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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, 0V-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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2.0 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 0V-10A to obtain accurate and detailed data 
while operating from unprepared terrain. This decision was based 
on the knowledge that the 0V-10A was designed and demonstrated to 
operate from terrain that included rigid 4 inch high and 10 inch 
long (l-jcosine) 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, 0V-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 contours 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 load-deflection 
characteristics of the tires and load-footprint area of 
the tires. 

OHM 381-F REV 7-69 
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Condition No. Sink Speed 
(V -- FPS) 

10 
12 
14 
16 
14 
10 
12 

8 14 
9 16 
10 14 

(3) Perform tests to determine tlje impulse loading characteristics 
of soil samples from the s&ltected 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: 

Horizontal Speed  Pitch Attitude 
(V ---  KNOTS) 

75-80 Tail Down 
75-80 Tail Down 
75-80 Tail Down 
75-80 Tail Down 
90-95 Tail Down 
75-80 Nose Down 
75-80 Nose Down 
75-80 Nose Down 
75-80 Nose Down 
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  REV 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 contract, 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 comments pertaining to the 
quality and range of application of the combined tire- 

soil analysis. 

FOHM351-F    REV 7-69 
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3.2      Nomenclature 

List of Symbols 

Z 

£ 

£ 

ism 

T 

mc 

rn* 
rrtrs 

Cfi,i,im) 

6 

i 

r? 

n» 

Slnkage depth 

Slnkage velocity 

Slnkage acceleration 

Velocity of the wheel, probe, or tire at the 
time of soil contact 

Vertical driving force 

Mass of cylinder 

Mass of tire 

Mass of wheel 

Effective mass of tlre-soll Interface 

Soil dynamic damping coefficient as a function of 
slnkage depth, velocity, and soil Impact velocity 

Static soil stiffness coefficient as a function of 
slnkage depth 

Static soil pressure as a function of slnkage depth 

Tire width 

Plate number 

Length of plate  / 

Plate thickness 

Number of cylinder plates of thickness ^» 

Plate thickness parameter {0</m <J) 

Number of tire plates of thickness //• 

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

h 
I 

AH 

h 

XAD, i*o 

i(i(x) 

M 
V 

t 
Cu,i,f) 

H 

Coi 

TR 

7ft 

Tsi 

Turn 

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 depch 
dependent static soil pressure acting on tire 
surface B 

Tire drag force generated by soft soil rutting 

OHM 351-1=    REV 7-69 
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List of Symbols  (cont.) 

Tu - Tire inertial resistance generated by the rut 
frontal area 

Jar " Vertical tire force resulting from the dynamic 
soil strength 
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3.3 Analytical Soil Model 

The primary assumption for the mathematical soil model 
la  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 

7nc'i*CUJ,i^)i */({i)i - T (3-1) 

where ism 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, T , 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 wheel onto the soil could be used to supply data for 
evaluation of the soil damping coefficients. 

3.3.1 Experimental Data 

Experimental tests were conducted at Blacks tone 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. 

FORM 3S1-F    REV 7-6» 
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3.3.2    Stiffness Coefficient Analysis 

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

jffy*) M ' [Kw]Z (3-2) 

Where, Rjd)    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. 

fore* 

.Ott In 

Zne/l Jfrmm 

Pencirometer   CO/TC 
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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 plat'i probe data.  The second part accounts for an 
eliminates the dynamic effects associated with the penetrometer 
data. 

3.3.2.1  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 Paga 3-10.  Leis de- 

duced a relationship between the pressure-sinkage data of the 
flat plate and the other four probes. The findings mf.y 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 h  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 

FORM 351-F REV 7-69 
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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 757. 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. 

3.3.2.2      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  inc.eases  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 

7 

All  top surfaces 
3"  x 1" 
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PRESSURE VERSUS  SINKAGE DEPTH 

30     ' 

cr 
Vi 

X) 

01 
u 
3 
UJ 
tfl 
OJ 
u 

20     - 

10    ■ 

(Extracted from Ref. (1)) 
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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 .0 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. 

3.3.2.3  The static soil pressure curves for various 
terrain hardnesses, as presented on Page Al-50, 
were used to evaluate the soil strength term, lK(i)]i% 

by solving the Integral of Equation (3-2).  These 

soil depth dependent static soil pressure values, Pad)> 
were integrated over the area of the probe- 
soil contact interface.  The probe is the 6-inch 
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steel ryllnder for which experimental soil slnkage 
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 slnkage depth. Hence, sufficient data is available 
to determine a value of static strength, [K(i)]Z , 
as a function of time. The mathematical nature of the 
static soil 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: 

where f^(M,)   and ftfU**rm)     are static soil pressure values 

at soil depths it  and X^rm   which are obtained from the 
static soil pressure curves on Page Al-61, 

Values for the stiffness coefficient, A?^ , could now 
be determined. Hovever, 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, (KctiJi, 
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: 

Cf*jtim} 'frricg-ff<(M>]imciJ{i/iJ o-v 
The static strength term [KujJf   t  evaluated as discussed in 
Section 3.3.2 and £F and i   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. 
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Further, In order to obtain an adequate representation 
of the damping coefficient curve for each terrain hard- 
oess, 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. 
Pf>ge8 Al-83 through A1-6S 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 dependence and presented as a function of 
soil deformation rate on Pages Al-91 through Al-96 . 

w 

rf 10 

CONSTANT RATE PLATE-SINKAGE TESTS 
BOSTON BLUE CLAY 
1.5 IN, DIA. PLATE 
(Extracted from Ref. (2)) 

9.0 IN. PER SEC, 

2.6 IN. PER SEC, 

0.6 IN. PER SEC. 

STATIC 

2.0 

SOIL SINKAGE, IN. 
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RATIO OF DYNAMIC AND STATIC 

SOIL PRESSURE 

z 

w 

3.5   r 

3.0   b 

2.5 

2.0 

1.5   h 

1.0 
u 

,► 

Slnkage Rate -  1.5  In./Sec. 

0.25 0.50 

SOIL SINKAGE -   INCHES 

0.75 

FORM351-F     REV 7 69 



* 

North Aifwrlcan Aviation/Columbus 
North American Rockwell NR70H-570 

3-15 

3.4   Analytical Tire-Soil Model 

An analytical repreaentatlon 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 yieldabllity of the surface.  It is assumed 
that the condition of uneven terrain is Independent of soil 
yieldabllity. 

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

mrs i - (mr*mjg «7^ - Tu - TDI (3-5) 

Total Tire Drag ■ TK* + Tr* + Ttr« + Tix (3-6) 

Forces, Titx and J*i  , which are components of the force. Tit , 
result from the rigid, uneven characteristics of the terrain. 
Tire force, T^x » ^s t^e conventional drag associated with 
tire skidding, rolling, and carcass effects. These three 
tire forces are discussed in Paragraph 3.4.1.  Forces Tsi , 
TRTK *  and Tlx    result from the yleldable characteristic of 
soil and are discussed in Paragraph 3.4.2. Specifically, 
the vertical force Jsi   is due to the depth dependent static 
soil pressure acting on the tire. T*Tx   Is the resistance 
generated by soft soil rutting. Tzx   is the inertial re- 
sistance generated by the rut frontal area. The vertical 
force term, Tot  , 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. 
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3.4.1 Tire Reactions Resulting From Rigid Uneven Terrain 

It is 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 centrold 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 An  versus tire 
force, 7* > where ^ is 

** - rrtm''-tljfL-(rr-Sr)Jrr*-(rr-Jr)' (3-7) 

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

X ** 
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3.A.2 

The conventional tire drag, Trx   ,  associated with tire 
skidding,  rolling and tire  carcass effects is a function 
of the vertical component of  7* and the tire drag coefficient, 
L( .     This force is represented by the following relationship: 

7>jr - //7W (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. 

Surface A 

^Ä 
The tire forces associated with surface A are those defined 
in Paragraph 3.4.1 as 71? and Tfx  . Three additional tire 
forces, Tii  , TUT»  , and Tix   result from the soft terrain. 

The vertical force 7i« 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 
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When       j > %   tO and     i ) li ) 0 

Then       ii * (£//) V- 

U ' */"» 
ii' Up I'I to Hi 

The vertical force acting on surface B Is given by 

Ki -VldS/foHPga;,)] (3-9) 

The tire force TRT*    IS 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 ludlcated 
the following expression for T*rx   : 

T*TX *(T*i*-Tsi)-j; (3-io) 

Tire force, Tix  , represents inertlal 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). 

Tix* CoiifiV1** (3-ii) 

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

3.4.3  Vertical Tire Force Due to Dynamic Soil Strength 

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

Toi  * [C(i,i.t>]i (3-12) 

The coefficient, Cu,i i)   . is the soil dynamic damping co- 
efficient for the tire'-soll interface.  It is obtainable from 
the soil dynamic damping coefficients, C(i,i,itm)   » previously 
determined from the static soil pressure and cylinder drop 
test data as discussed in Section 3.3. 
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The soil dynamic damping coefficient curves presented on 
Pages (Al-91) through (Al-96) generally Indicate Increased 
coefficient values, C(€,i,itM)   » ^or  increased initial soil 
impact velocities, Ji1M  , of the rigid cylinder.  An identical 
impact effect results from the rotion 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 deformation rate of soil 
under a rolling pneumatic tire was developed in Reference (2). 

Note that ilt/v)   is the impact duration,  the time the soil 
element is under the tire. The parameter, %  , replaces the 
initial vertical impact velocity parameter, £/^ , in the damp- 
ing coefficient term.  At the instant of tire impact f*i* ixm 
as before. However, after Initial impact, the motion of the 
tire influences the dynamic soil strength. 

3.A.A  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: 

Mrs i • (nfm*mr)g-r*i -l[(Jtä/KHfyioti-lCu.i, iji (3-14) 

Total Tire Drag *T*x *MT*i *lTH*l[(ji/n»)(ft(ii})]}
Jr 

in • 

*Coiip*Vtbi (3-15) 

The specific terrain contour data. Pages (Al-121) through (Al-125) 
are utilized along with tire position and geometry to obtain 
forces Tux   and TVf .  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 (Al-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). 

FORM3S1-F    REV 7-69 



& 

North American Aviation/Columbus    NR70H-570 
North American Rockwell 3-20 

The instantaneous value for the coefficient,£//,/,£; , 

can then be determined from the appropriate soil 

dynamic damping curve on Pages (Al-91) through 

(Al-96) .  The generalized tnass,/^;y , 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 dynamic coefficient curves contained 

in Appendix Al. 
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4.0    AIRPLANE STUDY 

4.1        Airplane Instrumentation 

4.1.1 Landing Gear Load Calibration 

Strain gages were bonded on the landlag 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. 

4.1.2 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 (3 CG. + 10 "g's" 
4. Frame Counter 
5. Angle of Yaw +7.5 degrees 
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Oscillograph #1 

Channe1 
No. 

Parameter 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 

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 (? P.S. 380 
Lateral Stick Force 
R/H Boom Outbd Dorsal Attach Load 
R/H Aft Inbd Vertical Spar Attach Load 

Longitudinal Stick Position 

16. Longitudinal Stick Force 
17. Cockpit Floor Vertical Acceleration 
18. Rudder Pedal Position 
19. Cockpit Floor Longitudinal Acceleration 
20. Elevator Spring Tab Position 
21. L/H Fwd Vertical Inbd Spar Attach Load 
22. Cockpit Floor Lateral Acceleration 
23. R/H Engine Longitudinal Acceleration 
24. Trace I.D. 
25. Trace I.D. 
26. N.G. Drag Load Fwd Link (T/M) 
27. L/H Aft Vertical Inbd Spar Attach Load 
28. Pilot's Seat Longitudinal Acceleration 
29. Elevator Position 

30. R/H Engine Lateral Acceleration 
31. L/H Fwd Vertical Outbd Spar Attach Load 
32. Pilot's Seat Vertical Acceleration 
33. Rudder Position 
34. L/H Engine Mount Vertical Acceleration 
35. R/H Engine Vertical Acceleration 
36. Pilot's Seat Lateral Acceleration 
37. L/H Aft Outbd Spar Attach Load 
38. Horizontal Fwd Spar Lateral Acceleration 
39. L/H Aileron Position 

Calibration 
Range 

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

+ 50 "g's" 
+ 80 lbs 

+ 26 degrees 
- 10 degrees 
+ 120 lbs 
+ 10 "g's" 
+ 3.25 inches 
+ 5 "g's" 

+ 5 "g's" 
+ 15 "g's" 

+ 10 "g's" 
+ 35 degrees 
- 25, .5 degrees 
± 15 Vs" 

+ 10 "g's" 
+ 25 degrees 
+ 20 "g's" 
+ 25 "g's" 
± 10 "g's" 

+ 25 "g's" 

± 25 degrees 
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Oscillograph #1  (Cent.) 

Channel 
No. 

Calibration 
Range 

40. 
41. 
42. 
43. 
44. 
45. 
46. 
47. 
48. 
49. 
50. 

R/H Pwd 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 

+ 50 "gV 
+1.6 inches 
+ 50 "g's" 

Oscillograph #2 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 

L/H Hoop Pressure 
R/H Hoop 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 

L/H M.G. Trunnion Vertical Acceleration 
L/H M.G. Lateral Acceleration @ Axle 
L/H M.G. Longitudinal Accleration @ Axle 
Angle of Sideslip (F.T. Boom) 

N.G. Hoop Pressure 
N.G. Scissors Axial Load 
Angle of Pitch 
N.G. Oleo Position 
Trace I.D. 
Trace I.D. 

0-9000 psig 
0-9000 psig 
+ 15 degrees 

g's' 
g's' 

0-120 degrees 
+ 10 "g's" 
0-120 degrees 
+ 25000 lbs 
+ 1000 lbs 
0-9.06 inches 
+ 50000 lbs 

+ 10 "-•-" 
+ 250 ,!-s " 

25 g s + 
+ 
+ 250 "- 
+ 15 degrees 

50 "g's" 
g s 

0-25000 psig 

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

Channel  Parameter 
No. 

