
h . 5. 

Property ot the United States Government 

TECHNICAL REPORT NO. 3-790 

PILOT STUDY OF RESPONSE OF CV - 2 
AIRCRAFT TO IRREGULAR TERRAIN 

by 

A. J. Green 

E. S. Rush 

July 1967 

Sponsored by 

U. S. Army Materiel Command 

Conducted by 

U. S. Army Engineer Waterways Experiment Station 
CORPS OF ENGINEERS 

Vicksburg, Mississippi 

lfti& dQGUJJl&At i!I !l11bje&t-te special expert oonhols 1tft8 e~ tflRemittal 1o 
feJ'.aigA gevemtt1eRts .GJ fm eigrt RatieRels may be made only with prier 

.apprev&Hf ~. S. - ~ Watefweys fxpe&'imint Sbrtion. 

UBRARY 
US ARMY ENGINEER WATERWAYS EXPERIMENT ST'\TION 



Destroy this report when no longer needed. Do not return 
it to the originator. 

The findings in this report are not to be construed as an official 
Department of the Army position unless so designated 

by other authorized documents. 



TECHNICAL REPORT NO. 3-790 

PILOT STUDY OF RESPONSE OF CV - 2 
AIRCRAFT TO IRREGULAR TERRAIN 

by 

A. J. Green 

E. S. Rush 

July 1967 

Sponsored by 

U. S. Army Materiel Command 
Project No. 1- V-0-21701-A-047 

Conducted by 

U. S. Army Engineer Waterways Experiment Station 
CORPS OF ENGINEERS 

Vicksburg, Mississippi 
.t\RMY-MRC VICKSBURG, MISS. 

T~is ~eeH1t1ent i!-sHbject to Gpitial &x~ert eo"~rol! eR~ eaeR tFaRefllitt11l le 
foreign government! or fureigfl Jlatiul'l11lu fll8Y .- made 'mlly with !'Pier 
~t of U. s.- Army-Engineer Waterways Experiment Station. 





., - I 
) ., 

3 

FOREWORD 

The program reported herein was conducted in furtherance of Depart-
ment of the Army Research and Development Project l-V-0-21701-A-047, 
"Transportation and Environmental Research Studies," under the sponsorship 
and guidance of the Directorate of Research and Development, U. S. Army 

Materiel Command. 
The responsibility for conducting the program was assigned to the 

Mobility and Environmental (~E) Division of the U. S. Anny Engineer 
Waterways Experiment Station (WES). Field tests were conducted during 
September and October 1965 in the vicinity of Vicksburg, Miss., Eglin 
Air Force Base, Fla., and Ft. Stewart, Ga. 

Acknowledgment is made to the Commanding General of the U. S. 
Continental Army Command, Ft. Monroe, Va., and the units under his 
command for making a CV-2 aircra~ available for testing. Acknowledgment 
is also made to the Commanding Officer, loth Aviation Group, and the 
Commanding Officer, 135th Aviation Company (Air)(Fixed Wing), for loan, 
support, and maintenance of the test aircraft. The spirit of cooperation 
displayed by the CV-2 pilot, CPI' J. P. Powell, and his crew contributed 
materially to the success of the test program. 

The program was conducted under the general direction of Mr. W. G. 
Shockley, Chief of the ~E Division, and Dr. D. R. Freitag, Chief of the 
Mobility Research Branch (MRB). Field tests were under the direction of 
Mr. E. S. Rush, Chief of the Soil-Vehicle Studies Section, Vehicle 
Studies Branch, WES, assisted by Messrs. B. G. Schreiner and R. G. Temple, 
and data analysis was under the direction of Mr. A. J. Green, Chie~ Vehicle 
Dynamics Section, MRB, assisted by Mr. N. R. Murphy, Jr. Major assistance 
was given in aircraft instrumentation by Mr. G. C. Downing of the 
Technical Services Division, WES, and in electronic computer analysis by 
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Mr. J. Smith and LT S. E. Veyo of the Technical Services Division and 
Mr. A. S. Lessem of the Vehicle Dynamics Section. The report was 
prepared by Messrs. Green and Rush. Appendix A was prepared by Mr. Lessem, 
and Appendix B was prepared by Messrs. Veyo and Smith. 

Director of WES during conduct of the program and preparation of the 
report was COL John R. Oswalt, Jr., CE. Technical Director was 
Mr. J. B. Tiffany. 
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CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT 

British units of measurement used in this report can be converted to metric 
units as follows: 

Multiply 

feet 
inches 
foot-pounds 
inch-pounds 
pounds 
kips 
pounds per square inch 
slugs 
feet per second 
Fahrenheit degrees 
miles 

By 

0.3048 
2.54 
1.3546 

16.2544 
4.4444 

4444.4 
0.689476 

14.58 
0.3048 
5/9 

i.609344 

To Obtain 

meters 
centimeters 
meter-Newtons 
meter-Newtons 
Newtons 
Newtons 
Newtons per square centimeter 
kilograms 
meters per second 
Celsius or Kelvin degrees* 
kilometers 

* To obtain Celsius (C) temperature readings from Fahrenheit (F) readings, 
use the following formula: C = (5/9)(F - 32). To obtain Kelvin (K) 
readings, use: K = (5/9)(F - 32) + 273.16. 
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SUMMARY 

The investigation reported herein was a pilot study undertaken to 
develop means of predicting the performance of a CV-2 aircraft on irregular 
terrain and of quantifying surface roughness. Special tests were con-
ducted to ascertain the natural frequency and damping characteristics in 
both the vertical and horizontal directions of the elements of the air-
craft. The responses of these elements were influenced by bump frequency, 
with greatest response when the ratio of bump frequency to natural fre-
quency of the element approached unity, i.e. vertical forces on the land-
ing gear were highest when the frequency of the forcing function (terrain) 
was near the natural frequency of the landing gear's vertical motion. 
Landing, takeoff, and taxi tests were conducted at 15 field sites in 
three general areas; accelerometers and strain gages were used to record 
responses of 12 critical components of the aircraft. 

In the course of this limited test program, simple mathematical 
models to predict the dynamic responses of certain of the aircra~ com-
ponents were developed for solution by both analog and digital computers 
and were verified by comparison with measured data. The responses of 
the model to various combinations of bump heights and spacing can be 
computed and used to determine areas too rough for landings and to 
estimate the minimum construction effort required to make the area 
acceptable. 

In developing the models, the tire properties were considered to be 
linear and the tire-soil interface was represented as a point contact, 
although these assumptions did not account for geometry changes in the 
rolling tire when abrupt changes in terrain were encountered. These 
limiting assumptions prevented the model vertical hub displacements from 
closely matching those on the actual record and influenced the accuracy 
of all predicted responses. 

The analog model was a two-mass model intended to predict vertical 
responses at the aircra~ center of gravity (cg) and at the main landing 
gear axle. A more complex, five-mass digital model was designed to 
determine both horizontal and vertical accelerations at the main landing 
gear axle, forces at the tire-soil interface and in the landing gear, 
torque about the wing's elastic axis at a point near where the wing and 
fuselage join, and vertical accelerations at the aircra~ cg and at the 
wing-engine cg. 

The two- and five-mass models yielded similar predictions of the 
aircraft vertical responses in both magnitude and frequency, and the 
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predictions were of useful accuracy. The simple two-mass model may be 
adequate for rapid site classification, although a more complex model 
that includes evaluations of the horizontal and torsional forces appears 
to be desirable. It is proposed that an analog model, excited by 
measured terrain data, be used to determine the adequacy of a surface 
for landings of the CV-2 aircraft. To obtain the terrain input, an out-
rigger trailer dynamometer with an actual prototype aircraft tire as 
the terrain follower is proposed. This device is capable of incorpora-
ting the effect of the complex tire-terrain configuration into the 
analysis. 

x 



PILOT STUDY OF RESPONSE OF CV-2 AIRCRAFT 
TO IRREGULAR TERRAIN 

PART I: INTRODUCTION 

Background 

1. The CV-2 Caribou (fig. 1) and the CV-7 Buffalo transport fixed-
wing aircra~ are integral parts of the U. S. Anny's concept of airmobile 
operations during combat . This airmobile concept was established in 1962 
by the Mobility Requirement Board with then LTG Hamilton H. Howze as 
president. Airmobile units have advantages over purely landmobile units 

Fig. 1. CV-2 aircra~ landing at site 5 

in that the former can (a) assault the enemy at greater distances from 
assembly areas and retain mobility during and a~er the assault, 
(b) reinforce and resupply an assaulting force much faster, and (c) move 
quickly from one combat situation to another .1 

2 . During exercises JTEX GOLD FIRE-I and AIR ASSAULT-II, the CV-2 
and CV-7 aircra~ were able to operate from airstrips that required 
little construction effort compared with that required for airstrips for 
other fixed- wing aircraft used during the exercises . A report2 on the 
two exercises was submitted to the Commanding General, U. S. Army Materiel 
Command (AMC), by the Chief of Engineers with a strong recommendation that 
AMC undertake a test program to establish (a) the degree and configura-
tion of ground roughness that can be tolerated by CV-2 and CV-7 aircraft, 
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and (b) a procedure by which field personnel can rapidly appraise ground 
roughness and grading requirements during site selection operations. The 
Chief of Engineers further stated that results of such a test program 
would find immediate application in Engineer Technical Manuals covering 
airstrip design and construction guidance and criteria. 

3. In response to these recommendations, AMC in February 1965 
directed the Waterways Experiment Station (WES) to conduct such a study 

and requested that testing start in June 1965. Because CV-2's were being 
used in high-priority airmobile training and other research and test 
activities, one could not be made available to the WES for testing until 
September 1965. A CV-7 aircraft was not tested because all were in use 
and none were available during the test program. 

Purposes 

4. The purposes of the study reported herein were to (a) demonstrate 
that a mathematical terrain-aircraft model could be developed which would 
predict the response of aircraft components to the terrain, and (b) de-
scribe procedures by which the degree of terr~in roughness that could 
be tolerated by the CV-2 aircra~ could be determined. 

Scope 

5. Field tests were conducted at 15 sites in three general areas. 
Actual landings and takeoffs were made at six sites, and taxi runs at 
various speeds were made at all sites. Twelve critical aircraft 
components were instrumented with strain gages and/or accelerometers to 
record responses of the aircraft during tests. Simple analog and 
digital mathematical models of the aircraft were developed and their 
responses were compared with the data obtained during the field tests. 

