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ABSTRACT

Test procedures to be used for the evaluation of off-road
vehicle mobility performance are presented. The development of a
quantitati,-e evaluation system represents an important step in the
design of proper off-roed vehicle tests. The procedures are presented
as nin Annexes, entitled:

1. Drawbar-Pull

2. Torque

3. Vehicle Speed

4. Vehicle Sinkage and Trim

5. Resistance to Towing

6. Fuel Consumption

.Load Distribution and Gre.ond Pressure

8. Determination of Land Locomotion Soil Values

9. Determination of WES Soil Parameters
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I ~PtRIFAC!

This report presents a review of procedures existing prior' to

the !nceptioa of Project MERS for conducting vehicle tests fn natural
ter;mIn and Includts an nuseybl "-- of test procedures for provIding
the necessary dat3 to apply currernt terrain-veh,.le relationihip,
contributi.t; to the evaluation of off-rood mobility perforaince. The
results of this study will bv used in tie development of a ithiasattcal
mnodel for predicting ground mobility. T?e design of proper off-road
vehicle tests representu an important st.p In the developmftt of a
quantitative vehicle performance evaluatiwo. gystem. This study was
performed by the Land Locomotion Laboratory (LLL) of the U. S. Army
Tank-Automotive Center , U. S. Army Materiel Comnand (AMC).

The study constitutes a portlon of the Mobtlity Environmintal
Research Study (MERS), sponsored by the Office, Secretary of _00 e ne.
(0$0), Ai-vanced Research Pro.jects Agency (AJPA), Directorate of RIt-
mote Area Conflict. For wh:ch the U. S. Army Engineer WiterwAys
Experiment Station'(VIES) Is the prime contractor and AMC Is the service
agent. The broad mi,;sion of Project WERS Is to develop a slgnificant
research effort to si:udy t"he physical envir*i.-.t, particularly as It
affects the design arid employment of Koter4cl zstems, with spi'cil
emphasis being given to Southeast Avi-r er-Aronments, The funds w-
ployed for this study were al located to WES through NC under A.qA
Order No. 400.

The annexes to this report con•ean seven individual test pro-
cedures for collecting the date required for veticle evaluation putr-
poses. The vehicle test preredures are given for qugntt~tati'e and
observational-type tests. The methods seiected for predlcting the
effects of soil on vehicle performance are those currently use" by 1--"
LLL and WES'i'd are prew.nted 1n the two final 4nnexes to this report.
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PROCEDURES FOR OFF-ROAD VEHICLE TESTING

Introduction

1. The successful exicution of current military ooerational
concepts Is largely dependent upon the cross-country :apabilities of
ground-c-mtact tactical and 1Igiztical vehicles. It is evident that
in order to increase the probability of full development and exploit-I
ation of current operational concepts, a more thorough knowledge of
the physical environment and Its specific effects on ground-contact
vehicle performance Is needed. It Is also obvious that before a
significant increa-e can be achieved in the probability of executing
successful missions, this knowledge must be employed by the vehicle
designer In optimizing the design of new vehicles for specific en-
vironnents. Knowledge of the demands Imposed by the physical environ-
ment P.-nd the meeting of these demands with properly designed vehicles
offer the best solution to the problem.

2. The vehicle designer is concerned with eptimizing the per-
formance of a vehicle In the design phase by the selection (or design)
of vehicle commonents to meet the design environmental ad mission
requirements. Thits, the vehicle designer must be ultimately provided
with mathematical models from which vehicle perfarmance can be pre-
dicted in a variety of terrain contexts in terms of several quantita-
tive performance parameters sucl- as speed, fuel consumption, ride
qual ity, and costs.

3. Several performance paramiters art required to encompass all
the elements ;mplted in an overall objective assessment of grom
mobility. It is quite likely that one single performance parameter
may rate one vehicle better then another in one particular type of
terrain and poorer than another in a different type of terrain. The
reverse may be true if another criterion is used to judge vehicle per-
formAnce, It Is therefore apparent that to obtain the most useful
assessment of vehicle performarce -n analytical ao',? of terrain-v•hicle
interaction mast include severel masures of vehicle perfonitmce in a
range ef selected environments. Once this ha!. been achiwved decisions
can be made on the requirements inosed by a spifi-" envi-onmant under
considerati on.

General Backpround:

14. Rtecognik'ng the needs of the vehicle designer, the U. S. Army
Engineer Waterways Experiment Sta-tion (WES) as a part of its Mobility

4
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Environmental Research Study (Project MERS) inciuded in its program
plans* a major task for the development of a mathematical model for
predicting ground mobility. This task was subdivided into five sub-
tasks which would permit an orderly development of a mathematical
model and at the some time permit the pursuit of several facets of the
problem. These subtasks were as foll*sr (a) selection and descrip-
tion of test areas, (b) deeign of mobility tests, (c) tests of mobility
In landform types, (d) verification of mobility predictions in terrain
types of geographic reglons,. and (e) dve' opmWent of expression for
ground mobility. Because of tht experience ,id special capabilities invariou• fields of ground mobility of the Land Locomotion Laboratory
(LL) of the U. S. Army Tank.Aatomotlve Center, WES solicited the
assistace of LLL in formulating plans and assuming responsibility for
pursuing agreod-upon work plans for some of these subtaicks.