Calibration 
Range 

26. 
27. N.G. Vertical Load 
28. N.G. Fwd Link Drag Load 

29. N.G. Vertical Acceleration @ Axle 
30. N.G. Longitudinal acceleration @ Axle 
31. N.G. Lateral Acceleration @ Axle 
32. N.G. Oleo Axial Load 
33. N.G. Side Load 
34. R/H M.G. Side Load 
35. R/H M.G. Vertical Load 
36. R/H M.G. Drag Load 
37. R/H M.G. Oleo Position 
38. R/H M.G. Vertical Acceleration (3 Axle 
39. R/H M.G. Trunnion Acceleration 
40. R/H M.G. Longitudinal Acceleration (§ Axle 
41. L/H Engine Truss Diagonal Axial Strain- 

Upper Member 
42. Lateral Acceleration @ C.G. 
43. L/H Engine Truss Diagonal Axial Strain - 

Lower Member 
44. R/H M.G. Lateral Acceleration (§ Axle 
45. Angle of Attack (F.T. Boom) 

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) 
49. LLORI Correlation 
50. Correlation and Pilot Marker 

+ 20000 lbs 
+ 60000 lbs 
- 30000 lbs 
+ 250 Vs" 
+ 250 Vs" 
+ 50 "gV' 
0-25000 lbs 
+ 8000 lbs 
+ 10000 lbs 
0-25C00 lbs 
+ 5C000 lbs 
0-9.06 inches 
+ 250 Vs" 
+ 25 "gV 
+ 250 "g's" 

+ 3 V< 

Vs" ± 50 
+ 50 degrees 
- 10 degrees 

+ 25 degrees 

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. 
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4.3      Airplane Mathematical Model 

The minimum degrees of freedom to adequately represent 
the airplane response are longitudinal (Xo), vertical   (Zß), 
pitch  (9),  roll (f),  and flexible (^ ) motions.    The 
landing gears require stroking ( ^( ),  fore and aft  (  $<*;), 
and lateral bending,   { $4)  motions.     In summary form, 
the airplane degrees of  freedom may be simply written as: 

(/77c/* fffkitfo ''LXO + DKO + $ Gxo; (^-1) 

(m* + $m9i)'io  *LlD + DlD*E GlD: (A-2) 

IrrB*Jx*tft   'Me*-?G* (4-3) 

I MM v - JM* ih -- ZG* (4-4) 
mi'i*mjCjajjtj *mjU)j1^ . ^ (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: 

Assuming the nose gear to be symmetric about its 
plane and applying equation (4.6)1 the fork pivot point 
moment reactions are: 

MM[ 'jMMjvcf+rfsv+Urrt. -Uij&hvst 
*iA [SVSf Txo +(SdWSt-C6Ct)rrD]'i*Rrs     (4-7) 

*WtW*MCfcVT*i>*Mctrro*mnf'S6st)T*o] 

■iM(m**-mhD)-ftMs[xs w-rj-h c(t-rjj 

•fafactf-rj+bs(f-(r)J-ii/j,n(eewet-sesV  (<*-&) 
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■Limn** * m™ - «J//W-^/J/^ T*D 

+ (e9St+5ewcs)Tro}*xsRn -HcJ^eesv (4-9) 
Similar considerations provide the following force 
reactions at the fork pivot point: 

* (sect* cecnvdio - wj*fa ca-rj-Ru si;- <r) (4-10 > 

RiL 'm^r»^'öOS^TM» - Who * CeSWfo'Ni) * Rn (4-11) 

RIL • -Itk (f**^ Jf * fuLrt CtHMSt'MCfCfjTxo 'JfCf T™ 

'(CBCfCt'J$Sf)(Tte'MH*sS(t'rj*RuC(f-r) (4-12) 
The acceleration terms in the above are derived from 
the vector relations: 

^te," ^tc« L* *f"ralct JB +fiBLc6ka (4-13) 

RK« 'R*%+n*Kt*2(Mo'R)*lU)»'Tf}*U)o*(U)ü*R) 

+Z{&'Kj+Wu*Kj*iSu*(WL*fiu) (4-14) 

^.- ^ *JLCJ(e*};)sf*(i*t)tct] (A-IS) 

Tr^ = rrft. - Ae6 [9 51+(6*1 WCtf (A-16) 

^cft
a ^*^c. {&m-[m)z* t'jjfj (4-i7) 

ri^ 'f*,l-il(S-ß)5/3-(e-/i)tc/s] (4-18) 

r^ • r«, *i,[;f5ß>-li'Zfl)vcfi] (4.19) 

r«, • Ai/»,*X,{{B-fi)tfi+iC6-fi)x+V%]%fi] (4-20) 
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r*st ' Xaa +X; +zU S-Xt.e1* Yst W+l; 6 (4-21) 

r-tB, • Ac« * Ya, -Zi*,v+XB,fe - Yt, v'-is, ? (4.22) 

ri»l*i\t+Ll+2iYi,V~Xi,ehXilB*Ytlv-i»,('fx+$) (4-23) 

Where: /,, «//M*(2IM 'i*tf)?0'*j (j 'CT^IM^ Q*. (4-24) 

-(y^'XTSjMK fK * d^jt. &; (4-25) 

i-t «i/M^ 5 -(Kv-Xrvjfäjt; *Sr0,„d. fy (4-26) 
The terms Xs, , yP^ , 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: 

/77ai* - /?« '6*+M* (4-27) 

with: is r/r;#i *{e*v(Xs sf-i*ciHe+vl(Xs c^h sVjstr 

if^dyvtetf-isSfj-lte'fttVfajt-is et)}er (4-28) 
The  torque arm kinematic constraint  is: 

fi '- m"{l[-dCH-6H(ll-dl) "*]} (4-29) 

Where:tf M <r*-Z0*. r (4-30) 

d 'XMf'HhLSit'HHM'^&Hb^-twMJi        (4-3i) 
The torque arm moments  and forces are: 

A^/'« -Ar, ^C^flSfiHlarlr^e'fi^^MnC^jlhMtLsi^/i}     (4-32) 

Mil«ln (e-/i)*(iurl**.)Y V^-^4. (^ ft-Ks, C/S) 

*llR*t. s(w)-ßu e((y)]-Mi„ mpwm/ihMYL        (4-33) 

-Ml« CW-MA'L SiW-Miiefaji) (4-34) 

/?x/ - -m,(r*ilctcfitrule, $)+&,. cfrfitRu sfyfi) 

*M(CBC9S/i-S9C/9) (4-35) 
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Äy/ * nn, r,a/ca ^Rn - N, €669 (4-36) 

Rn • m,(r**,ct, sji-ru^cfij-R*,. sit*fi)+R*L city) 

*H(SBSfi + CeCVtfi) (4-37) 

^•'^ ÄVa,^ « ^4 -i/e# /^'-/; ^ - (B-fi)lCfi (4-38) 

r^/f# = KB, +l«l:fsfi-ie-zfiriefl] (4-39) 

n»#/e6 ' rM +lu.[(e-fi)cfii'[(6-/S)t+ t'jyj        (4-40) 
A summation of moments about  the nose  gear trunnion 
gives the following relation for the drag brace load: 

Rp'Jknllntr'e+IxivP+rnvtitTnfi^XtruruirMJc-SjItMS 

-JK^M^fo^^ (4-41) 

where: ^'«ES; -tHmhv-iHwyixKXuHhn-htA)    (4"42) 

^••r ' ^c. ^«r ^^ *"^r ^^ ^ ^ ^^ ^ (^-^3) 

na6r •lMtyi\r+i(YtTi-X\Td)-Xs,d'YirV'i,r(e
t*<>t)   (4-44) 

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

*(JftiiHi -*f M<t'**diKih6A' lu)] (4-45) 
Similarly the  lateral bending relation Is: 

Wk h 'Mifa COii fa WtiWifa ' Rrs0i.*Ati *f{-1456597*0 'CfTro 

• C6 swTto 'Wj*Rf.H45ni ho * (jtmt'MtVfol+MnlW'rJ 

H(JL-Xs)[565n*o+mYo-C65niD]+rsRrL+lA[5fCtTxo 

+ lCB5UMWeVTYo]*M(/i<sXs)eW*Mu}S(f-r)]0,itAjti 

*RYI0/*4ii *[MxtC(fi*rl'Mtl5(/S*r)j0,,SAii (4-46) 
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Assuming that   the airplane motions are known,   then the 
above equations  result# in three degrees  of   freedom, 
namely   ^ ,  Qj- ,  and §^-   .     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 MIL     * Mn    - 0 ,   then the solution is as shown 
in the flow chart  on Page 4-11   . 

mm 

The remaining degree of freedom ( ^. ) 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: 

The reacting moment due to the torque link is: 

*fstt '-iRr.+M*, S(fi*rhA4g,C(jl*f) (4.48) 
Setting these two relations equal to each other and 
writing those equations which are a function of   ^/^ 
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 

Mil •HRxL,R*L,%,qii) 

Mi, *f(f**s.fl*s,'i,Q*)mO 
M*'rL'i(fi*s,R*s.lfa)'0 

R,L - Hi fa) 
*HL'/(?.fa) 

u 

Rn-Hlfyi) 

Rx, ' f(R*i,Rn.,f.$tti) 
Rai 't(R*i.8iL.'ttfai) 

Rti • fit, fa) 

Rrc 'ffRrM.'fa) 

RYi'f(Rn.g4i) 

I 
RYI = flRrs, qn) 

? 
i   ~ 

/?„»/rf,^; 

^ •HR*s,R*i,R*i,Rß) 

Rii--i(Qs,'S,gdi) 

\        I 

31 

Axt + ßiQdi « ^a 

MML'HRYS 

MiffiRYS 

I t 

MK,*f(Mxc,Mii) 
L^ A/«/ -f(RYL, MJTI , Wx. ?/J 

Mx,'t(Rys.$j;) 
MtfffRrs.fui) 

  

L_L_ 
Rti'Hfii) *ri *{(&;) 

—  i(Rn, Mn tMiJ* HRn, *tx,, kf*,)   — RYS* f (g'i,) 

Mxi' t(&i) 
"H iti ' f(Rys' R™* M'I- > VI'L * Rri, Mx,, Mi,) r 
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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 banding loads. Also the drag 
brace Is mounted such that drag loads are reacted in 
tension instead of compression. Using the sketch on 
Page 4-i5and employing the vector relations used on 
the nose gear, the main gear equations are: 

- rA[-(ee5t*s6CWt)r*o 'SWf ho HMWt-snvtrM-Wi.)] 

+i4[(5$CfSt-aCf)TnmtrM0j-fafcpaSftksefHiPiJ        {4-49) 

*mtTYD*(cecnt-sQst)(TiD-HL)*iAWi>ho-cn*o) 

-/?«/-/J (jLLuS(*Jis eV*h ißa et-MssyJ (4-50) 

MiL-Uu (wt+ntV-Uy* -t**J(H>Wf*t**MH)t'(veVx] 

* XLc& (%**. Ct - ri§L 5(jJ-/A[Mfr** * WTro -C9Sf(TiD-M)J 

* rA[(semt-CB(it)T*o - WjTTw -(sea^aempirio-^jj 

'i*[(MSt*-m(l)Tro *mtTAoJ-fal/sPu-UfltsCt-tnSV] (4-51) 

+(s9e{*eemf)(nD-iVL)-fa(ju»s<!t-jis5t) (4-52) 
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Rn ' /77t fr»Lc6-5BSn*i>'CnYO*e6Sf(Tio-M) -/?« Pts (4-53) 

Rit - -mi (rittst *fi8l.u ef)*mt*s6Wf)T*» -m; ho 

*mf-cBewv(Tio'Mj'R*i(fjiis st+Jis et) (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: 

•• 
Ms ii ' foi - Gi + Ms (4-55) 

with: 14ruL4*WsSf-M(Hi*if(Mt*h5V]fJiu 

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

'XL* (RXL St-RnCt)-Lp* (RIL CftRiL S^)'6s('Xsmyiti +1**/***) 

*H6TU6rt*e9<!V*i<i7e*S9)) (4-57) 
I 

Where: i^'^z rm -/ iS/, -^ ;/•„ ITTT   (4"58) 

fn.tür and /«i#r are as the nose gear equations. 

The fore and aft bending and side bending equations are: 

* ifi*m st+A*^ eVfaPwi -[(jur^ et-Afo SVM*:* (/JrL„ Jf 

*MLM CfjAfuftiMj *6s[(/Jt*Ln,/llu*PxLMP*s*A*iMhi)4swi 

*%<„ MgM'yisl'hiM (t*SM 't»s)]<fi*näi } (4-59) 
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'(M'u* SfOt* ctJfafa,*,. HWi*, et-h» WM"* (/**** % 

***** U'*»-**§)]# »r*iL ] (4-60 ) 

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

^£;, xa3M-XislA*/tet*isSt (4_61) 

PlS '     ^  " T'"' " - (4-62) 

Ais s ; ?  (4-63) 

The main gef;r equations result ifl a syitctn of three 
equations  in the three unknowns f t$M^i Uli an^ ""'Y ^e 

solved as  indicated by the  flow chart on Page 4-17. 
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MAIN GEAR EQUATION FLOW CHART 

*"-t((".lU'<i£.J MtL^fl^^qj'-O 

MAL' HRli, f, fa ) 

HxL'HRti/t, $41) 

I 
-te 

ZU 
H ( 

fy'HS.fr.h..^) 

I 
g^. = HMtl,Mil,H*L,#n,Hu,h> vj /v 

♦ 
qit*f (MA,,MiL, R*Lt Rr., ffu, Rk, ^ ) 1 

A3'i+ Cifr Cstit* J3 

FORM 351-F     REV 7-69 



* 

North American Aviation /Columbus NR7 OH - 5 7 0 
North American Rockwell 4-18 

4,4 Nomenclature 

Symbols: 

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

Q , y =  Pitch and roll motion about the airplane C.G., 
respectively     :/ 

% * ß * Angular motion of fork and torque arm, respectively 
£. Qj.   Of.     = Flexible motion of the airplane and landing gear in 
'"' the fore and aft and lateral directions, respectively 
•5 .. =  Stroking motion of the oleo capsule 
r] CO, R * Position, angular velocity, and acceleration vectors, 

respectively 
LtDtMs " Aerodynamic lift, drag, and pitching moment, respectively 
0 t 3j " Landing gear oleo and generalized force, respectively 
j *  Tire force 
Rt M ■ Reaction forces and moments, respectively 
1 J = Moments and products of inertia, respectively 
rtl, H/ ■ Mass and weight, respectively 
C, CV * Structural damping coefficient and vibration frequency, 

, respectively 
0, 0 ■ Mode shape and slope of mode slope, respectively 
(7* * Inclination of oleo strut with respect to a fuselage 

station 
i ■ Length along a particular landing gear component 
y, Yfjl ■ Particular coordinate dimensions 
u,P,A = Direction cosines 

Subscripts: 

K,Yti " Particular coordinate ilirection 
D, L, I, 5,P,      *  Parameter with respect to deck, fork, torque arm, lower 
A,TtO oleo, drag brace, axle, strut trunnion, and upper oleo, 

respectively 
E ■ Extended 
CO = Center of gravity 
j  ^ = Airplane symmetric and anti-symmetric modes of vibration, 

respectively 
/ ■ Nose, right, or left main gear 
LGAJGAfPGA,   ■ Fork, torque arm, drag brace, and strut trunnion to 
TOA gear attach point 
ß ■ Parameter with respect to the body axis system 
RET - Reference plane for airplane flexibility 
SPA^LPA, BPA   *  Oleo, lever, and brace to post attach point 
J/,4        = Oleo to lever attach point 

The use oi 56, C6 ,  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 ~~D RECOMMENDATIONS 

' I I ...., ~ I • ' I 

5.1 Conclusions 

1. 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. 

