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ABSTRACT

Test procedures %o be used for the evaluation of off-road
vehicle mobility performance are presented. The deveiopment or a
quantitative evaiuation system represents an important step in the
design of proper off-road vehicle tests. The procedures are presented
as nine Annexes, entitled:

1.
z.
3.
4.

Drmwbar-Pull

Torque

Vehicle Speed

Vehicle Sinkage and Trim

Resistance to Towing

Fuel Consumption

Load Distribution and Ground Pressure
Determination of Land Locomotion Soil Values

Determination of VMES Soil Parameters
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PREFACE

Tnis report presents & revieu of procedures existing pria- te
the ‘nception of Project HERS for -onducting vehicle tests {n naturs!?
ter-ain and Includes an sssemblags of test procedures fer providing
the necossary data to apply currant terrain-vehicle relationships
contributing to the evalustion of off-rosd modility performance. The
resuits of this study wiii by used in tie development of & sthématicas!
model for predicting ground mobii{ty, Tre design of proper off.road
vehicie tests represents an important step in the deveiopmea® of o
quantitative vehicle performance evalustion system. This study was
performed by the Land Locomotion Laboratory (LLL) of the U. S, Army
Tank-Automot ive Center, U, S, Army Mater{el Lommend (AMC),

The study constitutes & portion of the Modility Environmental
Research Study {MERS), sponsored by the 0Ffice, Secretery of Dsfanse
(080), Auvanced Resstarch Projects Agency (ARPA), Birectorate of Re-
mote Area Confiict, for which the U, 8, Army Engineer Waterwiays
Experiment Station {YES) {3 the prims contractor and AMC 1s the service
agent. The broad mission of Project MERS 13 tec deveiop & significant
research effort to study the physical envirsnrz-t, particulariy es it
affacts the design and empioyment of muteric! systems, with special
emphiasis being given to Southeast Auisr ervironments, The funds em-
pioyed for this study were eilocated to WES through AMC under ARPA
Order No. 400.

The snnexes to this report contefn seven individuel test pro-
cedures for coilecting the data required for veliicle eveiuation pur-
poses. The vehicle test precedures ar2 given for quantitative end
observationsl-type tests. The methods seiected for predicting the
effects of soi! on vehicle performence are those currently used by
LLL and WESTwnd are presented !5 the two final annexes to this report.
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PROCEDURES FOR OFF-ROAD VEHICLE TESTING

Introduction

1. The successful execution of current military operatfional
concepts is largely dependent upon the cross-country apabilities of
ground-centact tactical! and i_gistical vehicies. It {s evident that
in order to increase the probabil{ty of full develiopment and exploft-
stion of current operational concepts, & more thorough knowledge of
the physical environment end fts specific effects on ground-contect
vehicle performance {s needed. It is also obvfous that before @
significant fncresze can be achieved i{n the probebility of executing
successfuil missions. this knowledge must be empioyed by the vehicie
designer in optimizing the design of new vehicles for specific en-
vironments. Knowledge of the damands {mposed by the physicail enviren-
ment 2nd the meeting of these demands with properly designed vehicies
offer the best solution to the problem.

A ———

2. The vehicle designer {s concerned with cptimizing the per-
formance of & vahicle in the design phase by the selection (or design)
of vehicle components to meet tha design environmental sad missfion
requirements, Thus, the vehicle designer must be ultimately provided
with mathematical modals from which vehicle purformence can be pre-
dicted in a variety of terrain contexts in terms of several guantita-
tive performance parameters suc’x as speed, fuel consumption, ride
quality, and costs,

3. Several performance paramaters ars required to encampass 4l
the elements implied in an overall cbjective assessment of ground
mobility, It {s quite likaly that one single performence parameter
msy rate one vehicle better then snother in one particuior type of
terrain end poorer than another in a different type of tsrrsin., T
reverse mty be true {f another criterion {s used to judge vehicle per-
formince, It {s therefore appsrent that to chtein the most usefu!
assessment of vehicle performence en snalytice! npods! of terrain.wvohicle
interaction ust include savers! measuras of vohicls performanca in @
range cf celected environments. Once this has besn achioved, decisions
can be mede on the requirements impussd by a spectifi. envi-onment undar
cons ideration,

General Backgrauad:

L. Recogniz’ng the nesds of the vshicie designer, the U, S, Army
Enginesr Waterways Experiment Station /WES) as 2 part of its Mobiifty
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Environmental Research Study (Project MERS) inciuded in its program
plans* a major task for the development of a methamatical mode! for
predicting ground mobi1ity, This tesk was subdivided into five sub-
tasks which would permit an orderly development of a methemetical

mode! and at the same time permit the pursuit of severa! facsts of the
problem. These subtasks were es follows: (a) selection and descrip-
tion of test eress, (b) design of mobility tests, (c) tests of mobiiity
in landform types, (d) verification of mobit{ty predictions in terrain
types of geographic regions, &nd (e) deve’opment of expression for
ground mob{1ity., Bacause of the experisnce onc spucial capabiiities in
varfous fields of ground mobf1ity of the Lsnd Locomotion Laboratory
(LLL) of the U, S. Amy Tank-Automotive Center, WES 30licited the
assistance of LLL in formulating plens and assuming responsibiiity for
pursuing agreod-upon work plans for some of these subtasks.

5. Several meetings were held emong WES and LLL personnel to
discuss possible approaches relative to the probiem of quéntifying
off-road performance of ground vehicles and to agree on subtask work
pians that were commensurate with the budget and time schzdules of
Project MERS. Most of the discussfons were focused on the design of
off-road vehicle tests since proper test procedurss lesading to the
development of acceptable terrain-vehiclz test designs represented
the {mportant steps necesssry to the development of a quantitative
vehicle performance evalustion system. From these discussions, {t
became appsrent thet although LLL and WES were in general agreement
on the objectives to be achieved, some differences existed in the
approaches to be followed and the dets requirements te be used in the
design of off-road vehicie tests. Test plans suggested by WES were
based on a research approach which considered subdividing ter-ain in
terms of individual factors known or hypothesized to have a specific
effect on vehiclie performance, wherees test plans s.ggested by LLL
inciuded a more geners! terrain descriptior with a» obvious advaitage
of requiring less time and effort in collecting data. With both types
of pisns héving merit, 1t was decided o be in the best interest of
Project MERS to pursue both,

Cbiective:

€. This report describes in some detall the most pertinent and
widely used procedures for off-road vehicie testing in mobiifty
research that exist.'d prior to the inception of Project MERS. The
objective of this repurt  is to provide a convenient reference for
engineers planning the conduct of tests for the purpose of evaiuating
vehicle perforance and enhancing knowledge of vehicle-terrain rels-
tions.,

MIES Operation and Funding Plans for 0SD/ARPA Mobiiity Environmentai
Research Study {MERS), 26 March 1963,
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7. The test procedures dzscribsd sttempt %20 {ndicate the major
eclements to be considered in an evaluation of off-road vehicle pur-
formence, The procedures are by no merns complete, and are {ntended
to serve only e guides to ensure uniform data coilection and upplice-
tion of scczptable guantitative terrain-vehicie relations which aie
only szgments of & comprehensive mathematice! mode! yet to be developed
for predicting overall ground mobfiity,

8. The vehiciz t:st procedures include those for two types of
tests: (a) quantitative tests in which performance it messured in
engineering terms, with the emphasis piaced or the establishment of
soil-vehicle relations, and with performance judged on the basis of
minimum seil strength requirements and drawbar-puil-glip relations,
and (b} observation tests in which a vehicle {s oparated in a netural
environment, with the primary measure of performance being a comparison
of {ts speed to thst of a ''reference’ vehicle,

——erw b

9. The methods selected for predicting the effects of soil on
vehicle performance are those currently used by LLL and WES., A summary
of the application of these methods including pertinent definitions,
instruments and equipment, and so{! measurements {s given in WES Tech-
nfcal Report No. 5-625, 'Environmental Factors Affecting Ground Mobii-

- ity in Thailand, Appendix C: Soil Trafficability", dated May, 1953.

Presentation Order of Test Procedures

10, The data collection procedures are given in annexes to this
report. Annexes 1 threugh 7 pertain to vehicle measurements, and
Annexes B and 9 contain procedures for collecting sof! perameters For
the application of LLL and WES prediction systems, respectively, Ap-
plication of data results or appropriste refererices are cited.

Quantitative Tests

il. The elemants of the quantitative test proczdure for determin-
ing the mobility characteristics of a vehicle are described in the
following paragraphs.

Generals

12. Quantitative tes.:s entail three requirenents which are neces- ;
sary to determine the effescts of terrain on vehicie cperation,
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i Sufficiont vehicie &nd so!1 messurements wiil e taken to permit the
following determinstions:

8, Excess trection thet & vehiclie can develop on paved and
natural sol! curfaces.

b. Tha motion resistance imposed on a vihicle by soft sofl
or obttsciaes,

c. Effactiveness of the propulsion members In utiiizine sofl ,
strongth end powar availabis to them, »rs indiceted by the drawsar-pul! A
versus siip relations,

Y

Jehicle Medsursments:

13. The following measurements will be mada in & mennar such that IR .
8, b, snd ¢ above cen be determined: X

Orawbar-pull (1)

Output drive shaft torques and speeds (2}

Vehicle speed (3)
Vehicle sinkage (L)
Veshicle trim (&)
Resistanca to towing (5)
Fuel cansumption (6)

The number in parentheses foliowing each vehicle measurement indicates
the annex i{n which the measurement s discussad,

Observation Tests =

ih, Thase tesis require o minimum number of measur-ements and '\
consist of a series of operations cver @ range of representative ter- A
rair conditions, The tests are primarily comparstive in rature., To g
incresse the utility of the comparstive tests, one of the vehicles A
participating in the test should be & conventional military vehicle N
of ths same weight class as the vehicle or vohicles being evaiuated, R .
The perfornance of the stendard vehicie will then scrve 8s @ yardstick S
3ince & trained obterver will be sble to esteblish the difficulty of
the course on the s2sis of tihe performance of the standard vehicle,

ek aa R
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15, Although the performences measuremaits may be kept tc a
minimm to includs, for exampls, only sversge speed, number of im.
mobi iizations, and fual economy, the test should not degsnerste into
a2 process of merely observing in general terms how a vehicle reacts
to the impact of the off-rca¢ environmant, Characteristics of ths
terrafn and test vehicles shouvlid Ds obesrved on the sane terms as
for tho quantitative tests., Charactoristics of the terraln and vehi-
cle sheuld de meassured when the messurement {s ressonadiy simple to
serform, such &s turning radius cf a vehicle, soil cone index, or size
and spacing of trees, However, when 2 messurement {3 very complicated,
such as detcrmination of vehicle stabiiily, the evaluation should be
limited to the observétion of the -elativa performarce of the test end
refersnce vehicles, Estimates of fus! consumption can be made by fill-
ing the fuel tonk prior to the start of a test and refiiling tha tamk
et the end »f 8 test run, measu~ing tha suount of fuel usad. Whan en
immob{l{zetion occurs, the ceuse of the imnob{i{zation should be
adequately described,

Tergsig Conditions:

16. The terrain condititns selected for testing should be compar-
able to the design function of the vehigle. [or exemplie, & test plan
to evaluate the performance of a vehicle designed tc operate in 2 marsh
should by all mesns {nclude tests in marsh terrain, Wrere spprupriate,
varfations in sofi and obstacle c-aractar{stics on level and s!ping
terrain should be included in the se.eztion of the test courses, Oper-
stion over disturbed and :undisturbed sofi should also be includvod where
surface cendi“ions change with traffic.

17. The observation test should be conducted on trafls end strips
of reapresentative natursi terrain. The test a~es should be long enough
to include as many of tae surface cenditfons uu practical in 8 given
area, The strip shovld be wide enough sc tha® ewxch vehicle being tested
cén make at ieast one pass over &n undisturbed surface.

Test Criterias

18. The follow.ng criteria should be considered in the design of
test procedure and selection of suitabiv test courses,

a. Vehicies of s'uilar mission 2ssignment and of the same
approxi{mate size or payiocad capacity shouid be compired. Secondary
compar{sons can be mede betwxren the test vehicle and vehicles which
may constftute & giver operational unit.

b. The contro! vehicle used as a datum shouid have a per-
formance sufficiently fam{ifar to a layman to have generai significence.

foua
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c. The tests should be designad to examine as many vehicie
chairsateristica as possibla, {.6., test areas shouid not be salected
that demonsi-ete ors charecteristic favorably but exciude conditions
that would demonsirate an unfevorable characteristic.