5. Several meetines were held among WES and LLL personnel to
discuss possible approaches relative to the problem of quantifying
off-road performance of ground vehicles and to agree on subtaskl work
plans that were commensurate with the budget and time scbtules of
Project MERS. Most of the discussions were focused ý.n the design of
off-road vehicle tests since proper test procedures leading to the
development of acceptable terrain-vehicis test designs represented
the important steps necessary to the development of a quantitative
vehicle performance evaluation system. From these discussions, it
becmme apparent that although LLL and WES were in general agreement
on the objectives to be achieved, some differences existed In the
approaches to be, fol lowed and the data requi r-'ments to be used in the
design of off-road vehicle tests. Test plans suggested by WES were
based on a research approach which considered 3ubdividing ter-ain in
terms of individual factors knomn or hypothesized to have a specific
effect on vehicle performance, whereas test plans s-;ggested by LLL
included a more general terrain description with an obvious advantage
of requiring less time and effort in collecting data. With both types
of plans having rarit, It was decided to be In the best interest of
Project MERS to pursue both.
Oblective,

6. This report describes in some detail the most pertinent and
widely used procedures for off-road vehicle testing in mobility
research that exist.:d prior to the inception of Project MERS. The
objective of this repert ts to provide a convenient reference for
engineers p!anning the conduct of tests for the purpose of evaluating
vehicle performance and enhancing knowledge of vehicle-terrwin rela-
tions.

*WES Operatioe- and Funding Plans for OSv7/ARPA Mobility Environmentas
Research Study (MERS), i6 March 1963.
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7. The test procedures dtscribed attempt to Indicate the major
elements to be considered In an evaluation of oFf-road vehicle par-
formence. Th-. procedires are by no means complete, aid are intended
to serve only as guides to ensure uniform data collection and aplica-
tion of accsptable €iuantitative terrain-vehicle relations which are
only _tgments of a comprehensive mathematical model yet to be developd
far predicting overall ground mobility.

0. The vehicle t-st procedures include those for two types of
tests: (a) quantitative tests in which performance is measured in
engineering terms, with the emphasis placed or the establishment of.
soil-vehicle relations, and with performance j~dged on the basis of
minimum soil strength requirements and drawbar-pull-slip relations,
and (b) observation tests in which a vehicle is operated in a natural
environment, with the primary measure of performance being a comparison
of its speed to that of a "reference" vehicle.

9. The methods selected for predicting the effects of soil on
vehicle performance are those currently used by LLL and WES. A sumary
of the application of these methods incluaing pertinent definitions,
instrumnts and equipment, and soil measurements is given in WES Tech-
nical Report No. 5-625, "Environmental Factors Affecting Ground Mobil-
itý in Thailand, Appendix C: Soil Trafficability", dated May, 1963.

Presentation Order of Test Procedures

10. The data collection procedures are given in annexes to thI"
report. Annexes 1 through 7 pertain to vehicle measurements , and
Annexes 8 and 9 contain procedures for col lecting soil perameter3 for
the application of LLL and WES prediction systems, respectively, Ap-
plication of data results or appropriate referemces are cited.

Quantitative Tests

11. The elements of the quantitative test proc-4dure for determin-
ing the mobility characteristics of a vehicle are described in the
following paragrapht.

General:

12. Quantitative tes-.x eitail three requiremnts which are neces-
sary to determine the effkcts of terrain on vehicle operation.

%I
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Sufficient vehicle and soil measurements will be taken to permit the
following determinations:

a. Excess tration thet a vehicle can de•elop on paved and
natural soil surfaces.

b. The motion resistance Imposed on a v'htcle by soft soil
or obstacles.

c. Effectiveness of the propulsion members in utilizimn soil
strength and power available to them, es Indicated by the drawbar-pull
versus slip relations.

Vehicle MeaSMEnts:

13. The following measurements v411 be made in a manner such that
a, b, and c above can be determined:

Drawbar-pull (1)

Outpu'k drive shaft torques and speeds (2)

Vehicle speed (3)

Vehicle sinkage (4)

Vehicle trim (4)

Resistance to towing (5)

Fuel c€•nsumption (6)

The number in parentheses foltowing each vehicle measurement indicates
the annex In i•ich the iwasurement Is diacusstd.

Observation Tests

14. Ttus. tests require a minimum number of measuvments and
consist of a sories of operatiors over a range of representative ter-
rait conditiors. The tests are primarily comparative in rature. To
Increase the utility of the comparative tests, one of the vehicles
participating in the test should be a conventional military vehicle __

of the same welght class as the vehicle or vohicles being evaluated.
Tht performancm a? the stondard vehicle will then serve as a yardstick
since a trained oi*erver will be able to establish the difficulty of
the course on the basis of the performance of the standard vehicle.

1.4
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15. Although the perforrnercs masur.aqw.ts ".y be kept to a
minimum to include, for exampls, only average ýpeed, number of In.
mobilizations, and fuel econon.'y, tht test should not degenerate Inito
a process of merely observing In general terms how a vehicle reacts
to tho impact of the off-read environment. Characteristics of the
terrain and test vehicles shoult; be obegrved on the saie term as
for the quantitative tests. Characteristics of the terraln and vehi-
cle shculd be mea•ared wen the mssurwment is reasonably simple to
perform, such &s turning radius of a vehicle, soil cone Index, or size
and spacing of trees. However, we-en a ?mazurwmnt is very complicated,
such as determination of vehicle stabiii-ty, the evaluation should be
limited to the observation of the re~ltiva performance of the test and
referince vehicles. Estimates of fuel cosumption can be made bf fill-
ing the fjel tank prior to the start of a test and refilling the tank
&t the end of a test run, measu-ing tha waoumt of fuel used. When an
irobilization occurs, the cause of the finobilization should be
sdequatel y described.

