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FOREWCRD

The study reported herein was performed by the U. S. Army Engineer
Waterways Experiment Station (WES) for the U. S. Army Materiel Command
(AMC) and is part of the Mot lity Exercise A (MEXA) program to evaluate

the performance of ti.ree new vehicle concepts relative to the. performance

of three existing military vehicles. Funds for the MEXA program were pro-
vided under Project No. 1T062109A131, "Military Evaluation of Geographic !
Areas."
This study was conducted by personnel of the Vehicle Studies Branch
under the general supervision of Mr. W. J. Turnbull, Technical Assistant
for Soils and Envirommental Engineering; Mr. W. G. Shockley, Chief, Mo-
bility and Environmental (M&E) Divisicnj; Mr. S. J. Knight, Assistant Chief,
M&E Division; ¥r. A. A. Rula, Chief, Vehicle Studies Branch; and Mr. J. K.
Stoll, Chief, Obstacle-Vehicle Studies Section. Design and execution of
the testing (conducted in June 196¢) were under the direct supervision of
Mr. J. L. Decell, Obstacle-Vehicle £tudies Section. Data reduction and
preparation of plafes and tables were accomplished by Mr. T. D. Hutto uuder
the direction of Mr. Decell, who performed the data analysis and prepared |
this report.

This is Report 3 of & series =ntitled "Mobility -ercise A (MEXA)
E Field Test Program."* The others are as follows: Repor. 1, "Summary";
Report 2, "Soft-Soil Performance of the MEXA Test Beds"; Report 4, "Per-

formance of the MEXA and Three Military Vehicles in Selected Natural

Terrains."

* Two reports on.this program have been published and they have been
1 . identified as Vicksburg Exercise A rather than Mobility Exercise A as
indicated in this report.
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CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT

British units of measuremert used in this report can be converted to

metric units as follows:

Multiply By To Obtaiﬁ
inches - 2.54 centimzters
feet : 0.3048 meters
miles (U. S. statute) 1.6093LL kilometers _
square feét 0.092903 square meters
pounds : -0.45359237 kilograms
pounds per square inch 0.070207 kilograms per square cenﬁimeter
feet per second 30.48 centimeters per second
miles per hour 1.6093kk kilometers per hour

Note: Conmversion from British tc metric units of measure should be made
with caution in this report in connection with rating cone index

values.
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SUMMARY

The purpose of this study was to develop pertinent vehicle-lateral
obstacle relations for three vehicle test beds (MEXA vehicles) and three
conventional military vehicles all having approximately the same payload
and to compare the performances of the MEXA vehircles with those of the
conventional vehicles. An additional purpose was 1o develop a method of
predicting the speed of a venicle maneuvering in lateral obstacles.

The venicles were tested on a firm, level surface upon which was
imposed a statistically designed array of obstacles at mean spacings of
1k, 16, 18, and 20 ft. In 78 of the 118 tests conducted, continucus
measurements were made of vehicle speed, drive-line torgue, and steering
angle. In all tests, measurements were made of time elapsed and distance
traveled.

The data collected permitted the development of useful relations
between vehicie width and minimum obstacle spacing negotiable, vehicle
speed and obstacle spacing, vehicle steering angle and obstacle spacing,
and vehicle speed and obstacle clearance. These relations were used to
develop a simple method for relating the maximum speed a vehicle can de~
velop to obstacle spacing that requires only a knowledge of the vehicle
width and its speed-traction caaracteristics on a firm surface.

The conventional vehicles traveled faster and required less arduous
steering than the MEXA vehicles. The maximum spacing required by each
vehicle appeared to be a direct function of its widthj; all vehicles re-
quired the same minimum clearance on the driver's side.

Appendix A deseribes the use of speed-obstacle spacing relations as
input data for an analytical model.
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MOBILITY EXERCISE A (MEXA) FIELD TEST PROGRAM

PERFORMANCE OF MEXA AWD THREE MILITARY VEHICLES
IN LATERAL OBSTACLES

PART I: INTRODUCTION

Background

1. TForests have long been recognized as a major dzierrent to cross-
country travel. One of the specific factors affecting the free movement
of a vehicle within a forest is the spacing of (i.e. the distance between)
trees or other stems that are too stuvrdy for the vehicle to override and
which therefore must be avoided by maneuvering late-~ally. Previous test-
ing with wvehicles in natural tree standsl has shown that the wvehicle
cheracteristics affecting speed perfcrmancé in lateral obstacles are width,
sweep (the width occupied by the wvehicle hull during the negotiation of »
turn), and the steering response rate of the driver-vehicle system.

2. A research program, Mobility Exercise A (MEXA), in progress at
the U. S. Army Engineer Waterways Experiment Station (WES) attempts to
exaninz a broad spectrum of the problems involved in the development of
vehicle concepts for cperation on low-strength soils in remote areas. As
part of this program, three vehicle test beds have been designed and fab-
ricated, and a plan of field tests has been developed. The requirements
for the MEXA field test program are presented in a four-phase plan in
Miscellaneous Paper No. 1+-9'79.2 Phase I consists of speed performance
tests on a range of soil strengths beginning with the immobilization point
of the three MEXA vehicles and three military wvehicles up to and including
performance on a hard surfaced road; Phase 11 calls for the establishment
of engineering performance characteristics and essentlai terrain-vehicle
relations; Phase III is a refinement or improvement of the terrain-vehicle
relations reguired for the cross-country speed prediction model; and Phase
IV comprises testing the capability of the updated cross-country speed dre-

diction model through the use of data obtained during actual field testing
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of the three MEXA and three military vehicles. The tests reported herein
were conducted in partial ¢ fillment of the requirements of Phases IL

and ITI.

Purposs

. 0

3. The primary purpose of this study was to develop pertinent
venicle-lateral obstacle relations for the three vehicle test beds (here-
inafﬁér identifisd as MEXA vehicles) and three conventional military vehi-
cles waith similir'payload capacity, and to compare the wvehicles for differ-
ences in performance. The comparisons were made on the basis of ﬁhe fol-
lowing perfornance relations: (a) speed-mean obstacle spacing, (b) minimum
obstacle spacing required, (c) speed-obstacle clearance, and (d) steering
angle-mean obstacle spacing.

4. Arn additional purpose was to develop a method of predicting the

speed of a vehicle maneuvering in lateral obstacles.
Scope

5. 'Six vehicles were tested on a statistically designed, man-made
lateral ohstacle course. Each vehicle was tested at four obstacle spac-
ings. .Since there were limitations in time and funds for this program,
efforts were concentrated on spacings below 207ft* because they were be-
lieﬁed to have a highly significant eftect on vehicle performance. The
tests and test course were designed such that the only terrain factor
significantly affecting vehicle performance was obstacle spacing. Soil
strength, visibility, slope, and stem size, all of which affect vehicle
performance in a natural environment, were not considered in this study.
A totai of 118 tests were conducted. In 78 of ﬁhese tests, instrumenta-
tion was used to measure vehicle responses such as steering sngle, drive-

line torque, speed, and distance traveled.

* A table of factors for converting British units of measurement to metric
units is presented on page ix.
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PART II: FIELD TEST PROGRAM

Location and Description of Test Area

6. The area in which the lateral obstacle tests were conducted was
a dry lake bed (alkeli flat) located approximately 20 miles northeast of
Carson City, Nevada (fig. 1). This lake bed has a barren, smooth, level

(meximum slope of 0.02 percent),

firm surface. The snil is a silt

(ML) according to the Unified Soil
‘ 3

Classification Systen.