4, Convertional vehicles tested should incluce stenderd
models enly, The effcct of modification of conventional stendard
rodeis should be acconplished through separste tests.

o, Ths vehicles shiuld be tested carrying their rated pay-
loads. If test conditions or cther considerations require testing at
cthar than the rated peyload, the payload uted should be recordad.
The gross vshicle test wafght should always bs recorded.

f. All vehicles should be in excellent mechanical condition.

g. Tha operators should be compietely fomiliar with the oper-
ating cheractaristics of the vehiclis, The effects of vehicle opsrators
may be minimirsd by rotation of test and reference vehicle operators
during the prograss of tha test,

h. Tnhs number of tests to be conducted shouid be sufficient
to determine significent performance characteristics of the test vehicies,

Performance Evaluation:

19, Because the evaluation is basically quaiftetive, continuous
observation of ail vehicles throughout the test course is recessary.
Cons{darations in the evaluation should includes

e. Average speed
b. Conditiorn of vehicle and cargo on arrival

c. The ease or difficuity with wnich the course is negotiated
by vehicle.

A

Terr&ain Description

Introductions

20. Tests inveiving performence rating, whether through direct
measurements or observation, must incorporate a description of the test
terrain in sufficient detaf! to be of value. It {s necessary to ciass-
{fv terrain by msons of & standérdized descriptionr in order to convey

e e T —
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to others the condftions under which vho test is conducted. Quelite-
tive descriptions have proven themselves to be virtually uvseless
since they can &t best cescribe a general category of conditions.

Generailt

21, For evsluating off-road vehicle performance it is necsssery 4
to describe characteristicc of terrains sncountered in a test course )
by messurements made of surface profiles, including drsinage festures, g
soil, snd vegetation, Measurements for constructing surface profiies
are obtained by conventional surveying techniques. Profiles of test
courses should include sufficient detaii so that the magnftude and
length of slopes and 3{ze and shape of surface obstaclus sre adequately
defined, To properly describe the sofl charscteristics, measuremeriis
should b= made of sofl strength parameters, moisture content, density,
and fdantificsticn accor Hng tu thw U. S. Department of Agriculture
and the Unified Sofl Classifivation Systems, Of the sci! characteris-
tics i{dent{fied, only soll sirength measurements are retuirsd for eva!-
uating sofl trafficability; however, before methods for estimeting
trafficabiiity for remote areas can be improved, such measuremants are
necessary, Soi{il strength {3 depeandent to a large extent on moisture
content and density, and differences in thess properties occur in dif-
ferent soil types, Once surficient data are avatlsbie, date anslyses
csn be made which wiil permit grouping sof! typez slong with other sof!
&nd terrain data into units that exhibit similar ground mobiiity chare-

cteristics. The moisture content of a sof! {s dependent upon weather };; g
which {¢ continually changing. For this ressen it i3 very importent Vow o B
thet the time intervai betwean 2 vehicle test and the collection of Sy

soil strength, moisture content, and density dats be kept to a minimm,
Special equipment and techniques ere used to make these sci! medsurs-
ments, Conventional mesasurement equipment and techniques are used to
measure vegetation charactaristics, These measursments should incliude !
height, size, and specing of individusi plants. A description cf the :
{instruments and procedures for collecting and reducing date for apply-

fng the LLL and WES vehicle evaluation systems is given in Annexes 8

and 9, respectively,

Terrain Data Coliection Gu‘l_g_n_x

22, The degree of detai! to which the terrain data in an ares .
seiected for test purposes should be defined is rather difficult to - d
establ!ish, however, 1t {s reasonable to assume that the decision ) : ‘
should be made on the bas{s of economics because considerable time and
cost are’involved in collecting dute and preparing appropriste maps.
I7 & need exists for conducting a large number of teuts and s deter-
mination has been mal'e that advance iInformation concerning the range
in varfation and joct ‘fon of specific terrain conditfons would result
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in & more efficient seicction of test coursez, then it mey be dusir-
sble to prepere detatled meps of signi{ficent terrain attributes, If
testing is conducted on an infrequsnt bssis, it is best to reconnoitar
Hhe ares;, seiect spacific test courses, end resirict the dets collec-
tion to the sres occupfed by the tast courses, The following tables
143t the minimm terrain information desired for guantitative and ob-
servation-typs vehicle tests.

Quantitative Tests

1o Soil Information:

LT 2 Sw—

8, Strangth:

(1) LLL sotl parameters (c, £, and verticel load-deformution
curves.

{2) Rating cone index
b. Motsturs content
c. Density
d. Classification
(1) U, S. Department of Agriculture (USBA) System
' {#) Great Sof1 Group
(b) Soii Serfes
(c) Phase
(d) Type
(2) Unified Soil Classification System (USCS)
2. Ground Surface Profile,

3. Vegetation
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Observation-Type Tasts

1. Soil Information:
a, Strength, rating cone {ndex
b, Moisture content
c¢. Density
d., Classification
{1) U. S, Department of Agriculture {USDA} System
{a) Great Sof! Group
(b) Sofl Serfes
{c) Phase
(d) Type
(2) Unified Sof] Cisssification System (USCS)
2. Ground Surface Profile

3. Vegetation
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ANNEX 1: DRAWBAR-PULL

IRTRODUCTION:

Drewbar-pull {s a basic measure of veh{cie performencs efther
on or ocff-the~road. It iz a convenientiy obtsined quantity assen-
tial to & vehicle comparison or eveluation program, Drewber-pull
{s determined by simitar procedures for elither trocked or whegled
vehicies,

CEFINITION:

Drimbsr-pull s definad as the evaiiable trzective effort in
sxcess of that necessary to propai the vehicle at 2 given constant
speed on & leval surface, It {s a measura of the force svaiisble
to #c_slerete the vshicle, climd grades, and pu'l towed lceds,

PURPCSE:

The purpose ¢f drewbar-pul! measuremunt {3 %o cetarsing avall-
able excess tracticn which the vehicle can duvalep on & afven ur-
f.c‘ .

TYrE OF TESTS:

8, Hard Surfacz Tests:

Hard surface tests are conducted on levei psvement te
determine the overall efficiency of the vehiczle. Effictiarcy is
taken as the ratic of meesured drawbar-pul! and theoreticel {rim
pull, sprocket or wheei) dr-awhar-pull, The efficiency i3 & messcre
of ilosses which include interns! suspention frictional losses, .
ternal roliing resistance and, at higher speeds, cerodymamic dreg.
The measured drawbar puil is limited by the pwzar pient, transmission,
suspension efficliency, and the traction thet the vheels or triacks
can develop on 8 givea surface. Theorotice!l drawbar-pull may be
coxputed from dara supplied by the vehicle manufacturer and assiunes
no traction Iimitation. Required datr include the engine torgue
curve, gesr r-tios and efficiencies in the various drive tirz com-
penents, and the rolling radius of the tire ar pitch radius of the
drive sprocket, The messured drawber-pull {13 estabifshed from the
avergge of seaveral tests.

In hard surface tests, the tast vehicie is operated through-
out its renge of gear ratics and at small speed incrementz to pro-
vide data for the drawbar-bhorsepower speed curves, Drewbar food
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gon. be provided by ény convanient system. Experience has shown
thit s dynsmomster vehicle s the most useful loading device. A
éwnomometer vehicle should be sufficiontly large to essire that
the test vehiclie can achiove 100X siip and shouid have adequate
spaco for instrumentation end test perscnnsi, However, 2 dyma.
mometer vehicie {¢ not essential to & drawbar test. It is only
necatsery that @ Zavice be used that can apply & varfatle load and
sfng"provuion for the measurement of drawbar load,

A drahar-puil test should include continuous records for the
following measurementss

(1) Oraxbar 1oad (ib,)
(2) Engine, wheel, or track, sprocket spred (rpm)
{3) Vehicie speed (ap!;)

b. Soft So!i Tests:

The determination of drawbar-puil for soft sofi operation
follows similar procedures as for paved surfaces with the exception
thet there 13 nc interest in the effect er transmissio~ range, The
soi! {s the controiling 2lement in soft soil operation so that the
reiation between drawbar-pull and sl1fp is of primary interest,

The datermination of drawbar pull in soft soli requires messure-
ment of the foliowing:

(1) Drawbar load (1bs.)

(2) Vehicle speed {mph or ft./min.

{1) W¥hee! or sprocket spees (rpm)

(&) Vehicle sinkage (in.)

{5) Vehicle trim {(degrees)

(6) Soil strength parameters

Instrumentation and resording devices will vary depending on

the accuracy desired, the magnitude of the test program and the
funds svailable to support the test program. It is necessary the¢

instrumntation adegqustely cover the expected range sf measurements
t> be taken without s&cr!fice of sensitivity or accuracy.
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PROCEDURE ¢

a. Preparation of the Vehicles

In the case of the hard surface tests, the engine should
be tunsd and adiusted for max{imum performance according to the
menufacturer's specifications. Throttie tinkage, transmfssion link-
age, and brekes s:ould also be adjusted according to marufsciurer's
specific.tions. The transmission clutch and bend adjustments must
be checked. in the case of the soft-sofi tes¢, the precise sdjust-
ment of power train components is not as significant as Tor the hard
surface test since the sofl and suspension to & large extent control
the test results.

Each vshicle component requiring lubricatfon must be checked
and/or lubricated with the proper quantfty and grade of lubricent.

Track tension should be checked and adjusted {f necessery.

Tire {nflation pressure should be set for optimwm off-road
performance,

Periodic inspection of the vehicle must be made during testing
to insure optimuvw performance.

b. Instrumentation:

Description of the instrumentation for the measurement of
most test varisbles appszars in annex form in the test precedure.
Instrumentation rzquirements for the conduct of & drawbar-pui! test
will be covered in detail in this annex only for those instruments
not discussed elsewhere, A typical drawbar-pull test setun iz showm
in Figure 1.1,

Ce Dt‘lﬁb‘r Laads

Any of the sever:! types of load measuring devices cen be
used so long as the sppropriste losd range is maintained. A sten-
dard, commercial load cel! using strain gauges is economical ond
adequate. Because of the wide variety of i1osd ranges available,
tha load ze!l i{s a convenient jnstrument on which to base ax in-
strumentaticon system.

Hydrauli: dynomometers that are rugged ami ac.urste ure com-
merciaiiy avaiiable., The hydreulic system hac the adventage of per-
mitting {mmecinte read-out so that the dynamometer vehicle operator
can obsarve the lowd he {s epplyfng to the tast vehicle., The hy-
draulic dynamometer has the disadvantage that & perssnent record is




not produced. iIf 2 psrmenent test facii{ty or dynamometer vehicle
iz being considered, & combination load cell hydreulic dynmomster
should be given serfous consideration. The dynamometar veh'cle
operator shoutd control the load by observing the hydraulic read-out
and the test engineer should meintafn control of the 2%t by means
of the permsnently recorded strain gauge messuresent.

d. Yehicle speed:

It 1s quite possible to measure vehicle speed by recording
the time raquired to truverse a measured distance. However, the
use of a Fifth wheel tv measurc speed substentially reduces the
complexity of the test proeedure since & continuous reading of speed
fs obtained. The slternate technique of meesuring time and distence
requires such close coordination between the measurenent of speed
and drawbar-puil that 1t is quite clumsy.

e. Engine, Wheel, or Track Sprocket Speed:

Iin order o compute wheel or track slippage, it is neces-
sary that actus! and theoretical vehicle speed be known. Thecretical
vehicie speed {s obtained by measuring the motion of the driving
elensats. The engine speed con be measured if the transmission has
8 iockup so that there i{s no siippage between the engine and final
érive, Normally, it 1s more accurate and simpler to measure the
speed of the drive sprockets on a tracked vehicle or driving wheels
on & whazled vehicle. Any convenient messuring system zen be used
but experience has shown that a tach-genarator arrangement produces
the mogt reliable data. No standa-d attachment is available so &
bracket must be fabricated for each vehicle to be tested. The speed
of both drive sprockets cn & tracked vehicle must be measured. The
speed of a1l driving wheels on & wheeled vehicle must be messured un-
less the vehicle s equipped with no-slip differentials. In this
Tatter case, only t!m spead of sets of driving wheels need be measured.

f. Yehicle Sinkqg:

It {s not necessary to measure vehicle sinkage except for
documentary surposes or for verification of the snalytical prediction
of vehicle sinksge. The measurement of vehicle sinkage {s described
in Annex 4.

g. Vehicle Trim:

The weasurement of vehicie trim {3 of value in that an ex-
trems trim attitude will reduce the performance of a vehicle., 1f
& vehicle does not perform zs well as anticiputed, the measurement
of the trim behavior may provide a clue s tn the source of poor




performance. The measurement of vehicle trim {s described in
Annex 4.

h. Soil Strength Parameters:

The measurement of drawbar-puli in soft so1l without an
identification of soil properties by some numerical means is vir-
tually useless and muy be misieading. The suii propertis. should
ba measured by a method that will permit the correlation hetween
soil properties and vehicle performance. Two useful systems are
presente? {n Anrexes 8 and 9.

i. Hard Surface Tests:

The hard surface drawbar test is conducted on a ievel,
straight, paved surface. The test vehicie, properly prepzred and
ins¢rumented, is driven prior to testing until all components
reach normal operating temperature. The test vehicle is coupled
to the dyramometer vehicle and operated throughout the range of
speed and transmission ratios established prior to the test, An
adequate number of rcadings should be obtajned so that smooth
curves of drawbar-horsepowar versus speed can be plotted for each
gear ratio. Wheeled vehicles shoulc be operated with the maximum
nurber of axles driving. Vehicles equipped with automstic trans-
missfons should not be operated 2t engine speeds near cor at trans-
mission shift points unless a manual selazctor enables the operator
to lock the transmission in gear.