Terrain Conditionst

16. The terrain condititns selected for testing should be compar-
able to the design function of the vehicle. ror exhale, a test plan
to ev~luste the performance of a vehicle designed to operate in a marsh
should by all means include tests In marsh terrain. WV-.re oppr'.priate,
variations in soil and obstacle c¢larecteristics on level and sloinq
terrain should be included in the st.ecticn of the test course:i. Opmr-
ation over disturbed and undisturbed soil should also be Included where
surface conditions change with traffic.

17. The observation test should be conducted on trails and strips
of rtpresentative naturel terrain. The test a-ea should be long enough
to include as many of tne surface co.ditions wn practical in a given
area. The strip shoteld be wide enough so thA*. each vehicle being tested
can make at least one pass over an undisturbed surface.

Test Criteria:

18. The follown.g criteria should be considered in the design of
test procedure and selection of suitible test courses.

a. Vehicles of s:iilar mssi-cn assignment and of the se
approximate size or payload capacity should be compared. Secondary
comparisons can be made between the test vehic7le and vehicles which
may constitute a given operational unit.

b. The cnntrol vehicle used as a datum should have a rer-
formance sufficiently familiar to a layman to have general significance.

Vi
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c. Th•e tests should be designed to examir as many vehicle

O•rvitaerfsticz as possible, i.e., test areas should not be selected
that damons-irtt orm characteristic favorably but exclude conditions
that would daimmstratu or unfvavrable characteristic.

,J. Conve?*tionsl vehicles tested should inclueo standard
models onlyt The effect cf modification of conventional standard
models should be &c~cwltshed through separate tests.

The vehicles should be tested carrying their rated pay-
loads. If test condcttons or other €cnsideratlons require testing at
other tuse the rated payload, the payload uttd should be recorded.
Te gross vehicle teat weight should always be recorded.

f. All vehicles should be in excellent mechanical condition.

1. The operators should be completely familiar with the oper-
ating characteristics of the vehicle. The effects of vehicle operators
may be minimized by rotation df test and reference vehicle operators
during the progress of the test.

h. The nutIr of tests to be conducted should be sufficient
to determine significant performance characteristics of the test vehicles.

Performance Evaluation:

19. Because the evaluation is basically qualititive, continuous
observation of all vehicles throughout the test course is necessary.
Considerations in the evaluation should includes

a. Average speed

b. Condition of vehicle end cargo on arrival

c. The. ease or difficulty with wnich the course Is negotiated
by vehicle.

Terrain Description

Introduction $

20. Tests involving performance rating, whether through direct
measurements or observation, must incorporate a description of the test
-terrain in sufficient detail to be of value. It is necessary to class-

-,w t.rr*4,n Sw=-S rf a irndordized description in order to convey

4f ' t h "u -•"n inrt
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7.

to others the conditions under which vhc test is conducted. Qualita-
tive descriptions have proven themselves to be virtually useless r
since they can at beat describe a general category of conditions.

Gener_. s

21. for evaluating off-road vehicle performance it is necessary
to describe characteristics of terrains encountered ini a test course
by imesurements ntade of surface profiles, including drainage features,
soil, and vegetation. Measurwientrs for constructing ourface profiles
are obtained by conventionAl surveying techniques. Profiles of test
courses should Include sufficient detaer so that the magnitude and
length of slopes and size and shape of surface obstacles are adequately
defined. To properly describe the soil characteristics, measuremets
should l-e made of soil strength parameters, moisture content, density,
end fd ntif caticn accot Jihg tW t,% U. S. Department of Agriculture
and the Unified Soil Clessif;iztion System. Of the soil characteris-
tics Idantiffed, only soil strength measurements are reuired for eval-
uating soil trafficabi lityi hoeever, before methods for estimating
trafficability for remiote areas can be improved. such mosuremenm are
necessary. Soil strength Is dependent to a large extoet on moisture
content and density, and differences in these properties occur in dif-
ferent soil types. Once sufficient date are available, date analysm
can be made which will permit grouping soil types along with other soil
and terrain data intn units that exhibit s.milar ground mobility chara-
cteristics. The moisture content of a soil Is dependent upon weather .
which is continually changing. Far this reason it is very important
that the tims interval between a vehicle test and the collection of
soil strength, moisture content, and density data be kept to a mfnlm..
4pecial equipment and techniques ere used to make these =11 metsure-
ments. Conventional measurement equipment and techniques are used to
measure vegetation ti.aracter'istics. These measurements should include
height, size, and spacing of individual plants. A description ef the
instruments and procedures for collecting and reducing date for apply-
Ing the LLL and WES vehicle evaluation systems Is given in Annexes 8
and 9, respectively.

Terrain Data Collection Guide:

22. The decree of detail to which the terrain date in an area
selected for test purposes should be defined is rather difficult to
establish, however, it Is reasonable to assue that the decision
should be made on the basis of economics because considerable time and
cost are'involved in collecting data and preparing appropriate mops.
If a need v"Ists for canducting a large number of teuts and a deter-
minnation has been nfi'e tha• advance information concaeing the range

in variation and locs'-ion of specific terrain conditions would result -



in a more efficient selection of test courses, then it may be dtsir-
able to prepare detailed maps of sigificant terrain attributes, If
testing is conducted on an infrequsnt basis , it is best to reconnoetir
fte areas select• specific test courses, and restrict the data collec-

* '��tn to the area occupied by the test courses. The following tables
*• list the minim. terrain information de3ired for quantitative and ob-

servetion-type vehicle testsa

quantitative Tests

1. Soil Ifoa ltiont

a. Strengtht

(1) LLL soil parameters (c, $, and vertical load-deformation
curves.