Test Course Design
and Construction

T. A driver maneuvering his
vehicle through a aatural stand of
trees is confronted with several
problems. First and most obvious is
the need to maneuver around trees

that are toc large %o override.

Second, he may be confronted with

Fig. 1. ILocation of test area

other factors such as slope, soil
strength, and visibility that will have varying degrees of effect on the
ability of the vehizle to negotiate the forest. Taken singly, the effects
of these natural deterrents on vehicle performance can be evaluated. But
when one or more of the latter factors act in concert with trees to deter
vehicle movement, it is difficult to isolate the effects of the separate
factors. It is obvious that the most logical approach is to evaluate the
performance relative to only one factor at a time, while holding constant
as many of the other factors as possible. To attempt to locate these ideal
single-factor conditions in nature, if they indeed exist, would be prohib-
itive both from the standpoint of time and expense. The obvious alterna-
tive is to build & test course in which it is possitle tc vary cone factor

while holding the others constant. Thus, the lateral obstacle course

3
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designed for these tests was a first step in a system of controlling tne
causes to study the effects. Ag stated previcusly it repressnts but cne
variable~-stem spacing. : ;

8. While it is generally known that nature i: not purely random in

its placement of trees, research into detailed samp.es of natural forests .

reveals that a certain degree of vandomness does exist. “he lateral ob-
stacle course was therefore designed using random nxrbers.to define the
x~y coordinates of the obstacle positions.

9. The size of the course was selected to proride an area large
enough -to gi?e realistic results; yet small enoagh tc be practical. This
resulted in a course 300 ft wide by 500 ft¢ long. Mean spacing velues ol
1k, 16, 18, and 20 ft for the lateral obstacles vere selscted bacause
from an earlier investigation it was hypothesiz.A. thet these spacings
would represent the spacing-dependency range .. the sixz vehicles. Once
the spacing values had been selected,vit was taen necessdry‘to determine
how many obstacles would be required (for the known area of 150,000 sg ft)
to achieve each of the desired spacings. This was determined by using

tne structural ceJ..lLL concept relation

' ’A
Sm = 1.13 ¥

where
Sm = mean spacing of stems, £t
A = trval area, sq ft
N = number of stems contained within the area, A

Using the desired spacing values and the kncwn area and solving for N

resulted in the reguired number of stems per spacing as tabulated below:

Mean Spacing No. of
Desived, f Stems Recuired
20 479
18 591
16 LS
1k I

10. A random number generator on a GE-225 computer was then used to

it A o el AR i DY S ST 1 R T W T

i
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obtain the required pairs of numbers to serve as x-y cocrdinates of the
obstacles. A condition of this program was that every obstacle be at
least 1 ft fromvits nearest neighbor. The x-y ccordinates were converted
to polar coordinates. FEach obstacle was then assigned a number and an -
obstacle spacing color code.  All information pertinent to each obstacle

was placed on IBM punch cards. A sumple card is shown in fig. 2. The

: COLOR
POLAR COORD!NATES e CARTES IAN
RADIUS COLOR CBSTACLE COLRA|\NAWIES
DEG MIN FT CODE NO. % v
e x| |
22 49 216.42 2 FLIE 497 199.70 £3.42
| [ | 1
|
p005C000000800000000RE0C0000N000C00NO0OCO0NROO0OOCOOD000O0O0CO00000000G000ROCO2000600
224056106100 213415151 18162021 222820252627 22455031 323238 1536 I7 20 29 A0 43 42 3 444546 47 48 435051 525354 555657 SR 5850 81 6263 A5 A6 6T G063 1IN T2 13745 e 1T TR "o 80
IR R R AR AR R R RN RN AR R AR RN R AR RR RS- IRERERRRRRRRRRR

§M22222222222222222202222e 82222022 022222¢2022022222222222222222222222222222222121)8
33333333333333333333333'3333333333!33333333ﬁ33333333333333333333333'33333333I|33
A0 AR A A4 QA A HARA A 404 0000440048888l
555555555555555555555355555SSSSSSSSSIS555555555555555555555555555555555555555555
55555BhBGSSSSSSSSBSBSSISSSBBBBBBBESBBBBBBBBBBB55555BBBGBSBH55555555555555655555G
RN AR R NN R R AR R RN N R R AR RN R RN ARl IR AR R RN R R RN AR RN RN R RN (AR RN RRRAE|
£68658808008808688580803868H88386808080888R80800868088880880885A888488808888683R0008088808ECNs8
999999999995999999999999999999999¢55399990499999999999999999999999M09999999999999

12345678 80NRBAISIENIKLA2NDUBKT0790N 3233135157030 4234404548 474883505) 5253545556 S7 50 K 6061 6283626565 67 6269701 7223 14 1516 17 T8 26 400
llllml

Fig. 2. OSample IBM data card

cards were then arranged in ascendirg order of polar angles, and printed
sheets containing all necessary information from the cards were obtained '
from a high-speed printer. A samplz of these sheets is shown in fig. 3.
These sheets were then used together with a chain and a theodolite on one
setup to establish the obstacle location in the field. Once the location
was established, it was identified by a color-coded marker driven into the
soil. The marker remained in place throughout the test program. Hence,
obstacles could be removed or replaced at these locations to obtain any of
the four spacings without the further aid of a theodolite or any measuring
devices. Once the smallest spacing {all color groups comb. :d) had been

established, any of the other three spacings could be obtained by simply
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POLAR COORDINATES COLOR COLOR OBSTACLE CARTESIAN COORDINATES

DEG MIN RADIUS, FT CODE GROUP Ny Vot X Y
13 30 185.39 1 BLACK 7 180.27 43,29
SEe e S aSokl B eas5i0016d,,  MERBIVACKEE=92 243,20 60,05
14 10 249.75 3  ORANGE 6U4 242.15 61.14
Pt s s SRS ST LA L S Y, il 245,88 62.%4
14 42 167.71 4  BLAC. 38% 162,22 42.57
14 45 192,35 1__BLACK 423 : 185.99 49.02
14 58 232.9¢ 1 BLACK 333 225.00 6n.20
P5oL s CPen BN SR 0L73k o S E AR ACIKRSINS 126,00 34.82
15 49 188.01 3 ORANGE 654 180.89 51.26
=S el S D7 Y e PR U SR TR BASA GG T 4156 : 261,23 74,70
15 58 73.67 3 ORANGE 480 76.59 21.93
16 24 195.87 4 GREFN 88a 187.89 55.33
16 31 258,72 1 BLACK 303 248,03 73,61
6T F i w39 _ 276,69 4 GREEN__ 916 . 265.08 7931
16 52 146.35 = 3 ORANGE 708 159.19 48.29
b (7 A O o S-SRI o T -y e L [ Vel i I 298.84  91.73
17 30 249.59 1 BLACK 232 238.02 75.10
251741 i a0 291,58 3 __ORANGE 714 278.07 a7.71
17 51 318,63 1 BLACK 317 293.77 94.63
17. I ISR 176,34 -1 BLACK 417 167.80 54.22
18 20 293.04 4 GREEN 834 278.16 92.20
LOLTR S A oI L _ 69,40 4 GREEN 761 65.84 21.92
18 35 306,14 2 BLUE 534 290.16 97.62
18 a7 220,15 4 GREEN 773 208.42 79.91
18 51 171.03 3 ORANGE 594 161,85 55.27
1@ TURS SRR SR 2 ST R A THESSI207) ) 213.76  73.50
19 4 248.91 3  ORANGE 71n 235,24 81.37
LORTIE T o B = s oI SRR . 565 175,56 61.14
19 35 178,41 1 BLACK 31n 167.71 59.69
19 a5 168.64 3 _ORANGE 5644 158.74 57.01
19 53 312.43 4 GREEN 759 293.78 106.32
20 e rE R i s - NS SRSEL = QT B lUER RS 1Y 50.17 18.27
20 8 130.33 1 BLACK 448 122.3%6 44,89
-1 R 9 <) 269.37 1_BLACK 209 252.)7 _94.96
21 10 58.4. 4 GREEN 866 54,46 21.09 _ |
21 20 147.84 4 GREEN 839 137.66 53.79 - i
21 21 219,63 2 BLUE 581 204,60 A0.01
. 211 R s T A A 3H 1 BLACK 80 108.01 £3.15
21 58 242 .87 1 BLACK 240 - 225.24 90.86
i 22. 3 3u8.25 20 S ALRUE =TS 285,67 115.79
4 22 3 310.26 3 ORANGE 732 287,55 116.%3
] =2l o 38 311.24 1__BLACK 137 287.25 119.82
1 22 40 216,42 2 RLUE 497 199.70 83.42
L 22 2= . 264,26 3 ORANGE 612 243.83 101.88
22 47 244,74 3 ORANGE 716 225.63 94.82
225 v W15k e iy = S NI o 1w BMAGKE B4 179.29 _75.98