After estabiishing a steady state condition during a test run,
data nhould be recorded for at least three vehicle lengths.

j. Soft Soil Tests:

The soft soil test site selection depends mainly on the
type of soi} conditions required or desired. At the chosen test
site, 2 smooth flat area with at least a 500 ft. straightaway wide
enough toc accommodate the test vehicle should be seiected. The
sofl should be uniform throughout the test lane. To obtain desired
ranges of soil strength, the test lane can be prepared by thoroughly
working or mixing scil »nd water to a depth of 20 to 24 in. until a
high degree of homogeneity is obtained. Processing cf the soil re-
quires specialized equipment because of the depth of uniform soi!
required. A gyrotilier with tines rotating about a vertical exis
has been the most useful apparatus for the processing of soll in
the field. It is recognized that it may not be ecunomically feas-
fbla to construct equipment adequate for procassing soii. The
alternative to soil processing to chtain a desirable strength range
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is the selection of test sites in areas where seasonal difference
in sotl strength occurs. Processing of the sof!l 13 required after
each pass of the test vehicle in order to restore the sof! to {ts
original condftion to obtain reprofucible deta., Water, when re-
quired, should be applied as evenlv as possible, V¥hen conducting
drawbar-pull tests in snow, processing of the snow is not feasible
and a sufficiently large area {s required to permit several tests
to be conducted., In practice, this requires a 10,000 sq. ft. uni-
form snow fisld,

Unfform 3ofl strength, the resuit of good processing techn.ques
or careful site selection s ecsential to the production of repre-
ducible test results. If uniform soil conditisns cannot be produced
because of a lack of sof! processing equipment or for other reasons,
it {s necessary that many soli strength measurements be made to ob-
tain represeniative average soii property values, The variations of
the sofl pronerties can 8lso previde a guide to the number of vehicle
tests thet must te conducted in order to cbtain a representative
drawbar-puil measursment,

Vehicle operating techniques are similar to those used on paved
surfaces. However, for deternining meximum tractive effort in most
soils, the drawbar 1oad must be sufficient to fnduce 100% slip con-
dition. From a practica! viewpoint, the maximum drawbar pull at 100%
sifp is of 11ttle interest. For most spplications, the test engineer
is interested ‘a the drawbar-puil at slip rates less than 80%. In
conducting the test, {t {s normai procedure teo bzgin the run with no
ioad at the drawbar. The test vehicle {5 ziiowed to reach a constant,
predetermined engine rpm., which w!ii provide 2 truck or wheel speed
of about 2 mph. The gear range is imporiant oniy in that the test
vehicle must be capable of developing full track slip (100%) in the
sofl while maintaining a constant engine rpm. On:e a constant rpm
{s reached, load is applied to the test vehicle incrementally. As
esth increment of ioad is appiied, it is kept censtant for a period
of mpproximately 10 seconds. The load is inc-eased until the 100%
siip is reached.

DATA ANALYSIS:

Drawbar pull is one of the =scentia! measurements used in eval-
uating the traction performance cf a vehicle and is very useful when
making vehicie comparisons, The data are generally presented as
maxy imum drawbar-pull developed or 2s a curve of drawbur-pull/heﬁght
versus slip (Figures | and 2). Possibly a more revealing curve
wouid be efficiency versus slip where efficiency {s defined as the
drawbar work output end equais drawbar-pull/weight x 1 - slip
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(References Dickson, Y. J., "Somz Fundsmental Sofi/Vehicle
Mechanics and a Method of Evaluation of the Soil/Vehicle System'.
variad{an Armament Research and Development tstabl{ishment, Vaicerifer,
Quebec, 1961). This plot {s shown in Figures 1.3. This curve has
the advantage of indicoting the optimum performance point for the
test vehicle in a parzicular seii.
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ANNEX 2: TORQUE

INTRODUCTIONS

In order to conduct a thorough evaluation of vehicle per-’
formmce, a measure of output torgque §s essential., Thn torque
app]ied to a wheel or drive sprociket {s of no {mmedfate interest
since the reading {tself only provides a knowledge of the effi-
ciency of transmission and other driving elements between the
engine and the final drive. However, when cutput torque messure-
ments are combined with drawbar measurements, it is possible to
obtain velues for the losses in the suspension and the motion
res{stance caused by soft soil or in overriding vegetation. It
mott be recognized that the measurement of torque s a difficult
an. relatively expensive task and should not be corisidered as a
part of a routine vehicle evalwtion., However, when mobfifty
eva . “ion is a part of a vehicle development preogram, the measure-
mens - output torque fs zssentfal to a full understanding of- the -
sour..” ~¥ a deficiency in performance.

The use of the output torque messurement requires that measure-
ments b2 mzde on both hard surfaces and in soft sofl. Further, the
measurement in soft scil should be made simultaneousiy with drawder
pull for maximmm utilization of data. The measurement of torgqueé
independent of drawbar-pull provides an index of losses due to
ground resistance, wheel or track slippage, and suspension clogging.
The hard surface tests permit the development of the reletfon be-
tweenn torque and track or vehicle speed. The curve that is ob-
tained from this test serves s a base line {nciceting internatl
resistance which are the suspensfon losses caused by such things
as friction in the various elemets and acceleration of the track.
It is obvicus that almost an {dentical result could be obtataid by
disconnecting the final drive or axles towing the vehicle &t an °
equivalent group of speed intervals. By measuring the towing force
necessary to produce & constant speed, the suspension losses cin
be fdentified. The only difference between the two sers of resd-
ings wouid be caused by the torque reaction when the vehicie is

driven instead of towed. e

Vhen combined with the soft sofl test results, the hard sur- .
face torque measurement permfits the identification of motion
resistance develcped by the sofl. The differencc between the
traction that the ocutput torgue skould produce and the drawbar-
pull can be attributed to three lossest {1} internal res{stance;
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i ! (2) soil motion resistance; and (3) suspension losses caused
© by sccumulation of soff or other surface materials. The in-

terngl resistance is obtained from the hard surface test. The
suspension losses caused by accumulation of extraneous material
is obtained from the 100X slip point. If treck or wheel speed is
constant at 100% $1ip, the difference betwesn the gross traction,
as measured by the output torque, and the drawbsr pull is equal
) ) to the sum of the internal resistances and the iosses caused by
i sccumuiated material. The motion resistance {s ecqual to the dif-
i ference between gross tractive effort and the sum of the suspension
1 fosses. .
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11. DEFINITION:

"‘Out t tor ye is the torque applied to the final driving
elemants of 2 vehicle such as a wheel or sprocket.

II1. PUNLPOSE:

E ; The output torque §s used to determine resistance to motion
on both hard {(paved) surface and soft soii or in overriding vege-
tation. The resistance to motion is subdivided into ground losses
and suspencion losses permitting identification of sources of per-
formance deficiencies.

IV. APPARATUS:

When possible, torque is measurad by means of a commercial
torque-meter mounted between the final driving element and the
dnput-to the final drive. However, in most cases, it is neces-
sary to apply strain gauges to the shafts leading to the final
drive or to the axies. Siip rings are required 2o feec the strain
gauge signals to a reccrder so that the installation is quite
expensive and time consuming. Because each instalilation is unique,
no standard instrumentation procedure is offered for the measure-
ment of toroue., The measurement of track or wheel speed is iden-
tical to that used in the drawbar pul test, Annex 1., Torque
measurement is of little use unliess measured concurrently with
speed measurement. The reader is thus referred to Annex 3.

V. PROCEDWRE:

a. Hard Surface Tests:

Tive output torque should be messured cn a level paved
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surface over the vehicle spaed range., Steady state speed should
be maintained for a minimum of ten seconds, or unt{! the torque
readings become constant. The speed increments should be chosen
to result in a reliabie torque-speed curve, .

b. Sofi-Sof! Tests: 4 . %

{1} The output torque {s mesasured in soft zoi! concur-
rently with drawbar pufl, The procedure for the drawbiar pull test,
therefore, controls the procedure used to measure torque. See
Annex 1. .

(2) If a vebicle has be2n instrumenied to messure out-
put torque, a valuable addition to the observation-typs test can
be obtained by measuring torque during the test. It must be i«
servzd, haoiever, that the resuits of the measurements ara mere
wsefui for design than evaluation purposes. A histery of power
requirements reiated to obstacle configuration would perssit
establishment of design criteria., However, one sbiechiva of this
recommended practice is to develap such data,

DATA TABULETIIN &RD PRES! ATsTION:

a. Output torgue dsta from the hard surfacé Tests shw!d
be presented as torque versus speed curves, .

b, The presentaticn of the soft-soi? resuits can Yol bow:uhy

pattern desired by the test enginser. It is suggested that ’tﬁ’é

data foilow both a graphical and tshuiar format: : .

€1} The output tordue shouid be presented grﬂa&i-ﬂ?y ,
plotted against whee! or track speed.

{2) The soil motion resistance should te pmumod
graphically against wheel or track slip. . ) U

-

4r,

N s se

{3) The suspension intérnal resistance and mistm B
due to accumilated mmterial should be tabulated since these-veluves . -

tend to be relatively independent of track or wheel: ‘speed -8t “thi -
speéds at which drawbar tests are conducted.

.

c¢. For cbservztion-type tests, the output torgue signtb
should be {dentified with the terrain conditions. The torque im B
may be presented as torque.required fo overcune an cbstacie versus
obstacle type. A useful presentation technique is the usecf @
double plot: one curve identifying the terrain pFofi i and the
second curve identifying the torque Tevel usochted with gech:
point on the profile.
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ANNEX 3: VEHICLE SPEED

INTRODUCTION:

There are many situations in which vehicle speeds are
tsken as the primary measure of vehicle performance. For example,
vwhen identifying the off-road performance of a vehicle oparating
over a cross-country course, & logical measure of performance is
Y'speed made good'', i.e., 8 straight-line distance between two
noints divided by the time required to complete the course. In
other circumstonces, the actusl vehicie speed must be measured in
order to be included as & variabie. An example {s the development
of drawhar pul!l versus spsed data. The method used to determine
vehicle speed depends upon the final use of the measurement, the
accuracy required, and the particular test situation which may
prescribe the measuring method to be used.

DEFINITION:

Vehicle speed is the rate of travel, i.e., the total dis-
tance traveled divided by the time to traverse the distance.

Yehicle speed made good is defined as the straight line
distance between two points divided by the time required to move
between the two points.

PURPOSE :

Vehicle speed is measured 43 a test variable or as the
primery performance evaluation criterion. In the conduct of
cross-country or train operation tests one of the most useful
criteria of performance {s vehicle speed. It i3 normal to con-
sider speed made guod rather than vehicie speed because the latter
value may have little significance as an indicator of vehicle
performance in cross-country conditions. For exampie, one vehicle
may be capable of moving at a higher rate than a second vehicle
but if the second vehicle has other characteristics that permit
it to take a shorter route, the second vehicle may arrive at
the destimation before the faster moving vehicle.

Speed is, of course, also measured as the primary variable
in various gear ranges.

In several types of tests, speed is a ''secondary'’ variable.
It is measured to permit the establishment of the variation with

3-1
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speeds of the primary variable of {nterest. For exsample, ths
measurement of resistance tu propulsion is made throughout the
speed range of a vehicle to determine the relstfionship between
losses and speed. In this exawpie, speed is of no interest in
itself; speed is measured in order to record the varfation of
the parameter of interest,

IV, APPARATUS:

! Because of the wide variation in methods of measuring vehicle ]
speed, instrumentetion details will not be specified. Time and
distance must be measured by some means. Time may be recorded by
means of an electronic counter, & stop watch, an avent merker on
8 paper recorder, or any similar device. The length of the time
to be counted will establish the sophistication of the mezsuring
apparatus.