(2) Rating cone index

b, Moisture content

c. Density

d. Classification

(1) U. S. Department of Agriculture (USDA) System

(a) Great Soil Group

(b) Soil Series

(c) Phase

(d) Type

(2) Unified Soil Classification System (USCS)

2. Ground Surface Profile.

3. Vegetation

.•I,
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Observati on-Type Tosts

1. Soil Informarioni

a. Strength, rating cone Index

b. Moisture content

c. Density

d. Classification

(1) U. S. Department of Agriculture (USDA) System

(a) Great Soil Group

(b) Soil Series

(W) Phase

(d) Type

(2) Unified Soil Classification System (USCS)

2. Ground Surface Profile

3. Vegetatior,,

0_
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ANNEX 1: IORAJAR-PLJLL

1.* INTROOUCTIONs

Drawbar-pull is a basic measure of vehicle performance either
on or off-the-road. It is a conveniently obtained quantity osme-
tial to a vehicle comparison or *valuation program. Orawbar.pull
is detarrwit~d by similar procedures for either tracked or utiegled
vehicles.

11. DEFINITIONs

Drowbar-pull is deflrtad as the avail Vble trr.ctive effort in
excess of that necessary to propel the vehicle at a giv'en cotanttr
speed on * level surface. It is a measura of the fore* tvaleables
to ec-olerate the vahicle, climb~ grades, and pv'l towed loaf's.

111, PURPOSE:

The purpose of drawbor-pull, msasurewint is to detar~ine evill-
able excess traction which the vehicle can dovl~p on o Oiven tur-
face.

IV. TYPEi OF TESTSa

a. fiord Surf ace Test3:

Hard surface tests are conducted on level psvement tim
deterMine the overall efficiency of the vehicle. Efficiancy is
taken as the ratio of meesured drawbar-pull 3nd theoretical (rim
p~zl , sprocket or wheel) drwsbar-pul 1. The effi'ciency is a msaiwre
of losses which include internal suspension frictional losses, t
ttrnal rolling resistance and, at higher speeds, aerodyamiad drag,
The fmasured drawbar puil Is limited by the powmr plant, tronsmiasion,
suspension efficiency, and the traction that the w~heels or trOcks
can develop on a given surface. Theor~tical drawbar-pull may be
cm~.puted from dat'a supplied by the vehicle manufacturer and assifims
no traction Ifinitstinn. Required dstet include the engine torqu1e
curve, gear r~tilos ard efficiencies in the various drive line com-
ponents, and tfh_ rolling radius of the tire Pr pitch radiu~s of tche
drive sprocket. The measured drawbor-pul'; 1z estabilshed from the
average of several tests.

otIn hard surface tesits, the test vehle is operoated through-
outitsrane o ger atis ad a smllspeed iremnzto po

vide data f or the drawbar-borsep~aer speed curves. Drawbar lozd
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._ be provided by any convenient system. Experience ha5 shown
that a dynamomter vehicle Is the most useful loading device. A
dytIMnter vehicle should be sufficiently large to assire that
the test vehicle can achieve 100% slip and should have adequate
spac* for Instrwumntation and test per•..nel. Hwever, a d-a-
minter vehicle ft not essential to a drawbar test. It Is only
ntq#sery that a avice be used that can apply a variable load and

;. rovision for tie miasrement of drawbar load.

A drawbar-pull test should include continuous records for the
fol owing IM urements:

(1) Orawbar load (Ob.)

(2) Engir*, wheel, or track, sprocket sp.=ed (rpm)

(3) Vehicle speed (mph)

b. Soft 3*41 Testst

The determination of drawbar-pul1 for soft soi l opteration
follows similar procedures as for paved surfaces with the exception
that there Is nc irterest in the effect at transmissio- range. The
soil is the controlling element in soft soil operation so that the
relatian between drawbar-pull and slip is of primary interest.

The dstermination of drawbar pull in soft soil requires measure-
went of the followings

(I) Drawbar load (lbs.)

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

(3) Wheel or sprocket speed (rpm)

(4) Vehicle sinkage (In.)

(5) Vehicle trim (degrees)

(6) Soil strength paramters

Instrumentation and r*ordwng devices wll very depending on
the accurocy desired, the mwAitude of the test program and thefunds avi lable to support the test program. It is necessary that
Instruwantation adequately cover the expected range of measuremers
to be taker without stir!fice of •senstivity or accuracy.

4' i I Z 
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V. PROCEDUREt

a. Preparation of the Vehicles

In the case of the hard surface tests, the engin•e should
6 C-tA-d s.nd adiusted for maxlnmm performmnce according to the

manufmcturer's specifications. ThrottJe linkage, transmission link-
age, and brakes should also be adjutted according to rrmaufct-urer's
specific.tions. The transmission clutch and band adjistwents must

be checked. in the case of the soft-soil test, the precise adjust-
ment of power train components is not as significant as for the hard
surface test since the soil and suspension to a large extent castrol
the test results.

Each ;.'hicle component requiring lubrication must be checked
and/nr lubricated with the proper quantity and grade of lubricant.