Fig. 3. Sample computer printout of obstacle course data

] |

b removing obstacles of the color (or colors) not applicable to the desired

3

: spacing. A tabulation indicating application of each color group is shown
below.
Desired Mean lNo. of Remove to Obtain
Spacing, Tt Obstacles Applicable Color Groups Desired Spacing

1k 977 Black, blue, orange, green None
¢ 16 748 Black, blue, orange Green

I} e

(Continued)
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Desired Mean No. of Remove to Obtain
Spacing, £t Obstacles Applicable Color Groups Desired Spacing
18 591 Black, blue - Orange, green
20 479 Black Blue, orange, green

A section of the established course is shown in fig. 4, and a typical
cbstacle used in the tests is shown in fig. 5. The obstacles were Z2-in.
by 2-in. by 8-ft wooden poles. One end of the pole was rounded to fit
into a stand. The stand was anchored to the soil with large nails driven
through holes in the base. An obstacle stand with
anchoring nails and color-code marker is also shown

in fig. 5. Plan views of the course showing the exact
locations of the obstacles for the four mean spacings
were plcthed by an incremental on-line plotter con-

nected with the GE-225 computer.

Fig. 4. Section of lateral obstacle course. Fig. 5. Closeup
Mean obstacle spacing 1& ft of obstacle
T
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Vehicles Tested

11. Three nmilitary vehicles and the three MEXA vehicles, all having
approximately equal payloads, were tested on the lateral obstacle course.
A summary of vehicle characteristics pertinent to this study is given

below. A more detailed list of vehicle characteristics is given in Re-

port 1 of this series.’
: Pay- Tire Maximum Steering
Width Length load Total Pressure Rate Angle
Designation  ft ft b  Wt, 1b psi deg/sec deg
YML1OEL
(8x8) 8.50 22.00 5000 16,504 20 7.2 22
M35A1 (6x6) 8.00 22.25 5000 18,225 35 6.9 26
M113 (full
tracked ) 8.82  16.75 k000 22,500 -- NA NA
MEXA 10x10 9.58 28.00 5000 18,030 10.5 30
MEXA 8x8 8.%2 32,00 5000 19,013 10.6 30
MEXA track 8.50 33.00 5000 19,680 -- 1Q.6 30
The vehicles were tested at the respective weight's shown above. The re-
spective tire pressures listed above are the recommended cross-country
pressures and were used throughout the lateral obstacle tests. The test

vehicles are shown in figs. 6 and 7.

Instrumentation and Equipment

12. Instrumentation and test equipment are described in detail in

X
Report 1 of this series.” Definitions of specizlized terms used herein

are also given.

Vehicle performance measurements

Data Acquisition

13. The basic system used to record the various performance
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parameters was a 36-channel, direct-print oscillograph and two L-channel
amplifier units. The entire system, together‘with an a-c power supply,
was located on the bed of the vehicle being tested. A typical ins{;al—

% lation is shown in fig. 8. The following performance parameters
i
E
E
f
ll ! ._ 2 " g - '--.-' 3 - ; g :
; i & i P R R L
: TS - - B AL IBRATION S
1Y /| ’ . ] consoLe I

T e R S R A et e SEECNCC T YL I

P

oy

Fig. 8. Typical installation of instrumentation
syctem in test wvehiclie

11




were measured and recorded in 78 tests:

Distance traveled by vehicle
Distance traveled by wheel or track
Drive-line torque

Steering angle

Vehicle Speed

Wheel or track speed

Time

Event marks were recorded on an oscillogram to identify pertinent ground
positions of the vehicle during the test, such as entrance to and exit
froh the test course and contacts made with obstacles. Théﬂactual path
of the vehicle was plotted on a plan view of the obstacie course after
each test. ' = :

Soil data .

Jh. As previously stated, the test site.had a very firm soil sur-
face, which virtusily eliminated the effect of soil strengtﬁ as a signif-
iéant factor in vehicle performance. Conseéuently, a minimum number of
soil strength measurements (in terms of cone index) were made to charac-
terize the test site. The average cone index was 710 at the surface ana
570+ at a depth of 1 in. During the test program measureménts were made
to ehsure that the soil strength had not changed significantly due to
traffic or weather conditions. These periodic checks revealed that neither
the soil strength nor the surface conditions changed appreciably during the
testing.

Photographic data

15. Full photographic coverage of the tests including 1fmm movies,

35mm slides, 4x5 prints, and aerial photographs was obtained.

Tests Conducted and Test Procedures

Tests conducted

16. A total or 78 tests utilizing full instrumentation were con-

ducte? with the six vehicles at the four mean spacings of the obstacles

12




as tabulated below. A detailed summary of results is shown in table 1.

No. of Tests Conducted by Vehicles

Spacing _ ) MEXA MEXA MEXA
IR — XML410 M35A1 M113 10x10 8x8 Track Total
20 3 2 3 2 L z 16
18 3 3 3 b 3 3 19
16 5 3 3 L 5 3
1k 3 i i L L 3 s
Total 12 12 13 14 16 11 78

Throughout the test program, it became necessary to make vehicle repairs.
Periodically these repairs caused a temporary halt in the testing seguence.
During these periods, 40 check tests were conducted with other vehicles in
which only elapsed time was measured by a stopwatch., The check test data
are also shown in table 1.

Test procedures

17. The vehicle was positioned approximately 250 ft from the test
course perimeter, and all instrument calibrations were recorded. The
driver was instructed to accelerate outside the course to the speed that

he thought he would Ye able to maintain inside the course without con-

tacting any obstacrles. The only restraint placed upon the driver's path
through the obstacles was that he exit the course from the side opposite
that which he entered. This was to prevent the driver from entering omne

"end" of the course and exiting at one "side" of the course. An event

mark was recorded on the oscillogram upon entrance of the course and again
upon exit in each test. If during a test, the wvehicle struck an obstacle,
moved in reverse, or was halted for any reason, an appropriate event mark

: was recorded on the osciliogram. Each vehicle maneuvered through each

obstacle spacing arrangement at least twice. Generally, three tests were
conducted st each spacing along the length of the test course. A few
tests were also conducted.across the width of the course (the 300-ft di-
mension) to determine if the course was possibly "directional" relative
to the results obtained. An observer rode in the cab of the wvehicles on

every test and compiled his observations at the conclusion of each test.