Definitions 

6. Certain terms used in this report are defined as follows: 
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Damping 

Damping, critical 

Damping ratio 

Frequency, 
natural m 

c/c c 

Frequency ratio 
( D/m) 

Harmonic 

Linear system 

Oleo (pnewnatic) 
strut 

Resonance 

Steady state 

The impeding of a motion, as by friction or similar 
force. It is of special significance in connection 
with the diminishing amplitude of an oscillation. 
The value of damping that gives the most rapid 
transient response possible without overshoot. In 
a system in which the variable x obeys the 
differential equation ax + bx + ex = 0 ' the term 
bx is called the damping factor and the condition 
for critical damping is that in which the relation 
among the system constants is such that b = 2ac = Cc , 
the coefficient of damping for the critical condition. 
Ratio of actual damping (c) to critical damping (cc)· 
When c/cc is greater than 1, the system is overdamped; 
when c/cc = 1, the system is critically damped; when 
c/cc is less than 1, the system is underdamped. 
A frequency of vibration of a system determined solely 
by the system parameters, independent of external 
forces, i.e. the frequency of a free vibration. 
The ratio of the forcing frequency to the natural 
frequency of the system. 
A sinusoidal wave having a frequency that is an 
integral multiple of a fUndamental frequency; 
e.g. a wave with twice the frequency of the funda-
mental is called the second harmonic. 
A physical system is linear over a specified range 
if in this range its behavior can be represented by 
a linear equation, i.e. an equation of the first 
degree, whether it be algebraic, difference, differ-
ential, or integral. 
A shock absorber consisting of a piston, capped with 
a disk in which one or more orifices are located, 
that operates in a cylinder. The assembly is kept 
extended by compressed air. As the strut contracts, 
the oil in the cylinder is forced to pass into the 
piston through the orifices, whereby energy is 
dissipated in fluid friction and compressing the air. 
The compressed air will extend the strut when the 
load is relieved. 
A condition that occurs when the frequency ratio is 
unity. Therefore, a resonant frequency is a natural 
frequency of a system. 
A dynamic system is said to be in the "steady state" 
when the variables describing its behavior are 
either invariant with time or are periodic fUnctions 
of time. 
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Transient state A dynamic system is said to be in the "transient 
state" when the variables describing its behavior 
vary with time. From a physical viewpoint, a 
transient state exists in a physical system while 
the energy conditions of one steady state are being 
changed to those of a second steady state. 
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PART II: TEST PROGRAM 

Test Sites 

7. Test sites were located in three general areas--near Vicksburg, 
Miss., at Eglin Air Force Base near Ft. Walton Beach, Fla., and at Ft. 
Stewart, Ga. Sites 1, 2, 3, 4, and 9 and an obstacle course were 
established within the boundary of the Vicksburg Municipal Airport; 
sites 5, 6, 7, 8, 10, 11, and 12 were located on pastureland at the 
Flowers Plantation adjacent to Interstate 20, 10 miles* east of Vicksburg. 
The general locations of the Vicksburg sites are shown in photographs 1 
and 2. Site 13 was located on Wagner Airfield at Eglin Air Force Base, 
approximately 14 miles north of Niceville, Fla. (photograph 3); site 14 
on Pierce Airfield, approximately 5 miles north of Niceville (photograph 4); 
and site 15 about 16 miles northeast of Ft. Stewart's main complex 
(photograph 5) . 

Tests 

8. The tests were divided into two general categories: those con-
ducted on surfaced areas and those conducted on unsurfaced, natural terrain. 
Tests on surfaced areas 

9. Platform-drop tests, obstacle tests, and taxi tests on smooth 
surfaces were conducted at the Vicksburg Airport to obtain spring-rate 
constants of aircraft components, damping coefficients, and reference 
responses needed to develop mathematical models. 

10. Platform-drop tests. These tests were conducted on a course 
that consisted of an inclined ramp connected to a level platform for each 
wheel of the aircraft (fig. 2). Tests were conducted with platforms 
(approximately 3.5 and 5.5 in. high) that were constructed of aluminum-
plank landing mats. For testing, the aircraft was towed onto the platform 

* A table of factors for converting British units of measurement to 
metric units is presented on page vii. 
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Fig. 2. Platform-drop course 

and stopped about 
4 ft from the 
drop; then it was 
towed off the ramp 
at a relatively 
slow speed (1 to 
2 fps) and allowed 
to roll freely to 
a stop. Responses 
were measured 
throughout the 
drop and the free 

roll. Tests were conducted at tire inflation pressures of 40 and 25 psi. 
11 . Obstacle tests . Obstacle tests were conducted by taxiing the 

plane over a washboard course (fig. 3) with several different sized 
obstacles and several different obstacle spacings. Most tests were con-

ducted over wooden two- by-fours (height 1.75 in., width 3 .75 in . ) with 
approach and departure ramps (fig. 4). However, some were conducted over 
two-by- fours without ramps (fig. 5) and a few at slow speeds with four-
by-fours with approach ramps only (fig . 6). The aircraft was taxied at 
various speeds over the obstacle courses . Tire inflation pressure was 
40 psi. 

12 . Taxi 
tests. The air-
craft was taxied 
at various con-
stant speeds over 
a fairly smooth, 
unyielding, 
asphalt-surfaced 
strip . The 
responses of the 
several instru-
mented component s Fig. 3. Washboard course 
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Fig . 5. Wooden two- by- fours without ramp s 

Fi g . 6 . Wooden f our-by-fours with r amped approach 



of the aircraf't were measured for comparison with similar measurements on 
unsurfaced terrain. 
Tests on natural terrain 

13. Tests were conducted to measure stresses, strains, and 
accelerations of the instrumented components of the aircraft as it operated 
over fairly firm soil of varied surface roughness. Unsurfaced sites were 
selected that had sufficient soil strength to prevent appreciable rutting. 
They generally were covered with short grass (less than 20 in. high), 
were 50 f't wide, and from 400 to 1200 f't long. Strips that were too 
rough or were shorter than 1200 f't were used only for taxiing; landings 
and takeoffs were not attempted. 

14. Landing and takeoff tests. For landings, a target was placed 
50 f't from the end of the strip and the pilot attempted to hit the target 
on first touchdown. On takeoffs, the aircraf't started from either station 
o+OO or 12+00, depending on wind direction. Measurements were made dur-
ing a few landings and takeoffs, but the location of the aircraft with 
respect to the ground, needed for analysis of the recorded measurements 
of aircraf't response, was difficult to obtain. Thus, emphasis was placed 
on measurements made during taxi runs, over which closer control could be 
maintained. 

15. Taxi tests. Taxi tests were generally run at two aircraf't 
speeds in one direction and at one speed in the opposite direction on a 
given test strip. The speed of the aircraf't was held as constant as 
possible throughout the test, and location of the aircraf't with respect 
to the ground was established for each taxi test. 

Terrain Data Collected 

Topography 
16. Microgeometry was measured at sites 1-12. Profiles were 

measured along the center line of the long axis and at 15-f't offsets, 
using a rod and level and conventional survey techniques. Rod readings 
were recorded to the nearest 0.01 f't. Measurements were made at 5-f't 
intervals along the profile lines, but if a vertical change of 0.1 f't or 
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greater occurred between these 5-f't spacings, additional intermediate 
measurements were made. In some instances, numerous measurements within 
a 5-f't interval were necessary to characterize the ground surface. 

17. Af'ter each test, additional profile data were collected on 
the undisturbed surfaces adjacent to the paths of the outside tires of 
the aircraf't's main landing gear. These data were used to characterize 
the terrain configuration at sites 13, 14, and 15. The only instance of 
appreciable rutting occurred at site 13. To ascertain rut depth, profile 
data were taken along the center lines of ruts made by the outside tires 
of the main landing gear and subtracted from comparable profile data 
taken from soil adjacent to the ruts. For all other tests, soil was 
strong enough to make rutting negligible. Terrain profiles for site 
characterization are shown in plates 1-15. 
Vegetation 

18. Type, height, and percentage of vegetal cover were determined 
at each test site. The test sites are shown in plates 1-15, and the 
descriptive data obtained are listed in table 1. 
Soil strength 

19. Soil strength was measured with the airfield penetrometer and 
expressed in terms of airfield cone index. Measurements were made before 
traffic, usually at 50-ft intervals along the center line of each test 
site; they were made at the surface, at 1-in. vertical increments to a 
depth of 6 in., and then at 2-in. vertical increments to a depth of 
18 in. or until a reading of 15 was obtained. Airfield cone indexes for 
each test site are given in table 2. 
Moisture content 

20. Soil samples from each test site were obtained from the 0- to 
6-in. and 6- to 12-in. layers, and moisture content, based on percentage 
of dry weight, was determined. These data are listed in table 2. 
Soil type 

21. Representative bulk soil samples from the 0- to 6-in. and 6- to 
12-in. layers were obtained at each test site and classified according to 
the U. S. Department of Agriculture (USDA) textural classification 
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and the Unified Soil Cla:::;sification System (uses). These data are pre-

sented in table 2. 
Miscellaneous 

22. Additional data were collected as necessary to help explain 
results cf tests. Notes were made of aircraft performance and other 
elements of the test program, and photographs were taken of the terrain, 

the aircraft, and the tests. 

Instrumentation and Measurement of 
Aircraft Response 

23. Certain instrumentation was necessary to measure the dynamic 
response (forces and accelerations) of the aircraft. The selection of 
the components of the aircraft's chassis to be instrumented for this 
purpose was largely governed by, but not limited to, the aircraft 
manufacturer's recommendations. The manufacturer also furnished the 
followinc limiting values for guidance: 

Component 

Main (landing) 
gear structure 

Main gear drag 
strut 

Nose gear drag 
strut 

Aircraft center 
of gravity (cg) 

Powerplant cg 

Wing tip rib at 
rear spar** 

Type of Response 

Vertical load 
(compression) 

Axial load (tension) 
Axial load (compression) 
Axial load (tension) 
Axial load (compression) 
Upward acceleration 

Upward acceleration 
Upward or downward 

acceleration 

Maximum Permissible 
"Limit" Value* 

22,000 lb 

51,000 lb 
51,000 lb 
45,000 lb 
45,000 lb 

1.6 g 

4.o g 

,:!:10.0 g 

* The tabulated loads and accelerations correspond to "limit" 
conditions. Since they normally exist in combination with 
other loads which are not always monitored, these loads and 
accelerations have been taken to be 80% of the design limit 
values to provide some margin against combinations of load 
greater than those used in design. 

** Cited rib acceleration limits are not based on design 
procedures, but are tentative limits recommended by 
DeHavilland Aircraft Co. of Canada, Ltd. 
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24. Strain gages and accelerometers were installed to obtain force 
and acceleration measurements, respectively. Their general locations are 
shown in fig. 7, and a typical installation is shown in fig. 8. Strain 
gages installed late in the program to measure torque about the wing's 
elastic a.xis were never fully calibrated, but they are mentioned to 
record that they apparently can be installed and operated satisfactorily. 
Accelerations were measured with strain gage accelerometers selected to 
have ranges compatible with the expected response. 

25. Each transducer installed was connected to a central control 
and recording setup mounted inside the aircraft just behind the cockpit 
(fig. 9). Each transducer circuit was wired through a galvanometer panel 
into an amplifier and then into recorders. The principal recorder was 
a light-beam oscillograph; however, a magnetic tape recorder was also 
used, as a backup measure. Electrical power for the instrumentation was 
supplied by two portable 1.5-kw plants mounted in the rear of the cargo 
compartment . The equipment complex could have been operated on one power 
plant if necessary. 

10 10 1~13 

FORCE MEASUREMENTS ACCELERATION MEASUREMENTS ----- -- - ------ -----
NO. LOCATION TYPE NO. LOCATION TYPE 

LEFT AND RIGHT MAIN GEAR AT WING VERTICAL LEFT MAIN GEAR AT DRAG STRUT HORIZONTAL 
LEFT MAIN GEAR AT WHEEL AXLE VERTICAL LEFT WHEEL AXLE HORIZONTAL 

& VERTICAL 
LEFT ANO RIGHT MAIN DRAG STRUT HORIZONTAL LEFT ANO RIGHT POWER PLANT CENTER 

OF GRAVITY VERTICAL. 