Distance can be measured by mears of a standaerd automotive
fifth wheel; by measuring the distance prior to the test ond
timing the run to traverse the distance; by measuring the dis. ‘
tance on a map for large distances; or by any conventional ethod :
which produces a measurement sufff{ciently accurate for test raquirc-
merts.,

The measures :nt of both time and distance are considared suf- '
- ficiently well known to make a detailed description superfiuous. :

V. PROCEDURE:

a. HMeasurement of Average Speed: 7 :

Because of relatively long distances involved in eross-
country operations and beczuse the primary factor of interest {2
usually comgarative performance, the measurement of cross-country
speed can be relatively simple, If speed is to be based on sctuai
distances traveled, the distance can bde measured by means of the
odometer on one of the test vehicles and this distance teken Tor
ail vehicles in the test. Time can be measured by means of st@
watch readings of starting and stopping time.

g

e L o

If 'speed made good" is to be taken as the perfommc& "88s~
ure, it is necessary to have adequite map coverage to provide-a
distance measurement within + 2% . If maps are not avaiieble, 1t
is necessary to resort to standerd surveying methods to establish -
the straight-line distance. The cost snd effort of this measure-
& ment {s not considered justifiable unless the test course is to
be used on a repetitive basis,
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b. Measurement of Aztual Speud:

When 2 test requires that actual speed be measured,
& higher order of accuracy {s required than for the measurement of
average speed., When concerned with actual speed, the test enginesr
usually must have an immediate speed resd-out since spead must be
maintainad ot a spacific level.

The most cormon method of meesuring actual speed {s by means
of a fifth whee! 2tteched to the rear of the test vehicle. The
tifth «hes! drives a standard Weston Meter (Tach-generator) which
reads dirictly in miles per hour,

If & fifcth whee! 13 not available, the test engineer may be
forced tc operate on the hasis of the test vehicle speedometer.
Under this circumstance, the speed reading should be checked by
& alternate method. The cpsedomater con be used to provide {im-
mediste read-out o maintain a constant speed level and the ectual
speed levzi established by the time required to complete a measured
disterce, In order to reduce error caussd by the averaging process,
the measy -4 distence should be kept short - of the order of 100
feet. Tire cin be measurad by mesns of a stop watch,

If a high dogras of asccuracy {s required in the measurement
of vehicle speed, 12 is possible to obtain commercial units nor-
malily ajpifed to racing events such as drag-racing or to police
work. T:e former units likeiy exceed the recuirements of vehicle
testing. “hotocells and counter-chronographs are used to obtain
time with an accuracy of & .0! seconds. Speed can be measured ond
read directly by setting the photocelis at known distances and
converting the countar-chrorograph reading to mph rather than time
units.

The police-typa of radar has adequate accuracy as attested
by the acceptance ¢ {ts results as legal evidence. The system
cin provide 2 reading of spced taken over a very short distsace

. which can be & definite advantage when attempting to estabiish &

given sysed Jjevel. The advantage is lost, however, uniess the
read-cut equipment {s mountsd on the test vehicle. It should be
poseible to mount the rader equipment on the test vehicle &nd
shoot at a fixed target on the course and thus provide both
accurate speed rocadings and immediate read-out for the test engi-
near or vehicle operator.
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AMNEX Ls VEHICLE SINKASE ANE TRIM

INTROGUCTION:

The mmasurement of vehicie sinksge snd trim during soft-
sofl drawbar pull tests assist in the description snd sanalysis
of performance. Motion resistsnce s proportionai to both sink-
age and trim and gross tractisn zan vary significentiy with trim.

Since motion resistance and gross traction determine drawbar puil,

it is necessary thet sinkage and trim be messured in order o un-
derstand and interpret the resulss of 2 drasbar oull tesy,

DEFINITIONS:

a, Vehicie sinkage is the deformstion or rut Jepth craatad
by the vehicle traction eiement after sompieting ons or @ speci-
fied number of passes, 1t is the result of the vertical deforme-

tion of soil due to the loads impoied on it by the vehicle traction
elements. Sinkage can be taken $s eithar static or dynawmic ainksgs.
is the deformation of the soil caused by the vehicle

Static sinka
weight when no forward motion of the wehicle occurs. Dga{c sink-

is the sci} deformati'm produced by vehicle weight y ¢
aisturbance of the soil resuiting from the shearing action of the

tracks or wheels, that is, the siip.sinkage phenomenon. Many solis
produce approximately equal static and dynamic sinkages but granuisr
produce dynmmic $inksges several

materials, such &s sand or snow, m&

times as great as the static sinkm t!ynm: sinkzge {3 the ap-
propriate measurement for the anslvsis of drawbar pul) dote sincs

this {s the depth to which the vehicle sctusiiy sinks durfug ognn

timo

b. Vehicle trix is the attitude thet @ vehicie azsumms rele-

tive o the ground surface &s it moves over the surfece.
PURPOSE

a, HNeasurement T vehicle sinksge Jduring off-road tesss
permits the computation of moticn resistance and ground preasurs
if the soil strength cheracteristics are aisc measured. Notion
resistance is proporticnal toc the mtark invoived in "**’Srn the
soi! to deform to & depth equivalent to the vehicie dynemic sink-

age, The ground pregssure i3 proporiioneal to ztatic sinksge wiless

vehicle trim is in excess of §°, For small trim engiss, sversge’
ground pressure ceén be computed using the prassura-sirkage rele-
tionship of the scil and the static sinkage of “he wshicle, N
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b, Vehicle trim 1s nhwesured in order to identify non-
wniform ground prassure distribution which resuits from weight
transfer because of the trimmed attitude., In addition, increase
in motion resistance cautad by sinkige essocieted with weight
transfer -can be identified. A severe trimmed attitude is a source
of deterioration in performence tc either wheeled or tracked vehi-
cles bhecause of the rezulting adverse waight distribution. The
measursment of trim, elong with sinkage, should therefore bhe con-
gfderad a- fundamental to an off-road vehicle evaiuation,

APPARATLS:

Equipment used for measuring vehicle sinkege and trim con-
sists of sets of outriggers with & means to establish & ground
reference point and potentiometers to meascvre vehicle attitude
relative to the ground #s shown in Fig., b-i. In order tc measure
both sinkage and trim it is necessary that two such units be used:
ore 3t the front of the vehicie and one at the rcsr. Sinkage is
taken as the. reading of the rear unit snd trim is cbteined from
the diff.rence of the tw> readings. The arrangement in Fig, 4-i
is 5 relatively sophisticated installation approach for permanent
test facilitios. A more typical arrangement is shown in Fig, 4.2,
which is a temporary installation that can be used for a large
number of vehiclies. In additfon to presenting an example of &
temporary arrengement, Fig, 4-2 {s an exampie of the use of skis
for the measurement of trim and sinkage in weak soii or snow in
which smalt whecls would be useless., Despite the anperent dif-
ference, the instruments are quite similar in that they beth
metsure the differenc: batween the ground surfece &nd known pointe
on the sehicie by means of @ pots.atiometer which records the motion
of an outrigger.

Tire installations shown in the figures are not the only ac-
ceptable methods {or the measurement of sinkage and trim but are
1{kely the most economical, One technique consists of the use of
cne outrfgger to measure the sinkege of one point and a gyroscope
to mmasure vehicle trim, The use of this system produces rezad-
ings that are likely more precise then required and is not recom-
mended. The use of a photographic technique utiiizing & pre-
exposed grid has received considerabie support but has the disad-
vantage of awkwardness in data reduction and relatively high cost,

The use of a scale to measure the depth of rut to determine
sinkage has the advantages of simplicity, low cost and immediste
svailability of data, However, it is not feasible to measure trim
with a scale so that this convenient technique should only be used
when the test vehicle is operating in soii conditions producing
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negliigthie trim.
V., PROCEDURE:

The procedure for measuring vehicle sinkage end trim is as
Follows when an arrangement sim{iar to that shown in Fiqure k-2
is used:

a. Attach the outriggers to the vehicle,
p. Calibratae the potentioseters.

c. lers tne potentiometsr sutputs on hard surface so that
tka zero point is cquivalent to =ro sinkage.

d. Conduct vehicle test a3 prescribed.

Sinkage and trim messurements are aimost siweys teken as ﬁart
of deta For andother test since sinkage and trim data sre of tittle
interest as isolated pieces of dJdata.

VI, DAYA TABULATION AND PRESENTATION:

When using an ar-angement similar to Fig. 4-1 or k-2, the
measurements are recorded as cantinuous traces of the sinkage of
the two points of the vehicli. The distance between the two
ground contact points is known so that the trim cen be established
by determining the differenc: between the two sinkage readings and
computing trim by use of geocmetric relationshipa.

The sinkage &nd trim can ke presented as continuous traces
as shown in Fig. 4-3 or numerics! rezults can be tabulated. Trim
would thus be given in degrees and sinkage valuves would be givm
in inches for the front, center, and rear of the vehicle.
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ANNEX 53 RESISTANCE TO TOMING

INTROGUCTION:

Resistance to towing and resistance to propuisica sn &
hard surface are basically =easures of the internal losses in &
vehicie suspension system. The losses asscciated with the vehicle
suspension systen dre significant from an efficiency standpoind
and {0 serve as input data for determining motion resistence wie:
conducting soft~z0ii performance evaiuvations. It is normal pro.
cadure to measure towing or propuision resiztance on hard surfaces.
However, measurement of the resistance veluss in soft xofl con pro-
vide valuable insight into the behavior of a vehicle operating in
soft soii, particularily if the vehicle has @ suspension system
with poor self-cieaning characteristics. In meny coses mors real-
istic measurements of resistaice can b2 obtained with torque
measuresments, :

DEFINITION:

2. Resistance to Towing:t Resistence to towing (sometimas
cailed rolTing resistance) s defined as the force required to
tow the vehicle at & fixed, constant speed on a level surfsce.

b. Resistance to Propulsfont Resistance to propulsion {s
defined as the force required to propel the vehicie &t a fixed,
constant speed on a level surface,

PURPOSE s

Resistance to towing and propulsion are measured to permit
the establishment of the suspensicn and power train efficiancy
as represented by the josses due to friction, vibration of running
gesr components, and inertiea of the rotating slements, Because df
vhe significant contributions of the inertia and vibration compo-
nents, it is normal to cunduct the resistancs measurements cver -
the complete operating speed range for the vohicle being tested,

The force required to owercame losses is a reiisble index of
the efficiency of a vehicle suspension end drive system, Ex-
periance has show: that there i3 ro direct correlation between
soft seil performénce and hard surface resistance %5 towing.
However, excessive losses in 2 suspeasion system produce jous
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penalties so that the sstebl ishment of the suspension-drive train
efficiency is required for the complete evaiuation of a vshirle,
Furthermore, resistance vaiues determined on hard surface provide
& bazis for approximating components of motion resistsnce attri-
buied to soft sofl. These componsents include soil compaction and
suspension clogging. Resistance to propulsion values measured in
soft sofl permit more fiexibility in isolating these losses than
resistance to towing measurements. It is desirable that resist-
ance measurements be taken in the soft soi! in which drawbar putl
{s measured,

APPARATUS 3

The equipment and instrumentation necessary for the muasure-
ment of resistance to propuision and towing consist of:

&, Resistance to Towingz

(1) Dynamometer vehicle or any vehicle capable of towing
the test vehicle at its maximum operating speed or 30 mph, which-
ever is lesser.

{2) Fifth wheel or aguivalent apparatus for the measure-
ment of vehicle speed,

(3) Load cell or hydraulic dynamometer.

(k) Soil strength test cquipment when cenducting soft-
sof! tests. See Annex 2.

b, Resistance to Propulsion:

(1) Terquemeters or strain.gaged final drive end axie
shafts,

(2) Fifth wheel cr road speed and generators for sprocket
or wheel rpm,

(3) Recording equipment to accept the output from the
torquemeters.,

PROCEDURE:

a. Datas to be Recorded for Resistance to Towing:

(1) Towing force required,
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{2) Vehicls speed. . P

(3) 50il sharacteristics for ecfi-soil tasts, Sss Anpex 2. ’
b. Dsta to be Recorded for Resistsnus %o : .

(1) Vehtele cpend, ;

(2) Sprocket or drtving vhsel torques and roeds. |

(3) Boil characteristics for soft-soil tests. -Bes Sznex 2.

- -

c. Iard Surface Resistance to Dweing: J;’ I |

{1} meomﬁmmuu,muuwmmm
track tensioch or tire inflation pressuzes adjusted to deuign spocifioations.
mmawa;wmmmwwuwmm
lmlaaamncan%typc .

{2) mummntwamm&mum
that the lubricsnts are st pormal operating tempématures. :

(3) mmmm%W,WMGﬂnnW»
cornected on tracked vehiclss and driving axlea removed o vhesled
wehicles. ﬁmuammms,ﬁuwt&u%
mummwxaﬁam_ng¢wa
proper lubricant temperatures. e

(&) mmmmmmmumaww.
test vehicle by means of the Jjoad csll or dynsaomstar. Assure thad;

MMuWumwmmmWE
mwmmmwmmmm

15) Tow the Lest wehicls cn a straight, mmu
constant speed and record the losed. Repext over the ccaplate
speed range cf the test vehicle in & axph ivcrements, or iess it
necessary, t5 establish s smooth curve relating towing Totos 4o ‘speed.