'—J
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Stopwatch times and notes were taken on each test by ground observers. At
the conclusion of each test the path of the left wheel of the vehicle was
plotted. Each test was initiated at a different entrance point on the
course sd that the driver would not follow in tire or track marks remaining
from previous tests. Graphic plan views of the actual vehicle paths ére
showr in plates 1-2k,

. 18. A few special tests in which different vehicles followed the
same patll through the course were corducted to make a direct comparison of

speed performance.
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PART III: ANALYSIS

19. Analysis of the data collected during these tests was primarily
directed to obtaining the following performauce felations: (a) speed-
mean obstacle spacing, (b) minhnwn obstacle spacing reguired to maneuver,
(c) spesd-obstacle clearance, and (d) steering sngle-mean obstacle spacing.
For this- study, speed is in terms of "speed made good," which is defined as
the straight-line distance from the point at which the vehicle entered the
cours2 to the point at which the vehicle exited the course divided by the
elapsed time. Mean spacing was determined during the design of the test
course as discussed in paragraph 10.

20. The analysis consists of a critical examinaticn and discussion
of test results, the development of a technique for predicting speed- _
obstacle spacing relations on firm level surfaces (from the current test
data), an extension of this technique to soft soils and sloping surfaces
{from previous test data), and a comparison of predicted versus actual
results. .

Test Results

Vehicle-obstacl.e spacing relations

21. The values of speed made good shown in table 1 indicate that,
with a few exceptions, there was bnly a slight deviation in the results of
three or four tests.of a given vehicle at a given sparing. In instances
where the deviations were large, the vehicle usually came so close to an
obstacle that it had to be halted or nearly halted to nermit the removal
of the metal obstacle stand in order to prevent a tire puncture. The
curves presented in plates 25 and 26 are drawn through values of the aver-
age speed made good at each spacing. The speeds measured during the check
tests were used in determining the average speed made good. A summary plot
of the speed-spacing relations for all vehicles is shown in plate 27.

22, Effect of vehicle width. Analysis of the data curves (plates 25

and 26) indicates that each curve has a distinct intercept on the mean ob-

stacle spacing axis. Previous tests in lateral obstacles have indicated
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that this intercept is mainly related to a vehicle's width. In the cur-
rent tests the zero-s eed intercepts of the speed-spacing relations ranged
from 1.41 to 1.59 times the vehicle width or an average of 1.5 times the
vehicle width (1.5%). Results of the Mississippl tests indicated an aver-
age intercept ot 1.44 times the vehicle width.l From a practical stand-
point, a simple relation exists between the minimum spacing required by a
vehicle to maneuver and the width of the vehicle because as obstacle spac-
ing approeches vehicle width, speed will rapidly approach zero. For a ve-
hicle maneuvering at some spacing slightly greater than its width, its

speed will generally be less than 1 mph. The MEXA 10x10 has a width of
9.6 tt, and a minimum spacing for this vehicle based on the factor of 1.5W
would be 1.k ft. Results of the tests show & two-run average of 0.9 mph
for the MEXA 10x10 at the 1li4-ft spacing. At such very low speeds, thne

power available to the vehicle cannot be fully utilized and hence is not a
factor. The length of the vehicle does not become a factor of appreciable
magnitude because the rear wheels will track the front wheels much closer
at the lower speeds than at the higher speeds. Certainly there is a length-
td-width ratio above which vehicle length would also influence minimum spac-
ing; hcwever,'most current military vehicles have a ratio such that width
is the dominart vehicle diméhsion._ The tasbulation below is a comparison of

1.5W and the intercept values as determined from plates 25 and 26:

Width (W) 1.5W Intercept Difference*
_Vehicle £t 't ft Intercopt/W %
XMU4U10EL 8.50 12.7 12.0 1.41 +5.5
M35A1 8.00 12.0 12.3 1.54 -2.5
M113 8.83 13.2 12.4 1.4%0 +6.0
MEXA 10x10 9.58 14k 13.6 1.4 +5.5
] MEXA 8x8 8.L42 12.6 12.5 1.48 +0.8
; MEYA Track 8.50 12.7 13.5 1.59 -6.3
* Percent difference was calculated as follows: 1. W -llgaercept x 100 .
3 23. Effects of steering type. A study of the summary plot (plate

27) reveals three rather distinct groups of the vehicle performance curves;
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they are the M35A1 and XMY1OEl, the Mil3, and the three MEXA vehicles. An
attempt to analyze the cause of this grouping indicates that several char-
acteristics of the vehicles may be contributing to the arrangement of the
curves. One characteristic believed to be contributing to this grouping

is steering type. It is interesting to note from plate 27 that the two
fastest vehicles, the XM41OEl and M35A1, have Ackerman steering systems.
The M113 has a skid steer system, and the slowest vehicles, the MEXA ve-
hicles, have articulated steering systems. This is considered significant,
but certainly is not ccnclusive due to a lack of sufficient data to eval=-
uate the effects of steering type.

2L, Effects of vehicle acceleration. A second major vehicle char-

acteristic believed to be contributing to the grouping of the curves is the
vehicle's ability to accelerate.

25. Data obtained during hard-surface acceleration tests (plate 28)
reveal the same general grouping of vehicle perforniance as that shown in
plate 27. These acceleration tests were conducted on a paved, level sur-
face with no obstacles present, as part of the test program phase dealing
with the performance of the vehicles on various soil strengths.6 Plate 28
presents the speed-time curves for the vehicles as an indication of their
relative acceleration abilities. The slope of any finite portion of a '

vehicle's speed-time curve is the acceleration of the vehicle for the cor-

responding finite time interval. Because the slope is continually chang-

ing (acceleration is not constant), a single numerical descriptor for each
vehicle could not be determined to describe the grouping of the speed-
obstacle spacing curves. However, the similarity of groupinys tends to
confirm the assumption that the acceleration characteristics of a vehicle
are indeed significant in determining a vehicle's speed while maneuve:ring
in lateral obstacles on a hard surface.

26. Acceleration characteristics of a vehicle are related to the
tractive force it can develop. This suggests that the maximum tractive
force developed by each vehicle could give an indication of the relative
rositions of the speed-obstacle spacing curves. Examination of the speed-
obstacle spacing curves (plate 27) indicates that the lower portion of

each curve appears to be nearly linear. It was found that the speed value
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at the upper end of this linear portion of the curves approximated the
vehicle speed occurring at 25 percent ‘of the hard-surface maximum tractive
force. It was also determined that the straight-line porticn of the speed-
obstacle spacing curves terminated at approximately 2.0 times the vehicle
width (fig. 9). The point defined by these two coordinates (25 percent

maximum tractive force and

x /,// 2.0 times vehicle width) is
/ believed to define the point
/ on the speed-obstacle spacing
s : :
a K_';__ = / S, =SPEED AT WHICH RELATION  relaticn above which vehicle
u CEASES TO BE LINEAR 2 : !
4 speed is no longer highly de-
w

pendent upon obstacle spac-
ing, i.e. an inflection point

on the speed-obstacle spacing

|
|
|
|
|
|
|
1.5W L,&w curve.