NOSE GEAR DRAG STRUT HORIZONTAL 8 AIRCRAFT CENTER OF GRAVITY VERTICAL 
14 LEFT WING (MOMENT ABOUT WtNG'S 

ELASTIC AXIS) TORQUE PILOT SEAT VERTICAL 
10 LEFT ANO RIGHT WING TIP VERTICAL 

OTHER ---------------------
NO. LOCATION TYPE 

11 LEFT WHEEL GUIDE ARM POTENTIOMETER 
12 LEFT WHEEL ROTATION COUNTER PHOTO CELL 
13 FUSELAGE STRING PLAYOUT 

Fig. 7. Locations of strain gages and accelerometers 
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Fig . 8 . Strain gage for measuring axial force, lef't main gear drag strut 

Fig . 9. Data recording complex 



26. Determining the position of the aircraft with respect to the 
ground in such a way that the aircraft dynamic response could be related 
to ground roughness was difficult. Four devices were employed in this 
determination: (a) a push button switch, triggered by an operator in the 
aircra:ft, that marked the oscillograph as the main landing gear passed 
position markers placed at intervals along the strip; (b) a photoelectric 
cell, mounted in the left inboard wheel of the aircraft, that produced a 
mark on the oscillograph tape for each revolution of the w~eel; (c) shallow 
trenches dug at intervals across the path of the aircra:ft, thereby pro-
ducing an identifiable dynamic response; and (d) a string-and-reel device 
that produced marks on the oscillograph tape at known intervals as the 
string was unreeled by the forward motion of the aircraft. Problems were 
encountered with each of these devices; however, the combination of two 
or more afforded a reasonably reliable measure of distance and location 
for most tests. 
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PART III: MATHEMATICAL MODELS FOR PREDICTING DYNAMIC RESPONSE 

27. The mathematical analysis of the dynamic response of an aircra~ 
requires many complex calculations that make the use of computers manda-
tory. Since the purpose of the computation is to classify unprepared 
landing strips quickly and, if possible, at the site, the mathematical 
model should be as compact and simple as possible. 

28. Mathematical models of the CV-2 aircraft were developed for 
both digital and analog computers. These models are discussed in detail 
in Appendixes A and B. Except for differences arising from the mode of 
operation of each computer, the models are similar. The masses, springs, 
shock absorbers, and flexural elements of the actual aircraft were simu-
lated by a mass-spring-dashpot system. To allow a sufficiently simple 
system, many elements were lwnped together and represented by a composite 
element. The responses of one of the two main gear assemblies of the 
tricycle landing gear configuration were considered in each model. This 
assumes that the responses of the main gear represent the critical con-
dition of the aircraft and that the other main gear assembly has similar 
responses to the terrain in its path. Also, it is assumed that the 
influence of the other two gears on the one being considered is negligible. 

29. A major factor in predicting dynamic responses is an accurate 
assessment of wheel-terrain interaction. To accurately predict responses 
for abrupt discontinuities, the changes in dynamic tire properties due to 
the envelopment or partial envelopment of an obstacle must be characterized, 
and a system for representing the instantaneous tire-soil interface must 
be derived. Although this basic problem in the development of realistic 
dynamic models of all types of wheeled vehicles has been recognized by WES 
and others, no satisfactory solution was available for use in this analysis. 
Therefore, for this study, the tire properties were considered to be linear 
and the tire-soil interface was represented as a point contact in each model. 

Development and Verification of Analog Model 

Platform-drop tests 
30. The platform-drop tests were performed in an attempt to excite 
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the aircraf't in such a way that the natural frequencies and decay rates 
of several components could be detennined and used in the mathematical 
models. The average frequencies of the vertical responses could be 
determined in this manner, but those of the horizontal responses could 
not. The latter were obtained from obstacle tests. Oscillograms of 
vertical axle acceleration and vertical cg acceleration and several 
strain gage channels were analyzed for frequencies and rates of decay 
of natural responses. The frequencies were measured by counting the 
number of cycles occurring in known time intervals; the decay rates were 
determined by counting the number of cycles required for the response 
to diminish to an insignificant level. Fig. 10 shows a representative 
measured response for the vertical force in the main landing gear. 

Dynamic force was measured as the 
deviation from static condition. 
(It should be noted that this is 
true for all figures and plates 
where the term "dynamic force" 
appears.) 

31. Since test conditions 
and procedures could not be dupli-
cated perfectly each time, the 
measured natural frequency and decay 
patterns varied from test to test. 
This required the analysis of 
several tests to obtain representa-
tive values. It was found that the 
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vertical responses of the aircraft decayed to an insignificant level in 
approximately six cycles. The average amount of decay for each cycle as 
derived from such tests is shown in fig. 11. The natural vertical 
frequencies recorded by the accelerometers at the aircraf't cg and by 
the strain gages in the main landing gear ranged from 1.0 to 1.4 cps. 
At the hub of the main landing gear wheels, a response frequency in the 
range of 14 to 16 cps was measured. 

32. Once the average measured frequencies and decay rates had 
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Fig. 11. Decay rate for vertical strut force 
and vertical acceleration at aircraft cg 

been determined, the two-
mass mathematical model 
of the aircraft was pro-
gra.mm.ed for analog com-
puter solution. The 
model was disturbed with 
a voltage pulse analo-
gous to the impact of 
the aircra~ rolling off 

the platform. By adju3ting the computer potentiometers, which controlled 
the spring and damping coefficients of the model, it was possible to cause 
the frequency and decay rates of the model elements to duplicate those of 
the aircraft. Once this had been accomplished, the settings of the 
potentiometers were used to calculate the effective values of the spring 
and dashpot coefficients used in the model. 
Obstacle tests 

33. Effect of bwrrp frequency. Two series of tests were conducted 
on seven different obstacle courses (see plate 16). The first series 
was to determine frequencies of horizontal responses, so obstacles were 
spaced to allow for complete damping of the aircra~'s response between 
them. Twenty-foot intervals (measured in the direction of travel) 
satisfied this requirement. Fig. 12 illustrates representative data from 
this series. The natural frequency of this response (main gear drag 
strut force) was 15. 6 cps. From ,, 
analysis of a number of such records 
it was determined that the natural 
frequency response to horizontal 
impulses at the main gear was 
from 14 to 16 cps, while that at 
the nose gear was from 18 to 20 cps. 
The response consistently decayed 
to an insignificant level in five 
to six cycles. 

34. In the second series, 
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obstacles were spaced 2 and 4 f't apart so that the effect of exciting the 
aircraf't with several discrete frequencies could be studied at aircraft 
speeds below those producing significant aerodynamic lift. In all of 
the obstacle tests, the tires enveloped or partially enveloped the 
obstacles, and no vertical displacement of the wheel hub was noted by 
observers. On the other hand, horizontal deflection of the vertical 
struts was observed visually, and the drag strut forces were quite large 
in most cases. Maximum responses recorded for both series are listed in 
table 3. 

35. The responses of the vertical strut and drag strut of the lef't 
main gear, as determined in two tests, are plotted as a function of time 
in plate 17. The position of the two-by-four obstacles is indicated on 
each plot. It is of interest that the magnitude of the drag strut force 
is greater at the slower speed. The bump frequency for the tests at 
26.7 f'ps was 6.7 cps or slightly less than half of the natural frequency 
of the drag strut, whereas the bump frequency at 43 f'ps was 10.8 cps. 
Fig. 13 shows the effect on the response magnitude of a bump frequency 
of 13.1 cps. This frequency is near the natural frequency of the main 
landing gear drag strut. The amplitude of the response of the force 

2 FT~ ..j 

Fig. 13. Effect of exciting natural frequency on drag strut forces. Air-
craft speed = 26.1 fps; two-by-four obstacles (bu.mp frequency = 13.1 cps) 
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sensor increased with each bump. The envelope of amplitudes (shown in 
fig. 13 as a dashed line) shows that the steady-state condition was 
approached in traversing the five bumps, and a maximum force of about 
34,ooo lb was obtained. This value is 1.7 times greater than the 
corresponding value obtained in the test represented in plate 17, in 
which bump frequency was slightly less than half the natural frequency 
but the aircra~ speed was about the same. This clearly indicates that 
the response is greatly influenced by the bump frequency, i.e. the 
response magnitude increases when the ratio of bump frequency to natural 
frequency approaches unity. 

36. Obstacle envelopment. The discrepancies that occur between 
measured and predicted responses when the tire-soil interface is 
represented by a point contact and the terrain consists of small rigid 
obstacles are illustrated in plate 18. In the test represented in 
plate 18, the aircraft traveled over the obstacles at a relatively slow 
speed. Vertical hub displacements of several inches are predicted by 
the model, yet the maximum vertical hub displacements measured by the 
potentiometer on the main gear guide arm were only about one-half the 
height of the obstacles. The dashed lines represent the maximum and 
minimum displacements recorded. These are used because the small dis-
placements and low level of signal amplification used in this test 
precluded a continuous evaluation of the displacement record. While 
the vertical motion of the aircra~ may account for some of the difference 
between the measured and predicted values, the record of the accelerometer 
at the aircraft cg, as well as visual evidence, suggests that this was 
not an important factor. It is more likely that the difference is the 
result of the tire's tendency to envelop the obstacles. As would be 
expected, the predicted forces are also larger than the measured ones 
(plate 18b). Better agreement between predicted and actual results 
should be found when the radius of curvature of an obstacle or terrain 
undulation is larger than the rolling radius of the tire, because then 
the point contact and the linear tire spring used are more reasonable 
approximations of actual conditions. 
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Ta.xi tests on natural terrain 
37. Data from seven taxi tests over various terrain profiles are 

compared with analog predictions in plates 19-24. Actual terrain profiles 
are shown, and measured vertical accelerations at the wheel hub, aircraft 
vertical cg accelerations, and vertical strut force are compared with the 
predicted values. It should be recognized that a certain amount of 
interpretation was required to obtain the relatively smooth measured 
data curves shown in plates 19-24. A section of an oscillograph record 
from site 8 is shown in plate 25 as an example of the original records. 
While some traces are quite readable, others are obscured by an excess of 
high-frequency noise. Those noisy records that were considered necessary 
for analysis were smoothed by hand. In plate 25, the fine, dark lines 
labeled L Eng Ace (v), L Strut Ace (H), and cg Ace (v) are the smoothed 
lines used to represent the aircraft's responses. As shown in plates 19-24, 
there is reasonable agreement between magnitudes of the predicted and 
measured responses for the vertical strut force and the cg accelerations, 
and phase agreement is quite good in most instances. No comparison of hub 
acceleration was possible because noise distorted the measured responses 
to such a degree that they were not usable. It should be noted that an 
85-~ section of each test strip was used in these comparisons, and 
because of the rapid decay rates previously noted, no attempt was made to 
simulate the effects of the previous profile-time history. 

38. In plate 26a, the predicted vertical forces in the landing 
gear are compared with measured values. Data from at least one taxi test 
on each of 11 test sites are included. The values shown represent the 
maximum positive responses measured or predicted anywhere within the 
85-~ section of test strip analyzed during this study. The two values 
are not necessarily for one location in the test strip. The measured 
horizontal speed ranged from about 10 to about 60 f'ps. Predicted vertical 
forces were generally less than the measured ones; however, most of these 
data were from tests at speeds of less than 40 f'ps. As speed increased, 
predicted values tended to become larger than measured values, probably 
because aerodynamic lift was not considered in the model. Measured and 
predicted values of the vertical accelerations at the aircraft cg for the 
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same group of data are compared in plate 26b. The data ge~erally scatter 
about a 1:1 relation. 