~ {6) Step 5 may be repestad for tracked vehiciss sfber -
reaoving ths tracks Yo sstablish ths comtribution of the txesk to -
tha Jossss. Muwummmwhmh

mﬂhumufmmms.
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4, Exxd Surface Resistance to 2

- ,£1). Prior to condusting the test, the test vehicle should
have track tension or tire inflation presaures adjusted to dzsign
specitications. Iabrication of the drive-line ard rwning geer
shonld he checked for pxcper level snd lubricent type.

{2) Oparate the vehicie for a sufficient period of time
te {nsure et ths lubricants are et norusl operating temperatures.

- {3) % messure resistance to propulsiocn the vehicis is
oparated wuder its owvn posrer over a level psved surface at constant
speeds in increments of 1 to & mph to establish a swooth curve over
the coupliete speed range. 41ha smeller increments of speeds are
essantial in the lov road speed rangs. Data 40 b2 recorded is final
drive or sxle adalt torgue and speed snd roed speed. =

e. Soft Soil Resistance to Towing:

(1) Boft s0il towing $ests require a prepared soil course
aaving homogsneous strength charscteristics that can caly be obtained
from wniform moistura conditions and processing of the s£0il ag discussed
in Aimpex 1 for dravber-pull test.

) (2} The test follows the sase procedure ss presented in
Steps 2 - 6 for the hard swrface tests. Dowewver, it is not practical
€0 measure the resistance to towing over the coxplete speed range of .
the test vehicle. MNeasurements at an sverige speed of two (2) mph -
and four (&) xph is adequaste.

(3) In oxder to identify scil characteristics, the soil .
strength and moisture content should be measured as described in- o
me_ss\e ang;?.' ‘ ok

£, 5Soft Scil Peeistance to Propulsion:

{1) The soft soil conditions outlined for reeistsuce to
toving sx\ desiradle.

) {2) The sams messuremsnts will be taken as for haxd surface

tasting.
(3) Soil charssteristics will be definsd as indicative for

resistaucs to towing. - . L
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VI, OATA ANALYSIS AND PRESEHTATION: y
The data are preseated in the form of @ curva relating .
resistance to towing or prepulsion in pounds varsus vehicle speed, =
In the cese of hard surfece tests, no particuler anklysis is neces-
sary boyond the compsrison cf test results with the rasults of 1
previcus tests of similar vehicles, ) i

WA

Whent analyzing the results of soft-soi! tests, {t is neces-
sary to establish the effect of the soil on the towing resfitance.
The contribution of total resistance due to soil eppreximetes the
difference between the towing force in soft sail end the herd 3w
face towing force. This same relation holds ¢trus Tor rasistance

to propulsion.
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RNNEX 6: FUEL CONSUMNPTION

INTRODUCTION:

Vehicle fuel-consumption rate informatizn can be used to:
Judpe the acceptabliiity of a vehicle's off..oad performence;
determine whether or not & vehicle meets specified consumption
ratas: and provide the vehicle user with data for computing fuei:
requirements for tactical cperations.

DEFINITIONS:

Fus! consumpiion in this discussion wiil be expressed in
gellons/mour . &asurmﬂts wiil be computed at standard temper-
ature and pressure conditions.

PURPQSE ¢

The purpose of measuring vehicle fuel consumption rate under
standard test conditions is to esteblish vehicle fuel requirements
ad vshicle range.

APFARATUS : )
The determination of fuel quaniity used by a vehicie may be
accomplishad by filiing the fuel tenk & given level using an
ordinary metering gas pump or by measuring the amount of fuel
flowing to the engine during operation. If the metering pump is
accurate to within one ounce, the first method is reliable within
a one percent error whan the consumption rate is at least 10
gallons/hour, and the time dursiion involvad in the test is not
less than 1/2 hour. Most gasoline metering pumps are caiibrated
to measure fluid volume flow, By knowing the temperature of the
gasoiine at the metering pump and in the fuel tank, the corrected
votlume {(at Standard Temperature and Pressure) and the weight cen
ve computed. Measuring the quartity or rate of fuel flowing to
an engine during cperation can be accemplished by uzing a suitable
turette arrangement or @& fiow meter.

A burette arrangement generally has a limited capacity but
provides the most accurate determination of the quantity of fuel
used. The buratte {3 arranged so that the instant the fue! suppiy
from he vehicle is stopped, the engine begins to draw fuel from
the burvtte., The weight or corrected Tiquid measure can be com-
puted fron' the quantity of fuel used from the burette, The fuel
consurption rate can be romputed by knowing the time tsken for the
measured fuei quantity to be drawn from the burette,
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Several kinds sf flow maters ars commarcielly available '.b
messure fuel fiow to sn engine. A flow metsr that will give zesuracy
withis & 1% should be uszed.

The selsction of a timing davice will depend on the proposed
langth of the test. For & test of iess then five minutes duratien,
an accurate stop wetch should be used. For tests ef ilongsr duration,
m electric timer having en error net {n excess of 1/b stcond $a oas
minuta {s adequite.

V. PROCEDURE: : ' o
8 Idle Toses: )

{1) Maka applicable slectrical, fuel, and speed ngu!lthn
ocdjustments o2 the engine to ment cecommended settings. - . - )

{2) Use & burette or flow meter srrsngement for msuﬂng
the quantity of fuel used.

{3} Operate vahicle at the chosen {dls speed wtil the
engine reaches the praper dpersting tempsratura. ) .

(4} Mersurs fiel used during & S-winute time p@r‘l“. —

(53 Comwte fuel cons:mptisn rats in ;allwm _State
volume measurements at stonderd temperature and pressurs,

(6) Repeat Steps 1 2hrough 5 for all recommanded idie
speeds. ) .
b, Paved Leva! Road Tesis:

Fuel consumption rate of vehicles. carry‘ug ratsd Jocd
under thesa conditions {s an fndication of minimm consumption rate
or maximum sconomy. Tests are con. sted &% followss .

(1) Nake aioetr!cﬂ fual, and speed ragulation 3ysm
adjustmnts on ths engine to td\!cve aaxizum econony.

{2} A buretts or f!u meter can be used to seasure fuol
consunption rate for these tasts.

(3} Operate vehicle unttl engine redches proper opgrex.
ting temperatura.
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{4} Measure fusl used snd time reguired to travel over,
8¢ ioast, a two-miia level pavad course.

{5} Estebiish the fuel consumption rate for at lzest
feur spéeds in sech gear range.

se Standard Course Tests:

The varfoetion in types of standard test courses allov: only
a gmera'l statement of recommended procedure. Tast results should
include & detailed description of the courses, such as profils,

length, surface material, stc.

{i} Hake alectrical, fuel, and speed regulation system
sdjustmants on tha engine %2 achieve a reasonable trace-off point
batwaen meximum eccnomy and maximum power,

{2) Operate vehicie until engine reaches operating temper-
aturs,

{3} F411 fuel tank to pre~established leve! to permiz
determination of fuel usage if fiow-meuver is not used,

{4) With vehicle carrying rated load, determine fuei
consumption rate by recording the time required to nes~tiats the

test course., Upon completion of operation on course, refill the
fusl tenk to the originei level and record the amcunt of fuel used.
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ANNEX 7s LOAD DISTRIBUTION AND GROUND PRESSURE

INTRODUCTION:

Many of the equations which relate vehicle performance to
soli propertics require load distribution and ground pressire es
fundasmental input data. In order to describe test results analyt-
ically, knowiedge of actual loed distritution or gound pressure
must be avaiiable or else these data must be assumad, The mees-
urement of ground pressure i3 a dif¥icult process so that it may
be praferable to infer pressure from sinkage. If the refation
between pressure and sinkage is known for a given soii, it ic
possible to sstimate the ground pressure. An analyticel solut.or
based on @ pressure ccmputed by this procedure s of limited vatue
since it is based on a circular argument.

DEFINITIONS:

a, The term load distribution refers to the division of &
vehic;e’s weight among the running gear elements (road whezls or
tires).

2
5. The average ground ggessure s the unit load (1b./in.%)

along the soiT-rinning gear intertace, The average ground pressure
is obtajned by c¢ividing the total! vehicle weight by the ground con-
tact area of the traction elemants.

c. The nominal ground pressure is based on a ground contact
area whose length and width are established by agreement,

d. The specific ground p-essure is based on actus! contsct
area measured on a nard Ssurtéce.,

PURPOSE :

a. In ev.luat.ng vehicle susporsion systeme or gzredicting
soft 30il mobility characteristics, {t is necessary to determine
the static losd distribution and the ground pressure. The load
diztribution influences the 1ife of suspension am! running gesr
parts and can serve as & general guide for the svsluation of @
suspension, The 2ffect of losd distribution c#s b2 considered
primerily from a negetive viewpoint, that is, an excessivs im-
balance in weight distributicn can produce a siynificant adverse
effect,

b. Ground pressure and 1-3d distribution 2re fundamental

to the analytical evaluation of off-road sobility characteristics,
The ground pressure distribution must be known in order to properly
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computa the tractive effort that a vehicle can deveiop. In
addftion, the sinkege of a vehicle is directly related to the
ground pressure., Since motfon resistance {s propertional to sink-
sge, the necessity fer the measurement of buth foad distribution
and ground pressure is epparent, It should be pointed oug, how-
ever, thet the measurement of both load distribution end ground
préssure may b2 too difficult 20 be justifiuble on the basis of
the value of the date for most routine tests., If the performance
of a vehicle differs significantly (rom predictions and expecta-
tions, the messurement of ioad distribution and ground pressure
will produce data on which an explanation can be based.

APPARATUS ¢

-To measure the load distribution of & wheeled vehicle,
pletform scales can be used., Small, portable scales are avail-
able on the commercial market which a&re specifically designed for
the measursment of wheel loads. These devices are rugged and
accurats.

The measurement of the loed distridution of & tracked vehi-
cia is considersbly more difficuit than for a wheeled vchicle be-
cause of an absence of standard measuring apparatus. If one
a3sumed that the track does not upset the !oad distribution
sfgnificantly, it is possible to remove the track and treat the
vehicie as if it were 3 wheeled vehicie. Experience has demon-
strated, however, that for the accuracy required, the load distri-
bution ce be obtained with  the tracks installed.

The measurement of ground pressure is not & direct measure-
ment. The normal procedure is to measure contact areca. Ground
pressure {s then obtained from the comtact erea and {oad distri-
butien. Therefore, equipment used for the establishment of ground
pressure &ctually messures contact area. On hard surfaces, the
contict area is measured by means of an impression of the tire or
track print., The impression can be obtained by covering a section
of t5> tire or track with ink, or pgint, and lowefing the vehicie
onto 8§ shuet of paper pisced on the hard level surface, The im-
pression thet is left on the paper can be measured by any conven-
ient method to obtain the contact ares,

The mcasurement of contect ares in soft soil requires the
use of plasier of Paris or any similar material to obtain an im-
pression of the contact surfece l2ft in the soil, It is neces-
sery that tne soil have cohegive properties in order to use this
technique.
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V. PROCEDURE: - ' 3
The load distributinn of wheeled veshicias or tracked vehiciss !

with the treck removed can be determined by means of platform scalée,
In order to obtain a correct reading, a scparato.zcaie should be
used for each wheel.

To obtain & precise msasurament-cf ioad distribution without
removing the -tréck on & tracked vehicle requires the construction
of specisiized apparatus. However, experience has shown that reo
producibie readings cannot bs obtafned ty means of sny casuresant
system so far devaloped because of inherent vehicls cherseteriatics,
It is, therefore, suggested thut adequate accuracy cen be dhtained
by driving the vehicle cnto & platform scale in wch a way they the
lozd for azch wheel can be determined.

