{IN) {IN/ZSEC) {IN/SEC*%2) | (L BS/IN) (LBS/IN/SEC)
0.2660 202.41784 8.9280 43l.8654 0.9649
0.5852 189.9216 2049253 395,7539 2.3881
0.8550 166.37176 31.3875 356.,4480 4,2515
1.1096 127.9224 40.7340 319.7728 T.4214
1.3794 94,1760 44,7795 28T.,6682 10.9773
1.5998 6l.2144 46.4535 266.1651 17.2690
1.7860 33.3540 46,8720 250.9166 31.4164
1.9380 14.9112 46,0350 240.2215 67.3517
20520 6.6708 43,6635 233,0221 137.5507

FORM 351-F REV 7.69
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North American Rockwell

NR70H-570
Al-74
CALCULATED SOIL DAMPING COEFFICIENTS
Terrain Hardness C, Test No. 6, Bungee Hole 2
z # Z K(Z) c(r,2, g )
(IN) (IN/SEC) (IN/SEC*%2) | (LBS/IN) (LBS IN/SEC)
0.1330 145.5804 6.9750 825.9881 0.9573 |
0.3192 136.1628 17.0190 947.8334 1.9135
0.5130 123.6060 25.3890 900.1229 2.9359
0.6954 103.9860 30.6900 835.2912 3.9376
0.8740 B80.0496 34.3170 768.707C 543942
l.0488 58,0752 | 36.9675 | 7C3.8702 7.7187
[ 1.1590 35.3160 37.8045 667.3465 12.4359
1.2160 15.3036 37.8045 649.7043 2T.6144
Terrain Hardness C, Test No. 6, Bungee Hole 3
F4 é Z’ K(I) C(foi, 2”1)
(IN) ({IN/SEC) (IN/SEC*%2) (LBS/IN) LBS/IN/SEC)
0.1710 165.9852 9.0675 905.8388 0.9622
0.3572 154.2132 18.1350 944,4602 1.6899
0.5510 136.1628 26,7840 A86.9139 2.78175
0.7600 115.7580 32.0850 812.8718 3.5948
0.5462 92.2140 35.8515 741.0398 4.8847
1.1780 | 66,7080 38.0835 661.4100 6.6292
1.3186 45,5184 39.1995 619.8165 9.6432
44 2227592 39,3390 586,4443 18,1803
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North American Rockwell NR70H-570
Al-75
CALCULATED SOIL DAMPING COEFFICIENTS

Terrain Hardness C, Test No. 6, Bungee Hole 4
z ; f K(z) C(toi:zrtﬁ)
(IN) {IN/SEC) (IN/SEC*%*2) | (LHBS/IN) (LBS/IN/SEC)
0.1976 177.7572 9.7650 928.1107 0.8608
0.3876 168.7320 18,1350 937.34R6 1.3607
0.5890 154.5980 25.6680 873.3504 2.0579
0.82G8 133.0236 31.3875 789.5266 2.7369
1.0070 111.8340 35.5725 718.6534 3.7485
1.2274 92.2140 38,5020 646.,22517 4.,7852
1.4250 67.8852 40,4550 591.3042 6.6710
1.5922 47.0880 41.1525 550.8642 9.3480
l.645% 26,6832 40,5945 539.0619 15.4725

Terrain Hardness C, Test No. 6, Bungee Hole 5
3 z " K(®) EXNI)