Track tension should be checked and adjusted if nezessary.

Tire inflation pressure should be set for optimm off-road
performance.

Periodic inspection of the -ehicle must be made during testing
to insure optimur% performance.

b. InstrLuentationtz z k-* j

Description of the instrumentation for the ineasuremnt of
most test variables appears In annex form In the test procedure.
Instrumentation requirements for the conduct of a drmbar-pull test
will be covered in detail In this annx only for those instrumants
not discussed elsewhere. A typical drawbar-pull test setup is shN ,
in Figure 1-1.

c. Drawbar Loads

Any of the severzl types of load measuring devices can be
used so lon. as the &ppropriate load range is ,aintained. A stan-
dard, commercial load cell using strain gauges Is economical and
adequate. Because of the wide variety of load ranges evallble,
tha load cell is a convenient instruLmnt on which to base an In-
strumentatio n system.

Hydraulic dynamometers that are rugged and ac.ý,rate tire tom-
mercially available. The hydraulic system haz the advantage of per-
mitting irmiedite read-out so that the dynanoweter vehicle operator
can observe the, load he is applying to the test vehicle. The hy-
draulic dynamomrter has the disadvantage that a pervanent record is f

I AM
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not produced. If a permanent test facility or dynamometer vehicle
Is being considered, a combination load cell hydraulic dynwamter
should be given serious cnsideration. The dynamometar vehicle
operator should control the load by observing the hy-Iraulic read-out
and the test engineer should mAintain control of the t"I.st bY means
of the permanently recorded strain gauge measurement.

d. Vehicle speed:

It Is quite possible to measure vehicle speed by recording
the time required to trlaverse a measured distance. However, the
use of a fifth wheel to measure speed substentially reduses the
complexity of the test procedure since a continuous reading of speed
Is obtained. The alternate technique of measuring time and distance
requires such close coordination between the measuranent of speed
and drvabar-pull that It is quite clumsy.

e. Engine, Wheel, or Track Sprocket Speed:

In order to compute wheel or track slippage, it Is neces-
sary that actual and theoretical vehicle speed be known. Theoretical
vehicle speed is obtained by measuring the motion of the driving
*leaets. The engine speed can be measured if the transmission has
a lockup so that there is no slippage between the engine and final
dirive. Normally, it is more accurate end simpler to measure the
speed of the drive sprockets on a tracked vehicle or driving wheels
on & wheeled vehic te. Any convenient measuring system can be used
but experience has showan that a tach-generator arrangement produces
the c=ot reliable data. No stenda-d attachment is available so a
bracket must be fabricated for each vehicle to be tested. The speed
of both drive sprockets wn a tracked vehicle must be measured. The
splad of all driving wheels on a wheeled vehicle must be ,-m-aured un-
less the vehicle Is equipped with no-slip differentials. In this
latter case, only tý. speed of sets of driving wheels need be measured.

f. Vehicle S nkaee-:

It is not necessary to measure vehicle sinkage except for
documntary ourposes or for verification of the analytical prediction
of vehicle sinkage. The measurement of vehicle sinkage is described
in Annex 4.

g. Vehicle Trims

The reasurewmnt of vehicle trim is of value in that an ex-
trover trim attitude will reduce the performarce of a vehicle. If
* vehicle does not perform as well as anticipaited, the measurement
of the trim behavior may provide a clue & to the source of poor

_ _ _ _ _ _ _ _
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performance. The measurement of vehicle trim is described in
Annex 4.

h. Soil Strength Parameters:

The measurement of drawbr-puli in soft soil wtithout an
identificatijn of soil properties by some numerical means is vir-
tually useless and nwy be misieading. The sti proFpertie- should
br measured by a m-thcd that will permit the correlation ietween
soil properties and vehicle performance. Two useful systems are
presente4 in Annexes 8 and 9.

i. Hard Surface Tests:

The hard surface drawbar test is conducted on a level,
straight, paved surface. The test vehicle, properly prepared and
instrumented, Is 6riven prior to testing until all components
reach normal operating temperature. The test vehicle is coupled
to the dyramoreter vehicle and operated throughout the range of
speed and transmission ratios established prior to the test. An
adequate number of readings should be obtained so that smooth
curves of drawbar-horsepower versus speed can be plotted for eachgear ratio. Wheeled vehicles shoulc be operated with the maximum

number of axles driving. Vehicles equipped with automatic trans-
"missions should not be operated at engine speeds near or at trans-mission shift points unless a manual selector enables the operator

to lock the transmission in gear. --

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

I. Soft Soil Tests:

The soft soil test site selection depends mainly on the
type of soi3 conditions required or desired. At the chosen test
site, a smooth fiat area with at least a 500 ft. straightaway wide
enough to acconmiodate the test vehicle should be seiected. The
soil should be uniform throughout the test lane. To obtain desired
ranges of soil strenoth, the test lane can be prepared by thoroughly
working or mixing sait -nd water to a depth of 20 to 24 in. until a
high degree of homogeneity is obtained. Processing of the soil re-
quires specialized eqtipment because of the depth of uniform soil
required. A gyrotiller with tines rotating about a vertical axis
has been the most useful apparatus for the processing of soil in
the field. It is recognized that it may n.ot be economically feas-
ible to construct equipmnnt adequate for processing soil. The
alternative to soil processing to cbtain a desirable strength range

1 -



is tlie selection of test sites in areas where seasonal difference
in soil strength occurs. Processing of the soil is required after
each pass of the test vehicle in order to restore the soil to its
orlg~nal condition to obtairi repro'eucible data. Water, when re-
quired, should be applied as evenly as possible. W'hen conducting
drawbar-pull tests in snow, processlrnq of the snow Is not feasible
and a sufficiently !arge area is required to permit several tests
to be conducted. In practice, this requires a 10,000 sq. ft. uni-
form snow field.