Thers {3 no standard procedure for ths mesasurement of ground
pressure under a track or a wheel. The measurement of the pretsire
distribution along the contect length of a wheel is so diff{tult
that it can only be consfdured as a laberutory procedure. To :
establ{sh the ground pressure of a vahicle, the ground contact crua
{s measured and the average pressure es-+>1{shed by dividing :
whael or track load. by the contact ares ‘

In order to measure tire conilsct srez, one of two proccécrct
have been used depending on whether the meesurement was made on &
soft or hard surfece. On hard surfaces the follawing protsdure is
followed, The wheel or track {3 ramoved from tha surface by msans
of a jack or hofist. The contact surface is coated with ink or geint.
Paper {3 placed on the hard surface &nd Yhe vehicie fowersd 9nto the
paper. The vshicie is 1{fted end the papsr removad. The contact
area can be measured by means of a planimeter or any staadard tpprexe
imation techniques for the measurement of {rregular ares.

f To measure the contact area of & wheel in soft sofl, & successs
ful procedure has been developed using plester of Paris to maha & . .
cast of the fcotprint. In order to use this procedure, however, it °
i{s necessary to lcwer the vehicle orto the soil and then iift the
vehicle of f of the sofil, The iridantation in the sof! is then filled
wity plaster of Paris and the harden ¢ cest myasured to e3tablish

the contact ares. In order to use th.» *echnique, 1t {3 necassary
that the 36i! have adequate coherion t¢ _pruvent the sof! from flowe
ing after the wheel has been removed from thy sofl. _}

Becauss of the largs area invoived with most tracked vchﬁe!ta,
{¢ {3 possibis to exteblish ths contact aree LYy simgly annzuring
i the track “footprint'’t,
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actual ground pressure. Nowinal ground pressure

¢ : © dividing the losad by 0,7 x R x b, where b {s the
) R is the radfus of the undeflacted tire. (Reforence:

N
z
i

T The nominal ground pressure is normally used instead of the
: can be calsulated
) - under @ tracked vehicle by assuming a track length equal %o the
v distancs batween 3he canters of the frent and rear road wheeis.

The rominal ground pressure for tires can be estimated by
section width and

X “ Whesltrack I, & Joint Comparative Mobility Eveluation, Vel, I,
: Annex A, Vchicle Mobility Characteristics, ATAC, Desroit, Michigan,
1956 and U, S. Rubber Tire Company, lettsr dated 21 Fabruary 1963).
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ANNEX 8: ODETERMINATION OF LAND LOCOMOTICN SGSL VALUES

INTRODUCTION:

Land Locomotfon Soi! Values are a necessary documentation of
vehicle test conditions. Equstions describing vehicle mobi!‘ty
Are based on soil reactions to loaded wheeis or tracks meving over
the soil, The soil values define the vertical end horizontei
stress-strain reiations of sofl snd establish the relstionships
between e2il reaction and ioad., If the sof! values are known, the
performance of any vehicle or concept may ba evaluated so that the

source of differences in performance between vehicles can de {denti-
fied.

DEFINITION:

The Land Locomotion Soil Values are obtained from twc separeste
tests: a vertical load-sinkege test and a horizontal shear stress-
deformation test. The three psrameters obtained from the first
test, are identified as the moduli of sinkage, k. and k¢, snd the
oxponent of sinkage, n. The paramsters cohesion, ¢, angls of in-
ternal friction, 6, and the tsngant modulus of defgrmaticon, K, are
obtained from the shear testg.

PURPOSE
The Land Locomotion Soii Values are usad for:
a. Documenting soil properties during vehicls tests.

b. Making analytical evaluations of vehicles and vehicile
concept performance in selected soii conditions,

c. Providing vehicle design engineers with input dats

for designing off-road vehicl-s with a predetermined level of per-
formance.

THEORETICAL BACKGROUND :

The pressure-sinkage relationship of soils resulting from
vgrtical loads producing soil deformation can be described by
the equation:

k

p=(-§+k,‘)z“ B

8.1

. LT85 B O Ay T Y

proame




SN e b e Rty

o e R TN AT

L

where! P = the pressure on a footing (psi)
2z = the sinkage of the footing (inches)
b = the width of the footing (inches)
kes kﬁ = sirkage moduld
n = sinkzge exponent

The horizontal chear stress-deformetion relation produced by
a horizontal deformation of soil can be described by a modif.cation
of Coulumb's equation. An expression describing the relation be-
tweenn shesr stress snd deformation is:

Ry

s = f(c+ tan )1 - ) S

shear strest {psi)

]

where: s
p = normal pressure {psi)

j = soil particle deformation (inches)

cohesion (psi)
angle of internal friction (degrees)

'S

X = tangent modulus  1/in.

APPARATUS AND PROCEDURES:

a. Load-Sinkage Equipment:

A schematic o typical equipment required to obtain a
load-sinkage curve is shown in Fig. 8-1. This equipment shown
includes a hydraulic cylinder, a rotary potentiometer or helipot,

u load cell or transducer, two sinkage footings, and an X.Y Plotter,
Any device'which permits the recording of the 1nad-siniage relation
i3 adequate but experience nhas shown that the equipment described
produces the most reliable test results.

The load-sinkage device should have the following capabiiities:

(1) The loading device, {.e., the hvdraulic cylinder,
should be capable of & minimum of 35 psi footing pressure, <
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sinkage rate of 60 in./min., and a total trevel of 18 inches.

(2) The sinkage measuring potenticomter sheuld have
& minimum travel of 18 inches end an sccuracy of t 2X.

(3) The lcad cell should measure the Toed with an

_ accurecy of t XK.

The load-sinksge curves are obtained by using the hydrauiic
cyiinder to force z feoting fnto the tofl. The load and sinkage
are zontinuously messured and reccrded on the i-Y plotter.

b. Load-Sinkage Tsst Procedures The losd-zinkege tast
should be conducted as follows:

-{i) By means of tria! sinkage tests, select & cire
cular footing which will sink at lesst & {nches whea ioaded to
35 psi. If the trial tests indicate that the minimum plate size
(2-inch dismeter) {3 required to achieve this resuit, éiscontinue
the test. If the soil i3 so strong that the minimum plete i2 re-
quired, the sinkage test has lé{ttle significance.

(2) Remove the surface vegetation directly under
the sinkage footing.

{3) Lower the sinksge footing “o the soii levai,
The footing must be i full contact with the soil before soll
deformation fs storted, When &n uneven contour is prasent,
soi! must be smoothed with care taken to avoid compaction whith
would affect the soi! strength,

{4) Apply the lead and racoid Toad and sinhage on
the X-Y plotter. The maximum load shall bs limited to thet which

‘results in 35 psi footing pressure or 12 {nches of sinkege, which-

ever ocsurs first.

(5) Retract the cyiinder, 1{fting the footing clear
cf the soil, and move 'a distence 5f at lsast five times the foote-
ing diamoter and repsat Steps 1 through 4.

{6) Steps 1| through 5 must be repeated using two
footings with a minimum size 4ifference of | inch diameter for
footings less than sevan {nches in dianter and & minfmm of two
inches for footings grecter than ssven fnches in diamster,
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C, Locd-sinkage Data Raduction:

Typical data, as recorded in the field on an X-Y Plotter
are shown in Fig, 8.1, The soil perameters ke kﬁ’ and n can be
obtained as follows:

(1) Plot the pressure {p) and sinkage (z) data for the
foatings on lcoerithmic paper, Fig. 8.2,

{2) Oraw perallel straight lines through the dzta points
of sinkage two inches and greater.

{3) The sinkage exponent 'n' {s the slope of this line.
{4) Extend th2 straight lines until they intercept the

one-inch sinkage line denoted as a; and a., as shown in Figﬁ 8-2.
8; and 2, are identical with the respective quantities of _% +

kg. Equation {1) can be written:
K k
8=-E+k'a=-g*k ooo.03c
! by £ 2 b, 4

where by and 5, are the radif of the sinkage footings and k., and
k{ the sinkage ~oduli. _

By solving Eqdatfon 3 simultaneously, the unknown kd and k.
values can be determined as follows: :

‘= a0y - ajh,

; b, - b,

) (3; = 3) bpby
< - B, - b

In case & straight lire cannot be drawn through the data
after they have been plotied on logarithmic puper, then the
straight tire should be drawn through the data that are in the
same range of ground pressures as the vehicle under consideration,
This method will then reflect the proper secil strength for that
vehicle.

o
]
ty




Y e R R

PP . N

i

In a measuremant type test, such as drawber puil, the locg- f
tion of the lced-sinkaye tests should be as close as podsfbla to {
the vechicle test fenc to indura that the measured ssi! strength i
is representative of the foi! {n which the test {x condustud, ‘
t

o'-F
O Pt A A

When 3 iarge ares, rathsr then & single test iane, i3 to'be
clessified, a sufficiently lerge nuwber of muurmts mat bo
taken to produce a ‘stable’ standard devistion., A 'stabie! 25%%.
dard deviation is taken as the stendard devisztion assoziatad with
a sample sfze such that & plot of the standard davistion wersys g
semple size approaches & constant value, An altsinate spproach to ;
the treatment of date for an area iz to record all massuraments
for a yiven plate size in one plot, Vhen s definite trend of values
is identifiable, an average iine can be drawn and this average telksn
as the ‘mesn value' for the plate, e

d. Shear Test EquiM:

A typical shear test device {s shown schematically
in Fig. B-3 and consists of a power source, 3 tranasission, &
shear head sheft, a shear head,; a normai load appiicator, amd
associated instrumentation,

. .[?‘ "

The shear device shouid have the following sarebtiities snd ‘
features: {

(1) The pawer sourca-transmission combination should
rotate the shear head &t approximatety 10 rpm,

(2) The shear head shaft must have complate freedom
of motion in the vertical direction at all timss.

(3) The cyiindrical mount should be shaped to mini-
mize soi! contact with the mount whan sirkags i3 encountered dur-»
ing 2 test.

(L) The normal loading system should maintain &
constant load throughout tha test.

(5) The inside dianter of the shear nnulus shpuid ‘
be a minimum of § inches. An annular ring with dfmsiom of ine
side diameter of 5.25 inches, outside diameter of 7.30 inches. end:
ares of 20 square inches, is suitabia for shear teszs in amost soils.

The shear head is comprised of a cyiindricai shapad mount and
& annular ring, Fig. 8-k, The mnular ring {s grouserad to 8 - |
assure soil-on-soii failure strength. ¥hen adhasion betwsen rublsr -
on ste] and soil i3 to be msasured, the face of cthe ring is coverad
with the rubber or no grousers are used.




AT S HEYY

Instrumentation nesded for & shear teat consists ofs

(1) A system to provide & meesure of the horizonta!
shear stress bensath the snnuiasr ing.

{2) A system 2o provide u measure of the horizontal
dcformarien herasth Lihw sanular ring.

{3} A recording device.

A torqua -sensing eiement is used to obtain a signal which is
proportional to the shear stress. An anguiar position sensing
siement is used to obtain . signal which is proportionci to the soil
daformation. An X-° plotter 3s normally used to record the two
signals,

e. Shecr-Deformation Test Procedures

Shear tests &re conducted to record horfzontal! stress-
Jdeformatfon relationships. Determination of ¢, £ and K requires a
number of shear tests, each with different normal loads. The normal
loads shouid produce pressures over a mininmum range of 0 to 10
psi but should include expected vehicular ground pressures. All the
tests are conducted in the sane manner except for the magnitude of
the normal load. The sequence of steps of & test is as follows:

(1) Remove the surface vegetstion directiy below the
annuler ring.

{2) Removs any foreign material from the annular ring.
(3) Apply the desired normal load.
{4) Adjust recording instrument.

{5) Rotate the thear head until the shear stress
reaches & constant value or unti! a constant rate of increase in
shear head sinkage occurs., This constant value i{s definad as the
uitimate shear stirass.,

(6) Move to & new site which is at least three out-
side anrular.diameters removed and repeat Steps 1 through 5 with a
Jifforent normal load. The procedure should be repeated to obtain
» set of shear readings consisting of four different normal loads.
A MNinimum of three sets of shsar readings should be taken.

T8
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f. Shear-Dsformation Dats Reduction:

nite leveling trend, ultimate eheor stress is defined as show: in-
Fig. R.5, Mowever, under some soi! conditions, the shear ziress-
deformation curve does not fevel off, but eventuslly resaches @
constant rate of increase. In the latter case, the shaar strsot

at one-half a revolution of the shear head iz arbitrarily dofined
as the ultimate shear stress,

|
i
g
| |
¥hen a shesr strass-daformation curve shows & defi- E' ‘

To compute c and £, plot the ultimate shear stress as @
function of norma! prezsure as shown in Fig. 8-6. ODraw the lLast
strajght line through the array of points, The interssction of
the line and shear stres: axis is the cohesion ¢, ond the slopu
of the line is the tangent of the angle £,

The tangent modulus of deform:tion X fs defined as the
absciss2 of a point determined by the intersention of a line
drawn through the origin and tangent tc the besinning of the sheer
stresc-deformation curve, and & line drawn tangent to the straight
portion >f the end of the shear stress-deformation curve, Fig. 8-5,

et e AR T RO WY O PASCRLTLY

k The parameter K can be deiermined from & sheer stress- ! %;";&#:}%;}
] deformation curve that levels off or from one that resches a cone Rt P
stant rate of increase. The dimension of X is inches. : o
- £ T

A

To determine representative soil values of an area, the
number of samples should be esteblished by using the ‘stebie’
standard deviation method. This {s recommended since it is diffi-
cult to obtain a large number of repetiticns of the shear test.