LIN) {IN/SEC) (IN/SEC**2) | (LBS/IN) (LBS/IN/SEC) |

0.2C90 194.2380 6.9750 934,0258 0.2780
0.4370 184,4280 15.3450 922.,27175 0.5842
0.6802 170.6940 23.0175 840.5156 1.0477
0.9310 151.0740 29,2950 T46.7410 l.6648
1.1400 131.4540 34,8750 673.9758 2.6835
1.3680 1C8,6948 39.0600 6C6.2904 3.8868
1.5656 89,0748 42.1290 556.9484 5.3418
l.7404 6443536 43,9425 519.1006 7.7853
1.9000 38,8476 44,2215 488.,0542 12,5071
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North American Rockwell NR70H-570
Al-76
CALCULATED SOIL DAMPING COEFFICIENTS
Terrain Hardness D, Test No. 5, Bungee Hole 0
F 3 ~ 7 K(Z) C(E, 2, Z1a)
{ IN/SEC) (IN/SEC*%2) | (LBS/IN) (LBS/IN/SEC)
0.1%20 135.7704 4.6035 658.4164 0.5526
130.6692 10.6020 699.6136 1.0656
121.6440 17.4375 674.9071 2. 0590
0.6536 108.3024 24.8310 635.2789 3.6195
0.817C 91.0368 29.7135 590.3985 5.2445
0,9576 11,4168 3;:1825 552.3124 T.3765
Terrain Hardness D, Test No. 5, Bungee Hole 2
z FJ K(2) C(Z.&,2tm)
{IN/ZSEC) {IN/ZSEC*%2) | (LBS/ZIN) (LBS/IN/SEC)
150.6816 5.5800 675.2637 0.5813
143.6184 13.9500 693,7287 1.4542
129,4920 21.3435 660.3054 2.5824
0.7220 111.4416 26.6445 616.5423 3.7575
92.6064 30,4110 568.3752 5.0955
74.5560 33,4800 522.5076 6.8889
56.1132 35.7120 488.0088 9.6716
37.2780 36,4095 458.3917 14.1647
18.8352 36.5490 438.5162 26,9103
Terrain Hardness D, Test No. 5, Bungee Hole 3
F F K(2) C(Zy202m)
{ IN/SEC) (IN/SEC*%2) | (LBS/IN) {LBS/IN/SEC)
167.9472 T.5330 6T73.6165 0.9019
160.8840 14.64175 690.7615 1.3426
148.7196 21.6225 635.2789 1.9616
130.2768 2T7.3420 575.6015 2.9537
107.1252 32.6430 516.4304 64,4833
8603280 36,6885 467.0636 6.3444
60.8220 39,1995 434.4593 9.6067
41,2020 40.7340 418.0357 14.8050
219744 40,7340 40534222 26‘9912

FORM 351.-F REV 769




‘ ' North American Aviation/Columbus
North American Rockwell

NR70H-57(
Al-77
CALCULATED SOIL DAMPING COEFFICIENTS
Terrain Hardness D, Test No. 5, Bunpee Hole 4
Zz F 3 = K(Z) C(ZsZ+Z24)
{IN) (IN/SEC) {IN/SEC*%*2) (LBS/IN) {LBS/IN/SEC)
0.2850C 180.1116 11.439C 699,720 1.0610
0.551C 169.5168 20.5065 66C.3054 1.3184
0.7980 151.0740 27.2025 595.7555 2.6869
1.0070 130.2768 32.7825 539.8081 3.9310
1.2502 104.3784 37.1070 485,7162 5.5612
1.4706 78.4800 40,7340 $46.3461 B.2542
1.6226 51.7968 42.6870 423.343¢ 13.0954
1.7290 30.9996 43,5240 408.8519 22.0800
1l.7936 6.6708 42.9660 400.5906 93,2548
Terrain Hardness D, Test No. 5, Bungee Hole 5
Z é i‘ K(z) C(fo?vt EIAJ
(IN) (IN/SEC) {IN/SEC*%*2) {LBS/IN) {LBS/IN/SEC)
N.2926 165.8076 13,1130 699,9057 1.2065
0.5434% 187.5672 20.7855 662.1019 l1.7114
0.8284 172.6560 2RB.5975 587.2099 25396
1.0678 151.8588 34,4565 525.1731 3.6C36
1.3110 125.5680 38.7810 474,0139 ©.9513
1.5276 96.1380 41,7105 437.3454 6.9339
1.7176 63,4548 44.0820 410.3511 10.136C
1.8624 43,1640 46.0350 388.,6704 17.0124
2.0330 17.6580 45.71560 373.0352 39,7975