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

3. Due to soil dynamic strength, the OV-lOA 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-lOA would be able to operate satisfactorily. 

4. Obser 'ations 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 no 
greater than the footprint length apart. 

5. The :nertia drag co~fficient must be obtained experimentally. 

6. The soil-tire and landing gear-aircraft interactions result 
in a system of twenty non-linear coupled second order 
differential equat i ons . 

5.2 Recommendations 

1. Perform additional cylinde r drop test data at impact velocities 
up to 60 feet per second to obtain a sufficient range of soil 
dynamic s treng th values. 

2. Perform additional soil tests to evalua te the soil inertia 
drag coefficient. 

3. Mechanize the s oi l-tire and landing gear-aircraft interact ion 
equations on a hybrid (analog-digital) computer so that 
correlation between experimental and analytical aircraft res­
ponse valu es may be attempted. 

4. Perform additional s tudy to provide data and criteria for 
tire selection relative to fl otation based upon the dynamic 
influences from s oft soil-tire interactions a s deve l oped in 
Se c tion 3.0. 
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List of Symbols 

R - Rigid cylinder radius 

b - Rigid cylinder length 

£ ■ Sinkage depth 

Rv - Total static force acting on the cylinder 

tp - Plate thickness 

D " Number of plates of thickness tp 

/"/*   - Plate thickness parameter (0<r < 1) 
m 

L » Plate number 

X| ■ Length of plate i 

l- - Depth of plate i 

Ai m  Effective area of plate t 

PgUJ "  Static soil pressure at depth /< 

/?^ » Static force acting on plate / 

A?/;   > Soil stiffness coefficient as a function 
of sinkage depth 

Cfi,hiaJ " 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 fi'2ld 

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-ll. 

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 acceleration 

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. 
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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 same manner at six inch intervals 
for each of the five remaining 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 all 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-61 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 OV-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 are 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 plotü 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-101 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.,!/ ) 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-11. 

It was felt that these 13 profiles were adequate to describe 
the contour of Site II. 
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North American Aviation/Columbus NR70H-570 
North American Rockwell Al -13 

SOTT. TESTTHfl APPARATUS 

PRECEDES PAGE BLANK 

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

NR70H-570 
Al-15 

CW£ PZNCTftOMETER 

LOAD SCALE 

COME P£A/£T*Ar/0# 
SCfiLE-I/MCH INT£mL5 ■ 

COH£ PfAtCTWT/ON 
mtsuneo r*oM 
CON£ TfP  

CON£ B/fS£ />*£/* 
IS .5 S4. MCH 

PKCEDINS PWt BIAHK 

FORM361-F    BEV7-69 
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North American Aviation/Columbus 
North American Rockwell 

NR70H-570 
Al-16 

CYLINDER DROP TEST APPARATUS 

SKETCH OF THE DROP 
TEST VEHICLE 

VELOCITY PROBE 

DISPLACEMENT CABLE- 

BUNGEE ■  

STEEL CYL. 6" DIA. 
X 2" — 

BUNGEE FORCES (lbs) total 
1 
2 
3 
4 
5 
6 

48 
56 
68 
80 

100 
128 

OSCILLOGRAPH 

-SOLENOID 
-ACCELEROMETI 

-TEFLON GUIDE 

-POLISHED lh 
STEEL RODS 

54" 

35" 

FORM 3S1-F    REV 7 69 
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North American Aviation/Columbus NR70H- 370 
North American Rockwell Al-17 

PENETRQMETER  DATA  ASSOCIATED WITH 

CYLINDER DROP TESTS 

FORM3S1-F    REV 7-69 
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North American Aviation/Columbus 
North American Rockwell 

NR70H-570 
AI-19 

PENETROMETER READINGS 

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

DEPTH 
(INCHES) 

TEST NO. 2 (MAY 10)                    | 
BUNGEE ATTACHED A,r HOLE NUMBE R              1 

0 I 2 3 4 5 6 

I 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 

DEPTH 
(INCHES) 

TEST NO. 3 (MAY 10)                   1 
BUI ̂GEE ATTACHED AT HOLE NUMBE1 I               1 

0 1 2 3 4 5 6 

I 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 BUNK 

FORM Ifd.F     nFU  7 KQ 
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North American Aviation/Columbus 
North American Rockwell NR70H-570 

Al-20 

PENETROMETER READINGS 
MAY 11 

SITE NO. 2 
LANDING NO. 226 

DEPTH 
(INCHES) 

LEFT HAIN GEAR - TEST NO. 4 
BUNGEE ATTACHED AT HOLE NUMBER 

1 
2 
3 
4 
5 
6 
7 

275 
280 
240 
205 
265 
300 

270 
260 
240 
185 
220 
265 
300 

220 
255 
245 
220 
205 
230 
280 

175 
165 
175 
205 
215 
230 
300 

190 
210 
205 
225 
300 

185 
205 
210 
180 
160 
230 
300 

195 
230 
230 
180 
145 
190 
300 

DEPTH 
(INCHES) 

NOSE GEAR - TEST NO. 6 
BUNGEE ATTACHED AT HOLE NUMBER 

1 
2 
3 
4 
5 
6 

200 
165 
230 
300 

130 
120 
105 
85 

185 
300 

135 
130 
135 
160 
300 

155 
155 
160 
160 
155 
300 

165 
145 
150 
155 
220 
300 

165 
160 
140 
150 
220 
300 

150 
160 
140 
150 
300 

DEPTH 
(INCHES) 

RIGHT MAIN GEAR - TEST NO. 5 
BUNGEE ATTACHED AT HOLE NUMBER 

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 351-F REV 7-69 
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North American Aviation/Columbus NR70H-570 
North American Rockwell Al-21 

GYUNPER PROP TEST DATA 

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

NR70H-570 
Al-23 

CYLINDER DROP TEST DATA 
TEST NO.  2,  BUNGEE HOLE  0 

TERRAIN HARDIESS A 

(0 /^ 
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North Amortetn Aviation/Coiumbut 
North American Rockwell 

NR70H-57O 
Al-24 

CYLINDER DROP TEST DATA 
TEST NO.   2,  BUNGEE HOLE 2 

TERRAIN HARDNESS A 

4J m 
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K North American Aviation/Columbus 
North American Rockwell 

NR70H-570 
Al-25 

w  m 

CYLINDER DROP TEST DATA 
TEST NO,  2,  BUNGEE HOLE 3 

TERRAIN HARDNESS A 

Time - T Units   (1 T Unit 
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8        9      10    11 

•10 

S   o 
n 

2 io 

s - 

/ 
en 

g0: 2o 
en 

' ^   30 

/ 
/ 

/ 4J      •»■- 

u  G 
'S5 40 y / 

5> 
4)  1-4 
>v-' 50 

-x 

0 Soil Surface 

10 \ 

- 
D 

U
n

it
s 

03
8 

in
) 

O
   

   
  

O
 

\ 
\ 

\ 
4J 
C   II 

\ 
_^ 

S   T* 
« c 
ao 50 

\ 
V 

^ •^ 

•rt  i-l 

60 \ 
_s ^ 

FORM 3B1-P    REV 7-69 



* 

North Amorlcan Avittion/Coiumbut 
North American Rockwell 

NR70H-570 
Al-26 

CYLINDER DROP TEST DATA 
TEST NO.  2, BUNGEE HOLE 5 

TERRAIN HARDNESS A 
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North American Aviation/Columbus 
North American Rockwell 

NR70H-570 
Al-27 

CO  /-s 
4J  a 
•H - 
C   00 

in 
<  ON 

CYLINDER DROP TEST DATA 
TEST NO.  3,   BUNGEE HOLE  2 

TERRAIN HARDNESS B 

Time - T Units   (1 T Unit »  ,00571 Sec) 
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North Ammican Aviation/Columbus 
North American Rockwell 

NR70H-57O 
Al-28 

CYLINDER DROP TEST DATA 
TEST NO.  2,   BUNGEE HOLE 4 

TERRAIN HARDNESS  B 
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North Anwrican Avlttlon/Columbut 
North American Rockwell 

NR70H-570 
Al-29 

CYLINDER DROP TEST DATA 
TEST NO.  2,  BUNGEE HOLD 6 

TERRAIN HARDNESS  B 
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North American Avlttlon/Columbus 
North American Rockwell 

NR70H-570 
Al-30 
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CYLINDER DROP TEST DATA 
TEST NO. 6, BUNGEE HOLE 2 

TERRAIN HARDNESS C 

Time - T Units (1 T Unit .00571 Sec) 
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9 North Anwrtcan Aviation/Columbus 
North American Rockwell 

NR70H-570 
Al-31 

4J  m 

CYLINDER DROP TEST DATA 
TEST  NO.   6,   BUNGEE HOLE  3 

TERRAIN HARDNESS C 

Time - T Unlti   (1 T Unit -  .00571 Sec) 
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North Amorican Aviation/Columbut 
North American Rockwell 

NR70H-570 
Al-32 
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CYLINDER DROP TEST DATA 
TEST NO.  6,  BUNGEE HOLE 4 

TERRAIN HARbNESS C 

Time - T Units   (1 T Unit -  .00571 Sec) 
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North American Aviation/Columbus 
North American Rockwell 

NR70H-570 
Al-33 

CYLINDER DROP TEST DATA 
TEST NO.   6,  BUNGEE HOLE   5 

TERRAIN HARDNESS C 
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K North American Aviation/Columbus 
North American Rockwell 

NR70H-57Ü 
Al-34 

CYLINDER DROP TEST DATA 
TEST NO.   5,  BUNGEE HOLE 0 

TERRAIN HARDNESS D 
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Time - T Units (1 T Unit - .00571 Sec) 
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4> North American Aviation/Columbus 
North American Rockwell 

NR70H-57() 
Al-35 

CYLINDER DROP TEST DATA 
TEST NO.  5,  BUNGEE HOLE  2 

TERRAIN HARDNESS D 
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North American Aviation/Columbus 
North American Rockwell 

NR70H-570 
Al-36 

CYLINDER DROP TEST DATA 
TEST NO.  5,   BUNGEE HOLE  3 

TERRAIN HARDNESS D 
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North American Aviation/Columbus 
North American Rockwell 

NR70H-570 
Al-37 

CYLINDER DROP TEST DATA 
TEST NO.   5,   BUNGEE HOLE 4 

TERRAIN HARDNESS D 
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North American Avlation/Coltmibut 
North American Rockwell 

NR70H-570 
Al-38 

CYLINDER DROP TEST DATA 
TEST NO.  5,  BUNGEE HOLE  5 

TERRAIN HARDNESS D 
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® North American Aviation/Columbus 
North American Rockwell 

NR70H-570 
Al-39 

CYLINDER DROP TEST DATA 
TEST NO.  4,   BUNGEE HOLE 2 

TERRAIN HARDNESS G 
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North American Aviation/Columbus 
North American Rockwell NR70H-570 

Al-40 

CYLINDER DROP TEST DATA 
TEST NO.  A,   BUNGEE HOLE 3 

TERRAIN HARDNESS  G 
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North American Aviation/Columbus 
North American Rockwell 

NR70H-570 
Al-41 

4J   n 

CYLINDER DROP TEST DATA 
TEST NO.  4,   BUNGEE HOLE 4 

TERRAIN HARDNESS  G 

Time - T Units   (1 T Unit - .00571 Sec) 
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North American Aviation/Columbus 
North American Rockwell NR70H-570 

AI-42 

CYLINDER DROP TEST DATA 
TEST  NO. 4,  BUNGEE HOLE  5 

TERRAIN HARDNESS G 
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North American Aviation/Columbus 
North American Rockwell 

NR70H-570 
Al-^3 

CYLINDER DROP TEST DATA 
TEST NO.   3,   BUNGEE HOLE 0 

TERRAIN HARDNESS  I 

4J  n 

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

2        34567        89      10 11 

-10 
^■s 

. ^ 8    o P—- - ^^ 
09 

/ 
4J  ^ 

•öS 
^co*   20 

'  u    30 

/ 

^ 

/ 

8 >   40 y 
1-4 

^50 

0 Soil Surface 
(0 

C   C 10 

20 

30 

40 

50 

v 
C3  «H 

O 00 

1 o • 
C   n 

0 £ (0   & 
I-l 

\ 

\ 

\ ^s ̂ - 
**- 

n 
•rt  i-l <- 

■^ 

FORM 351 F     REV 7-69 



- 

K North American Aviation/Columbus 
North American Rockwell 

NR70H-570 
Al-44 

CYLINDER DROP TEST DATA 
TEST NO.   3,  BÜNGEE HOLE 3 

TERRAIN HARDNESS  I 
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North American Aviation/Columbus 
North American Rockwell NR70H-570 