When 2xcessive sinkage o° the shesr heed occurs, ~is xidey
of the cylindrical mount often come in contact with - « eofi, .
The =oii in contact with the cylindrica! mount incrodses the -
rotational resistance encounterad ks the snesr head, and an ers
ronecus value of the ultimate shoar stress {is obtained., -

1

E

} Assuming the rotational resistasce encountered by.the

i cylindrical mount in contact with the seil incraases iinewrly

L/’ with increasing sinkage, a correction factor can be determinsd
: and appiied to the vxperimental resuits., The correction fector

is determined in the Yollowing menner.
1

{1) Determine the ultimase shesr stress Syt at the
soif surface. This can be xccomplizhed by using a very small
normal load which will glve iww pressure.
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(2) After completing a shear test in which the shear
head hss sunk to a depth of approximately one-half the hefght of
the cylindrical mount, reduce the normal load tc the magnituce
used in Step 1, but do not dis* rb the position of the shear head,
Determine the indicated shee - -e3s Sgo at this position with the
resaced normal load,

(3) The data from Steps | and 2 are then plotted as
in Fig. 8-7.

Shear-Stress

|
l
!
]
2
Shear Head Sinkage

Fig. 8-7

The sinkage, 2, is thai which occurred in Step 2. The
change in shear stress between a minimum load at the soil surface,
Step 1, and & minimum load at sinkage 2y, Step 2, is designated

Sg. It is assumed that the increase in torque required to
rotate the shear head is linear with sinkage. Therefore, for any
shear head sinkage between 0 and 2, inches the measured shear
stress should be reduced by the amount in Fig, B~-7 correspondirg
to the measured sinkage. For example, suppose the shear head
sinkage was equal to z inches. Then the corresponding shear strucs
S¢2 psi should be subtracted from the measured vaiue to get the
corirected shear stress.

1
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ANNEX 8,

Fig. 8-23 Pressure-Sinkage Relation for Two D{fferent S{zed Piates,

. ._::,‘:,; < :5’ .
TORFY & o
. 57

i
e

s




"

AunTY

. ,..;.is, "
]
)
[
>

[/ /117

|
NORMAL LOAG | | ‘DEFORMATION
APPLICATOR ——| || TQANSDUCE? /
| -

TRANSMISSION ) - -

p A ——

| POWER | SOURCE \

poet

| :D N\ §g s
| / // / \ / f § DEFORMATION
/// / // // /// / _/ X-¥ PLOTTER
[ i ~SHEAR STRESS
TRANSDUCER
| |—CYLINDRICAL
SHEAR HEA E [J‘ RING MOUNT |
< ‘ /ANNULAR RING

7-/// // \\\\ SUIL SURFACE

FIG. 8-3. SCHEMATIC OF A SHEAR TEST DEVICE

‘ WWWWWWM\&»R:W“M“~“ -~

T s 2 e SRR RS




P . e e

€x -,

*y3Jey sjuauoduoy peayJedysg *4-g *b6iy




#

ANNEX 8.
— - o f—— K
/ ;
e

STRESS

TANGENTIAL ULTIMATE ,'
INES ! :
L SH&AR’ STRESS :

k~ ¥

DEFORMATION

A R I N R

b‘ FI1G. s-s. ULTIMATE SHEAR STRESS AND K

{
f
! SHEAR

STRESS

:
NORMAL PRESSURL
i FIG.s«. DETERMINATION OF C AND ¢
|
% -
- ) e cescommg L




AR

1.

11,

ANNEX 9: DETERMIMATION OF WES SOIL FARAMETERS

INTRODUCTION:

The WES sofl trafficabflity prediction method is based on the
strength that a soil will develop under treffic. The method in-
cludes a determination of the effects of soi! on a go - no go basis
for 50-pass traffic for fine-grained soil and l-pass traffic for
ccarse-grained sofil, and in terms of drawbar-puil ard s)ope-climb-
fng abiifty, The soil parameter has also been used to develop a
sof! classification scheme and a mapping scheme for sc.l traffic-
ability purposes. The equipment used to messure soii strength and
the techniques for evaluating soil trafficgbility are discussed
briefiy in this Annex, Detafled descriptions thereof are contained
in Department of the Army Technical Bulletin ENG 37, Soifl Traffic-

abtifty, U. S. Government Printing Office, Washingten, U7 T, JuTy

1969; and WES Technical Memorandum No. 3-240, 1kth Supplement,
""rafficabiiity of Sofls, A Summary of Trafficability Studies
Through 1955", Vicksburg, Mississippi, December, 1956.

DEFINITIONS:

Terms used in connection with WES soil trafficability studies
are as follows:

a. Soil terms:
(1) Fine-grained scil: A soil of which more than 50 per

cent of the grains, by weight, will puss a No, 200 sieve (smaller
than G.074 mm in diameter).

(2) Fines: Grain sizes that will pass the Ro. 200 sieve
(smalier than 0.07G mm in diameter).

{3) Coarse-grained soil: A sof} of which more than 50
percent of the grains, by weight, will be retained on a ¥o. 200
sieve (larger than 0,074 mn in diamcter).

(L) Sand: A coarse-graired soil with the greater per-
centage of the coarse fraction {iarger than 0.074 mm) passing the
No. b sfeve (L4.76 mm).

(5) Sand with fines, pooriy drxined: A sand that coutsine
some fines and is slow-draining when wet. 3uch sancs behave simi-
tarly to wet, fine-grained soils under » :hicular traffic.

(6) Ligquid 1imit: The liquid limit s general’y con-
ceded to represeni the roisture content at which the characte-istics
of a minture of s3ii 2nd water change from plastic to liquid.
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(7) Plastic limit: The plastic 1imit is generaily con-
ceded to represant the moisture content at which & mixture of s»il
and water begins to take on plastic properties (i.e., undergoes ep-
preciable deformation with 1{ttle change ir volume).

(8) Plasticity index: The numerical difference betwzen
the 1{quid and plastic iimits. The numerica! value of the plasti-
city index is generally a good indication of the plasticity or
clayeyness of a soil: highly plastic clays generaliy have high
plesticity indexes, less plastic clays have lower plasticity indexes.

(9) Moisture contentt The ratio, expressed ss a percm-
tage, of the weight of water in the soil to thz weight of the self
particies.

o

{i0) Density: The unit weight in pounds per cubic foot.
Unless specifically stated otherwise, the density is the dry unit
weight.

b. Trafficability terms:

(1) Bearing cepacity: The abilfty of a soil! to support
2 vehiclie without undue settiement.

(2} Traction capacity: The ability of a sofl to provide
sufficient resistance between the soil a1d the tread or track of
the vehicle to furnish the necessary forsard thrust.

(3) Critical layers The layer of sofl that is regarded
as being most pertinent to estabi{shing a relation between soil
strength and vehicle performence. For freely draining or clean
sands, this is usually the 0- to 6- in. layer. In fine-grafned
soils and in sands with fines, poorly drained, it is uscaily the
6- to 12+ in, layer. However, the critical layer may vary with
weight of vehicle and saf{  strength profile,

c. Strength terms:

(1) Cone Index (CI):t An index of thz shearing resistance
of sofl obtained with the cone penetrcmeter. The cone index is
considered t> be a dimensfonless number rzpresenting the resistance
of a medium to prnetration of a 30-degree, right-circular cone of
0.5 sq. in. base area., The number, although considered dimension-
less, is actually the number of pounds of force exerted on the
handle divided by the area of the cone bas: {n square inches,
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(2) Remolding Index (R1):t A ratio that expresses the
change in strength of a fine-grained sof! or a sand with fines,
pooriy drained, that may occur under traffic cf a vehicle. (The

procedures used to obtain this value are described {n paragraphs
8 and 9.)

(3) Rzting Cone Index (RCI': The product of the measured
cone index and remolding {ndex for the same layer of sofl. This

fndex {s valid only for fire-grained soils and for sands with fines,
poorly drained,

d. Vehicle terms:

(1) Pass: One trip of the vehicle over the test course.

(2) Immobilization: For self-propelled vehicles, failure
to complete & substantial number cf passes (50) across a test course,
For ~raflers, sinkage tc the extent that the axle or under carriage
drags prior to completing a substantial number of passes (25),

(3) Towed load: A constant load appiied at the drawbar of
a vehicle being tested.

(4) Towing force: The force required to move 2 towed
load at a constant spead.

(5) Vehicle Cone Index (VCI): The minimum cone index
that will permit the vehicle to complete 50 passes.

{(6) Mobility Index: A dimensionless number which resuits
from & consideration of certain vzhicle characteristics.

PURPOSE ¢

The WES indices (VCI and RCI) permit evaluating vehicle per-
formince in terms of minimum sof! strength required to permit a
vehicle to successfully complete a prescribed number of pisses on
level sofl, drawbar-pull, end sliope-climbing abilfty.

EQUIPMENT AND TEST PROCEDURES:

A description of the equipment used to obtain soil strength
measurements {s given in the following paragraphs:

a. Cone Penetrometer:

(1) Eauipment: This is a field instrument (Fig. 9-1)
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consisting of a 36 in. long shaft with a 30-degree cone of 1/2

sq. in. base arca mounted on one end and a proving ring with dial
gege and handle mounted on the other end. The force requir~d to
move the cone at a constant rate through s plane of a given materie!
fs indicated on the dial {nside the ppoving ring. This force {s
considered to be an index of the shea. ing res{stance of the pene-
trated mdter{ia! and is called the cone index of th: materi{al in
that plane, A capacity 1oad of 150 1b. deflects the ring 0.1 in.,
and gives a ccne index reading of 300,

(2) Procedures: The procedures for measuring cone index
are as follows:

(a) Zero the dial indicator while the instrument is
suspended by its handie,

. e eveean RO e M b by v @ va 4 wns Wr Y

{b) Place the cone point on the grour.d surface and
position with hands on the handle as showm in Figs., 9-2a and 9-2b.

(c) Apply force on the handie unti! a steedy down-
ward movemant of 6 ft./min. is achieved. The fastrument should
be vertical at all times.

{d) Take the first reading at the surface when the
base of the cone {s flush with the ground surface and at 3 in,
vertical increments to a depth of Ig in., and then at 6 in, verti- -
cal fncrements to a depth of 30 in., when possible. ¥hen the sofl .
strength exceeds the capacity of the instrument or the max{mum
reading which an instrument operator can obtain, a plus sign s
indicated by each reading. )

(3) Data Reduction: An exampiz of & convenfent field
data sheet is shown in Fig. 9-3. At each site a numbar of readings
are required to obtain & meaningful average strength value. At .
least i0 sets of CI measurements are required to characterize @ ‘
small area properiy. In averaging CI a plus sign is placed sfter
the average value if one or more readings exceed the maximum of the
instrument operator or the instrument itself. After averczges heve
been determined for the individual depths measured, averages are
determined for the critical layer using a1l the readings teken
within that layer. For example, the 6-, 9-, and 12-in. readings
are used to obtain an average for the 6- to 12- fn. depth,

b. Remolding Tests: The equipment wnd p ccedures used to
perform a remolding test are describted in the ‘ollowing parsgraphs: é

(1} Equipment: The following equipment is reguired to
perform this test:
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{a) A piston-type sampier (Fig, 9-4) for use in
securing soft soil samples, The design of the sampler is such
that constant-volume sanples can be taken; a constant cen be used
to obtain density of samples quickly,

(b) Remolding cylinder of the same I.D. as the sofi
sampler mounted vertically on a base,

(c) A cone penetrometer with an 18 in. shaft having
i in. markings for the first 6 in. and markings at 6 in. intervals
thereafter,

(d} A 2-1/2 1b. drop hammer which travels 12 in.
on an 18 {n. secticn of a cone penetrometer shaft fitted with &
circular foot on one end and a handlie on the other end.

(2) Procedures: The procedures to he used are as follows:

(a) Set the soil sampler in a vertical position, un-
lock the piston rod by turning the knurled hand counterclockeise
(F!g. 9-5a). Place one hand orn one end of the horizontal handle
and with the other hand grasp the disk handle on top of the piston
rod and force the sampler at a uniform rate into the soil until a
6 in, long sample is obtained. Lock the piston rod by turning the
knurled handle, twist the sampler; and remcve the sampler from the
sofl.

(b) Uniock the piston rod and carefully extrude the
soi]l sample from the sampler into the remoulding cylinder mounted
on the base by pushing downward on the disk handle (Fig. 9-5b).
The sample in the remolding tube is pushad to the bottom with the
drop hammer.