SPACING Speed-obstacle

clearance relations

27. Measurements were
made of the distance from an
obstacle aléng the vehicle's
path to the left side of the

vchicle in an attempt tc es-

tablish a relation between

speed made good and obstacle

TSL = 0.25 TMAx

TRACTIVE FORCE

clearance for the four ob-

stacle spacings and the six

|
|
|
ol

— vehicles tested. Observa-
St tions made during the test-
Fig. 9. Traction-speed-spacing analysis ing, along with measurements

taken from the vehicle trav-
erses, indicate that the closest clearances exist on the left side of the
vehicle. This is not surprising when it is considered that the driver has
a better view of the left side of the vehicle than of the right side. The

clearances (see table 2) plotted in plate 29 are the clearances from the
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left or driver's side. Inspection of the plot reveals no definite trend of
clearance with speed or spacing. Although not shown in the plot, a éepam
rate study indicated that veshicle characteristics per se did not appear to
be significant. Thus, the clearance is fairly constant at 2.5 ft for the
six vehicles tested during this program, regardless of speed, vehicle,
width, or obstacle spacing. :

28. A study of notes made during testirg sheds some light on the
fact that the clearance requirement of a driver-vehicie system is fairly
constant. In maneuvering through a field of obstacles, the driver must
select his path as far ahead as possible. Once the driver has selected
a path requiring him to pass between two obstacles, he must then judge
the distance between these obstacles relative to the width of his vehicle.
Once he has made this evaluation, he then classifies his further progress
into one of two basic categories: a difficult passage or an easy passage.
After making this classification, the driver then decides whether he will
be able to negotiate the selected path at a speed equal to, greater than,
or less than his present speed. Should the driver decide that the maneu-
ver will be an easy passage, he then becomes less concerned with the width
of the vehicle and concentrctes on coatinuing on as straight a path and at
as high a speed as possible. However, even in an easy passage it appears
that the driver will stay as close as possible to the obstacle on his left
(approximately 2.5 ft). Should the driver determine that his passage be-
tween two obstacles will be difficult, he then becomes more concerned with
the width of his vehicle than with maintaining a straight-line course.

The driver will then slow down and maneuver his vehicle, attempting to
orient his path 90 deg to a line between the obstacles. Once in this
position, the driver will egain pass vetween the obstacles, staying as
close as possible to the obstacle on his left (again approximately 2.5 ft).
Obviously, the driver will, at times, pass between obstacles that will not
allow him to attain a clearance of 2.5 ft. However, this condition is
usually an exception. In selecting his path the driver will scan the
array of obstacles confronting him and make his selection such that a
majority of the time he will provide himself with a clearance of approxi-

mately 2.5 ft. More specifically, the driver will try to select a path
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that contains a majority of -easy passages and a minority of difficult pas-
saées. Only when ro alternative exists will the driver negotiate the
difficult passage, and by his own selection this would occur relatively
few times. This then appears to 5e an inherent safety factor that the
driver desires, and possibly a better term for the clearance might be
"desired clearance" rathér.than "required clearance."

29.  The possibility exists that the desired clearance, as deter-
mined, could be mainly driver dependent. However, results of repeated
tests at the four spacings indicate that the tests were conducted at a
maximum speed, and therefore the data are believed to be indicative of
a performance at maximum conditions, and consequently less dependent upon
driver variability.

Steering angle-mean
obstacle spacing relations

30. The data obtained from steering transducers installed on each
vehicle were analyzed in an attempt to relate the steering chafacteristics
or capabilities of the vehicles to the mean spacing of the obstacles. Ini-
tially, an attempt was made to relate the maximum stzering angle utilized
by the vehicle to the obstacle spacings. This did not result in any mean-
ingful relation beceuse at least once during every test each vehicle used
the maximum steering capability available. From the continuous records of
steering response available for 78 tests, the actual steering angles used
by a vehicle ir maneuvering around each obstacle adjacent to its path were
measured. These data were then grouped into 5-deg "bands" up to the maxi-
mum steering capability of each vehicle. No steering angles were meas-
ured on the M113 due to the difficulty of instrumenting a skid-steer-type
vehicle to monitor continuous changes in steering angle. The average
number of occurrences for each vehicle (except the M113) at each spacing
is shown in table 3. A frequency-distribution graph was then made for
each vehicle at the four obstacle spacings. These graphs are shown in
plates 30 and 31. Inspection of the graphs reveals that as the obstacle
spacing increases, there is a general decrease in the utilization of tlae
maximum steering angle range. One point worth noting is that the vehi-

cles used their maximum steering angles only a small percentage of the
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time, even at the l4-ft spacing, which approaches the minimum spacing re-
quired by each vehicle. Equally significant is the large utilization of
the steering angles falling in the smaller ranges, i.e. O to 10 deg. Gen-
erally, each vehicle utilized steering angles in the range from O deg to
approximately 40 percent of the maximum angle a majority of the time.

31. A weighted average of the steering angles was obtained for each
spacing of the obstacles; these data are plotted in plate 32. Inspection
of these plots rcveals the same grouping relative to performance as that
indicated in the plots of speed-obshtacle clearance shown in plate 27.

32. It is to be noted that the average steering angle utilized by
each vehicle, with one exception, does not vary more than 3 deg from the
14-ft spacing to the 20-ft spacing. The exception to this is the MEXA
10x10 wvehicle, which has a variation of 5 deg. It is also to be noted
that the MEXA vehicles consistently utilized larger steering angles than
did the conventional military vehicles. It should be emphasized that the
spacing variation of 14 to 20 ft represents a range extending from near
the minimum requirement to the point at which speed is no longer dependent
mainly upon obstacle spacing.

Prediction of Vehicle-Obstacle Relations

33. A technique for predicting speed-obstacle spacing relations on
firm, level soil was developed on the assumption that the actual speed-
obstacle spacing relation could be approximated by a straight line (para-
graph 26). The procedure for defining this predicted relation, as well
as procedures for considering the effects of softer soils and slopes, is
described in the following paragraphs.

34. The technique will be presented in two parts: first a speed-
obstacle spacing relation will be predicted that represents the maximum
speed that a vehicle can travel while maneuvering through lateral obsta-
cles on a firm surface; second, the prediction technique will be extended
to include the consideration of the effects of soft soils and terrain

slope on vehicle speed. As an aid to the presentation of the technique,
the M35A1 will be used in an exemple.
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Speed~ohstacle spacing
relation on a firm surface

35. Prediction of the speed-cobstacle spacing relation is accom-
plished by determining twoc end point values and connecting them with a
étraight line. One of the two values is a minimum spacing value (intef-
cept with the spacing axis or x-axis of an obstacle spacing-vehicle speed
relation) determined by 1.5 times vehicle width (paragraph 22), and the
other value, maximum spacing value, is deteymined empirically (paragraph
26) as the upper speed limit for which obstacle spacing is the predominant
controlling factor. ' :

36. To predict the maximum spacing vaiue in the speed-spacing rela-
tion, results from the analysis of the tést data were used. It has been
pointed out (paragraph 26) that the speed-spacing performance relations
were linear up to a point of inflection where the speed corresponded to
approximately 25 percent of maximum tractior. available to the vehicle on
a hard surface. It was also determined empirically that this inflection :
point corresponded to epproximately twiée-the vehicie width. Thus, these

two coordinates were accerked as

¥ defining the upper limit for the
predicted speed-spacing rela-
sion. Tne predicted relation is
established as a straight line
20

1 = : P
2 AND SPEED CORRESPONDING between the predicted minimum
TO 25% OF MAXIMUM TRACTION ON £ ; ;

spacing value on the abscissa
A HARD SURFACE (FROM FIG. 11) P £

(1.5W) and the point position

SPEED, MPH

defining 2W and the maximum

12 speed determined for 25 percent
of maximum traction on a hard

surface. Fig. 10 shows an ex-
1.5W AND ample of a predicted speed-

‘ ZERO SPEED _

0 10 20 30

spacing relation for the M35A1.