Analog Prediction of Limiting Conditions 

39. The two-mass analog model was used to examine the effect of 
certain variables on the response of the aircra~ to ground roughness. 
Two different idealized obstacle shapes were used to excite the model. 
The responses were recorded for a single frequency of each shape to permit 
an examination of shape effects, and for one of these shapes, responses 
were recorded for various sequences of obstacles to illustrate the effect 
of frequency. Furthermore, since the model is basically linear, the 
results of the study were used to determine the terrain conditions that 
would cause critical elements of the aircraft to reach (or exceed) their 
recommended limit loadings. 
Effect of obstacle shapes 

40. The model's response to a series of obstacles in the shape of 
one-minus-cosine (1 - cos) and trapezoidal forms (the forcing functions) 
was studied first. The forcing functions and the corresponding repre-
sentative responses, i.e. the vertical force in the main landing gear 
and the vertical acceleration at the aircraft cg, are displayed in 
plate 27. The model's responses to the 1 - cos shapes were smooth, 
whereas the responses to the trapezoidal shapes contained some minor 
irregularities. However, the amplitudes of the model's responses and 
the general trend with time were quite similar for each shape. This 
was expected because the amplitudes and the average slopes of the 
obstacle were about the same. Because this was a linear model with 
both spring and damping forces, the response varied linearly with the 
amplitude and the slope of the obstacles encountered. 
Effect of obstacle frequency 

41. When the model was excited with a constant-amplitude 1 - cos 
forcing function at different frequencies, the amplitudes of the responses 
varied with frequency. This trend was observed in the tests on the two-
by-four obstacles. 
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42. Plate 28 shows the results obtained at different frequencies. 
The amplitudes of the steady-state responses differ by a factor of about 
5 for the range of frequencies studied, with the greatest amplitudes 
occurring at the natural frequency of the model (1.12 cps). The general 
pattern of the change in dynamic response amplitudes with frequency is 
shown in fig. 14. The response is shown as a ratio of the actual 
amplitude to the steady-state amplitude so that it applies to any 
amplitude of the forcing function. The majority of the higher amplitude 
responses are associated with a relatively narrow frequency band of 
0.85 to 1.40 cps or 0.75 to 1.25 times the natural frequency of 1.12 cps. 
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Fig. 14. Relative response amplitude (steady state) 
versus bump frequency 

Transient responses 
43. From examination of the mathematical model of the aircra~ it 

can be deduced that the number of cycles of excitation required to achieve 
a steady-state condition should vary approximately linearly with the 
frequency. Six cycles are required to achieve a steady state at the 
natural frequency (1.12 cps) and 18 cycles at the third harmonic (3.36 cps). 
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It is interesting to note that for the nonresonant condition, the transient 
responses are generally more severe than for the steady-state responses. 
However, they do not exceed the amplitude of the steady-state resonant 
responses. 

Limiting conditions 
on idealized terrain 

44. Several different frequencies and amplitudes of 1 - cos forcing 
functions were used to drive the model to determine the bump, the frequency, 
and the amplitude required to produce a limiting stress in the vertical 
strut or a limiting acceleration at the aircraft cg. Fig. 14 shows the 
general pattern of change in dynamic response amplitude with frequency 
(see paragraph 42). Plate 29 shows the relation of the amplitude of the 
forcing function (bump height) to the· steady-state dynamic responses for 
several discrete frequencies including the natural frequency. Since the 
model is linear, the relation of forcing function to response amplitude 
is linear. It should be noted, however, that actual responses are some-
times nonlinear, especially at large bump heights (i.e. there is a limit 
to the bump height an aircraft can climb). Plate 30 shows the relation 
between dynamic response amplitude and frequency for the first six 
cycles of the transient response at various frequencies up to the third 
harmonic. It can be noted that the largest dynamic responses on a given 
bump (except the first) occur when the bump frequency is at or near the 
natural frequency of the system. The responses shown in plate 29 are 
plotted as a percentage of the steady-state responses at the natural 
frequencies so that these curves can apply to any amplitude of the forcing 
function. That·is, the amplitude of the dynamic response of the system 
to any given bump can be computed by using the relations shown in plates 29 
and 30. For example: 

Given: 3 bumps (1 - cos), 3 in. high, with bump 
frequency= 1.5 cps. 

Find: Vertical strut force (VSF) on the third bump. 
Solution: From plate 30, relative response amplitude (RRA) for 

third bump = 0.32. 
From plate 29, read equation for steady-state response at 
1.12 cps: VSF = 3,960 BH + 11,200 , where BH is bump 
height and 11,200 is static weight. 
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VSF (third bwrrp) (RRA) 3,960 BH + 11,200 
(0.32)(3,960)(3) + 11,200 

= 3,801.6 + 11,200 
15,002 lb 

Since the model is linear and the response decay rates are lu1.own (see 

fig. 11), the response of the model to various combinations of bump 
heights and spacing can be computed. 

Development of Digital Models 

45. The GE-225 digital computer at the WES has a greater capacity 
than the analog equipment; therefore, it was used to develop more complex 
models that could predict a greater number of dynamic responses. Because 
analog and digital solutions are obtained differently, a two-mass model 
was first developed to provide results for comparison with those of both 
the analog model and the measured data in order to determine optimum 
time intervals for the numerical computations. When these had been 
determined, more complex models were developed. 

46. The most complex model developed was the five-mass model, which 
was used to determine the following responses: 

a. Horizontal acceleration at the wheel hub. 
b. Vertical acceleration at the wheel hub. 
c. Vertical force at the tire-soil interface. 
d. Vertical force in the landing gear. 
e. Axial force in the drag strut. 
f. Wing torque about the wing's elastic axis at a point near 

the junction of wing and fuselage. 
~· Vertical accelerations at the aircra~ cg. 
h. Vertical accelerations at the engine cg. 

The number of spaces required for this model and the terrain forcing 
function approached the limit available in the computer's memory circuits. 
A detailed explanation of this model, including the mathematics, is given 
in Appendix B. 
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Verification of Digital Models 

Platform-drop tests 
47. Values for the compliance constants of the five-mass system 

were developed by trial guided by experience with the simpler analog and 
digital models. Drop tests conducted with this five-mass digital model 
produced the following responses: 

Response Elements 
Vertical acceleration at aircraft cg 
Vertical force on main landing gear* 
Vertical and horizontal acceleration at 

hub of main landing gear 
Drag strut force on main landing gear 

Model Response 
Frequency, cps 

1.3 
1.3 

15.3 

15.3 
* Force measured above the oleo (pneumatic) strut. 

The corresponding frequencies determined from actual tests were 1.0 to 
1.4 cps for the first two responses tabulated above and 14 to 16 cps for 
the next two. This agreement between model and measured frequencies was 
considered satisfactory. Decay rates were identical for model and measured 
responses. 
Obstacle tests 

48. Predicted and measured results of a test on the ramped two-by-
four obstacles at a speed of 30 f'ps are shown in plate 31. Inadequate 
modeling of the dynamics of a tire had basically the same effect on this 
model (in the vertical mode) as on the analog model, and predicted 
vertical accelerations and forces (plate 3l(c), (d), (e), (h)) were 
generally larger than measured ones. 

49. The five-mass model also offered an opportllllity to examine 
responses associated with the horizontal mode. Measured and predicted 
horizontal responses agreed slightly better than did the vertical responses. 
The averages of the peak positive and negative horizontal accelerations 
experienced at the wheel hub during the test are compared in plate 3l(b). 
Predicted values of horizontal accelerations were only slightly higher 
than those measured. Agreement between measured and predicted forces in 
the main gear drag strut was reasonably good for this test. 
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Ta.xi tests on natural terrain 
50. Because of the low operating speed of the available digital 

equipment, measured and predicted responses were compared for only a few 
taxi tests on natural terrain. Plate 32 illustrates one of these com-
parisons. The model predicted that the tires would remain in contact 
with the surface during the entire run (plate 32(i)). This is an indi-
cation that the radius of curvature of the terrain generally exceeded 
that of the tire. Therefore, the point contact and linear tire spring 
were reasonable approximations of the real phenomena, and the other 
predicted vertical responses should have agreed fairly closely with the 
measured values. It can be seen that all the other predicted and 
measured vertical responses (plate 32(c), (d), (e), and (h)) generally 
agreed in magnitude, as did the predicted and measured forces on the main 
gear drag strut. The frequency of the predicted responses did not com-
pletely agree with the measured data; however, the reasons for the 
divergence are generally understood (see Appendix B), and the five-
mass model is considered valid in concept. 

Two- and Five-Mass Models Compared 

51. If each model is considered to be the best representation of 
the aircra~ that computer limitations allow, the five-mass model should 
predict responses better because it explicitly considers more of the 
aircra~'s complexities, e.g. aerodynamic li~, elastic deformation of 
the landing gear, etc. (see Appendix B). Predicted responses of the 
analog (two-mass) and the digital (five-mass) models and measured 
responses are compared for two measurements (i.e. vertical acceleration 
at the aircraft cg and vertical force on the main landing gear) in 
plate 33. The purpose of this comparison was to compare the results of 
models of different complexity; no comparison of digital and analog 
techniques is intended. 

52. The forces predicted by the two models agreed in both magni-
tude and frequency, and both gave an acceptable prediction of the verti-
cal force. Predicted vertical accelerations of the cg agreed quite well, 
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but values predicted by both models were higher than those measured. It 

should be noted that the methods used to convert the measured data to 
graph form resulted in a loss of some of the small peaks associated with 

the higher frequency response curves (see paragraph 37 and plate 25), so 
the higher frequency response predicted by the five-mass model is probably 

more typical of the actual response. Although there is no doubt that a 
five-mass (or even more complex) model will be required to model all the 
pertinent responses in detail, the simple two-mass model seems adequate 

for rapid site evaluation. 

Assessment of Proposed Landing Strips 

53. Analysis of the data collected during this study led to the 
conclusion that the best method of rapidly assessing the acceptability of 

a proposed landing strip with respect to terrain roughness is to use 
measured terrain profile data as a forcing function to drive a mathemat-
ical model of the aircraft. The simplest model that will provide 

acceptable accuracy in predicting the most critical responses that the 
actual aircraft will experience is recommended for this type of operation. 
Analog computing equipment is probably better suited to this type of 
analysis and to field usage than is digital equipment. Plate 34 is a 
schematic diagram of the processes involved in assessing landing strips 
and determining the amount of construction effort, if any, required to 
make an area acceptable. 
Step one 

54. The first step is to obtain a description of the profile of 
the landing strip. The method of obtaining this is not critical, 
although if the data are in the form of a continuous electric signal, 
they need no additional processing before serving as the computer input. 
One interesting possibility is the use of a laser to measure a continuous 
profile. However, the data can be in the form of relative elevations as 
obtained with an engineer's rod and level. These latter profile data 

must be converted to a signal compatible with the input of the analog 
model, i.e. a continuous electric voltage. There are several possible 
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ways of doing this, but the most generally applicable would be to use an 

electronic curve follower to trace a curve drawn through the plotted 

points. 
Step two 

55. The profile data are used to drive the model, and the predicted 
responses are displayed in graphic or tabular form. The responses are 
compared with the limiting values established by the manufacturer and/or 
the user of the aircra~. 
Step three 

56. If the responses do not exceed the desired level, the proposed 
airstrip can be accepted. If the responses exceed the established limits, 
some modification of the profile is necessary. From the predicted re-
sponse, the engineer can determine what areas of the landing strip are 
excessively rough and estimate the minimum construction effort required 
to make the area acceptable. 
Step four 

57. A new profile that reflects the proposed construction can be 
generated and used to drive the model. If the predicted responses are 
not excessive, the airfield can be used after the recommended construc-
tion has been completed. If the responses still exceed the established 
limit, the effect of additional changes should be reevaluated. The 
process can continue until the effort required to render an airstrip 
serviceable can be determined. 