{c) Measure cone indices of the sofl in the tube at
the surface of the sofil and at | in, vertical increments to a depth
of 4 in, {Fig. 9-5c). If at least three readings cannot be obtained
with the 1/2 sq. in. end area cone, resample and use the 0.2 sq. in.
end area cone and a 3/8 in, diamter shaft. If the soil sampled is
fine grerined, place the foot cf.the drop hammer on the soil in the
tube and allow the hammer to ''free fali' from a height of 12 in. a
hundred times (Fig. 9-5d). Remeasure CI as sbove. if the sofl is
coarse grainad with fines, the sample is remoided by bouncing on
firm ground the remolding cyciinder and base with the sample inside
25 times from a hefght of 6 in. Remeasure the cone indices as
above. Care must be exercised in remolding coarse-grained soils
with fines to ensure that water {s not excreted from the remolding
cylinder during the remolding process. This can be accomplished
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by piscing a smal! (about 1 in. high) clay plug on the bottom of
the remolding tube after the remolding tube las beer loaded with
a test specimen and inserting a rubber stopper in the top of the
tube prior to bouncing the tube.
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(d) Remoiding index (RI) tests are measured for at
least the criticel leyer, which for most mil{tary vericles is the 6-
to 12 in. depth. Sampling pofnts are selectes by exmmining tha
cone index deta. The portion of the test site tha¢ has the lowes?
cone index profile is selected fro remolding test. If mofsture con-
tent and density sampies are taken, they should be taken within
cloza proximity (about ! ft.) of the remolding sampling moint. If
the next 6 in. layer of sof! s weaker than the layer considerand
to be critical, remolding index {; also measured for the subsequent
6 in. soi?! layer, RI measurements ar: mede cnly in fine-grafned
soils or in poorly drained wet sands containing some fines. It {s
riot necessary 1o meesure RI in clean semds such as those normsliy
found in daserts and beaches,

L )
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(3) Data Reduction:

(a) The field data form shown in Fig. 9-3 {s con-
venient for recording and tabulsting data. The PRI {s determined
by dividing the sum of the five CI readings token &fter remolding
by the sum of the five readings taken before resoiding. A CI value

. of 300 or the maximum reading indicated on the cone ;ene’‘rometer
diai is assigned to each layer that cannot be penetrated. 1If two
or mere CI readings cannot be obtained in the sofl placed in the
remolding cylinder, an RI value of 1,00+ {s assigned to thst sofl
layer and indicated as the average RI,

)
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() For each RI determination, at least two teits
are run on soil samples taken from sn area that does not exceed
ebout 1 sq. ft. If the difference in RI values obtained in the
first two tests exceeds .12, an additional test is run. 1f the
value of the third test is within D.12 range of either of the two
previous tests; these two tests wre used to determine an average
RI, otherwise, 211 three tests are used to cbtatn an average RI,

e

WAYWVN. e L R P e T LV

V. USE OF SOIL STRENGTH MEASUREMENTS FOR TRAFFICABILITY PURPO3ES:

a, Fine-grained soils and sends with fines, poorly drained:

(1) 1In fine-grained sof!s and in sands with fines, poer-
Iy drained, CI and RI measurements are necessary to define soil
trafficabiifty. The I provides sn index of the in-situ or un-
disiurbed shear strangth of the sofl prior to vehicular traffic.
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It. by ftself, {s {nacequate for predicting the sofl strength
during or after rcpeated traffic by a vehicle because repetitive
traffic invarfably remolds the soil, thus altering its strength.
The probably effect of vehicular traffic on sofl strength is ob-
tained from the RI, which {ndfcates the direction and magnitude
of the strength change that can be anticipated under vehicular
traffic. An RI less than 1.00 denotes & strength loss as a re-
sult of remolding; and an RI greater than 1.00 indicates 2 gain
in strength., For exampie, a wet siit may retain only 25 percent
of its undisturbed strength once it is subjected to repctitive
vehicular traffic,

(2) The trafficabiifty of fine-grained soils and sands
with fines, pcorly drained, is therefore defined in terms of a
value ctlled the rating cone index RCI) which 1s the product of
the CI and the RI for the sane sofl jayer. In general, the sofl
layer between the 6~ and 12 in. depths is critical for most
mil{tary vehicles operating ir such sofls., ‘iowever, the depth of
the critical layer varies with the strength profile of the sofl

and tie vehicle type and weight {See r:ferences cited in para-
graph 1 ) .

b. Coarse-grained soils:

For coarse-grained soils or clean sands, CI measure-
mants alone are adequate to quantify trafficability. Usuaily,
ciesan sands possess adequate strength to support vehicles without
critical sinkage, but because of the loose nature of surface sand,
traction is the limiting factor. In most clean sands the first
pass is critica!, and subszequent passes are made with less diff{i-
culty. For these reasons, the sofl layer between the surface and

the 6 in, depth is considered the critical layer for most miiftary

vehicles,
EVALUATION OF SOIL TRAFFICABILITY:

e, Fine-grained Soils and Sands with Fines, Poorly Drafned:

(1} The ability of a given vehicle to complete 40 to
50 passes traveling in a straight-iine path over a level asrea or
to exerute severe maneuvers in fine-grafned soils or sands with
fines, pocrly drained, is assured {f the RCI of the sofl in the
critical 1 yer in that area {s equal to or greater than the vehi-
cle cone fndex (VCI) assfgned to that vehicle. In general, an
RCI equal to 75 percent of the VII {ndicates sufficient sofl
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strength to permit one or two straight-line passes of the vehicle
or severe maneuvering for one pass, If the RCI {s greater than
the VCI of a given vehicle, the additfonal traction resulting
from the excess soi! strength can be used to accelerate the vehi-
cle, negoti{ate slopes, or tow & 12ad,

7?:{;4‘:1?‘5& rc'\‘s
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(2) The VCI's for most mii{tary vehicles sre tabulatad
in several publications {See references cited in paragreph 1),
The referenced publications also contein formulas for computing
mob{ 11ty {ndexes and means of relating them to VCI's, and the re~
lation of drawbar-pull, siope, and towing force to soi!l strength.
Military vehicles also have been placed in categories on tha bas‘s
of the VCI requirements to afd in classifying vehicle performance,
as shown in the following tebulation., Each category shown f{denti.
fies the minimm soi!l strength required for operations of ths
vehicles in that category.

Category VCI Rangs Standard M{l{tary Vehicles

-~y

1 20-29 M29 Weasel, 476 Otter, and Cenadian
Snow-Mobi le are the only known mflftary
vehicles {n this category.

2 30-49 Engineer and hi-zpeed tractors with
comparatively wide tracks and low con-
tsct pressures.

3 50-59 Tractors with average contact pressures,
tanks with comparatively low contact
pressures, end some trafled vehicles
with very low contact pressures.

b 60-69 Most medfum tanks, tractors with high
contact pressures, and all-wheel-drive
trucks and traiied vehicles with low
contact pressures.

5 70-7¢% Most sli-wheel-drive trucks, a great
number of trajled vehicles, and heavy
~anks.

6 80-89 A great numnber of all-wheel-drive and
rear-whee!l drive trucks, and trefied
vehicles {ntended primarily for highway
use.
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fategery VCI Range Standard Hilitary Vehicles

7 163 or Rear-wheel-drive vehicles and otherz
grester that generally are not expected to
operate ot f.roads, especially in wet
sclils.

(3) The range of RCI of maximum interast from the
trafficabiiity standpoint is from about 15 to 100. Only a few
1ightwef giit, tracked military vehicles, such as the Weasel and
the Otter, and special-purpcse, tracked commerciei vehicles can
negotiate areas for which the RCI for the critical layer {s as
Tow as 20 to 25. Likewise, only a few special vehicles with high-
ground-contact rressures require soi! strength greater than 100
RCI to permit '‘going'’. These !imits usually mske it possible to
classify large land areas as being above or below the critical
range for & given category of vehicles,

{4) The probsble vehicle performance in terms of slope-
climbing abi1ity or drawbar-pull that cen be expected when the
soil strength requirements exceed the minimum required for a given
vehicle can be obtained from 2 relation of these performance para-
meters, vehicle characteristics, and excess sofl strength expressed
as RCI, Ferce required to tow vehicles also can be related to RCI
and vehicle characteristics (Figs. 9-6 and 9-7). These relations,
along with sofl strength ('CI) and minimum sof! strength required
(Vg?g, can be used to determine the load which a prime muver can
successfiily tow.

b. Coarse-Grained Soils:

Studfes being conducted sn clean sands have not yet pro-
gressed to the point of quantifying trafficabitity. Results thus
far indicats that tracked vehicles usually experience 1{ttle or
no difficulty in traversing level ciean sand areas, The effect
of soi! strength on vehicle performence (in terms of drawbar-pull
and slope-climbing ability) of a given tracked vehicle is smeil;
however, a significant difference in performance exists among
vehicles having different types of track :vstems (Fig. $-8). A
wide range in wheeled-vehicle performance cciurs as a result of
changes in tire pressure, number of tires, and tire sfize. Exam-
ples of the effect of tire pressure and tire si:e on vehiclie per-
formance are given in Figs. 9-9 and 9-10, respectively.
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DATA REQUIREMENTS FOR SOIL CLASSIFICATION PURPGSES:

In addition to the sof! strength measurements, site dsta and
additiona! soil data &re required for the establishment of a mean-
fngful sofl ciassification scheme for sofl trefficabiifty purposes.
These raquirements are discussed {n the foliowirg paragrapliss

w, S%te Description Data:

information on locatine of test site, topcgraphic position,
siope, land use, vegeétation, depth of surface water, and depth ¢o
water table is required, Those ftems that require clerificetion
are discussed in the follicwing paragraphs.

(1) Topographic Positiont

A topograpnic classification consisting of 13 cate-
gories is used to fdentify the t raphic posftion of esch site,
These categorfes are: upiand Fiat (UF); upper slope (US);
middie slope {MS); 1iower slope (LS); terrace (T); terrace slope
(TS); bottomland flat (BF); bottomland depressicn (BU); nstural
levee (NL); stream bottom (S3); tidal flat (TF); drainage ditch
(00); and beach (B). In addfifon, sites thet are surrcunded by
dikes to retain surface water for rice-fielid {rrigation are idinti-
fied as paddy (P). A1l of the above-listed categories except IF,
0D, P, and B are fllustrated in Fig., 9-11.

{2) Siope:

Slope is measured 2o the ncarest percent with & suit~
able instrument.

(3} Vegetation:

Vegetation observations are recorded in terms of
general classes such a&s grass, brush, and trees, suppluomented with
height and density information where trees are eacountered. In=
formation as to the size at breast height and spacing are recorded,
For cultivated areas, the type of crop {s {ndicated.

(L) Surface and Groundwater:

The depth of surface water at a test site and the

depth to the water table as {ndicated by sample holes are observed
and recorded.

Sof1 data collected to define charecteristics pertirent
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to trafficability studies should inciude soil depth, organic-
matter content, sofi classification, mofsture content, density,
and specific gravity. Representative bulk sof!l samples are taken
from the 0- to 6- fn. and 6- to 12- in. layers, and occasionally
from the 12~ to 18- in, layer, for laboratory determination of
organfc content, grain-s{ze distributfon, Atterberg !imfts, and
specific gravity.

d. Organjc-Matter Content:

Organic-matter content is determfn?g by means of a
nodified Walkley rapid-dichromate oxidation' , and the velues
are express2< as percentages by weight. When the organ{c-matter
content {s determined to be more than 5 percent by the Walkley
method, the loss-on-fgnition method iz used, following modif{ied
proceduras of the Association of 0fFicfal Agricultural Chemists.

e. Grain Size, Atterberg Limits, and Hpecific Gravity:

Standard U. S, Army Corps .of Engineers Leboratory pro-
cedures are used {n determining these sof! propertfes, except
that the liquid limit of some low-plasticity or nonplastic sofls
cannot be determined with the standard procedures, and a mouified
procedures s used to make tests on thes» <ofls,

f. Sofl Classification:

The U. S. Army Corps of Engireers Unififed Sof! Classifi-
cation System (USCS) and the U. S. Department of Agriculture (USDA)
Sofl Ciassification System are used. The procedures followed §n
classifying soil are discussed in detai? in References 3, 4, snd
5. The USJA soil textural class{fication fs given {n Figure 9-12,
A summary table of the USCS {s gfiven in Table 9-1. Auxiliary lab-
oratory procedures are given in Table 9-2.

g. Soil Moisture Content-Dersity Sanpies:

A 2. in, diameter trafficability saupler is used to ob-
tain moisture content-density sampies, When the sofl {s too firm
to allow penetration in 3- in, vertical increments with the
trafficability sampler, a disturbed sofl sampie for the prescribed
depths {s taken fo- mofsture content Cetermination. At each site,
one sanple each for moisture content-density determination is taken
from the same sofl colum &t depth increments of C to 3, 3 to 6, 6
to 9, &and 9 to 12 in, Occasfonally samples are taken from the 12-
to 15- in, and 15~ to 18- in. depths.

*Raised numerals refer to similariy numbered items in List of
References at end of this Annex.
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