FORM 351-F REV 764




‘ ' North American Aviation/Columbus
North American Rockwell

NR70H-570
Al-78
CALCULATED SOIL DAMPING COEFFICIENTS
Terrain Hardness G, Test No. 4, Bungee Hole 2
z F E S KCE) C(2.3, 3:4)
(IN) {IN/SEC) (IN/SEC*=%2) | (LBS/ZIN) (LBS/IN/SEC)
0.1748 151.4664 7.8120 1257.7122 0.3666
0.3800 139,.3020 17.2980 1262.3202 0.6614
0.5890 122.0364 25.8075 1195.8769 1.0928
0.8056 102.0240 33,4800 1112.5554 1.7763
1.0222 81,2268 38.5020 1020.4407 2.3557
21818 | 57,6828 | 41.5710 | 958.0354 _ 344349
1.2920 31.7844 42.9660 918.5979 5.8868
7,848 43,5240 906.7924% 24.0554 |
Terrain Hardness G, Test No. 4, Bungee Hole 3
{IN) (IN/SEC) (IN/SEC*%2) | {(LBS/IN) {LBS/IN/SEC)
0.2090 169.5168 9.0675 1262. 1587 0.2990
0.4256 158.,9220 19.8090 1253.5261 0. 7348
0.6422 139,.3020 29.2950 1175.1572 1.3785
0.8702 117.7200 35.5725 1084.4103 1.6925
l.0754 92.21640 41.4315 998.9692 27294
1.2920 67.1004 44,5005 918.5979 3.5C31
1.4554 41.5944 46,0350 864.19175 5.0990
1.5770 16,4808 45,3375 826.,9772 B.7316
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‘ ' North American Aviation/Columbus
North American Rockwell

NR70H-570
Al-79
CALCULATED SOIL DAMPING COEFFICIENTS
Terrain Hardness G, Test No. 4, Bungee Hole 4
= Z. é K(E) C(E,Z',&;zﬂ)
AIN) LIN/SEC) (IN/SEC*%*2) | (LBS/IN) {LBS/IN/SEC) 1]
0.2280 166.3900 10.4625 1263,4512 0.3763
0.4560 175.7952 22+3200 1244.,0681 C.918¢4
0.6536 156.9600 32,2245 1170.7681 1.7396
0.8740 133.C236 39,8976 1082.8311 24931
1.1020 103.9860 46,0350 988.4424 3.6599
1.2958 Tl.4168 49,9410 917.2964 5.6468
1.4858 41.5944 51.3360 854,6702 8.7904
la8318 Lls 1120 20,9175 809.2273 25.2353
Terrain Hardness G, Test No. 4, Bungee Hole 5
Zz F3 Z K(Z) C(Z,&,Z1m)
{IN) (IN/SEC) (IN/SEC*%2) | (LBS/IN) (LBS/IN/SEC)
0.3230 198.1620 14,6475 1265.9558 0.4041
0.6384 177.7572 27.3420 1176.7726 0.7563
C.9120 155.7828 36.5490 1066,.2857 1.2900
1.1628 129.4920 43,5240 965.,1322 2.0783
ledl74 102.4164 48.1275 876.3967 2.8612
1.5770 75.7332 50.08C5 826.97172 3.8573
1.6720 47,8728 50.6385 799.5071 5.7846
[ 1.6796 19.6200 49.9410 797.3847 12.8756