Response Simulator Proposed 

58. For the mathematical models evaluated in this report, the 
terrain input was represented by a point contact traveling over the 
surface. Predictions were believed to have been adversely affected by 
the omission from consideration of the effects of changes in the 
geometry of a deformable tire as it rolls over the terrain surface. It 
is proposed that for accessible sites, a response simulator capable of 
incorporating the complex tire-terrain configuration be developed to 
make rapid, objective measurements and response evaluations. A 
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suggested device is an outrigger trailer dynamometer employing springs 

and dampers and an actual prototype aircraft tire as the terrain follower. 
The wheel would be held against the ground by a "dead weight" load. Since 
it would be impractical to load the simulator tire as heavily as the tire 
of an actual aircraft, the inflation pressure of the simulator tire would 
be adjusted to obtain the same static tire deflection as the loaded air-
craf't tire. Accelerometers and/or velocity transducers, mounted on the 
axle of the wheel, would produce electrical signals that could be inte-
grated to obtain wheel displacements. Thus, a representation of the 
terrain profile as experienced by the deflecting tire would be produced. 
With this as input to an analog computer housed in the towing vehicle, 
voltages proportional to aircraf't displacements, velocities, and 
accelerations would be obtained. The simulator could be towed at various 
speeds over the terrain, and the output of the analog computer, which 
could be wired to model critical components of the landing gear, could be 
used to evaluate landing capability, optimum taxi paths, and minimum 
construction efforts. 

other Possible Techniques 

59. An entirely remote sensing system for evaluating terrain is 
a possibility within the foreseeable future. As envisioned, such a 
remote system would be a part of the hardware of selected recormaissance 
aircraft and would include several components currently being evaluated 
at the WES, such as an air-drop penetrometer for assessing soil strength, 
a laser profilometer for mapping terrain profiles, and an analog com-
puter with "patch board" dynamic models of the CV-2 and other aircraf't 
as required. This system could rapidly classify any potential landing 
areas, even when access is denied land-bound recormaissance elements. 
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PART IV: CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

60. The data developed and experience gained during this test 
program provide a basis for the following conclusions: 

a. Relatively simple mathematical models of the CV-2 air-
craft can predict the dynamic response of the aircraft 
to most rough terrain with reasonable accuracy, and thus 
can be utilized to assess terrain roughness. (paragraph 52) 

b. A technique has been developed that will permit rapid evalu-
ation of a landing strip by using measured terrain profile 
data as a forcing function to drive a mathematical model of 
the aircraft and comparing the model responses thus 
obtained with the limiting values of the aircraft 
responses. (paragraphs 53-57) 

c. The responses of the model to various combinations of bump 
heights and spacing can be computed and used to determine 
areas too rough for landings and to estimate the minimum 
construction effort required to make the area acceptable. 
(paragraph 44) 

d. To predict responses accurately for abrupt discontinuities, 
the dynamic properties of a tire must be characterized and 
the terrain forcing function modified to account for 
variations in spring and damping coefficients and tire 
print length. (paragraph 36) 

e. Forces on aircraft components are greatest when the spatial 
frequency of the terrain approaches the natural frequency 
of the aircra~ components. (paragraphs 35 and 44) 

Recommendations 

61. On the basis of results presented in this report, it is recom-
mended that: 

a. Further testing be conducted with other aircraft adequately 
instrumented to determine the response of critical com-
ponents, and these aircraft be modeled as simply as 
possible. 

b. A response simulator, in the form of a towed outrigger 
trailer dyna.mometer with an actual aircraft tire as the 
terrain follower, be developed and used as the driving 
function of the model. 

c. The proposed combined terrain simulator and model be 
thoroughly evaluated as a means of rapid site classification. 
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Table 1 

Site Data 

Soil Class Airfield Vegetation 
According to Cone Approx 
Unified Soil Index Grass Avg 

Site Classification 2- to 8-in. Cover Height 
No. Orientation System Depth Name _L in. 

Vicksburg Airport 

1 SSW to NNE; 50 ft wide ML 10.2 Johnson 30 11 
by 1200 ft long Bermuda 70 3 

2 NTIB to SSW; 50 ft wide ML 12.5 Johnson 50 11 
by 1200 ft long Bermuda 50 3 

3 SE to NW; 50 ft wide ML 10.0 Johnson 90 8 
by 1200 ft long Bermuda 10 3 

4 W to E; 50 ft wide by Asphalt-covered 
600 ft long taxiway 

9 E tow; 50 ft wide by 
500 ft long (crosses airport's main runway); 
Sta 0+00 to 2+00 ML 9.8 Johnson 90 16 

Bermuda 10 4 
Sta 2+00 to 3+00 Asphalt-covered runway 
Sta 3+00 to 5+00 ML 9.8 Johnson 90 3 

Bermuda 10 3 

Obstacle Courses (see paragraph 33) 

Flowers Plantation 

5 W to E; 50 ft wide by ML 11.9 Private landing strip 
1200 ft long Surface almost bare 

6 r: to N; 50 ft wide by ML 11.6 Dallas 100 8 
Goo ft long 

7 W to E; 50 ft wide by ML 12.4 Dallas l+o 10 
1200 ft long Bermuda 40 6 

Miscellaneous 20 12 

8 W to E; 50 ft wide by ML 12.l f•allas Bo 12 
1200 ft long Bermuda 20 4 

10 S to N; 50 ft wide by ML 13.6 Dallas 100 10 
Goo ft long 

11 W to E; 50 ft wide by ML 13.1 Dallas 40 10 
400 ft long Bermuda 40 G 

Miscellaneous 20 15 

12 W to E; 50 ft wide by ML 12.9 Dallas 40 10 
1200 ft long Bermuda 40 6 

Miscellaneous 20 12 

Eglin AFB 

13 SE to NW; 50 ft wide SP-SM 4.5* Broom-Sedge 30 <18 
by 1000 ft loni.; Bare 70 

14 S to N; 50 ft wide by SP-SM 12.7* Broom-Sedge 60 9 
1000 ft long Bare 40 

Ft. Stewart 

l) W to E; 50 ft wide by GP-GC 13-7 Broom-Sedge 100 21 
400 ft long 

* 4- to 10-in. depth. 



Table 2 

Soil Strength De.ta 

Site Test A1rf'ield Cone Index at Ind1cated Depth in Inches 
~~ Date ~ 1 L _3_ 4 _5_ ....§__ ___!!___ .1£.__ 12 14 16 lB 

1,2 21 Sept 1965 2.2 6.3 10.2 11.3 12.6 14.6 15.o+ 15.o+ 
3,4,5 27 Sept 1965 2.1 4.8 6.7 8.6 9.8 11.0 11.9 13.1 13.8 15.o+ 

1,2 
3,4 
5 

21 Sept 1965 2 .4 5 .6 
28 Sept 1965 2.8 4.9 
29 Sept 1965 

9.6 u.8 13.0 13.8 14.2 14.4 15.o+ 
7 .o 10.3 13.2 14.2 13.8 15.o+ 

De.ta assumed to be same as Tests 3 and 4 

1,2 
3 

4,5 

22 Sept 1965 1.6 4. 2 8.8 
28 Sept 1965 2.4 4.3 5.6 7.2 10.2 
29 Sept 1965 2.3 4.8 6.8 8.8 9.8 

u.6 13 .o 13.4 
12.2 12.5 13.0 14.4 
ll.8 12.7 12.9 13.4 

14.3 14.4 15.o+ 
15.o+ 

6 

7 

8 

10 

13.4 15.o+ 

25 sept 1965 5,8 9.5 9.5 12.9 u.6 u.5 12.3 13·5 15.o+ 

1,2,3 25 Sept 1965 4.9 9.2 10.1 9. 7 ll.6 12.4 12.3 13.2 13.8 15.o+ 
4 4 Oct 1965 De.ta assumed to be same as Tests 1, 2, and 3 

1,2 
3,4 

1,2,3 
4 
5 

1,2 
3 

1,2 
3 

25 Sept 1965 4.6 8.9 10.6 10.5 9.9 u.4 12.5 14.1 15.o+ 
4 Oct 1965 3.4 u.3 12.1 12.4 12.9 13.0 14.o 15.o+ 

25 Sept 1965 4.6 
4 Oct 1965 

13 Oct 1965 

9.8 l0.5 10.3 u.o 12.0 13.7 15.o+ 
De.ta assumed to be same as Tests 1, 2, &Dd 3 
De.ta assumed to be same as Tests 1, 2, and 3 

24 Sept 1965 1.9 3.8 5.8 7.6 9.6 10.9 ll.8 13.2 13.9 14.2 15.o+ 
29 Sept 1965 De.ta assumed to be same as Tests l and 2 

25 Sept 1965 5.1 9.8 12.2 13.3 13.l 13.1 13.0 15.o+ 
13 Oct 1965 4.3 8.1 11.5 13.2 14.5 15.o+ 

ll 1,2,3,4 4 Oct 1965 3,7 9.1 ll.4 13.1 13.7 12.7 13.7 14.2 15.o+ 

12 1,2,3 

13* 1,2,3 10 Oct 1965 l.l 1.7 2.1 2.9 3.7 4.2 4.4 5.0 4.8 

14 1,2,3 10 Oct 1965 o.8 2.3 3.9 6.2 9.6 11.0 12.8 15.o+ 

15 1,2,3 13 Oct 1965 2.2 5.8 9.7 13.8 15.o+ 

!lote: llo meuurable rutting u:cept tor teats at site 13. 
* Teat l, rut depth averaeed 0.89 in.; test 3, rut depth averaged 1.26 in. 

3.8 3. 7 

Avg Airf'ield Cone IMex 
2- to 8-1n. 4- to 10-in. 