Al-45 

CYLINDER DROP TEST DATA 
TEST  NO.   3,  BUNGEE HOLE 4 

TERRAIN HARDNESS  I 
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North American Aviation/Columbus NR70H-570 
North American Rockwell Al-^7 

SELECTED  PEWETROMETRR  DATA 

(TERRAIN HARDNESS  CURVES) 

PMCEK m um 
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North American Aviation/Columbus 
North American Rockwell 

NR70H-570 
Al-49 

PENETROMETER DATA 
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PRtttia PAKE BlAI« 



1» North AnuMican Aviation/Columbus 
North American Rockwell NR70H-570 

Al-50 
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North American Aviation/Columbus 
North American Rockwell 

NR70H-570 
Al-51 

PEHETROMETER DATA 

TERRAIN HARDIESS C 
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w North American Aviation/Columbus 
North American Rockwell 

NR70H-570 
Al-52 

PERETRONBTER DATA 

TERRAH HARHIESS D 
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North American Aviation/Columbus 
North American Rockwell NR70H-570 

Al-53 

PERETROMETER DATA 
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K North American Aviation/Columbus 
North American Rockwell 

NR70H-57O 

PEHKTROMETER DATA 

TERRAIK HARDHESS I 
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North American Aviation/Columbus NR70H-570 
North American Rockwell Al-55 

SHIFTED  TERRATN HARDNESS  CURVES 
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1» North American Aviation/Columbus 
North American Rockwell 

NR70H-570 
AI-57 

SHIFTED PENETROMETER DATA 
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North American Aviation/Columbus NR70H-570 
North American Rockwell Al-59 

STATIC  SOIL  PRESSURE CURVES 
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w North American Aviation/Columbus 
North American Rockwell 

NR70H-570 
Al-61 

STATIC SOIL PRESSURE CURVES 
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Terrain Hardness G 

Terrain Hardness C 

Terrain Hardness D 

Terrain Hardness I 

Terrain Hardness B 

Terrain Hardness A 
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'i» North American Aviation/Columbus NR70H- 5 70 
North American Rockwell Al-63 

METHOD  OF  DETERMINING THE  STATTC  FORtlE 

ACTINr.  ON  THE Rir.TD r.YI.TNDRR 

PRKIDIMK n& BUM 
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North American Aviation/Columbus 
North American Rockwell 

NR70H-570 
Al-65 

Method of Detertning  the Static Force Acting On the Rigid Cylinder 

Depicted helow is  the rigid cylinder of radius R 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. 

PLATE (TYP) 

fite   #rt 

PKCEDING PAGE BIANK 
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North American Aviation/Columbus 
North American Rockwell NR70H-570 

Al-66 

The static reactive  force  (soil static strength)   is  the sum of 
the vertical  forces  acting on the effective area of each plate: 

«*/ 
/? „ = 2Ry,* 2Rvt *•- + IRm * 1 R*n*, ' 2 Z R*i (Al-l) 

it 

The elemental reactive forces, Rvi ,  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   tp  .       Generally,  there are  /7   plates of thick- 
ness tp   ,  and one plate   (n + l)    of thickness rm tp     where  A>» 
is  less than 1.     Thus 

n + Tm  =-|" (Al-2) 
tp 

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

COSdi *{R'Lt,)/R , i*i,2r",n,n+rm (AI-3) 

Xi* RU-COS1^)"1 , i^l^-'.n.n+r* (AI-A) 

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

Vi '[Mdtpj-dtp)*/* (Ai-5) 

Thus, the effective area of each plate L   is 

Ai'Mt/i-XiJ , i'/,2,"t/?tn*rm (AI-6) 

Note that when Ls/   ,   the value of  /;.,     is  identically zero. 
The elemental  force  acting on surface   4»    is  given by the 
following expression. 

/?•, - (AJlPqu,)],L*i,2,--.n,n+rm (AI-7) 

Where Pq(ii)     represents the static soil pressure of plate 
depth i(- . 

h- i-U-i)tp   . L'i,zt--.r7 (A1.8) 
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w North American Aviation/Columbus 
North American Rockwell NR70H-570 

Al-67 

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

Ry*Zb{£[(XrXH)f$(l.i]*(X„*n,-)(*)P9(in*rm)] (AI-9) 
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1» North American Aviation/Columbus 
North American Rockwell NR7ÜHO/U 

Al-69 

CALCULATED SOIL DAMPING COEFFICIENTS 

PRECEDE PAGE BLANK 
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North American Aviation/Columbus 
North American Rockwell NR70H-57Ü 

Al-71 

CALCULATED SOIL DAMPING COEFFICIENTS 

Terrain Hardness A, Test No. 2, Bunpee Hole 0 

X X Ü KC« ca.i>2,m) 
(IN) IIN/SEC1 IIN/SEC**2l (LBS/IN) (LBS/IN/SEC) 

0.2280 138.9096 3.0690 244.7759 0.5136 
0.4180 134,2008 7.6725 231.361° 1.2^88 
0.60^2 127.5300 11.8575 219.4047 2.1111 
0.809A 118.1124 16.4610 205.1040 3.2143 
0.9956 109.8720 20.0880 190.7820 4.2691 
1.1970 I00.062C 23.0175 177,0236 5.3832 
1.3870 90.2520 25.8075 166.0537 6.7302 
1.5770 78.4800 27.9000 156.8477 fl.3560 
1.7556 66.7080 29.9925 149.5612 10.5826 
1.8696 51.0120 30.6900 145.4558 14.0823 

Terrain Hardness A, Test No. 2, Bungee Hole 2 

z i M KW CCi,Urn) 
(IN) (IN/SECI (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 
0.6802 127.5300 15.3450 213.9063 2.8643 
0.8740 114.1884 19.1115 200.0498 3.9727 
1.0792 100.0620 21.9015 184.8101 5.1590 
1.2920 87.1128 23.9940 171.2725 6.<.259 
1.5010 73.3788 25.8075 160.3296 8.1370 
1.6910 60.8220 27.7605 152.0784 10.5488 
1.8430 45.9108 28.5975 146.3790 14.2700 
1.9950 32.1768 28.7370 141.3246 20.1182 

PRECEDING PAGE BUNK 
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North American Aviation/Columbus 
North American Rockwell NR70H-57O 

Al-72 

CALCULATED  SOIL DAMPING COEFFICIENTS 

Terrain Hardness A,   Test No.   2,  Bungee Hole  5 

i     z i il K(*> C(UJr*>   1 
i   (IN) i IN/SEC) nN/SEC**2» (LBS/IN) (LBS/IN/SECI 1 

0.2090 193.8456 6.4170 244.9241 0.9316  a 
1 0.4750 185.6052 15.3450 227.1854 2.1706  j 

0.7372 174.6180 20.6460 210.1707 2.9865  j 
0.9880 153.4284 26.6445 191.3358 4.3985 
1.2 540 131.4540 31.5270 173.50^3 6.0774  j 
1.4820 111.8340 34.8^50 161.2414 7.8879  | 
1.7176 92.2140 37.6650 151.0303 10.2899 
1.9000 72.5940 39.1995 144.4208 13.5250  1 
2.0330 50.6196 40.0365 140.1725 19.7042  1 

1 2.1356 30.9996 39.4785 137.3735 31.3416  f 

Terrain Hardness A,   Test No.  2, Bungee Tole 3 

g 2 M «*) CC**z*2i*) 
(IN) (IN/SEC) IIN/SEC*»2) JLBS/IN) (LBS/IN/SECI I 

1  0.2090 165.5928 7.6725 244.9241 1.3275 1 
0.4560 158.9220 13.2525 228.2174 2.1477 
C.69)2 146. 7-:76 18.1350 212. 6431 3.0614 
0.9424 133.4160 22.4595 194.7397 4.1193 
1.1400 117.7200 25.3890 180.8786 5.2536 

l.3ft80 
1.5960 

98.1000 
78.4800 

27.9000 167.0548 6.8766  1 
8.8902 29.2950 156.0274 

{  1.7 860 59.6448 29.9925 148.4263 11.7936 
1.9722 37.6704 30.1320 142.0514 18.3890 

1 2.1204 ??T,^0..1 2?.,^ 530 137.7667 28.5438  | 
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North American Aviation/Columbus 
North American Rockwell NR70H- 

Al-73 
570 

CALCULATED SOIL DAMPING COEFFICIENTS 

Terrain Hardness B, Test No. 3, Bungee Hole 2 

z Z 
•• 

*(*) CC2,i*2zJ 
(IN) IIN/SEC) I!N/SEC**2) (LBS/IN) CLBS/IN/SEC) 

0.1710 U9.1120 3.0690 421.0560 0.3699 
0.3<»58 1A1.656^ 8.3700 426.5780 1.0257 
0.5510 131,^b^O 14.6475 401.0132 2.0389 
0.7600 117.7200 19.8090 370.9373 3.1292 
0.9310 100.0620 2 3.7150 34^.9055 4.5096 
1.083C 60.^20 27.2025 323.3340 6.60 30 
1.2730 60.8220 29.9925 299.^891 9.6555 
1.AA40 ^0.02A8 32.3640 280.9567 15.9132 
1.5770 21.5820 34.5960 268.1844 31.9455 
1.6796 8.2404 35.4330 259.3600 85.3005    1 

Terrain Hardness B, Test No. 2, TWngee Hole 4 

2 i ^ KU) CCi*2>2r*) 
(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 406.7348 1.7458 
0.7410 158.9220 21.6225 373.3887 2.7074 
1.0450 136.162« 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 
1.786C 33.3540 39.0600 250.9166 24.0972 
1.9570 19.6200 40.3155 238.9789 41.9688 
2.1090 9.8100 38.5020 229.7344 76.4452 
2.2040 3.9240 34.7355 224.5795 158.4509 

Terrain Hardness B, Test No. 2, Bungee Hole 6 

z i a K(£) CC**i>i*J 
(IN) i iN/<;Ff.» l IN/SFC*^) (LBS/IN) (LBS/lN/SbC) 

0.2660 202.4784 8.9280 431.8654 0.9649 
0.5852 189.9216 20.9250 395.7539 2.3881 
0.8550 166.3776 31.3875 356.4480 4.2515 
1.1096 127.9224 40.7340 319.7728 7.4214 
1.3794 94.1760 44.7795 287.6682 10.9773 
1.5998 61.2144 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 
2.0520 6.6708 43.6635 233.0221 137.5507 
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K North American Aviation/Columbus 
North American Rockwell 

NR70H-570 
Al-74 

CALCULATED SOIL DAMPING COEFFICIENTS 

Terrain Hardness C, Test No. 6, Bungee Hole 2 

1     z i M K(Z) CC*,*,im) 
UBS/IN/SEC) | (IN) (IN/SEC) (IN/SEC**2) (LBS/IN) 

0.1330 145.5804 6.9750 825.9881 6.9573 
0.3192 136.1628 17.0190 947.8334 1.9135 
0.5130 123.6060 25.3890 900.1229 2.9359  1 
0.6954 103.9860 30.6900 835.2912 3.9376  1 
0.3740 80.0496 34.3170 768.7070 5.3942  1 
1.0488 58.0752 36.9675 703.8702 7.7187 

12.4359  1 1.1590 35.3160 37.8045 667.3465 
I 1. 2160 15.3036 37.8045 649.7043 27.6144  1 

Terrain Hardness C, Test No. 6, Bungee Hole 3 

^ i M H(i) CCitifi„) 1 
(IN) (IN/SEC) IIN/SEC**2I (LBS/IN) ILBS/IN/SEC) I 

1 0.1710 165.9852 9.0675 905.8388 0.9622  1 
0,3572 154.2132 18.1350 944.4602 1.6899  i 
0.5510 136.1628 26.7840 886.9139 2.7875  1 
0.7600 115.7580 32.0850 812.8718 3.5948 

1 0.9462 92.2140 35.8515 741.0398 4.8847  1 
1.1780 66,7580 38.0835 661.4100 6.6292  j 
1.3186 45.5184 39.1995 619.8165 9.64 32  1 

1 UmSL 22t7592 39.3390 586.4443 18.1803  1 
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'1* North American Aviation/Columbus 
North American Rockwell NR70H-57Ü 

Al-75 

CALCULATED SOIL DAMPING COEFFICIENTS 

Terrain Hardness C, Test No. 6, Bungee Hole 4 

g i * K(£; CCi.*,*,*) 
(INI (IN/SEC) (IN/SEC**2) (LHS/IN) (LBS/IN/SEC) 

0.1976 177.7572 9.7650 928.1107 0.8608 
0.3876 168.7320 18.1350 ^37.3486 1.3907 
0.5890 154.9980 25.6680 873.3504 2.0579 
0.8208 133.0236 31.3875 789.5266 2.7369 
1.0070 111.8 340 35.5725 718.6534 3.7485 
1.2274 92.2140 38.5020 646.2257 4.7852 
1.4250 67.8852 40.4550 591.3042 6.6710 
1.5922 47.0880 41.1525 550.8642 9.3480 
1.6A54 26.6832 40.5945 539.0619 15.4725 

Terrain Hardness C, Test No. 6, Bungee Hole 5 

z 2 if KC*; ccz^iw,; 
ITMI IIN/SECI i IN/«;EC**2) (LBS/INI (LBS/IN/SEC) 

0.2090 194.2380 6.9750 934.0258 0.2780 
0.4370 184.4280 15.3450 922.2775 0.5842 
0.6802 170.6940 23.0175 840.5156 1.0477 
0.9310 151.0740 29.2950 7^6.7410 1.6648 
1.1^00 131.4540 34.8750 673.9758 2.6835 
1.3680 108.6948 39.0600 606.2904 3.8868 
1.5656 89.0748 42.1290 556.9484 5.3418 
1.7404 64.3536 43.9425 519.1006 7.7853 
1.9000 38.8476 44.2215 488.0542 12.5071 
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K North American Aviation/Columbus 
North American Rockwell NR70H- 

Al-76 
570 

CALCULATED SOIL DAMPING COEFFICIENTS 

Terrain Hardness D, Test No. 5, Bungee Hole 0 

i   * i * K(i) CC*ti,2i*)\ 
(IN) (IN/SEC» (IN/SEC**2) «LBS/INI ILBS/IN/SEC) 1 

| 0.1520 135.7704 4.6035 658.4164 0.5526 
C.3192 130.6692 10.6020 699.6136 1.0656  1 
0.'»826 121.6440 17.4375 674.9071 2.0590 