Uniform soil strength, the result of good processing techn~ques
or careful site selection :.s essential to the production of repro-.
ducible test results. If unifo-rm soil conditions cannot be producedj
becaiuse of a lack of soil processing equipment or for other reasons,
it is necessary that many soil strength measurements be made to ob-I
tain representative average soil property values. The variations ofI
the soll propertie'ý can also provide a guide to the number of vehicle
tests that must Lt conducted in order to c-btain a representative
drawbar-pul I measurement. I

Vehicle operating technfaies are similar to those used on paved
surfaces. However, for deterniining maximmm tractive effort in most
soils, the drawbar load must bk. sufficient to induce 100% slip con-
dition. From a practical, viewpoint, the maximum drawebar pull at 100%
slip is of little interest. For most applications, the test engineer
is interested 'n the drawbar-pull at slip rates less than 80%. In
conducting the test, it is normal procedure to begin the run with no
load at the drawbar. The test vehicle is zilowed to reach a constant,
predetermined engine rpm. which w~l1 provide a truck or wheel speed
of about 2 mph. The ge,*r ranqe is important on~ly in that the test
vehicle must be caupable of developing full track slip (100%) in the
soil while maintaining a constant engine rpm,. Onee a constant rpm I
is reached, load is applied to the test vehiclt incrementally. As
ea-h increment of load Is applied, it is kept constant for a period
of Aipproximately 10 seconds. The load is inc-eased until the 100%I

VI. DATA ANALYSIS:

Orzw~bar pull Is one of the essential measurements used in eval-
uating the traction performance cf a vehicle and is very useful when
making vehicle comparisons. The data &re generally presented as
mayfimummdrawbar-pullI developed or as a curve of drawbar-pullI/wei ght
versus slip (Figures I and 2). Possibly a more revealing curve
would be efficiency versus slip where ef'ficiency is defined as the
drawbar work output ind equals drawber-,pull/weight x I -slip

4r

-AP

ARM, pX-



1.J-

(Reference: Dickson, W. J., "Swa 'Fundwental Soil/Vehicle
Mechanics and a Metho of Evaluation of tV Soil/Vehicle System".
ýanadian Armament Research and Development Establishment, Valcertier,
Quebec, 1961). This plot is shown in Figures 1-3. This curve has
th, advantage of indicating the optimum performance point for the
tes t vehicle In a part-icular soil,
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I. INTODUCTION TORQUE

In order to conduct a thorough evaluation of vehicle per- .
formance, a measure of output torque is essential. Tht torque
applied to a Aeel or drive sprocket Is of no Immediate interest
since the reading itself only provides a knowledge of the efff-
ciency of transmission and other driving elements between the
engine and the final drive. However, when output torque measure-
ments are combined with drawbar measurements, it is possible to
obtain values for the losses in the suspension and the motion
resistance caused by soft soil or in overriding vegetatloh. It
Mivt be recognized that the measurement of torque is a difficlo t
an. relatively expensive task and should -ot be considered'at a
par . of a routine vehicle evaluotion. However, when mobility
eva --!ion is a part of a vehicle development program, the measure'-
mea.n, output torque is essential to a full understanding of-thei
sour,.- .f a deficiency in performance.

1iie use of the output torque measurement requires that measure-
ments be rftde on both hard surfaces and in soft soil. Further, tlhl!
measurement in soft soil should be made simultaneously with drawbar
pull for maxinan utilization of data. The measurement of torqi"
independent of drawbir-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 tte relation be-
tween torque and track or vehicle speed. The uirve that is ob-
tained from this test serves as a base line %n41cating internal
resistance which are the suspension losses caused by such+,things
as friction in the variou3 elemonts and acceleration of the tric-k.
It is obvious that almost an identical result could be obtalinedby
disconnecting the final drive or axles towing the vehicle at an
equivalent group of speed intervals. By measuring the towing force
necessary to produce a constant speed, the suspension losses CA4-
be identified. The only difference between the two sets-of read-
ings would be caused by the torque reaction when the vehicle is
driven instead of towed.

When combined with the soft soil test results, the hard sur-
face torque measurement permits the identification of motion
resistance developed by the soil. The differencc between the
traction that the output torque should produce and the drawbar- A
pull can be attributed to three losses: (1) internal resistance;
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(2) soil motion resistance, and (3) suspension losses caused
by iccumulation of soil or other surface materials. The in-
ternal resistance is obtained from the hard surface test. The
suspension losses caused by accumulation of extraneous material
is obtained from the 100% slip point. If track or wheel speed is
eanstant at 10% 'lip, the difference between the gross traction,
as weasured by the output torque, and the drawbar pull is equal
to the sum of the internal resistances and the losses caused by
accumulated material. The motion resistance is equal to the dif-
ference between gross tractive effort and the sum of the suspension
losses.

1I. DEFINITION:

Output torque is the torque applied to the final driving
elents of Tvehicle such as a wheel or sprocket.