Depth Depth 

10.l 
10.2 

12.8 
12.2 

13.3+ 
14.o+ 

13.l+ 

12.9+ 

3. 7 

12.2+ 
11.9+ 

14.1+ 
14.2+ 

12.8+ 

12.6+ 
14.o+ 

ll.9+ 

13.8+ 
15.o+ 

13.9+ 

lJ.2+ 

15.o+ 

Moisture Content 
~ Dry Weight 

0- to 6-in. 6- to 12-in. 
Depth Depth 

18.o 
23.4 

21.7 
21.0 

19.3 
12.2 

31.2 

17.0 
13.6 

u.6 

16.4 

5.4 

13.2 
22.8 

14.4 
19.5 

22.5 
26.1 
23.8 

15.9 

13.0 

18.4 
14.4 

20.9 

21.0 

16.6 
15.8 

17 ,5 

4.8 

4.4 

7.1 

Soil Cle.esif'ication De.ta 
us!lll uses 

Texture by Atterberg 
Depth Soil Weight, ! S Limits 
..!!!.:..._ ~ Sand Silt ~ Fines ~ ~ 

0-6 SiL 
6-12 SiL 

0-6 SiL 
6-12 SiL 

0-6 SiL 
6-12 SiL 

0-6 Si 
6-12 SiL 

o-6 s 
6-12 s 
o-6 s 
6-12 s 
0-18 s 

22 
14 

16 
15 

21 
9 

ll 
21 

93 
93 

94 
94 
91 

13 
8 

99 35 25 10 ML 
99 3023 7 ML 

Same as Site 1 

79 
79 

99 
99 

Same as Site 7 

31 29 
29 25 

ML 
ML 

75 
78 

4 
13 

99 2523 2 ML 
99 33 17 16 CL 

82 
70 

7 
9 

97 3225 7 ML 
99 3021 9 CL 

Same as Site 7 

Same as Site l 

Same as Site 6 

Same as Site 7 

Same as Site 7 

3 
l 

6 
6 

6 

8 
8 

9 21 14 

NP SP-SM 
NP SP-SM 

NP SP-SM 
NP SP-SM 

GP-OC 



Table 3 

Obstacle Test Results* 

orce, b 
Right Left 

Aircraft Vertical Vertical Acceleration 
Test Obstacle Spacing Speed Left Drag Right Drag Strain Strain at Aircraft 

No. Type ft ~ Strut Strut Nose Gear ~ ~ cg, g 

8 4x4 9.40 +14,094 +19,836 +10,782 +2650 +3810 +0.31 
(Single) -18,075 -16,640 -9,282 -2650 -3520 -0.41 

9 4x4 25.20 +13,676 +16,182 +1,632 +2700 +2640 +o.43 
(Single) -15,920 -16,182 -254 -700 -1175 -0.28 

10 4x4 20 6.30 +17,030 +13,833 +10,131 +3340 +5220 +o.46 
-14,877 -24,925 -6,735 -4200 -5880 -0.36 

11 4x4 20 21.20 +23,201 +22,271 +14,851 +2160 +2323 +0.93 
-33,058 -35,550 -17,967 -1188 -3528 -0.73 

12 4x4 20 9.70 +18,804 +18,812 +798 +2808 +3763 +0.51 
-18,652 -15,216 -942 -3240 -3058 -0.53 

13 4x4 20 9.30 +18,348 +16,738 +435 +2160 +3175 +o.43 
-19,lo6 -21,441 -798 -2808 -2764 -0.28 

14 4x4 20 12.50 +20,169 +21,579 +218 +2754 +2881 +0.61 
-24,869 -29,188 -1,o86 -2376 -2705 -0.40 

16 2x4 2 15.85 +13,375 +13,833 +1260 +o +o.68 
-1000 -765 -0.68 

17 2x4 2 26.40 +14,000** +0.25 
(Resonance) -14,430** -0.25 

+34, 745t +35,275 
-29,8oot 

18 2x4 2 34.70 +25,121 +24,535 +2120 +1025 
-2120 -2300 

19 2x4 4 14.30 +11,420 +13,835 +8, 775 +3000 +0.60 
-5, 740 -6' 133 -8,500 -0.60 

20 2x4 4 26.40 +15,050** +16, 7o4 +9,000 
-15,848** 

+23,360 +27,875 +14,940 +1.o6 
-17,121 -1.o6 

21 2x4 4 43.00 +14,540** +16,730** +9,900 +0.40 
-14,540** -11,160** -11,886** -0.40 
+10,440 +12,267 
-13,050 -12,267 

22 2x4 2 11.23 +8,430** +11,350** +6,425 
(Ramped) -8,745** -10, 700** -6,935 +1600 +0.25 

+10,570 +13,572 +4,590 -1600 
-10,180 -11, 350 -5,095 

23 2x4 2 28.30 +10,050** 
(Ramped) -15,660** 

+26,690 +2350 +0.32 
-27,760 -2350 -0.32 

24 2x4 2 23.30 +11,157** +13,930** ++8,500** 
-14,890** -15,920** -11,603** 
+21,945 +25,056 +10,754 +2585 +0.30 
-19,340 -21,000 -8,945 -1760 . -0.30 

25 2x4 4 12.66 +10,050 +12,270 +7,925 +1650 
(Ramped) -7,177 -9,660 -6, 792 -1650 

26 2x4 4 24.50 +11,593** +14,750 +18,850 +3250 +0.42 
(Ramped) -13,700** -16,573 -20,370 -3250 -0.42 

+14,750 
-13, 500 

27 2x4 4 27.70 +11,420** +12,660** 
(Ramped) -14,355** -18,920** 

+16,835 +18,140 +16,300 +2900 +0.70 
-19,315 -18,920 -16,810 -2900 -0.70 

* All values shown were maximum values. 
** Impact of first obstacle. 
t Horizontal strain gage progressively increased with each 2x4. 



Photograph 1. Sites 1, 2, 3, 4, and 9, Vicksburg Municipal 
Airport, Vicksburg, Miss. 



Photograph 2 . Sites 5, 6, 7, 8, 10, 11, and 12, Flowers Plantation, 
near Vicksburg , Miss. 



Photograph 3 . Site 13, Wagner Airfield, 
Eglin AFB, Fla . 



Photograph 4. Site 14, Pierce Airfield, 
Eglin AFB, Fla. 



Photograph 5 . Site 15, Ft. Stewart, Ga . 
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APPENDIX A: ANALOG Sn.ruLATION OF CV-2 DYNAMIC PROPERTIES 

1. The nature of the model used to study the motions of the CV-2 
aircra~ was governed by the modest analog computation facility at WES. 
A simple mass-spring-dashpot model was used, and no attempt was made to 
incorporate any of the nonlinearities known to exist in the landing gear 
mechanism. The more significant assumptions and restrictions for the 
two-mass model developed are as follows: 

a. Only motions in the vertical plane were considered. 
b. The model was to represent the aircra~ only during taxi 

conditions. Takeoff, landing, and the effects of wing 
li~ were not considered. 

c. The effects of pitch, roll, and yaw upon vertical motions 
were not represented in an explicit way. They were incor-
porated implicitly in empirical coefficients in the model. 

d. Point contact of terrain and tire was assumed. 
e. During taxi tests, the wheels were assumed to have remained 

in contact with the ground. 
f. Soil deformation was ignored. 

2. Because such a model is inherently incapable of reproducing the 
actual complex motions of the aircra~, only the most prominent features 
of the motion were studied. These were the decay rates and the frequencies 
of oscillation of the aircraft cg and the landing gear's vertical stiut. 

3. In writing the equations for the ma.ss-spring-dashpot model, the 
masses were correlated with estimates for actual airer~ and landing 
gear masses. However, it was not attem_pted to correlate springs and 
dashpot characteristics with landing gear flexural properties. Spring and 
dashpot coefficients were selected empirically so that the frequencies and 
decay rates of the model matched those observed in the aircra~. This 
approach was expected to circumvent the difficult process of identifying 
and modeling nonlinear properties and to make the consequent simplifica-
tion in model responses acceptable when compared with field data. This 
expectation was borne out well in strain gage and cg accelerometer data, 
but not so well in axle accelerometer data. 

4. The dynamic mode used to compute the vertical motion of the 

Al 
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Fig. Al. Two-mass model 
for aircraf't vertical 

dynamics 

aircraf't is shown in fig. Al. It gives motion 
along the vertical axis of one landing gear. 
Coupling of motion from one landing gear to 
another, or from the horizontal axis to the 
vertical axis, was not entered explicitly into 
the model; the empirically selected spring and 
dashpot coefficients incorporate them to some 
degree. M2 represents the mass of the wheels 
and axle assembly, estimated at 28 slugs 
(900 lb). M1 represents half the remaining 
mass of the aircraf't, estimated at 342 slugs 
(11,000 lb). The role of the nose wheel 
(apart from static support) was ignored. 

5. The compliance of the tires is 
represented by spring coefficient K2 and 
dashpot coefficient B2 • The compliance 
between landing gear axle and the aircraf't 

cg is represented by K1 and B1 , which include, in an intentionally 
unspecified way, the several compliances of landing gear, wing, and 
fuselage. To obtain experimental values for the K's and B's , platform-
drop tests were performed, and the resulting oscillations were studied to 
identify frequencies and decay rates. The aircraf't cg oscillated at about 
1.12 cps for about six cycles. The landing gear axle oscillated at about 
16 cps, the oscillations again dying away af'ter about six cycles. These 
values remained consistent throughout a series of drop tests conducted with 
a variety of tire pressures and drop heights. Values for the B's and 
K's were chosen so that the dynamic model, when excited by a step dis-
placement, displayed the same frequencies and decay rates. The coeffi-
cients are summarized below. 

l\ 342 slugs 

M2 28 slugs 

Bl 149 lb-f't/f't/sec 

B2 446 lb-f't/f't/sec 



K1 8,110 lb-f't/f't 
K2 409,000 lb-f't/f't 

6. The driving function for the model was a displacement-time 
history D(t) representing the terrain profile as experienced by the air-
craf't in motion. D(t) was generated through use of a photofonner 
technique described in Appendix C. 

7. Field experience with the aircraf't showed that during taxi tests 
the tires remained in contact with the ground and that, for the particular 
runway sites used, deformation of the soil could be ignored. Accordingly, 
the model was set up on a deviation-from-steady-state basis, which assumes 
that gravity is always counteracted by ground reaction, and that neither 
gravity nor ground reaction need appear explicitly in the equations. The 
effect of wing lift was not considered, and the aircraf't was assumed to 
maintain a constant forward speed. The equations of motion are as follows, 
where zl is the cg displacement and z2 is the axle displacement: 

8. These equations were prepared for solution on a 30-amplifier 
analog computer. They were first divided throughout by a factor of 1000. 
Computation time was increased by a factor of 10 compared to real time by 
multiplying all second derivatives by 100 and all first derivatives by 10. 
With the computer time T variable, and with the dot notation for differ-
entiation with respect to T , the equations become 

M2 •. Kl 
(z - z ) + 

Bl 
cz1 z2) -Z 10 2 1000 1 2 100 

K2 
[D(T) - z 2J + 

B2 riic-.) - z2J + 1000 100 

A3 



9. The computer diagram is shown in fig. A2. The photoform.er 
(fig. Cl) provided the displacement voltage C(T) • A representative 
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Fig. A2. Computer diagram 

10 

6 (1') 
., G 

computer :run was accomplished by inserting the selected terrain mask into 
the photoform.er, adjusting the computer-controlled horizontal sweep 
voltage to the rate equivalent to the selected aircraft forward speed, and 
connecting the photoform.er output to the computer. Computing times varied 
from about 20 to about 100 sec. 