I 0.6536 108.3024 24.8310 635.2789 3.6195 
1 0.8170 91.0368 29.7135 590.3985 5.2445 
1 0.9576 71.4168 32.7825 552.3124 7.3765  1 

Terrain Hardness D, Test No. 5, Bungee Hole 2 

* X M KC2) cc***tiz*)\ 
UN) (IN/SEC» 1IN/SEC*«21 (LBS/IN) (LBS/IN/SEC) 

1 0.1748 150.6816 5.5800 675.2637 0.5813 1 
0.3724 143.6184 13.9500 693.7287 1.4542 
0.5510 129.4920 21.3435 660.3054 2.5824 
0.7220 111.4416 26.6445 616.5423 3.7575 
0.8968 92.6064 30.4110 568.3752 5.0955 
1.0792 74.5560 _  33.4800 522.5076 6.8889 

| 1.2388 56.1132 35.7120 488.0088 9.6716 
1.3984 37.2780 36.4095 458.3917 14.1647 1 

| 1.5200 18.8352 36.5490 438.5162 26.9103  1 

Terrain Hardness D, Test No. 5, Bungee Hole 3 

!    z i M KCi) C(*fi,ZzA,)\ 
f  (IN) (tN/SEC) (IN/SEC**2I (LBS/IN) (LBS/IN/SEC) t 
10.1710 167.9472 7.5330 673.6165 0.9019 
0.3952 160.8840 14.6475 69Ü.7615 1.3426 
0.6536 148.7196 21.6225 635.2789 1.9616 
0.8702 130.2768 27.3420 575.6015 2.9537 
1.1058 107.1252 32.6430 516.4304 4.4833 1 
1.3490 86.3280 36.6885 467.0636 6.3444 j 
1.5466 60.8220 39.1995 434.4593 9.6067 j 
1.6606 41.2020 40.7340 418.0357 14.8050 

I 1.7556 21.9744 40.7340 - 405-40S6 26L96Lä_J 
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North American Aviation/Columbus 
North American Rockwell NR70H-57Ü 

Al-77 

CALCULATED SOIL DAMPING  COEFFICIENTS 

Terrain Hardness  D,   Test  No.   5,  Buncee  Hole  4 

2 Z 
n 

KC^> cc^.-?**; 
1INI tIN/SFC) (IN/SEC**2) (LÖS/IN) (LBS/IN/SfcC) 

0.285C 180.1116 11.4390 699.7260 1.0510 
0.551G 169.5168 20.5065 66C.3054 1.8184 
0.7980 151.0740 27.2025 595.7555 2.6869 
1.0070 130.2768 32.7825 539.8081 3.9310 
1.2502 104.378A 37.1070 485.7162 5.5912 
1.4706 78.4800 40.7340 '.•46.3461 8.2542 
l.fe22ft 51.7968 42.6870 423.3436 13.0954 
1.7290 30.9996 43.5240 408.8519 22.0800 
1.7936 6.6708 42.9660 400.5906 98.2548 

Terrain Hardness  D,   Test  No.   5,   Bungee  Hole   5 

z i ^ KC£) C6?.*.*W 
(IN) (IN/SEC) IIN/SFC**2) (LBS/IN) «LBS/IN/SEO 

0.2926 195.8076 13.1130 699.9057 1.2065 
0.5434 187.5672 20.7855 662.1019 1.7114 
0.8284 172.6560 28.5975 587.2099 2.5396 
1.0678 151.8588 34.4565 525.1731 3.60 36 
1.3110 125.5680 38.7810 474.0139 4.9513 
1.52 76 96.1380 41.7105 437.3454 6.9339 
1.7176 69.4548 44.0820 410.3511 10.1360 
1.8^24 43.1640 46.0350 388.6704 17.0124 
2.0 3 30 17.6580 45.7560 373.0352 39.7975 

FORM 351 F     REV 7 6;» 



* 

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 i a K(«; di*,*.ir*) 
(INI (IN/SEC) (IN/SEt>*2] (LBS/IN) ILBS/IN/SECI 

0.l7<f8 151.^664 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 
1.1818 57,6828 4L.5_710 958.0354 3.4349 

5.8868 1.2920 31.7844 42.9660 918.5979 
43.5240 906.7924 24.0554 

Terrain Hardness G,  Test No.   4,   Bungee Hole 3 

1     2 m it *C2) c (*♦*,***; 
UN) UN/SEC» CIN/SEC**2) (LBS/IN) (L8S/IN/SEC> 

0.2090 169.5168 9.0675 1262.758? 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 
1.0754 92.2140 41.4315 998.9692 2.7294 
1.2920 67.1004 44.5005 918.5979 3.5C31 
1.4554 41.5944 46.0350 864.1975 5.0990 
1.5770 16.4808 45.3375 826.9772 8.7316 

FORM 351 F     HEV 7 69 
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North American Aviation/Columbus 
North American Rockwell NR70H-570 

Al-79 

CALCULATED SOIL DAMPING COEFFICIENTS 

Terrain Hardness G, Test No. A, Bungee Hole A 

z 
• z • * 

2 KC«; cdiiiii*) 
UN) 1 IN/SFf.» CIN/SEC*«2I (LBS/IN) (LBS/IN/SEC) 

1 0.22B0 186.3900 10.4625 1263.4512 0.3763 
0.4560 175.7952 22.3200 1244.0681 0.9184 
0.6536 156.9600 32.22^5 1170.7681 1.7396 
0.8740 133.0236 39.8970 1082.8311 2.4931 
1.1020 103.9860 46.0350 988.4424 3.6599 
1.2959_ . 71.4168 49.9410 917.2964 5.6468 

| 1.4858 41.5944 51.3360 854.6702 8.7904 

1 U»79 ^11.7720 50.9175 809.2273 25.2353 

Terrain Hardness G, Test No. 4, Bungee Hole 5 

i     ? Z 
• • 
Z K(£) C(i,Z>ZzM? 

i  (INJ (IN/SEC) (IN/SEC**2) (LBS/INJ (LBS/IN/SEC) 
1 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 
1.4174 102.4164 48.1275 876.3967 2.8612 
1.5770 75.7332 50.0805 826.9772 3.8573 
1.6720 47.8728 50.6385 799.5071 5.7846 

1 1.6796 19.6200 49.9410 797.3847 12.8756 
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'1* North American Aviation/Columbus 
North American Rockwell NR70H-570 

Al-80 

CALCULATED SOIL DAMPING COEFFICIENTS 

Terrain Hardness I,  Test No.   3, Bungee Hole 0 

1       * JS 2 K(Z) CCe,*,?**) 
UN) (IN/SEC» IIN/SEC«*2) (LBS/IN) ILBS/IN/SECI | 

{   0.1862 142.0488 5.5800 546.1392 0.7317    1 
0.3724 137.3400 11.1600 498.7622 1.4145    1 
0.5624 125.5680 16.3215 472.0180 2.1967    I 

1   0.7410 114.5808 20.9250 450.4537 3.0666     j 
1   0.9348 100.0620 25.3890 424.1477 4.2790     1 

1.L362 
1   1.3300 

82*7964 
64.7460 

29.2950 
32.7825 

398.0157 5.9724    1 
376.5626 8.5700     j 

1   1.5390 45.1260 35.8515 356.4698 13.3626    I 
|   1.6530 21.5820 37.6650 346.9033 29.4157    1 

Terrain Hardness I,  Test No.   3,  Bungee Hole  3 

[     2 i s *(M) CC**if*j*)\ 
(IN) UN/SEC) (IN/SEC**2) (LBS/IN) (LBS/IN/SfcC) I 

0.1710 165.9852 3.4875 549.3044 0.2790    1 
I  0.3800 158.1372 11.2995 497.1833 1.2358    j 

0.6080 144.0108 19.3905 466.5913 2.4548    I 
1 0.8284 125.1756 25.8075 439.0704 3.7867    I 
1  1.0106 100.0620 31.5270 413.7437 5.9789    i 
1   1.2160 68.6700 36.1305 388.8013 10.0123    1 
I  1.3870 35.3160 38.9205 370.7916 20.7619    1 
|  1.5200 21.5820 39.7575 358.1283 33.7928    1 
1  1.6074 11.7720 39.3390 350.6024 59.2113    | 

1 iWw 3.9240 37.6650 348.1042 162.6290    1 

Terrain Hardness I,   Test No.   3,  Bungee Hole 4 

!   ^ i • • z K(Z) C(Z,^Z*H;| 
1      ( IN) (IN/SEC) (IN/SFC**2) ILBS/IN) ILBS/IN/SECI  1 
[0.2470 181.2888 7.6725 527.5149 0.7762    | 
0.4940 172.6560 16.8795 480.6439 1.8609    1 
0.73^4 156.9600 25.5285 451.3505 3.1728    j 
0.9880 133.4160 31.3875 416.7961 4.4996    j 
1.2540 102.0240 36.2700 384.6067 6.6885    1 

ll.539Q 70.2396, 40.4550 356.4698 10.6331    1 
1.8050 39.2400 42.1290 335.3551 18.9211    1 
1.9152 17.6580 42.9660 327.7252 42.2629    I 

11.9608 7.8480 40.7340 325.1046 84.9544    1 
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Norih American Aviation/Columbus NR70H-570 
North American Rockwell Al-102 
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North American Aviation/Columbus 
North American Rockwell 

PEHETROMETER READIMGS 
10 NAY - A.N. 

SITE 110.2  (II) 
23 FEET LEFT OF CEKPERLIEE 

NR70H-570 
A1-10A 

I 
I 
u 

I 
a 
V 
du 

Horlsontal Distance 

Olaplles 1 Inch Depth 
A Implies 2 Inch Depth 
D Implies 3 Inch Depth 
0 Implies k  Inch Depth 

UV ,r>! f      Rf . 7 (.1 



1» North American Aviation/Columbus 
North American Rockwell 

PEReiRONETER R1ADI1GS 
10 MAY - A.N. 

SITE WO. 2 (II) 
CERERLUB 

NR70H-570 
Al-105 

I 
m 
V 

PS 

U 
V 

I 
I 

100 150 
Horizontal Dlataact Ft. 

230 

Olfcplita 1 Inch Depth  
Almpllaa 2 Inch Depth  
Dlfcpllea 3 Inch Depth  
OUaplle» k Inch Depth  

Valuea at 320 Indicate Readlnga 
Beyond Bange of Penetroneter 

151  F     RE y/  7 fiO 
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North American Aviation/Columbus 
North American Rockwell 

PEHBTROMETIR READIHGS 
10 NAY - A.N. 

SITE 10. 2 (II) 
25 FEET RKBTT OF CEVTERLHIE 

NR70H-570 
Al-106 

I 

! 

a 

100      150 
Horizontal Distance Ft. 

O Daplies 1 Inch Depth — 
ADaplles 2 Inch Depth — 
DLsplles 3 Inch Depth — 
0 Implies k Inch Depth — 

250 



mm 

* 

North American Aviation/Columbus NR70H- 5 70 
North American Rockwell A1 -10 7 

PENETRQMETER  DATA ASSOCIATED WITH 

INDTVIDIIAL  LANDINGS 

• RM351F    REV 7-69 



K North American Aviation/Columbus 
North American Rockwell 

NR70H-570 
Al-109 

PENETROMETER READINGS 
MAY 10 

SITE NO. 2 OL) 
LANDING NO. 215 

| DEPTH LEFT MAIN SEAR NOSE GEAR RIGHT MAIN GEAR   ! 
(INCHES) l 

LEFT i RIGHT LEFT t 
3" Low 

RIGHT LEFT i RIGHT 

1 100 80 180 75 100 55 210 220 300 j 
2 140 150 130 110 185 75 300 300 I  j 
3 185 200 100 180 300 150 I I 
4 260 300 85 280 I 190 
5 I I 105 280 280 
6 220 I I 
7 280 
8 I 

DEPTH 6 FEET DOWNSTREAM 
(INCHES) LEFT MAIN GEAR NOSE GEAR RIGHT MAIN GEAR   i 

LEFT i RIGHT LEFT i RIGHT LEFT i RIGHT 
4" Low 6" Low 2" Low 

1 110 35 50 165 190 105 
!   2 120 55 45 260 280 215 
1   3 220 90 45 300 I 300 
i   4 240 155 50 I I 
|   5 240 210 70 

6 I 300 90 
7 I 160 
8 260 
9 I 

NOTES:  1.  Dimensions apply to sketch under # for the gear and indicate 
terrain lateral profile. 

2. Symbol I implies a reading beyond the range of the penetrometer. 

nssm Wl ^ 

OHM 361-F    REV 7-69 



« 

North American Aviation/Columbu« 
North American Rockwell NR70H-570 

Al-UO 

PENETROMETER READINGS 
MAY 10 

SITE NO. 2 (E) 
LANDING NO. 216 

I DEPTH LEFT MAIN GEAR NOSE GEAR RIGHT MAIN GEAR 1 
(INCHES) 

LEFT * 
2" Low 

RIGHT LEFT * RIGHT LEFT i 
2" Low 

RIGHT 

1 115 90 120 95 85 195 75 140 90 
!   2 110 135 115 140 230 300 130 185 145 
i  3 125 170 125 200 I I 170 210 260 
\        4 185 190 190 300 205 I I  1 
i   5 210 230 245 I 235 

6 300 280 300 I 
1   7 I I I 

LANDING NO. 217 

DEPTH LEFT MAIN GEAR NOSE GEAR RIGHT MAIN GEAR  | 
(INCHES) 

LEFT 4 RIGHT LEFT * 
3" LOW 

RIGHT LEFT * RIGHT 

1 135 120 120 75 25 80 80 55 220 | 

1    2 185 140 145 100 70 95 110 60 300 
3 260 190 220 115 95 110 170 95 I 
4 300 300 300 140 130 110 300 130 
5 I I I 300 300 105 I 300 

1   6 I I 150 I 

1   7 300 
8 I 

NOTES:   1.  Dimensions apply to sketch under ^ for the gear and indicate 
terrain lateral profile. 