SPACING, FT ‘ Forces related to maneu-
vering on a firm surface

Fig. lp;:”fredicted'speed-obstacle !
spacing: relation for M35A1 = 37.. In any empirically




determined maximum performance relation of speed-obstacle spacing on . firm
; surface, there are inherent limitations iinposed by (a; the vehicle's me-
chanical and physical characteristics, (b) the driver's responses, (c) the
3 strength of the traction medium, and (d) the‘obstacle spacing. The extent

tc which these factors were considered in predicting the speed-obstacle

spacing relation for & firm, level surface (fig. 10) was explained in

paragraphs 35 and 36. ‘In order to extend the prediction methods to en-

vironments characterized by soft soils and slopes it is necessary to define

the relation of certain forces tc the maximum performancz in lateral obsta-

cles on a firm, level surface. These forces are identified as (a) avail-

E able tractive force, (b) motion resistance, and (c) force required to
maneuver.

38. Available tractive force. The. tractive force available on a

firm, level surface is represented by a maximum performance relation of
tractive force-speed. The maximum performarce reletion for the M35A1 is
shown in fig. 11. The relation represents the maximm tractive force the

M35A1 can develop from a speed slightly greater than zero to its maximum

15,000 == T
]
o
- 10,000 >
: 0
; 14
(o]
u
u
2
1 z
' g
3 k ¢ 5,000
i § z \
| \/SPEED USED AT 2W IN FIG. 10
L N
25% OF MAXIMUM '\
TRACTIVE FORCE ~— ]
= 3125 LB
0
0 10 20 30 40
SPEED, MPH

Fig. 11. Maximum performance curve for
M35A1 on a firm surface
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speed. The inflections in the curve indicate optimun speeds for gear
changes. The performance range included for each geér is the torque-rpm
range, assuming ro wheel.slip, at which the torque output is at a maximum
for each speed.

39. Motion resistance. Kesistance tc motion (rolling resistance)

is at a minimum on a level, smooth firm surface, thus allowing maximum
vehicle speeds to be achicved for either maneuvering or traveling in a
straight line.

40, Force required to maneuver. To ensure that there is sufficient

traction available to p.rmit the vehicle to accelerate between obstacles
after slowing down to avoid an obstacle, a reserve force for accelerating
is added to all the other forces resisting the vehicle during maneuvering.
From the tests reported herein to estaslish speed-obstacle spacing rela-

tions, it was found that a vehicle cunnot maneuver in obstacle spacings

less than 1.5W and that the need to maneuver diminishes rapidly at obsta-

cle spacings greater than approximately 2W, approaching zero when maneu-
vering is no longer required. At obstacle spacings just above 1.5W, the.
vehicle haé a large reserve force available for accelerating, but the
small spacing restricts the utiiization of this reserve force. That is;
the period of acceleration is limited by the necessity for the driver to
slow to a speed that will allow him enough time to execute the next maneu-
verArequired to avoid the next obstacle. This means that for the gear
selected a driver will be operating his #ehicle in a low torque-rpm range
not included in the maximum performance curve shown in fig, 11. At the
point where the obstacle spacing becomes 2W, the vehicle performance in
terms of torque-rpm reaches a maximum toward the end of any period of ac-
celeration during maneuvering in lateral obstacles. For this optimum or
maximqm performance condition occurring at a spacing of 2W, approximately
25 percent of the available tractive force is being utilized. This point
of 2W and 25 percent of the maximum available tractive force represents a
tradeoff point beyond which the speed of a vehicie in lateral obstacles
is limited to a much greater extent by the vehicle power plant than by
obstacle spacing.

" 41. “Based on the preceding discussion it is possible to approximate
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the first part of a relation fur
the force required to maneuver
and obstacle spacing as illus-
trated in fig. 12. The hard-
surface motion resistance is sub-
tracted from the 25 percent maxi-
mun tractive force value so that
the relation will represent only
that force reguired to maneuver.
42. 1In order to complete
the relation shown in fig. 12 it
was neéessary to establish the
obstacle spacirg at which maneu-
vering is no longer'required and
the force required to maneuver

becomes zero. The test data re-
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MEAN OBSTACLE SPACING, FT
Fig. 12. First stage in development
of force required to maneuver-mean

obstacle spacing relation for M35A1

ported herein indicate that for a given vehicle, there is a relation be-

tween obstacle spacing and the number of maneuvers required to negotiate
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Fig. 13. Determination of obstacle
spacing at which M35A1 is no longer

required to maneuver

25

30

obstacles at the fastest
Data for
the M35A1 are tabulated

below.

possible speed.

These data are

Obstacle

Spacing No, of ' .
I'c Maneuvers
14 211
16 62
18 31
20 23

piotted in fig. 13 to de-
termine the obstacle spac-
ing at which no maneuvers
wculd be required. The in-
tercept on the spacing axis

of the curve in fig. 13
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3000 T ' represents the point at which
25% MAXIMUM TRACTIVE FORCE 3
MINUS HARD-SURFACE MOTION the vehicle would nc longer
RESISTANCE

e e need to maneuver, and would
consequently require no
2000 |- reserve force for maneuvei-
!

ing. As indicated on the

——— — —

curve, this spacing 1s &p-
w
proximately 3.25 times the

width (8 ft) of the M35Al.

1000
\ 43. By locating the
point 3.25W on the abcissa

FORCE REQUIRED TO MANEUVER, LB

i of fig. 12 and gssuming a

” i linear relation also exists

o 10 20 3¢ for the second portion of the
MEAN OBSTACLAE SPACING, FT

relation, the final form of
Fig. k. Force required to maneuver- Sy Ry
mean obstacle spacing relation (final) fig. 12 is illustrated in

for M35A1 fig. 1k. .

4

Prediction considering force
requirements for maneuvering
on a level, smooth, firm surface

LY. To illustrate the procedures for predicting the speed of a ve-
hicle considering only the resisting forces (Sf) related to maneuvering on

a level, smooth, firm surface, the following example is used.

Given: Mean obstacle spacing = 15 1t

Motion resistance of firm surface on
M35A1 = 726 1b*

Force required to maneuver Fp 1in 15-ft
mean spacing = 1850 1b (from fig. 1k)

Maximum performasnce curve for M35A1 on a
firm surface (fig. 11 redrawn as fig. 15)

Find: Speed as limited by resisting forces

* This value is obtained by measuring the force required to tow the M35A1
at a slow, uniform speed on the surface in question.
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Solution: Add 726 1b end 1850 1b to give a total re-
sisting force F, of 2576 1b. Read the
corresponding speed S = 16.5 mph in

fig. 15
15,000
Q
- 10,000
ol ?
(0]
@©
(o}
18
w
=
=
<
o 5,000 \
=
(F' \
y
0
0 10 20 30 40

SPEEDR, MPH

Fig. 15. Maximum performance curve for M35A1 on a firm
surface illustrating determination of Sf

The predicted speed considering only the resisting forces Sf (16.5 mph)

is compared with the speed predicted by considering only obstacle spacing
SO (10.0 mph, obtained from fig. 10), and the lower of the two speeds 1is

selected as the predicted average speed.

Soil strength and terrain slope

45. The speed-obstacle spacing relation described in the preceding
paragraphs applies to a vehicle operating on a firm surface and gives no
consideratior to the pessibility that the forces imposed hy some terrain
conditions could 1limit a wvehicle's performance to a lower speed. In actual
practice, a vehicle is frequeritly required to overcome resisting forces
imposed by éoft 30ils and terrain slopes. The magnitudes of these resist-
ing forces must be determined so that their effects on vehicle speed can

be accounted for in making a speed prediction. Detérmination of resisting
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forces caused by soil and slope is discussed in the following paragraplis.