III. PU1lPOSE:

The output torqu•e is used to determine resistance to motion
on both hard (paved) surface and soft soil or in overriding vege-
tation. The resistance to motion is subdivided into ground losses
and suspen-ioon losses permitting identification of sourceýs of per-
formance deficiencies.

IV. APPARATUS:

When possible, torque is measured by means of a comrrrcial
torque-meter mounted between the final driving element and the
4nput-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 axles. Slip rings are required to feed the strain
gauge signals to a recorder so that the ir,-tallation is quite
expensive and tiwe consumfng. Because each installation is unique,
no standard instrumentation procedure is offered for the measure-
ment of torque. The measurement of track or wheel speed is iden-
tic~l to that used in the drawbar pul test, Annex 1. Torque
measurement is of litt'.e use unless measured concurrently with
speed measurement. The reader is thus referred to Annex 3.

V. PROCEDURE:

a. Hard Surface Tests:

Thm output torque should be measured on a level paved

2
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b. Sot-at ess (1) t* utpu toque s masurd i sof sot cotur

surface ove th vetlicl hsed range Smtruead tted to . sout-
bet mntaiquedo a vaualeadition of the eobservuation-type torquca
reobadines becomeaostringt.u Tesedurincrtemtent ts should be Vho
to resultd inawe -rehablte truesulspe ted curve.ttar m

b.fu fordesign Tetsan evAainproe, itr fp

requireet reloutput toqutace sonfaguredtion soult per'i- cocw
'estalyisheth o drasbar cri.thera pro vedre , f w e drabarv ofl teis,
threo reeded roracthce is cdue ue to de%*Ie tsrche data

a. Output torque dato from the hard surfact- tests should
be peetdas torque versus sedcurves.

b.Tepre~entaticn of the soft-sOil resu Itis -caný* low i ahit
ptendesired by the test engineer. It f s sugesttd -04t V4il

dt oc both a graphical and tabular fornat: '-

()The output torqui! should be prestentd qr4,Ký41-ty
potdagairlst wheel or track speed.

()The soil motion resis tanes should te pre"'wted -
graphically against wheel or track slip.

(3) The suspensiin internal reslitance -and ~tac
due -%o accumulated irterial should b-- tabulated ArInct* ~he'stvls'
tend to be relatively itnde;*ndent of track or wheelisp _d-at-itAr

c.. ator: ebevto.tp tests, 'the outp-Ut is The tie-of a .

shbuld be identified with the terroln carditi~is. Th~etqtn 4ete

may e pesetedas torque- required to'overcmie an. obstacle V69SUSs
double plot: one curve fdeniffying-the errain pi~fTit*Kdsidt
second curve identifying the torque level a&izociated41th'_Wh;
point on the profile.
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ANNEX 3: VEHICLE SPEED

I. INTROCUCTION:

There are many situations in which vehicle speeds are
taken as the primary measure of vehicle performance. For example,
when Identifying the off-road performance of a vehicle operating
over a cross-country course, a logical measure of performance is
"speed made good", i.e., a straight-line distance between two
points divided by the tine required to complete the course, In
other circumsto'nces, the actual vehicle speed must be measured in
order to be Included as a variable. An example is the development
of drawbar pull versus speed 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.

I1. DEFINITION:

Vehicle speed is the rate of travel, i.e., the total dis-

tance traveled'Mvided by the time to traverse the distance.

Vehicle speed made ood is defined as the straight line
distance between two points-divided by the time required to move
between the two points.

III, PURPOSE:

Vehicle speed is measured as a test variable or as the
primary performance evaluation criterion. In the conduct of
cross-country or train operation tests one of the most useful
criteria of performance Is vehicle speed. It is normal to con-
sider speed made good rather than vehicle speed because the latter
value may have little significance as an Indicator of vehicle
performance in cross-country conditions. For example, 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

Sthe destimation befo:e the faster moving vehicle.

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

In several types of tests, speed is a "secondary" va-iable.
It is measured to permit the establishment of the variation with
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IV. APPARATUS:.

Because of the wide variation in methods of measuring vehicleI
speed, instrumnentation details will not be specified. Time and
distance must be measured by some~ means. Time may be recorded by
means of an electronic counter, a stop teatch, an avant marker on
apaper recorder., or any similar device. The length of the tim I

to be counted will establish the sophistication of the measuring
apparatus.

Di stance can be measured by mears of a standard automotiveI
fifth wheel; by measuring the distance prior to the test and
timing the run to traverse the distance; by measuring the die..
tance on a map for large distances; or by any conventional uetWo
%Aiich produces a measurement sufficiently accurate for test require-
men ts.

The measurent nt oF both time and distance are considered sul-
ficlfently well known to make a detailed description superfluous.

V. PROCEDURE:

a .. Measurement o vrZSbd

Because of relatively long distances involved In cross-
country operations and bec~euse the primary factor of interast is
usually cany~arativc performanmce, the weasurement of cross-cowi'try
speed ca,.i be relatively simple. If speed is to be-based- on actual
distances traveled, the distance can be* measured by means oqf the
odometer on one of the test vehicles and this distance token ftr
all vehicles in the tert. Time can be measured by wme'anof stop
watch readings of starting and stopping time.

If "speed made good" is to be takein as the performance wma-
'are, i t is necessary to have adequate map coverage -to provide -a
distance meas'uremient within + 2% ,If maps are not available, it
is necessary to resort to st~andard surveying methods to establish
testraight-line distance. The cost and effort of this measure-

merit is not considered justifiable unless tta test course is-to
be used on a repetitive basis.