10. Before field testing of the aircra:ft proved it unneccessary, 
attention was given to a model that took into account soil deformation and 
loss of ground-wheel contact. It was believed that a displacement forcing 
function was inadequate, since the terrain profile would be altered by 
the wheels themselves. Instead, the terrain profile (seen as a function 
of time by the model) was differentiated twice to give an acceleration 
function. This acceleration function was used as the input to the model 
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and was applied to a third mass representing the portion of the wheel in 
contact with the ground. The displacement of this third mass was compared 
with the terrain elevation. When the displacement was less than the 
elevation, the wheel was in contact with the ground, and the acceleration 
function was applied; when the displacement was greater, the wheel had 
bounced away from the ground, and the acceleration function was removed. 
The ground was modeled as a nonlinear spring whose reaction to the gravity 
force established the equilibrium deformation of the terrain profile. 
This model was abandoned in favor of the simpler model described in the 
preceding paragraphs of this appendix. 
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APPENDIX B: DIGITAL MODEL OF CV-2 

1. The complexity of the digital model of the CV-2 aircraft was 
limited by two restrictions: first, the model was to simulate the most 
important response parameters; second, the capabilities of the WES digital 
computer facility were not to be exceeded. A summary of the more signif-
icant assumptions and restrictions for the five-mass model is given 
below. 

a. The model could be used for simulating taxi, takeoff, and 
landing operations, and the effect of aerodynamic lift was 
incorporated in the model. 

b. The effects of elastic bending of the landing gear struts 
were explicitly incorporated in the model. The effects of 
roll, pitch, and yaw motions on the predicted responses 
were not explicitly incorporated in the model; however, 
they were incorporated to some extent in the empirical 
coefficients used for the model. 

c. Soil deformation was ignored, and the model was not con-
strained to remain in contact with the surface. 

d. Point contact of tire and terrain was assumed. 

2. The model formulated was capable of simulating the following 
responses: 

a. Wheel hub accelerations (vertical and horizontal). 
b. Vertical wing acceleration at engine cg. 
c. Vertical accelerations at aircraft cg. 
d. Vertical force in main landing gear. 
e. Axial force in main landing gear drag strut. 
f. Wing torsion at fuselage. 

This list includes all the responses that were measured during the test 
program except the axial force in the nosegear drag strut, the vertical 
accelerations at the wing tip, and the vertical accelerations at the 
pilot's seat. 

3. The mathematical model required to simulate the aforementioned 
dynamic responses of the aircraft is shown schematically in fig. Bl. The 
definitions and quantities (when applicable) of the symbols and parameters 
used in this and subsequent figures are given in the following tabulation. 

Bl 
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Nonrotating vectors 
Rotating unit vectors 
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Assuming the small angle approximation: 
A A A 

n = -Z ·i + j 11 
Effective mass of the wing and the engine nacelle; the total 
weight of wing and engine divided by g (18.457 lb-sec2/in.) 
Effective mass of wheel and active strut element estimated from 
simulated drop tests (1.15 lb-sec2/in.) 
Effective vertical moving mass of deflecting tire surface 
(0.0775 lb-sec2/in., based on 30° effective sector of a tire) 
Effective horizontal moving mass of deflecting tire surface 
(0.0775 lb-sec2/in., based on 30° effective sector of a tire) 
Effective mass of one-half the fuselage; one-half the fuselage 
weight divided by g (10.35 lb-sec2/in.) 
Height of elastic axis above ground datum 
Location of wheel hub from wing elastic axis along a line 
parallel to wing chord 
Location of wheel hub from wing elastic axis along a line per-
pendicular to wing chord 
Angular displacement of wing chord 
Vertical distance from ground datum to tire contact patch 
Horizontal distance from wing elastic axis to effective hori-
zontal tire mass 
Relative displacement between fuselage (at root of elastic 
axis) and engine nacelle (at elastic axis) 
Distance between elastic axis and wing nacelle cg 
Free length of the ith spring 
Effective moment of inertia about cg of wing nacelle computed 
from inertia of wing sections about elastic axis as supplied 
by De Havilland Aircra~ Co. of Canada, Ltd., and from supplied 
weights and cg locations (47,862 in.-lb/sec2) 
Force in compliance element 1: 

Fl = 11_ (Zl4 - £i) + B1Zl4 

K1 = 690 lb/in. (computed from drop tests) 

t. = 0 
l 

B1 = 84 lb/in./sec (approximate critical damping) 
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F2 Force in compliance element 2: 

K - 3000 lb/in. (computed from drop tests) 2 -

£2 = YSl - p,3 + g(~ + m_) (_!_ + _!_) + ~g 
·r K2 K3 K3 

B2 = 1.1 lb/in./sec (from aircra~ manufacturer's report) 

Force in compliance element 3: 

F = K [(R · j) - Z - .e J + 3 3 2 12 3 [ 
- j) 

B3 d(R~t 

K
3 

= 8000 lb/in. (from tire load-deflection curves) 
.e

3 
radius of tire 

B
3 

0.0001 lb/in./sec (estimate) 
F4 Force in compliance element 4: 

F5 

K4 = 5000 lb/in. (based on data furnished by the manufacturer) 
t 4 = 33.6 in. 
B4 = 10 lb/in./sec (estimate, considerably less than critically 

damped) 
Force in compliance element 5: 

- " 
F 5 " K5 ~Zl3 - R2) 

" £5] d(R2 · i) . i - + B5Zl3 - dt 

K
5 

8000 lb/in. (from tire load-deflection curves) 
.e

5 
= radius of tire 

B
5 

= 25 lb/in./sec (approximate critical damping) 
FN Vertical ground reaction 
Fext External vector quantities acting on a free body 
FX Horizontal reaction force to tire 
FRX Wing horizontal reaction force 

B4 



XLIF Aerodynamic li:rt force divided by In:i_ 
Rl Position vector of In:i_ 
R2 Positior vector of m2 

R3 Position vector of ~ 
R4 Position vector of m4 

Rr Position vector of ~ 2 g 386.4 in./sec 

YSl Static height of elastic axis 
x, ¢ "Dummy" components of vector quantities 

Derivations of Equations of Motion 

Division of model into free bodies 
4. To facilitate the development of the equations of motion of the 

aircra:rt model, each of the five masses (see paragraph 3, Appendix B) was 
first examined as an individual free body. The mechanics of each of these 
is diagrammed in the subsequent paragraphs. 

5. Wing and nacelle. From the laws of motion it is known that 

~F ext = II]_ 'Nl 

Substituting the external forces shown in fig. B2: 

A "' A A A A 

II]_~ XLIF j Flj F2n + F4-r FBXi In:i_gj = (Bl) 
and 

A A 

Rl Z3j T 

Note: 
A A A 

(cross product) -k = j i 

M=R F 

Therefore, 

B5 
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Fig. B2. Free body diagram for ~ 

and 

[(lr) · (-F{J)] + [(.e".() • (XLIF j)] + [(.e".f - z1J) · (F0)J 

6. Fuselage. The free body diagram for ~ (fig. B3) and the 
related equations are as follows. It is~seen that 

~ .. 
LFext = ~R7 

and 

Therefore, 

B6 

(B3) 



Fig. B3. Free body diagram for ~ 

7. Wheel and active strut element. The mathematical relations 
developed from free body m2 (fig. B4) are as follows. 

~ 

n 

Fig. B4. Free body diagram for ~ 

It can be shown that 

B7 



and 

A A "' "' A .. 
(B4) F

5
i F3j F4-r + F2n m2gj == m2R2 

Therefore, 
A A ,,.; 

R2 == Z8j + z 'r 
9 zlOn 

8. Tire 2 horizontal and vertical. The development of a dynamic 
model for a rotating, deformable, pneumatic tire is a formidable task. In 
this analysis, all geometric aspects (i.e. effect of tire deflection upon 
rolling radius, line of action of contact force, and contact patch 
location) were ignored. Inertial or dynamic properties of the deflected 
tire surface were assumed to be represented by two effective masses con-
strained so that one moved vertically and the other horizontally (fig. B5). 
These effective masses were attached to the hub center by linear com-
pliance elements. The ground reaction force on the vertically moving 
mass was monitored and constrained to be compressive. The effective force 
acting on the horizontally moving mass was taken as some fraction of the 
ground reaction force. No spring deflection limits were imposed. 

HUB 
REACTIONS 

3 

5 

GROUND REACTION 

HORIZONTAL 
FORCE 

Fig. B5. Schematic diagram of tire model 

9. The free body m4 , in which the mass m4 is restricted to move 
only in the horizontal direction, is shown in fig. B6. 
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It is seen that 

and 

By definition, 

Substituting: 

Therefore, 

F'* 

F's Fx 
m4 

~ 

j 
m4g R4 

Fig. B6. Free body diagram for m4 

F i x 

"' "' Fi-Fi= x 5 

.. 
where X = 0 (by definition, m4 can move only horizontally) 

(B5) 

10. In this free body (see fig. B7), the mass of ~ is restricted 
to move in the vertical direction. It is seen that 

and 
A •• 

(F3 + FN - m3g) j = m3R3 (B6) 

B9 



Fig. B7. Free body d~agram for ~ 

Therefore, 

R:3 = z12j + ¢i 

where ¢ = 0 (by definition, ~ can move only vertically) 
Dynamic equations of motion 

11. The foregoing relations (paragraphs 4-10) having been developed, 
the differential equations of motion for the five-mass model can be 
formulated. They are as follows: 

FRX = zll [k2 (ZlO - 12) + B2Z10/z10/J + k4 (Z9 - 14) 

+ B4z9 - In:i.. [z11z11 + Cz11)2] (B1) 

•. kl z8 = - (Z 4 - f ) In:i_ 1 1 

BlO 

XLIF +--
In:i_ 

(B8) 



(B9) 

[
k4 B4 . J k2 + Z - (Z - £4 ) + - Z - - (Z - £ ) 

11 ~ 9 ~ 9 ~ 10 2 

k6 
- - (Z - P,6) m6 11 (Bll) 

Bll 



For FN = 0 , i.e. the airborne case, 

B5 . 
- m4 [Z13 - z9 - z1oz11 - z" (z - z z )J 11 10 9 11 

. .. 
For FN > O , z12 , z12 , and z12 are specified since the tire is in 
contact with the terrain. FN is therefore unknown. 

FN = "] {g + zl2 - ~ (Z8 + z9zll - zlO - zl2 - t3) 

where 

- ~ rZ8 + Z9zll - zlO + zll (z9 + zlOzll) - z121} 

e = slope of terrain 
µ = coefficient of horizontal motion resistance 

CU = loss constant due to neglecting tire rolling 

(Bl3) 

(Bl4) 

(Bl5) 

(Bl6) 

12. Upon contact of the tire with the surface, the reaction forces 
on the tire are estimated as 

Bl2 



(Bl7) 

(Bl8) 

where FX > 0 ; otherwise, FX = 0 • This corresponds to stopping the hori-
zontal tire reaction mass (m4 ) and constraining the vertical tire reaction 
mass (m3) to the ground. 

13. Equations B7 through Bl4 plus equation Bl6 are solved whenever 
the aircraft is not in contact with the ground. FN is then zero. 
Equations B7 through Bll plus equations Bl3 through Bl6 are solved when 
the aircraft is in contact with the ground. The terrain profile is then 
supplied as the driving function. The airborne-contact decision is made 
by considering that FN must be > 0 and that the tire cannot sink into 
the terrain; nor can the tire be above the terrain surface with a non-
zero value of FN . 

14. Calculation of aerodynamic lift. The aerodynamic lift was 
calculated from the following equation.* 

where 
CL = lift coefficient for normal wing 
CF = additional lift coefficient due to extension of flaps 

S = wing plan area 
P = density of air 
V = air speed 

15. Assuming a Fowler wing, the maxim.um lift coefficient is 

(Bl9) 

CL max = 2.22 and CF max = 1.31 • The. combined area of' both wings is 
123,810 sq in. As a check for the accuracy of the assumption (Fowler 
wing), some representative data will be substituted into the expression 
for maximum aerodynamic lift. 