- 46, TForce required to overcome soil resistance (Ré). The force

requifed to overcome the motion resistance of a soil Rs of a given
strength is usuaily determired by measurement. Should a measured value
not be available, the motion resistance can usually be approximated by ex-
amination of previously ascquired data. These data would be the resuits of
tests conducted with the same or similar vehicles on similar soils having
approximately the same soil strength.

47. Force required to climb slopes (Fs). The force required to

climb a slope is a computed value. It is determined from the following
equation

F =W sin 8 (1)

where

W
e

The slope angle is usually measured or determined from available terrain

weight of the vehicle, 1b

1l

slope angle, deg

information.

Prediction considering re-
sisting forces related to maneu-
vering on a sloping sand surface

L8, The techniques used to predict the amount of degradation in
speed caused by the resisting forces related to slopes, soft soils, and
maneuvering are similar to those discussed in paragraph 4i. A summation
of the forces determined for maneuvering F_ (fig. 14), climbing slopes
Fs (paragraph 47), and overcoming motion r=sistance of the soil Rs
(paragraph 46) will give the total resisting force F, with which to
determine the vehicle speed. The total resisting force is expressed

mathematically as follows

Fe = i Baewine (2)

The speed determination is accomplished by utilizing the tractive force-

speed performance curve for the vehicle and soil conditions in question.
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To illustrate, the performance curve for a firm surface and a dry to moist

sand shown in fig. 16 will be used to predict a speed for the M35A1, using

15,000

Wl

M/AX ON SAND

- ———

PERFORMANCE CURVE
ON FIRM SURFACE

TRACTIVE FORCE, LB

5,000 N
F

t |

ORY TO MOIST S.AND

1
PERFORMANCE CURVE ON

-~

—

29 30 40
SPEED, MPH

¢

Fig. 16. Maximum performance cucves for M35A1 oper-
ating on a firm surface and on a sand surface

terrain data measured during the
Mississippi testsl to determine
the resisting for-e.

49. The performance
curve for the sand was obtained
by using the field-measured
drawbar pull-slip relation. The
motion resistance measured dur-
ing the testing (1362 1b) was
added to the drawbar pull values
to obtain a tractive force-slip
relation for the sand as shown
in fig. 17.

ance curve (broken line in

The sand perform-

fig. 16) is determined by re-

ducing the speeds shown on the

TRACTIVE FORCE, LB

15,000
10,000
5,000 W 1362 i.B
V.
P
7
7 &DRAWBAR PULL
o7 4 (FROM TESTS)
7/
(+]
] 10 20
SLIP, PERCENT .
Fig. 17. iru.tive force-slip
relation for M3541 on sand
29
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firm-surface performance curve vy appropriate slip values according to the
tractive force-slip relation.

50. - The following example is given o illustrate the procedures for
predicting the sPeéd of a vehicle considering only the resisting forces

relaled to maneuvering on a sloping surface.

Given: Mean obstacle spacing = 16.4 ft
F = 2380 ib (from fig. 14)
8 = 1.35 deg
F_ =W sin 8 = 426 1b
S;il strength = 150 cone index
Soil type (USCS), sand (SP)
Moisture condition, dry to moist
R, = 1362 1b (measured)

Find: Speed as controlled by resisting forces

Solution: By substituting the values given above for
Fm » Fg , and Rg into equation 2, Fy
is computed to be 4168 1b

Enter 4168 1b on the ordinate of fig. 16
and project the point bkorizontally to
intersect the performaice curve, then
vertically downward to intersect the
abscissa to determine the predicted
speed Sf of 9.3 mph

Speed predicted as the
minimum of SO and Sf

51. To predict the final average speed, the average speed allowed
by the obstacle spacing So as well as the average speed allowed by the
resisting forces Sf must be predicted, and the smaller of SO and S
selected for the final speed prediction. For example, for the obstacle

15

spacing of 16.4 ft used in paragraph 50, a speed of 9.3 mph was deter-
mined for Sf , considering the total resisting forces imposed by the
terrain conditions. Using the spacing value of 16.4 ft and entering the
speed-obstacle spacing curve (fig. 1C) an average speed of 15 mph was
determined for So . SO is the highest average speed possible if the
resisting forces are low enough to allow the vehicle to achieve an average

speed of 15 mph or higher. However, the speed as determined by considering
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the resisting forces was 9.3 mph; and the vehicle would be limited to this
lower speed prior to achieving any speed that would be limited by obstacle
spacing. The predicted average speed would then be the lgsser of the two
speeds{ So and Sf , or 9.3 mph. :
52. The following example is presented to illustrate the procedures

for determining the final average speed prediction considering the total
resisting force: Ft , at different soil strengths, and obstacle spacing

on a separate basis.

Given: Mean obstacle spacing = 13.9 ft

6 = 5.6 deg
F = 1250 1b
m

F = 1778 1b

s
The following soil strengths and their
corresponding measured values for

motion resistance

Sand Soil
Strength ]
CI 1ib
150 1362
] 67 2062
- L8 3500
9 t
; i Find: The predicted average speeds considering
4 E Fy and obstacle spacing separately for
4 each soil strength
E !
' [ Solution: By using prediction procedures described
] % in paragraphs L45-51 the foilowing
- average speed predictions were made for
E So and Sy and are presented in the
i following tabulation with other perti-
- nent data.
| Mean g
. 4 peed
' e O W | Rl [Rosved 15 mph
P 1§ Spacing  Strength T % R 7 3 3
| £t CI m s S t 3 o
13.9 150 1250 1778 1362 4390 9.4 6.8
4 13.9 67 1250 1778 2062 5090 8.6 6.8
‘ 13.9 48 1250 1778 3500 6528 0.0 6.8

l"b‘éﬂrﬂ
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The predicted speed values in the tsbulation on the preceding page for
soii strengths 150 CI and 67 CI indicate sufficient traction.can be devel-
oped to overcome the total resisting forces and the average speed would be
limited by the obstacle spacing. However, at a soil strength of 48 CI the
available tractive force would not be sufficient to overcome the resisting
forces and sustain a speed of 6.8 mph. Consequently, the resisting forces
would limit the speéd of the vehicle to some value less than 6.8 mph and
the obstacle spacing would no longer control the vehicle's performance.
53. It is believed that for moderate slope conditions and obstacle
spacings of 1.5W to 2W the obstacle spacings will 1limit speed until the
soil strength approaches the minimum strength on which the vehicle can
travel. Obviously, for a given soil strength and obstacle spacing, the
resisting forces could limit vehicle speed when the slope approaches the

maximum gradeability of the vehicle.

Comparison of Actual and Predicted Results

54. Using the techniques outlined in the previous paragraphs (45-51)
predictions were made for the three military vehicles and the three MEXA
vehicles on the firm surface at the Nevada test site. Predictions were
also made using availesble soil strength and slopz data for seven tests
conducted with the M35A1 in the Mississippi test program.l The use of
speed-obstacle spacing predictions as input data for the WES analytical
model is described in Appendix A.

Nevada tests

55. Using the prediction techniques presented in paragraphs 44 and
51, predictions were made for the six vehicles. Speed-obstacle spacing
relations were predicted, and these predictions were compar=ad with measured
smeeds. These comparisons are presented in plates 33 and 34. Inspection
of the plates shows that the predicted relations are not the best straight-
line fits to the actuval data; however, they approximate the actual data to
an acceptable degree of accuracy. It iIs noted that better agreement could
be obtained in most cases by retaining the slopes of the predicted rela-

tions, Lint shifting their positions slightly to the left or right. This
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suggests that the criterion 1.5W for establishing the minimum spacing

could possibly be improved.