FORM 351-F REV 7-69



‘ ' North American Aviation/Columbus
North American Rockwell

NR70H-570
Al-80
CALCULATED SOIL DAMPING COEFFICIENTS
Terrain Hardness I, Test No. 3, Bungee Hole O
Z = 2 K(2) C(E,z, Z1m
{IN) {IN/SEC) {IN/SEC*%2) | (LBS/IN) (LBS/IN/SEC)
0.1862 142.0488 5.5800 546.,1392 0.7317
0.3724 137.3400 11,1600 498.7622 l. 4145
0.5624 125.5680 16.3215 472.0180 21967
0.7410 114.5808 20.9250 450.4537 | 3.0666
0.9348 100.0620 25.3890 424.1477 4,2790
[ 1a1362 1 82,7904 | _ 29,2930 | 398.0157 | 509724
13300 64,7460 32.7825 376.5626 8.5700
1.5390 45,1260 35.8515 356.4698 13.3¢26
1.6530 21.5820 37.6650 346.9033 29.4157
Terrain Hardness I, Test No. 3, Bungee Hole 3
2 F 3 4 K(Z) C(Z+Zy Z1n
(IN) {IN/SEC) {IN/SEC**2) | (LBS/IN) {LBS/IN/SEC)
0.1710 165.9852 3.4875 549.3044% 0.2790
0.3800 158.1372 11.2995 497.1833 1.2358
0.6080 144.,0108 19,3905 466.,5913 2.4548
0.828¢« 125.1756 25.8075 439.0704 3.7867
1.0108 100.0620 31.5270 413.7437 5.9789 W
1.2160 | 68,6700 | 36.1305 388.8013 10.0123
1.3870 35.3160 38,9205 370.7916 20.7619
1.5200 21.5820 39.7575 358.1283 33,7928
1.6074 11.7720 39,3390 350.6024 59,2113
126318 3:9260 37.6650 348,1042 162, 6290
Terrain Hardness I, Test No. 3, Bungee Hole 4
z F3 z K(Z) C(ZyZsZ 1n)
(IN) {IN/SEC) (IN/SEC**2) |1 (LBS/IN) J(LBS/IN/SEC) |
0.2470 181.2888 7.6725 527.5149 0.7762
0.4940 172.6560 16.8795 480.6439 1.8609
0.733%4 156.9600 25.5285 451.3505 3.1728
0.9880 133,4160 31.3875 416.,7961 4.499%
1.2540 102.0240 36.2700 384.6067 6.6885
145390 10,2396 ©0.4550 356.4698 _10.6331
1.8050 39,2400 42.1290 335,3551 18.9211
1.9152 17.6580 42.9660 327.7252 42,2629
1.9608 | 7.8480 40,7340 325.1046 B4.9544
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Time - T Units

’ ' North american Aviation/Columbus NR70H-570
North American Rockwell Al-83
SOIL DYNAMIC DAMPING COEFFICIENTS

FOR TERRAIN HARDNESS A
Ziy = 16.7 Ft./Sec. _\ ‘
ZIM = 14,2 Ft./Sec. —\
ZIM= 2.6 Ft./Scc.,
/]|
— // /
7/
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‘ ' North American Aviation/Columbus
North American Rockwell

SOIL DYNAMIC DAMPING COEFFICIENTS
FOR TERRAIN HARDNESS B

NR70H-570
Al-84

——

N
—
e <
n

17.5 Ft./Sec.w\

15.5 Ft

./Sec.\]

/

-

/
%0

Z1yM

12,6 Ft,/Sec

.50

1

.00 1.50

2.00

Time - T Units
(1 T Unit = .005T1 Sec.)

2.50

3.00



NRTOUH=5T0
Al-59

‘ North American Avistion/Columbus
N o o can Rockweh

SOIL DYNAMIC DAMPING COEFFICIENTS
FOR TERRAIN HARDNESS C

Damping Coefficients - lbs/in/sec

32
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North American Aviation/Columbus NR70H-570
North American Rockwell Al-86

O\

SOIL DYNRAMIC DAMPING COEFFICIENTS
FOR TERRAIN HARDNESS D

32
28 ]
Ziy = 12.6 Ft./Sec.
2L
| Zyy = 15.5 Ft./Sec. ’
g |
%g 20
A | |
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North American Aviation/Columbus
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o\

SOIL DYNAMIC DAMPING COEFFICIENTS
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