2.  Symbol I implies a reading beyond the range of the penetrometer. 

FORM 351 F REV 7-69 
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North Amtrtean Aviation/Columbus 
North American Rockwell NR70H-570 

Al-111 

PENETROMETER READINGS 
MAT 10 

SITE NO. 2 ßr; 
LANDING NO. 218 

1 DEPTH 
(INCHES) LEFT MAIN GEAR ROSE GEAR RIGHT MAIN GEAR 

LEFT 4 RIGHT LEFT * RIGHT LEFT 1 * RIGHT 
A" HIGH 2" LOW 

1   1 80 85 45 105 160 125 115 60 80 
2 80 85 80 125 300 150 170 110 80 
3 185 95 125 140 I 180 210 170 115 
4 160 105 165 225 300 290 280 260 
5 170 100 210 300 I 300 300 300 
6 175 105 180 I I I I  | 

i   7 190 155 300 
8 300 220 I 
9 I 300 

10 I 

1 FOOT DOWNSTREAM 

1 DEPTH 
(INCHES) LEFT MAIN GEAR 

LEFT 4 RIGHT 

'   1 120 90 65 
!   2 130 110 120 

i   3 130 140 160 
4 110 140 165  \ 
5 110 190 165  ' 
6 100 200 195  1 
7 195 170 195  | 
8 280 100 NB 
9 I 100 

10 100 
11 100 
12 NB 

NOTES:   1. Dimensions apply to sketch under ^ for the gear and Indicate 
terrain lateral profile. 

2. Symbol I implies a reading beyond the range of the penetrometer. 

iPM 3B1-F REV 7-69 
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North Amerlctn Aviation/Columbus 
North American Rockwell NR70H-570 

Al-112 

PENETROMETER READINGS 
MAY 10 

SITE NO. 2 CM) 
LANDING NO. 219 

DEPTH LEFT MAIN GEAR NOSE GEAR RIGHT MAIN GEAR  | 
(INCHES) 

LEFT * RIGHT LEFT * 
3" Low 

RIGHT LEFT * RIGHT 

1   1 110 100 90 90 100 40 90 260 160  j 

1    2 180 160 160 90 240 90 150 300 240 

1    3 200 230 220 140 300 140 260 I 300 
4 240 300 220 290 I 240 300 I  j 

i   5 300 I 260 I 300 

1   6 I 300 I 
1   7 I 

2 FEET DOWNSTREAM 

1 DEPTH 
~-- 

|(INCHES) 

LEFT 4 
3" Low 

RIGHT 

1 80 80 60 
!   2 100 140 90 \ 
1   3 

120 300 160  1 
i   4 160 I 300  j 
!   5 300 I   | 

6 I 

NOTES:   1.  Dimensions apply to sketch under £ for the gear and indicate 
terrain lateral profile. 

2.  Symbol I implies a reading beyond the range of the penetrometer. 

FORM 351 F  REV 7 69 
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North American Aviation/Columbus 
North American Rockwell NR70H-570 

Al-113 

PENETROMETER READINGS 
MAY 10 

SITE NO. 2 W 
LANDING NO. 220 

DEPTH LEFT MAIN GEAR NOSE GEAR RIGHT MAIN GEAR 
(INCHES) 

LEFT * RIGHT LEFT i 
3" LOW 

RIGHT LEFT i 
4" Low 

RIGHT 

1   1 
300 300 300 70 60 40 120 100 90 

2 I I I 130 120 60 170 140 120 
3 180 220 100 200 200 190 
4 220 270 120 200 240 220 
5 280 300 180 200 200 230 

i   6 300 I 230 180 160 240 
7 I 300 150 200 220 
8 I 140 300 160 
9 120 I 120 

1  10 260 120 

1  11 
I 120 

U 120 
|  13 300 
i  I* I  1 

2h  FEET DOWNSTREAM 

DEPTH LEFT MAIN GEAR NOSE GEAR RIGHT MAIN GEAR  | 
(INCHES) 

LEFT          RIGHT LEFT 
4" HIGH 

< 
3" HIGH 

RIGHT LEFT i 
4" LOW 

RIGHT 

\         1 50 40 60 110 110 130 

i   2 50 80 50 110 120 180 
3 40 190 50 100 160 200 

|   4 40 240 120 100 200 200 
i   5 100 240 180 120 180 240 

6 130 230 250 200 140 270 
7 180 300 300 I 130 I  1 
8 260 I I 150 
9 300 240 

10 I 300 
1  11 I 

NOTES: 1. 

ORM3S1-F REV 7-692. 

Dimensions apply to sketch under £ for the gear and Indicate 
terrain lateral profile. 
Symbol I implies a reading beyond the range of the penetrometer. 



»-wwr•"»*:*» *i ■"M'JVHQH?*^ 

* 

North Am«rictn Avlation/Columbu« 
North American Rockwell NR70H-570 

Al-114 

PENETROMETER READINGS 
MAT 10 

SITE NO.  2 ßrJ 
LANDING NO.  221 

DEPTH LEFT MAIN GEAR NOSE GEAR RIGHT MAIN GEAR 
(INCHES) 

LEFT 4 RIGHT LEFT 
2,, Low 

RIGHT LEFT 
3" High 

t 
2"  High 

RIGHT 

1 180 160 200 160 70 90 60 80 100 
2 240 240 300 190 120 110 70 80 120 
3 300 260 I 240 260 120 80 180 180 
A I 280 300 300 200 90 300 300 
5 300 I I 300 120 I I 
6 I I 220 
7 I 

2h FEET DOWNSTREAM 

DEPTH LEFT MAIN GEAR NOSE GEAR RIGHT MAIN GEAR 
(INCHES) 

LEFT 
1" Low 

RIGHT LEFT i 
2h"  Low 

RIGHT LEFT 
3" Low 

RIGHT 

1 100 170 110 110 120 140 100 50 80 
2 120 260 110 130 180 130 110 70 80 
3 140 I 180 160 300 170 90 160 100 
4 300 300 220 I 170 80 300 180 
5 I I 300 240 70 I 300 
6 I I 140 I 
7 300 
8 I 

NOTES: 1.     Dimensions  apply to sketch under  4   for the  gear and indicate 
terrain lateral profile. 

2.    Symbol  I  Implies a reading beyond the range of the penetrometer. 

FORM 351  F     REV 7-69 
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North American Aviation/Columbus 
North American Rockwell NR70H-570 

Al-115 

PENETROMETER READINGS 
MAY 11 

SITE NO. 2 (1) 
LANDING NO. 223 

DEPTH LEFT MAIN GEAR NOSE GEAR RIGHT MAIN GEAR 
(INCHES) 

LEFT 
2,, Low 

RIGHT LEFT 
2" High 

« RIGHT LEFT 
1" Low 

RIGHT 

1 135 120 80 180 260 200 140 100 90 
2 170 120 90 300 300 150 155 125 120 
3 1A0 100 110 I I 165 155 160 180 
4 130 110 145 220 170 255 210 
5 1A0 130 180 245 155 300 290 
6 200 200 200 230 165 I 300 
7 240 300 160 300 240 I 
8 300 I 180 I 260 
9 I 270 265 

10 I 300 
11 I 

1\  FEET DOWNSTREAM 

DEPTH LEFT MAIN ( 3EAR NOSE GEAR RIGHT MAIN GEAR 
(INCHES) 

LEFT 
1" Low 

RIGHT LEFT 
2" Low 

< 
4" Low 

RIGHT LEFT £ RIGHT 

1 60 160 130 210 260 160 160 90 70 
2 75 170 160 300 300 160 235 120 85 
3 75 195 165 I I 165 265 190 115 
4 65 230 120 180 300 255 120 
5 80 300 90 230 I I 180 
6 120 I 110 250 300 
7 300 150 265 I 
8 I 230 300 
9 200 I 

10 300 
11 I 

NOTES:   1.  Dimensions apply to sketch under ^ for the gear and indicate 
terrain lateral profile. 

2.  Symbol I implies a reading beyond the range of the penetrometer. 

HM 381-F REV 7-69 



4> North American Aviation/Columbus 
North American Rockwell NR70H-570 

Al-116 

PENETR0METER READINGS 
MAY 11 

SITE NO. 2 fa} 
LANDING NO. 224 

DEPTH LEFT MAIN GEAR NOSE GEAR RIGHT MAIN GEAR 
(INCHES) 

LEFT 4 RIGHT LEFT 4 RIGHT LEFT 
* 

RIGHT 

1    1 300 140 220 220 110 200 105 70 110 
i   2 I 260 220 240 195 260 190 135 145 

1   3 
300 I 280 255 300 245 210 180 

A I 300 270 I 285 280 220 
5 I 300 220 300 300 
6 300 220 I I  1 
7 I 300 
8 I 

2^5 FEET DOWNSTREAM 

DEPTH LEI ?T MAIN GEAR NOSE GEAR RIGHT MAIN GEAR 
(INCHES) 

LEFT * RIGHT LEFT 
6" High 

* RIGHT 
3" High 

LEFT 
1" Low 

t RIGHT 

i    1 300 220 230 160 180 115 95 130 180 
!   2 I 300 260 210 240 135 75 200 265 
i   3 I 300 285 255 135 80 285 300 
1   4 

I 300 265 190 120 300 I  1 
1   5 I 270 300 300 I 
1   6 270 I I 
1   7 220 
!   8 240 

9 200 
i  10 200 
1  11 200 

12 200 
13 NB 1 

NOTES:   1. Dimensions apply to sketch under £ for the gear and indicate 
terrain lateral profile. 

2.  Symbol I implies a reading beyond the range of the penetrometer. 

FORM 351 F REV 7 69 
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North American Aviation/Columbus 
North American Rockwell NR70H-570 

Al-117 

PENETROMETER READINGS 
MAY 11 

SITE NO.   2  <X> 
LANDING NO.  225 

DEPTH LEFT MAIN GEAR NOSE GEAR RIGHT MAIN GEAR 
(INCHES) 

LEFT t RIGHT LEFT i RIGHT LEFT t RIGHT 

1 170 90 120 240 195 205 190 100 130 
2 210 140 135 280 235 200 240 165 210 
3 210 280 280 300 300 220 280 300 300 
A 240 300 I 300 I 250 300 I I 
5 300 I I 300 I 
6 I I 

2h FEET DOWNSTREAM 

DEPTH LEFT MAIN GEAR NOSE GEAR RIGHT MAIN GEAR 
(INCHES) 

LEFT # RIGHT LEFT 
1" Low 

RIGHT LEFT i RIGHT 

1 250 160 160 250 300 250 190 125 185 
2 300 220 220 280 I 300 240 180 300 
3 I 280 300 300 I 300 260 I 
4 300 I I I 300 
5 I I 

NOTES; 1. Dimensions apply to sketch under ft   for the gear and Indicate 
terrain lateral profile. 

2. Symbol I implias a reading beyond the range of the penetrometer. 

RM361-F REV 7-69 
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© North American Aviation/Columbus 
North American Rockwell NR70H-570 

Al-118 

PENETROMETER READINGS 
MAY  11 

SITE NO.   2   fc) 
LANDING NO.   226 

DEPTH LEFT MAIN GEAR NOSE GEAR RIGHT MAIN GEAR 
(INCHES) 

LEFT it RIGHT LEFT t RIGHT LEFT ^ RIGHT 
1" High 2" Low 2" Hlch ^_ . 

1 120 150 140 220 170 120 80 90 80 
2 140 150 200 250 230 120 80 120 70 
3 180 170 230 260 230 150 80 200 90 
4 220 120 300 300 240 140 80 300 140 
5 270 130 I I 300 200 80 300 300 
6 300 150 I 300 100 300 I 
7 I 180 I 200 I 
8 220 I 
9 300 

10 I 

1\ FEET DOWNL'TREAM 

DEPTH LEFT MAIN GEAR NOSE GEAR RIGHT MAIN GEAR 
(INCHES) 

LEFT * RIGHT LEFT i RIGHT LEFT i RIGHT 
3" High 3" Low 2" Low 

1 60 120 160 260 140 120 80 100 80 
2 60 150 160 300 140 140 80 160 70 
3 70 170 160 220 160 160 80 280 70 
4 70 300 280 220 300 300 80 I 120 
5 60 I I 300 I I 100 300 
6 40 I 160 I 
7 40 300 
8 40 I 
9 150 

10 300 
11 I 

NOTE: 1.     Dimensions  apply  to sketch under   ^   for  the gear and  indicate 
terrain lateral profile. 

2.     Symbol  I implies a reading beyond the range of the penetrometer. 

FORM351-F     REV 7 69 
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North American Avlttlon/Columbut NRyOH-.^O 
North American Rockwell Al-119 

TERRAIN WNTQVP PATA 

FORM 351-F    REV 7-69 
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North American Avlttlon/Columbui     NR70H-570 
North American Rockwell A2 - 2 

List of Symbols 

^ = Corrected trace deflection to a unit R/Cal step 

R/C«.l = Resistance Calibration of strain gage bridge 

^ ■ Trace deflection from baseline under loaded condition 

Ao = Trace deflection from baseline under a no load condition 

VvtVd(VoUVs -  Vertical bridge output due to a known vertical, drag, 
and side load, respectively 

Dy,C||(P»),Pg   * Drag bridge output due to a known vertical, drag, 
and side load, respectively 

SytS^SoiiSs   ■ Side bridge output due to a known vertical, drag, and 
side load, respectively 

^ViSdt^S     " Vertical, drag, and side bridge outputs, respectively 

VjDiS       * Vertical, drag, and side loads, respectively 

KMVj.KVfe 1 
KD^KD^tKQi r      ■ Slopes of the calibration curves 
KSVlK5rffKSsJ 

Subscripts 

sp = Spare gage 

• RM351F     REV 7-69 
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North American Aviation/Columbus 
North American Rockwell 

NR70H-570 
A2-3 

Data Reduction Method 

The location of strain gages on the nose and main gears, respectively, 
are shown on Pages A2-5 and A2-6. A typical strain gage bridge is 
shown on Page A2-7. As indicated in Section 4.1.1, strain gage out- 
puts due to knovn singly applied loads were recorded by a standard 
oscillograph and the results reduced to a unit R/Cal step and plotted 
against load.  These plots are given on Pages A2-8 thru A2-43.  Mathe- 
matically, this procedure may be written as: 

h~'irm UM 

For combined loading,  the strain gage bridge outputs can be written 
in terms of the calibration values. 