3 Mississippi tests

56. Using the prediction techniques presented in paragraphs 48-51,
predictions were made for seven tests conducted with the M35A1 in the
Mississippi test program for which soil and slope data were svailable.
These predictions were compared with the measured test speeds and are pre-
sented in the following tabulaﬁion.

Mean

i ngt?CIe Resisting Force, lb Speed, mph
PReg F R F F S 5

- £t m S S t o) f Actual*
12.3 200 1362 1859.  3k21 1.5% 14,2 4.3
13.9t 1250 1362 1800 Lo 6.8%% 9.4 4.6
A 2300 1362 542 Look 13.0 9.6%% 7.4
16. 4+ 2380 1362 ko6 L4168 15.0 9.T%% 12.6
16.1 2500 1362 1433 5295 13.9 8.5%% 8.1
14.3 1500 1348 -- 2848 T7.6%% 16.0 6.3
14.8 1750 1348 -- 3098 QLgEk - 515n5 8.3

f * Speed measured during tests.
** Predicted speed.
t Used as examples in illustrating prediction technigues.

The speeds listed above are plotted in fig. 18 as a comparison of actual
versus pradicted values. The percent accuracies of the predicted values

are as follows:

Speed, mph Accuracy
Actual Predicted %
4.3 1.5 35
L.6 6.8 67
E | 7.k 9.6 T
? 12.6 9.7 77
] 8.1 8.5 95
: 6.3 7.6 83
8.3 9.5 87
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Fig. 18. Predicted and ectusl speeds, M35A1

While the accuracy is not as high as might be desired in all cases, it is
believed to be acceptable when considering the relatively small amount of
data presently available relating vehicle performance to lateral obstacle

problems.
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PART IV: CONCLUSICNS AND RECOMMENDATIONS

57. As a result of the analysis of the data herein, the following
conclusions are believed to be evident:

a, The conventional military vehicles exhibited better per-
formance than the MEXA vehicles when maneuvering in lateral
obstacles on & hard surface (plate 27).

b. The minimum required spacing for a venicle maneuvering in
lateral obstacles is approximately equal to 1.5 times the
vehicle width (paragraph 22).

¢. The range of obstacle spacings affecting vehicle speed lies
generally within the limits of 1.5 to 2.0 times the vehicle
width (paragraph 36).

d. The cpeed-obstacle spacing relation for any given vehicle

appears to have a definite slope. This slope is indicative
of both the acceleretion capabilities and steering charac-
teristics of the vehicle (paragraphs 26 and 30).

e. The slope of the speed-obstacle spacing relation can ‘be de-
fined by assuming a linear relation from a speed of zero at
1.5 times the vehicle width to a speed representing 25 per-
cent of the maximum tractive force at 2.0 times the vehicle
width (paragraph 26).

The clearance on the Jeft side desired by a driver maneu-
vering a vehicle in lateral obstacles appears to be approxi-
mately 2.5 ft (paragraph 27).

-u—ﬂr""r
1+
3

g. The steering angle utilized by a vehicle when maneuvering
through obstacles having spacing velues from 1.5 tc 2.0
times the vehicle width falls within a range of O to 15 deg -
a majority of the time, and for only a very small percentage
of %ime was the maximum steering angle utlllzed (para-

i graph 30).

.. h. The technique for predicting the speed-mean obstacle spacing
L relation yielded a reasonable prediction accuracy when ap-
plied to data not used in the development of the technique
(paragraph 56).

o YPEN, AT LTI
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Recommendations

58. As a result of the tests conducted, the anelysis of data, and

the conclusions reached, the following recommendations are made:

%
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Tests should be conducted in which-obstacle spacings greater
than 20 ft and less than 24 ft would be used, i.e. smaller
spacing values to better establish the minimum required
spating and larger spacing values to better establish the
point at which vehicle speed is no longer dependent upon ob-
stacle spacing. '

Tests should be conducted in which the complete range of ob-
stacle spacings is utilized on varying soil strengths. This
would determine the soil strength at which the MEXA vehicles
may exhibit better performance than the conventional vehi-
cles while maneuvering in lateral obstacles.

Once soil strength-obstacle spacing-vehicle performance
relations have been defined, it is recommended that tests
be conducted in which stem size and visibility are con-
sidered separately.
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Tuble 2

Steering Angle Occurrences

Mean
Obstacle
Spacing Occurrences per Steering Angle Class

Vehicle fi 0-5 5-1C 10-15 15-20 20-25- 25-30 Total

XML1OEL 1k 7. 22 13 0 0 - 106

‘ 165 37 9 2 0 0 -— 48

18 27 5 0 0 0 - 32

20 23 2 0 0 0 o 25

M35A1 1k 111 42 29 18 = 4 211

16 3k 239 3 7 2 0 62

18 17 8 3 3 0 0 31

20 17 L 1 1 0 0 23

MEXA 10x10 1k 32 L8 L6 37 29 17 209

16 35 51 51 30 28 13 208

18 35 L8 22 13 3 L 125

20 29 1.1 6 9 6 0 61

MEXA 8x8 1k 63 117 96 72 59 3T Lok

16 L7 L8 30 26 10 10 171

18 355 =30 1l 9 5 1 91

20 56" . 56 ok 23 9 5 173

; MEXA track 14 o 97 91 57 38 21 398
31 16 39 36 23 13 16 5 132
| 18 26 37 11 5 3 2 8L
; 20 17 22 18 3 3 0 63
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APPENDIX A: USE OF SPEED-OBSTACLE SPACING PREDICTIONS
AS INPUT DATA FOR WES ANALYTICAL MODFL

1. The WES analytical model for predicting cross-country vehicle

performance uses as one set of input data the relation between vehicle

speed and percent area denied to account for performance in lateral ob-

stacles. Tne following paragraphs will explain the relation between the

speed-obstacle spacing curves presented in the main text of this report

and the speed-area denied curves reguired as input data.

*
2. The structural cell concept relationL+ presented in paragraph 9

of the main text relates the mean spacing of stems (lateral obstacles) to
total area and the number of stems contained within the area. Twenty stems
comprise each structural cell. When the area of the structural cell is

divided by the number of stems (20), the result is the average or mean area

occupied by one stem. The relation between the diameter of the ar=za oc-

cupied ty each stem (ds) and the structural cell diameter (DC) is

2011'(12 nD2
S ag-C
T T
or
206° = D° (A1)
S d
By definition
L= (A2)

where Sm = mean spacing of stems

Substituting equation A2 into equation Al results in the equation

2 2
o= ain, (A3)

The equation relating percent area denied to the structural celll is

* Ralsed numbers refer to similarly numbered items in the Literzture
Cited at the end of the main text.

Al




Y —r ey

o oty

2c(a, + W)2
P LSRGy (Ak)
d 2
D
¢
where
ds = diameter of stem, in.
W = width of vehicie, ft
DC = diameter of structural cell, ft

Substituting equation A3

into equation AL, the area denied equation then relates to the mean spacing
of the obstacles by
(ES 5 W')2
= ———— x 100 (A5)
d 2
S
m
This equation was used to compute the area denied for the four lateral ob-
stacle spacings and six vehicles used in the test program described in the
main text. A stem diameter of 2 in. was used in the area denied
calculations.
3. The.percent area denied-speed curves for the six vehicles tested
are shown in plates Al and A2.
L. It shculd be noted that the force relations presented ia the

prediction technigues are acceptable in their presented Iorms as input

data for the WES analytical model.

A2
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