* Lionel S. Marks, Mechanical Engineer's Handbook, 5th ed., McGraw-Hill 
Book Co., Inc. (New York, N. Y., 1951). 

Bl3 



where 

Assume: 

Then: 

L maximum aerodynamic lift max 

Air pressure = 14.7 psi 
Air temperature = 65 F 
Air speed = 60 knots (corresponds to quoted takeoff speed for 

STOL operations at aircraft weight of 28,500 lb) 

P = 1.117 · 10-7 (lb)(sec)2/(in.)4 

v2 = 147.62 · 104 (in.)2/(sec)2 

16. Upon substitution of these values into the expression for maxi-
mum lift, the following value is obtained: 

L 28,966 lb max 

The computed lift at the takeoff speed recommended for the STOL operations 
is slightly in excess of the aircraft weight of 28,500 lb. Therefore, 
the assumption of a Fowler wing is considered correct. 

Terrain Interpolation 

17. Terrain data are presented as a table of unevenly spaced 
points. To use these points as an input to the system of equations, a 
method of interpolation between points is needed. 

18. The terrain is fitted every three points by a polynomial which 
passes through the three points and matches the slope at the leading 
point. The polynomial is therefore of third order. 

P(x) 

X. 
J. x. 1 J. + 

Bl4 
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To evaluate the coefficients use the equations: 

b3 {~ r(xi+1 ) J [ r(xi+2 ) J b [ 1 
- (xi+l - xi)2 (xi+2 - xi )2 0 (xi+l 

2 - x.) 
J_ 

1 lb [ 1 
1 x)J} xi)2 1 (xi+l - x.) -

(xi+2 -(xi+2 - J_ 

... (xi+l - xi+2) 

The interpolation shifts bases whenever x > xi+l 
is 

Numerical Solution Techniques 

The slope at 

(B21) 

(B22) 

(B23) 

(B24) 

x. 1 i+ 

(B25) 

19. The Runge-Kutta-Gill method of integration was used to solve 

Bl5 



the system of differential equations. This technique does not allow 

derivatives on the right-hand side of the equation. Since the system of 
equations for this model has derivatives on the right-hand side, it was 
necessary to modify the technique so that one derivative was "saved" from 
each step and used to proceed to the new derivative. With this technique, 
the wheel contact logic made the decision of whether to solve the ground 
contact system or the airborne system of equations. 

20. Ground profile data logic read blocks of 24 points of survey 
data into a buffer. The cubic interpolation was used on the survey data 
points to provide the necessary interpolated points. As the aircraft 
moved across the profile, the buffer was refilled as needed. Computed 
values were placed in the print buffer at intervals equal to the print 
interval times the time increment. The buffer printed out when values 
equal to the size of the print buffer minus 1 were in the buffer. 
Following the printout, plotter output was taken from the print buffer, 
scaled, and plotted. 

21. The solution was continued until the input parameter time was 
greater than the input parameter (the terminal time for the solution), 
or until the ground profile data logic had exhausted the survey data. 
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APPENDIX C: MISCELLANEOUS ANALOG COMPlITATION TECHNIQUES 

Photoforming Technique 

1. The application of analog simulation in this research program 
required an arbitrary waveform-function generator capable of producing an 
analog voltage that represented a terrain profile time history as experi-
enced by the aircra~ in motion. The requirement was satisfied by using 
the photoformer,* whose essential features are shown in fig. Cl. Operat-
ing technique of the photoformer 
is described in the following 
paragraphs . 

2. The face of a cathode-
ray tube (CRT) is divided by a 
mask into two regions, one trans-
parent and one opaque. The divid-
ing line between these regions 
follows the slope of the curve of 
the desired f'unction plotted on 

ABSCISSA 

L FUNCTION 
GENERATOR 
OUTPUT 

/HORIZONTAL DEFLECTION PLATES 

PHOTO PICK·UP • 
- MASK 

DOWNWARD BIAS VOL TA.GE 

UPWARD BIAS VOL TA.GE 

Fig. Cl. Photoformer 
functional layout 

cartesian coordinates. The horizontal motion of the electron beam is 
controlled by the abscissa variable; when the abscissa variable is time, 
the beam sweeps across the face at the desired rate. A photo-pickup 
placed in front of the CRT gives an output voltage whenever the beam is 
in view and not obscured by the mask. The vertical amplifiers are 
adjusted so that, were the photo-pickup not present, the beam would 
always appear above the mask. With the photo-pickup in place and operat-
ing, the output of the pickup is returned to the vertical amplifiers in 
such a manner that the beam is projected below the mask and out of view. 
When the beam disappears, the photo-pickup no longer operates, the beam 
is allowed to return to its position above the mask, and the cycle begins 
again. The net result is that the beam is vertically constrained to 
remain always at the interface between the transparent and opaque regions 

* A. S. Jackson, Analog Computation, McGraw-Hill Book Co. (New York, 
N. Y. , 1960). 

Cl 



FROM POSITIVE DEFLECTION 

I. 7 MEGOHMS 

250 KILOHMS 

-ISO VOL TS 

•100VOLTS 

100 KILOHM') 

~POLARIS ELECTRONICS CORP 
LDR·C! 
LIGHT RESISTANCE 400~1 
DARK RESISTANCE JO MEGOHMS 

TO TEKTRONIX 502 

...---------- ~~~l~~~~CBO~~PPDECR 
BEAM 20 MV CM 

1 KIL.OHM 

22 MEGOHMS 

AL/NCO LOW-GAIN 
22 MEGOHMS DC AMPLIFIER 

4 7 KILOHMS 

Fig. C2. Photoformer electronics 

of the CRT screen and thus to 
follow the function that this 
interface represents. The out-
put of the function generator is 
the vertical deflection plate 
voltage . 

3. The desired function 
in this study was a terrain pro-
file. This was obtained by 
plotting the profile (taken with 
engineer's level and rod) on 
graph paper, blacking in the 
region above the profile, and 
photographing the plot. The 
negative was used as the CRT 
mask. The photo-pickup was 
mounted in a small box that 

inclosed the CRT face. Fig. C2 shows the electronics of the photoform.er; 
fig. c3 shows the physical layout. 

4. The phosphor deposit on 
the CRT face was 4.75 in. long, 
but to prevent the light spot 
from leaving the phosphor, hori-
zontal excursion was limited to 
4.25 in. A horizontal scale of 
1 in. on the mask to 20 f't on the 
profile was found to give satis-
factory resolution. Thus, analog 
voltages representing about 
85 f't of profile were generated 
with any one mask covering the 
effective width of the CRT screen. 
A vertical scale of 1 in. on the 
mask to 1 ft of elevation was 

LIGHT-TIGHT 
ENCLOSURE 

TERMINAL STRIP WITH PHOTO 
PICKUP A.ND OTHER RESISTORS 

MOUNTED) 

CRT SCREEN 

C2 

--- FRONT OF 
OSOLLOSCOPf 

/OUTPUT TO 

___ -TO 

PLATES ANO 
POWER SUPPLY 

Fig. C3. Photoformer physical 
layout 



selected. The output of the 
photoformer was adjusted so 
that a change of 1 volt 
corresponded to a change of 
1 f't in elevation. A repre-
sentative mask and the 
corresponding voltage are 
shown in fig. c4. 

VOLTAGE~ ""'""' I 

EFFECT/VE MASK WIDTH: 

----- VOLTAGEOUTPUTCOR· 
CELLULOID SHEET WITH 

OPAQUE ANO TRANS-
PARENT REGIONS 

Fig. C4. 

RESPONDS TO THIS WIDTH 

Photoform.er mask 
and output 

Analog Computation of First and Second 
Derivatives of Profile Voltages 

T I ME ---------

5. Given an analog voltage representing a profile time history, it 
was desired to generate voltages representing its first and second 
derivatives to study profile roughness. Differentiation is easily accom-
plished in principle; in practice, differentiation amplifies electrical 
noise to such an extent that attention must be given to filtering. 

6. The arrangement of computing components shown in fig. C5 was 
used to generate the first and second time derivatives of each profile 
voltage. In addition to the filters, the differentiator circuits were 
modified to make them less sensitive by the inclusion of a series input 
resistance. To determine the extent to which these modifications affect 
the true differentiation process, the transfer functions of these circuits 

/ST DER/VAT/VE FILTER 

FILTERED I ST DERIVATIVE 
OUTPUT 

FILTERED 2ND DERIVATIVE 
OUTPUT 

2ND DERIVATIVE FILTER 

Fig. c5. Arrangement of components for generating 
first and second derivatives 
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in the complex frequency domain* were studied as shown below: 

Process 

1st derivative 

Modified, filtered 
1st derivative 

2d derivative 

Transfer Function 

s 

( 1 + ~ . 0058 ) ( 1 / 0. lS ) 
s2 

Modified, filtered 
2d derivative ( 1 + 0:005s) (i + ~.1s) ( 1 + 0:025s) (1 + 

10.1s) 

7. If the output of the photoformer were a linear voltage rising 
from 0 to 1 volt in 1 sec, the response of the differentiating circuits 
would be as shown in the following tabulation: 

Photoformer t 

Ideal 1st derivative 1 

Actual 1st derivative (1 + o.53e-200t - l.053e-lot) 

Ideal 2d derivative .6.(0), unit impulse 

( -20ot -4ot -0.15e + 5.55e 

+ 140te-lOt - 5.4oe-lOt) 

These functions are shown in fig. c6. 

0 < t 

0 < t 

0 < t 

0 < t 

8. It is seen that the filters cause a small delay in the response 
of the differentiating networks, and, although ideally these responses 
should be impulsive, they are in practice reduced in amplitude and 
extended in time. Distortions of this nature are inherent in the filter-
ing process. The performance of the differentiating circuits can be 
judged by integrating the~r outputs and comparing them with the photo-
former voltage. As would be expected, these factors agreed most closely 
when the photoformer sweep speed (corresponding to aircra~ forward 
speed) was slow; agreement diminished with increasing speed. Within the 

* M. F. Gardner and J. L. Barnes, Transients in Linear 
Constant Systems, vol 1, John Wiley & Sons, Inc. New 
1942). 
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Fig. c6. Ideal and actual derivatives of photoformer voltage 
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derivatives. Site 6; speed: 50 fps 

400 

80 

80 

range of speeds studied, the comparison, shown in fig. C7a, was satis-
factory. Curve 1 was obtained by integrating the first derivative of the 
terrain (shown in fig. C7b), and curve 2 was obtained by twice integrating 
the second derivative (fig. C7c). 
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9. The derivatives described above were taken with respect to time 
through use of a standard sweep speed equivalent to an aircra~ speed of 
50 fps. When derivatives for slower speeds were desired, the first 
derivative amplitudes were multiplied by a factor equal to the ratio of 
the desired speed to the standard speed; the second derivative amplitudes 
were multiplied by a factor equal to the square of this ratio. When it 
was desired to study derivatives taken with respect to length rather than 
time, these were obtained by dividing the standard-speed first derivative 
by that standard speed, and by dividing the second derivative by the 
square of the standard speed. 
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