Si* KV^V*KVä-D+ KVs-S 
14* KDfV+KD*-D* KLk'S 

The above may be written in the form 

{*H#} 
and solved for loads in the form 

W-W'W 
A sample calculation is shown below: 

Nose Gear,  Full Compressed Position,  Positive Loadings 

KV*    - • 0.93/10000 • • 0.93 x lO-4 

KH    ■ ■ 0.06/5000    • - 0.12 x 10-A 

KVs    • ■ 0 • 0 
KD>    • ■ 0.74/10000 • ■ 0.74 x 10-4 
KD*    • • 0.84/5000    ■ - 1.68 x lO"4 

KDs    ■ • 0 • 0 
KSv    • • 0 • 0 
KSä    • • 0 ■ 0 
KS»   ■ ■ 1.39/4000    ■ • 3.475 x 10-4 

OHM 351-F     REV 7-69 
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North American Aviation/Columbus 
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NR70H-570 
A2-4 

10 -4 

0.93 0.12      0 

0.74 1.68      0 

0        0    3.475 

«10'4(5.42934-0.30858) = 5.12076xio"4 

T -4 A      = transpose of A =  10 

0.93 0.74      0 

0.12 1.68      0 

0      0      3.475 

T T -4 
C      = adjoint of A    =  10 

5.8380-0.4170 0 

-2.5715 3.23175        0 

0 0 1.4736 

-1 _c; 
A 

1.140065  -0.081433 0 

-0.502171    0.631107 0 

0 0 0.287769 

Thus;     V =  11401 6     -814  i. v d 

D = -5022 6 +6311   6, v d 

S =    2878 4S 

These relations are given on Pages A2-44 through A2-49 and 
plotted on Pages A2-50 through A2-61. 

FORM351-F     REV 7 69 



^ 

North American Aviation/Columbus 
North American Rockwell 

NR70H-570 
A2-5 

SKETCH OF NOSE GEAR SHOWING LOCATION OF STRAIN GAGES 

Side Load Gage 

Oleo Axial- 
Load Gage 

n 
>■ 

Oleo Pressure "'  ^Sfl 

fey 
Oleo Piston 

Vertical Load Gage 

Drag Load and Drag 
Brace Axial Load Gages 

Drag Brace 
Rod End 
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SKETCH OF MAIN GEAR SHOWING LOCATION OF STRAIN GAGES 

Side Load 
Gage (A,) 

Drag Load 
Gage 

Oleo Axial Load and 
Vertical Load Gages 

Side Load 
Gage (A1) 

Side Load 
Gages (D  and D ) 

r  "* 

Ha? 

View A-A 

Side Load 
Gage  (B2) 
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Typical Strain Gage Bridge 

Calibration 
Resistor 
(R/CAL) 

Resistor 

Main Gear Side Load Bridge Shown 
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HOSE GEAR 

FULL COMPRESSED 

STRAIN GAGE CALIBRATION 
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1  Dsp      / 
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■a 3 1 §    * 
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1 1 
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Trace DeflectIrai-In. 
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/    VD 

/ .-h 

/DD |SD 

-5 
'      Fwd. 
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A2-44 

Nose Gear 

Full compressed position (7.05") 

Positive V, D, S 

V = 11401 5v - 814 id 
D = -5022 Jv +6311 5d 
S = 2878 is 

Positive V, D and -5 

V m 11401 Äv - 814 5d 
D = 5022 Jv +6311 5d 
S = 2837 5s 

Positive V and -D, -S 

V - 11825 iv -1347 id 
D - -5538 iv +6960 id 
S - 2837 4 s 

V . 11825 Sv -1347 id 
D = -5538 iv +6960 5d 
S ■ 2878 is 

Two-thirds compressed position (4.69") 

Positive V, D. S 

V - 14315 5v -3067 6d 
D - -3545 5v +5521 4 d 
S    -        85 iv -  132 id +2395 is 

Positive V,  D and -S 

V = 14315 iv -3067 Jd 
D - 3545 iv +5521 id 
S    -        83 iv      130 id +2353 is 

Positive V and -D,  -S 

V =- 14706 iv -3676 id 
D - -4025 5v +6269 id 
S    - -    47 3v +    74 id +2353 is 

Positive V,  S and -D 

V - 14706 iv -3676 id 
D - -4025 iv +6269 3d 
S    -        48iv +    75 id +2395 is 

FORM 351 F    REV 7 69 
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? Nollfi-1-Wion/Columbuo 
~ ~ North American Rockwell 

NR70H-570 
Al-45 

Nose Gear 

One-third cOillpressed position (2.34") 

Positive V, D, S 

V '"' 19033 c\v -5551 &d 
D ,. -2300 &v +4837 & d 
S • 71 &v - 150 &d +2062 ~s 

Positive V and -D, -s 

V • 19523 clv -6583 &d 
D .. -2633 &v +5539 & d 
S • - 55 tSv + 115 &d +2083 8s 

Full extended position (0.00") 

Positive V, D, S 

v .. 34360 41 v -12048 cS d 
D • 803&v + 3614 ~d 
s = 10 & v - 44 c5 d + 1818 & s 

Positi ve V and -D, -s 

V "' 34137 c1v -13052 ~d 
D = 904 cS v + 4066 ~ d 
s 11 cl v + 49 cS d +181 & s 

Positive V, D and -S 

V = 19033 Jv -5551 ~ d 
D = -2300 ~v +4837 cSd 
S 72 civ - 151 ~d +2083 cis 

Positive V, S, -D 

V = 19523 &v -6583 ~d 
D "" 2633 cSv +5539 cS d 
s = - 54 I v + 114 cl d +2062 & s 

Positive V, D and -S 

V = 34360 ch -12048 &d 
D "" 803 ~v + 3614 &d 
S = - 10 c5 v - 44 c5 ' +1818 &s 

Positive V, S and -D 

V '"' 34137 c\v -13052 ~d 
D • 904 clv + 4066 c\d 
S = llch+ 49Jd+l818cSs 
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North American Aviation/Columbut 
North American Rockwell 

NR70H-57O 
A2-46 

Right Main Gear 

Full compressed position (9.06") 

Positive V,  D,   S 

V = 5070 iv - 186 id - Uis 
D = -1041 iv +9833 Sd + 237 Js 
S    =        85 Jv - 224 id +6019 is 

Positive V,  D, -S 

V - 4068 iv - 181 id - 144 is 
D - -1048 iv +9852 td - 259 is 
S    -      103 iv - 274 id +7358 is 

Positive V,  -D,  +S 

V    =    5051 iv 
D    - -1037 iv +9804 id + 236 is 
S    -        61 iv +6024 is 

Positive V,  -D, -S 

V    -    5049 iv -  149 is 
D    - -1042 Jv +9804 Jd -258   i s 
S    -        74 iv+7351 is 

Two-thirds  Compressed position  (6.04") 

Positive V,   D,   S 

V - 5838 iv -3540 id 
D - - 795 iv +8993 id 
S    « 77 iv -    47 id +6579 is 

Positive V, D, -S 

V - 5838 iv -3540 id 
D - - 795 iv +8993 id 
S -   90 iv - 54 id +7692 is 

Positive V, -D, +S 

V - 5846 iv -3631 id 
D - - 788 iv +8910 id 
S    -        98 iv - 282 id +6579 is 

Positive V, -D, -S 

V - 5846 iv -3631 id 
D - 788 iv +8910 id 
S -  114 iv - 330 id +7692 is 
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1' NolthAme•canAvtotton/Columbuo ~ North American Rockwell 
NR70H-570 

A2-47 

Right Main Gear 

One-third compressed position (3.02") 

Positive V, D, S 

V • 6800 clv -7437 dd - 239 Is 
D • - 531 lv +8394 .Jd + 19 &s 
S • 7018 Is 

v '"' 
D 
s = 

Positive V, -D, +S 

6777 av -7070 &d - 238 as 
513 .1v +8111 I d + 18 cS s 

29 .Jv- 455 &d +7017 &s 

Full extended position (O") 

Positive V, D, S 

V = 8308 &v -13535 ld -1231 Is 
D = 604 .Jv 6288 .1d -~ · 90 ,h 
S • - 276 &v + 91 'd +7448 's 

v 
D 
s 

Positive V, -D, +S 

8318 clv -13426 &d -1232 &s 
584 &v + 6075 dd - 86 cSs 

- 246&v + 398&d +7444 cSs 

Positive V, D, -s 

V = 6800 dv - 7437 dd 
D - 531 &v + 839 Jd 
s 8163 & s 

v .. 
D 

s "' 

v -
D • 
s 

Positive V, -D, -S 

6778 c\v -7086 c1d 
513 .Jv +8113 .1 d 

34 &v- 530 dd +8163 Js 

Positive V, D, -S 

826 Jv -13520 & d 
601 ~v - 6289 &d 
353 &v + 116 dd +9524 & s 

Positive V, -D, -S 

V = [1278 clv -13360 I d 
n 581 a v + 6o8o .1 d 
s = - 315 d v + 509 & d +9524 & s 
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North American Aviation/Columbus 
North American Rockwell 

NR70H-570 
A2-48 

Left Main Gear 

Full compressed position  (9.06") 

Positive V,  D,  S 

V -    5051 Jv 
D - -1009 4v +9991 id + 377 is 
S -        24 Jv - 236 4d +9425 4s 

Positive    V,  D,  -S 

V = 
D - 
S - 

5051 iv 
-1012 Sv +10022 3d -871 is 

28 6v -    272 id +10893 is 

Positive V,  -D, +S 

V -    5088 iv - 371 id - 
D - -989   iv +9792 id + 370 is 
S -        93 4v - 92A id +9399 is 

Positive V, -D, -S 

V - 5088 iv - 376 id + 33 is 
D - -1001 iv +9913 Id - 862 i s 
S-  109 4 v -1078 Sd +10963Js 

Two-thirds compressed position (6.04") 

Positive V, D, S 

V - 5885 iv -3255 id 
D - -1002 iv +9065 id 
S -    9375 is 

Positive V, D, -S 

V - 5885 iv -3255 id + 225 is 
D - -1002 Iv +9065 id - 625 i s 
S -10,345 is 

Positive V, -D, +S 

V - 5932 iv -3684 id 
D - - 999 iv +9042 id 
S -   47 4v - 424 id +9375 is 

Positive V, -D, -S 

V - 5933 iv -3696 id  + 255 is 
D - -1002 iv +9070 td -    626 is 
S -   52 iv - 469 id +10377 is 
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North American Aviation/Columbus 
North American Rockwell 

NR70H-570 
A2-49 

Left Main Gear 

One-third compressed position  (3.02") 

Positive V,  D,  S 

V - 6910 iv -6910 id - 1063 is 
D - - 645 iv +8107 Id + 99 4s 
S - - 133 iv + 133 Id +10277 is 

Positive V,  D,  -S 

V - 6902 iv -6902 id - 383 is 
D - - 644 iv +8106 id + 36 is 
S - - 144iv + 144 id +11,1194s 

Positive V,  -D, +S 

V - 6947 4v -7368 id -1069 is 
D - - 658 iv +8273 id + 101 is 
S - - 134 Jv + 142 id +10277 is 

Positive V,  -D,  -S 

V - 6938 iv -7358 id - 385 is 
D - - 657 iv +8273 id + 36 is 
S - - 145 iv + 153 id +ll,196is 

Full extended position (0") 

Positive V, D, S 

V - 8453 iv -13083 id - 1585 is 
D - 322 iv + 6644 id - 60 is 
S - - 352 iv +    545 id +12566 is 

Positive V,  D,  -S 

V - 8409 iv -13014 id 
D - 320 iv + 6647 id 
S - - 43liv +    667 id +15385 is 

Positive V,  -D, +S 

V- 8463 iv -12887 id - 1587 is 
D - 308 i v + 6350 id- 58 i s 
S--353iv+ 537 id +12566 is 

Positive V,  -D,  -S 

V - 8418 iv -12819 id 
D - 306 iv + 6352 id 
S--4325iv+    657 id +15385 is 
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NR70H-570 
A3-4 

--·------

OV-lOA GENERAL DATA 

~ 
AREA (SQUARE FEET , TOTALl-,-------- -----291 
SWEEP (25% CHORO O£GREE!;l 0 
ASPECT RATIO 5.51 
TAPER RATIO 1.0 
CHORO QNCHES) 87.25 
AIRFOIL SECTION NACA 642A·l15~ 
DIHEDRAL ANGLE (OEGREES) 0 
INCIDENCE ANGLE TO r.RP. (DEGREES) t 3.0 
SPAN ~ET) .0 
MEAN AEAOOtNAW IC CHORD (INCH£5) 

VERTICAL DISQNCE F'AOM F"RP ~"CHORD.,_ ___ _ 
F\JSELAGE STA. ~~CHOIIDl•----------

F"LAP & VANE 
TYPE NAA OOU9...E SI.OITED 
AREA (TOTAL SQUARE FEET'---------- l&.O 
MAX DEFLECTION (DEGREES) 40 
CHORO ~RCENT OF WING CHORD) 2!1.5 

AILERONS 
TYPE SEALED INTERNAL BALANICEe 
AREA ( TOTAL S0UARE F"EEr)_ _ _ _ --1

7
1;4

2
2 

SFOIN (INCHES) -==------....,-=- - - -- ~ ~5 
C>Y.JRD (AF"T OF '1. ,PEPCENT WING. CHORD) 15 
"""'DEFLECTION (uP/OOWN,DEGIIEES) 2!1/25~ 
SPRING TAB ()UT&OARIJ LEF'T/RIGHT AILERON 

5PAN /CHORD ONC 42.75/4 
MAX 1111! OEF"LECTION (UP/DoY.IN ,OEGII[ES) _ ___ 2Qf'lO 

GEARED TA8gNIOARCI LEFT/RIGHT AILERON 
SPANA:HDRD 0 NCH ESl 36.501'4 
MAx TAB DEFLECTION OJAI'OOWN DEGREE 2!1/25~ 

{9SPOILE'lS 

TYPE~CHES'"'~S«~====================~TSIPLATE SP<IN 0 NCHES PER SID ~9.75 

WING STATION ( IN'BO TO OUT"BO,INCHES) 1~.25 TO 154.0 

CHQROWISE LOCMION (PERCENT WING CHORDl- --- 58.7 
MAX. PROJ ECTION (PERCENT WING CHORD) .625 

MAIN LANDING GEAR TIRE 
TYPE m 
SIZE------------- - - ---29 Xlt-10 QlxtQ) 
PLY R•TING 8 
ROLLING RADIUS (INCHES) 12.9 
F"LAT TIRE RADIUS ( INCHES) 7.32 

!1Jltl!48y LANQ!NG G£-'R TIRE 
TYPE m 
S·ZE 
PLY RATING 
ROLLING RADIUS v ••CHES). 
FLAT TIRE RADIUS (INCHES) 

7.50x tO 
8 

11 .09 
7. 0 

@ HOR!2DN'!l!b 'IIIIL 

AREA 001IIL ~5QUAR~~E~F"EE~~T)~~~~~~~~~~~~~70.48 SWEEP (25'- O«)R(l ,DEGREES) 0 
ASPECT RATIO 02 
TAPER RATIO 1.0 
CHORD (INCHES) 58.0 
AIRFOIL SECTION NACA66·0121)o« 
INCIDENCE ANGLE TO F. :>'! (DEGREES) I (9 
~ (INCHES) 175 
MEAN A£ROOI'NAMIC CHOAO (I~S: 

lof:RTOL DISTANCE f1IOiol F.R.P. _________ ....:M-750· tr 
F\JSELAGE STA. (25" CHORO) 429.012 x:! 

ELE\IIIITOR 
AREA (TO'!l!b SQUIRE FEET) 18.9 
~ (INCHES) 167.622 
CHORD (.ti'T OF HINGE UNE ,PERCENT CHORD) ______ 2&.0 
DEF"LECTION (uP / DOWN, DEGREES) V25 
TRAILING EDGE TAilS 
SPRING liii!S (OIJTBOARD) _ ______ SYMMETRICAL ABOUT • 
5A'N /CHORD (INCHES) &/ l75 
UI'-DDWN 2C)'?I 
GEARED 1li8S (INBOARO) YMMETRICAL ABOUl 
SAr.N/CHORD l•I 'CHES)=---::-----------83.8/ .175 
UP-DOMI " EL~TOR TAA'IEL 75 

VERTICAL TAIL (TwtN) 
AR[.O/SIDE (SQuoiRE FEET)=-=-=:::---c,...,...,--::----->2 44@> 
SWEEPSACK (LEADING EDGE TO F:R.P. ,DEGREES) _ ___ 32 
ASPECT RATIO 1.37@ 
TAPER RATIO 1.0 
ROOT CHORD 0NCHES) 5&.4 

AIRF"OIL SECTION co:;oii0:===:;::::=-------641AOI2 
MEAN AEJIOCII'NAMIC CHORD 

VERTICAL DISQNCE F'ROM F:R.P. (25~ C><ORO) _ __ 5~5@ 
F"USEL.AGE STA. (25% CHORD) «XlA4 ~ 
HORIZONTAL DISTANCE FROM ~ AIRPL .. NE 87.5 

RUOOER/SIDE 
AREA (TOTAL SQUARE FEET>---------- 11.16~ 
UPPER TIP CHORD w. P. QNCHES) 77. 71 
DEF"LECTION , STREAMWISE (RIGHT/LEF"T DEGREES) _ _ 25,.RS 

£ __ ,,, .... .. ,..., 
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NOSE GEAR RELIEF VALVE SCHEMATIC 
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MAIN GEAR RELIEF VALVE SCHEMATIC 
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METERING PIN DIAMETER VS. OLEO STROKE 
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NOSE GEAR TIRE 
FORCE-DEFLECTION CURVE 

(Data by B.  F. Goodrich Tire Co.) 
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NR70H-570 
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NOSE GEAR TIRE 
FOOTPRINT AREA-DEFLECTION CURVE 

(Data by B.   F.  Goodrich Tire Co.) 
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AIRPLANE FLEXIBILITY  VALUES 

MODE NUMBER 

PARAMETER UNITS 1 2 3 4 

0ZNG (Nose Gear) -- -.536828 -.142938 .204473 -.018618 

0ZMG (Main Gear) -- .169980 -.006477 .015131 -.131853 

02^8 (Nose Brace) -- -.378760 -.042109 .104360 .040145 

0ZMB (Main Brace) -- .169648 -.025898 -.138563 -.171650 

d0 
dX ZNG 

/INCH .005888 .003769 -.003897 .002337 

d0 
dx ZMG 

/INCH -.000138 .000930 .007727 .001326 

d0 
dx ZNB 

/INCH .005659 .003601 -.003374 .001962 

d0 
dx ZMB /INCH .000110 .001045 .008110 .002724 

^YNG -- 0 0 0 0 

^YMG -- -.039648 .196510 .012275 .173410 

^YNB -- 0 0 0 0 

^YMB -- -.042674 .193656 .019082 .164904 

d0 
dY ZNG 

/INCH 0 0 0 0 

d0 
dY ZMG 

/INCH .001401 -.006883 -.000484 -.006586 

d0 
dY ZNB /INCH 0 0 0 0 

d0 
dY ZMB 

/INCH .001481 -.006630 -.000687 -.005524 

d0 
dX YNG 

/INCH 0 0 0 0 

d0 
dX YMG 

/INCH -.000049 -.000012 .000101 -.000390 

d0 
dX YNB 

/INCH 0 0 0 0 

d0 
dX YMB 

/INCH -.000163 -.000006 .000357 .000307 

CPS 6.461 9.301 14.613 24.074 

c -- .02 .03 .04 .05 

m LB-SEC2/INCH 2 2 2 2 

f fJRM .151   F      RE V  7 fir' 
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TIME HISTORIES OF LANDING GEAR 

LOADS AND RESPONSE 
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Discussion 

This Appendix, AA contains the experimental data obtained from 
the takeoffs and landings of OV-10A No. 3, BuNo 155392 at Black- 
stone Army Air Base, Virginia during May of 1969.  This aircraft 
was selected because it was fully instrumented.  The instrumenta- 
tion is listed in paragraph 4.1.2 of the main text. 

The flight test program required by Reference (A) and reiterated 
in paragraph 2.0 (A) was flown as a series of 16 flights.  The 
actual flight conditions for these flights are listed in the 
table on Page AA- A .  Sink, speeds and longitudinal speeds were 
determined by TRODI (Touchdown Rate-of-Decent Indicator), SODI 
(Speed Over-the-Deck Indicator), SPN 12, and a high speed, 35 
mm cinerama (Cine) camera.  In addition, compatible sink speeds, 
touchdown times, pitch attitudes and roll angles were determined 
geometrically by the contractor. 

A total of 105 parameters were recorded during each landing. 
Those parameters directly associated with the landing gear char- 
acteristics; i.e. loads, accelerations, strokes and pressures, 
have been selected for inclusion in this appendix.  In addition, 
the aircraft accelerations are presented.  A table of the para- 
meters presented is given on Page AA- 5.  Time histories have 
been produced directly from the oscilligraph records for Flights 
212 through 226.  Landing gear axle loads were calculated from 
the strain gage data using the equations presented in Appendix 
A2.  This data is presented for Flights 217 through 226.  The 
original time histories were produced through computer graphs 
and were difficult to read as well as volumnious.  Therefore, 
the pertinent portion of the time history was replotted exclud- 
ing the landing runout.  The axle loads and gear strokes for 
Flight 221 were replotted for the entire time history.  The 
computer plots are presented for Flight 225 for information. 

Flights 209 through 21A were basically practice flights. 
Flight 209 included practice takeoffs and Flight 210 included 
practice landings with no data being recorded.  Flights 211 
and 222 were not relevent to this study.  Partial data was 
recorded for Flights 212, 213 and 21A.  This data is presented 
on pages AA-8 through AA-12, AA-13 through AA-18, and AA-19 
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through A4-26, respectively.  Flights 215 through 221 were 

tail down landings with sink speeds varying from 10.11 to 
16.69 feet per second.  The sink speed was controlled using 
a mirror landing aid.  Pitch attitudes varied from 2.92 to 
6.97 degrees.  The maximum design attitude for the aircraft 
is 7.5 degrees.  Data for this series of landings is pre- 
sented on Pages A4-27 through A4-82. 

Flights 223, 224, 225 and 226 were nose down flights.  Flights 
223 and 224 resulted in touchdown pitch attitudes of -0.07 
and 0.52 degrees, respectively.  The mean pitch attitude for 
ehe aircraft is 1.5 degrees.  The data for these flights is 
given on Pages A4-83 through A4-101.  A pitch attitude of 
-5.16 was attained on Flight 225 with a corresponding sink 
speed of 17.27 feet per second.  The time histories for 
Flight 225 are given on Pages A4-102 through A4-116. 

Flight 226 resulted in a failure of the nose gear fork.  The 
conditions for the landing were derived from several independent 
readings with readings of sink speed varying from 17.46 to 
20.53 as shown on Page A4-4.  To provide compatibility between 
the touchdown times, pitch angle, roll angle and sink speed, 
a nomograph was constructed employing the aircraft geometry. 
The values determined for pitch angle, roll angle and sink 
speed were -6.48 degrees, 0.93 degrees, and 20.38 feet per 
second, respectively.  The extreme 3^design value for pitch 
attitude is -4.5.  The design sink speed over rough terrain is 
18.8 feet per second.  Flight 226, therefore, exceeded the de- 
sign strength of the aircraft.  The time histories for Flight 
226 are given on Pages A4-117 through A4-128. 
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EXPERIMENTAL TIME HISTORY  PARAMETERS 

Curve Title Units Comments 

Tire Pressure 
NG -Nose Gear 
RMG-Right Main Gear 
LMG-Left Main Gear 

Pressure 

Time 

pounds per 
sq. inch 
seconds 

Curves present oscillo- 
graph traces of measured 
tire internal air pressure. 

Drag Brace Loads 
NLG-Nose Landing Gear 
LMG-Left Main Gear 
RMG-Right Main Gear 

Load 
Time 

pounds 
seconds 

The curves present oscillo- 
graph traces of measured 
drag brace loads.  The 
nose gear drag brace values 
are positive when in com- 
pression while the main 
gear values are positive 
when in tension. 

Olco Axial Loads 
NLG-Nose Landing Gear 
LMG-Left Main Gear 
RMG-Right Main Gear 

Load 
Time 

pounds 
seconds 

The curves present oscillo- 
graph traces of measured 
oleo axial loads.  Loads 
are measured below t'ie oleo 
for the nose gear and above 
the oleo for the main gear. 

Oleo Oil Pressure 
NLG-Nose Landing Gear 
LMG-Left Main Gear 
RMG-Right Main Gear 

Pressure 

Time 

pounds per 
sq. inch 
seconds 

The pressure curves present 
oscillograph traces of 
measured oleo internal oil 
pressure. 

Oleo Stroke 
NLG-Nose Landing Gear 
LMG-Left Main Gear 
RMG-Right Main Gear 

Stroke 
Time 

inches 
seconds 

The curves present oscillo- 
graph traces of measured 
oleo stroke.  Zero stroke 
corresponds to the oleo 
fully extended. 
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Curve Title Units Comments 

I'orque Link Load 
NLG-Nose Landing Gear Load 

Time 
pounds 
seconds 

The curve presents oscillo- 
graph traces of the measured 
axial load in the torque link. 
This link connects the nose 
gear strut to the fork arm. 

Axle Accelerations 
NLG-Nose Landing Gear 
LMG-Left Main Gear 
RMG-Right Main Gear 

Acceler- 
ations 
Time 

g's 

seconds 

These curves present oscillo- 
graph traces of the measured 
axle accelerations. The 
nose gear accelerations are 
measured in directions normal 
and parallel to the fork 
link.  The main gear acceler- 
ations are measured in direc- 
tions normal and parallel to 
the lever arm. 

Airplane C.G. AcceleraU 

! 

.ons 
Acceler- 
ations 
Time 

g's 

seconds 

These curves present oscillo- 
graph traces of measured 
accelerations at the air- 
plane C.G. in the vertical 
direction (normal to a water 
plane), longitudinal direc- 
tion (parallel to the FRL), 
and the lateral direction 
(normal to a butt plane). 

i 

Stroke Curves 
NC -Nose Gear 
IMG-1 oft Main Gear 
RMG-Right Main Gear 

Stroke 
Time 

inches 
seconds 

These stroke curves are the 
same as those labeled Oleo 
Stroke.  The time scale is 
changed to coincide with 
that of the Side, Drag, and 
Vertical Load curves so 
that load-stroke relation- 
ships can be observed. 
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Side Load 
|  NG -Nose Gear Load pounds (NG) These curves present the 
|  LMG-Left Main Gear Load 1000 pounds load acting at the axle   | 
j  RMG-Right Main Gear (LMG, RMG) in a direction normal to  f 

Time seconds a butt plane.  Positive 
loads act to the right. 
Loads are determined from 
strain gages on the gear. 1 

1 Drag Load 
NG -Nose Gear Load pounds (NG) These curves present the 
LMG-Left Main Gear Load 1000 pounds load acting at the axle   j 
RMG-Right Main Gear (LMG, RMG) in a direction parallel   | 

Time seconds to the FRL.  Positive     1 
loads act aft.  Loads are I 
determined from strain    j 
gages on the gear.        | 

| Vertical Load 
i  NG -Nose Gear Load pounds (NG) These curves present the  j 
j  LMG-Left Main Gear Load 1000 pounds load acting at the axle   i 

RMG-Right Main Gear (LMG, RMG) in a direction normal to  | 
Time seconds a water plane.  Positive 

loads act up.  Loads are 
determined from strain 
gages on the gear.        j 

Loads At The Axle 
\     NG -Nose Gear Load pounds These curves are digital  j 

LMG-Left Main Gear Time seconds computer plots of the     j 
1  RMG-Right Main Gear loads at the axle deter- 

mined from strain gages   j 
on the landing gear. 
Vertical (V), Side (S), 
and Drag (D) loads are    j 
presented.               i 
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