2
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I b. Measuremeat of A-_t•,el So!tdt

When a test requires that actual speed be measured,
higher order of accuracy is required than for the measurement of

average speali. When concerned with actual speed, the test engineer
usually must have an inmedate speed read-out since speed must be
i•Aintainrd at a specific level.

The most comon method of measuring actual speed is by means
of a fifth wheel attached to the rear of the test vehicle. The! ~~fifth theol drives ai standard Wiestson lKeter (Tech-generator) wrhich

reads directly in miles per htur.

If a fifthýwheel is not available, the test engineer may be
forced to operate on the basis of the test vehicle speedometer.
Under this circumstance, the speed reading should be checked by
an alternate method. The s.-,.dometer cen be used to provide im-
mediate read-ot to maintain a constant speed, level and the actual
sped lei'; established by the time required to complete a measured
dis:ap"-,e. In order to reduce error caused by the averaging process,
the =masup-J distance should be kept short - of the order of 100
feet. Tirie ccn be measured by means of a stop watch.

If a hi§h dogree of *curacy is required in the measuremett
of vehi.:le speed,, it is possible to obtain comwrcial units nor-
mally aplpied to racing events such as drag-racing or to police
work. Too former units likeiy exceed the reoeuire'neents of vehicle
testing. Photocel ls and counter-chronographs are used to obtain
lime with an a&curacy of ± .01 seconds. Speed can be measured and
read direc:tly by setting the photocells at known distances and
converting the counter-chronograph reading to rph rather than tim
undits.

The police-type of~radar has adequate accuracy as attested
by the acceptance cf its results as legal evidence. The system
can provide a reading of speed taken over a very short distance
which can be a definite advantage when attempting to establish a
given seed level. The advantage is lowt, however, unless the
read-out equipmit is mowunted on the test vehicle. It should be
possible to mount the radir equipment on the test vehicle and
shoot at a fixed ti'get on the course and thus provide both
accurate speed readings and limmdiAte read-out for the test engi-
neer or vehicle operator.

3
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ANNE 4:VHCL-1KAEJWCTI

Themesuree~n ofvehclesinageand trim during soft-
solldrabarpul te~s asis inthedescription and analysis
of'prfomane. otio reistonc isproporticnal t* both sink-

it isnecesaryt~ratsinkge ed iri b y thued inhocder to un-o
derstand and bnep et thke reuls of ath~r st lltest

a,_Veiclesinkgei the deformation or h si cautsedpthe vreeicl
fiednumer forpasses it ion ttf rs-te ~ occrs th vo-ialefosrnk-
tion o saildue t h orm adsimprodued by eitcblte vehicltacto

tracs o whelsthat is,, the slip-sinkage f"m n.%ysol
poueapproximately equal static and dynamic sink""e but granulaur
matrias, uchassand or snow, awy produce dramic snk"g several

tie sgeta the static sinkage. tPynvzsic sinkmgs is "h ap-
proriarzmeasurement for the anal!,-is of drtwbar pu.l) dote since

thi Isth dethto which the vehicle actutlly sinks duritq open-

___Vhicl trim is the attitude that a vehicle assusmn roerm
tiveto t gromi surface as It moves over the surface.

a. Me~surement ý_f vehicle sink"&a during off-read test I
permits the ccanputation of motion mesi s.tance and greiind Pu~rQUf
if the soil strength characteristics are al1so neasured. Matfan
resistance is proporticnal to the "-.-k involved in cau0ng. theI
soil to deform to a depth equivalent to t!* vehicia 4.i-..-4 zi!*-
age. The ground pressure iz. praportionel to static sinksgo wtles
vehicle trim is In excess of 50, For s"all trim" Ungis,, 4v~r&Ap
ground pressure can be conputed using the pressuro-siv~age rela._
tlonship of the soil and the static sinkage of the vehicle.



b, Vehicle trim Is N...sured in order to Identify non-
uniform ground pressure distribution which results from weight
trar'fer-because of the trimmed attitude. In addition, increase
in motion resistance cau:zd by singge associated with wtight
transfer-can ýe identified. A severe trimmed attitude is a source

€t of deterioration in performance to either wheeled or tracked vehi-

cles because of the re:ulting adverse weight distribution. The
measurwtent of trim, along with sinkage, should therefore be con-
siderad a, fundamental to an off-road vehicle evaluation.

V�I� PIARATbSt

Equipmnt used for measuring vehicle sinkage and trim con-
slsts of sets of outriggers with a means to establ sir, a ground
reference poi.-t and potentiomete-s to measure vehicle attitude
relative to the ground os shown in Fig. 4-1. In order to rmmesufe
both sinkage and trim it is necessary that two such units be used:
one at the front of the vehicle and one at the rer, Sinkage i;
taken as tht. reading of the rear unit tnd trim is obtained from
the difference of the t-* readings, The arrangement in Fig. 4-1
is * relatively sophisticated iintallation approach for permanent
test facilities. A more typical arrangement is shown in Fig. 4-2,
which Is a temporary installation that can be used for a large
number of vehicles. In addition to presenting an example of a
temporary arrangement, Fig. 4-2 is an example of the use of skisfor the measurement of trim and sinkage in week soil or snow in •

whh small wheels would be useless. Despite the a.perent dif-
ference, the instriinents are quite similar in that they both
mea'sure the differenczs botween the ground surface and known point,
on the /eh'cle by means of a pots.itiometer w1'ich records the motion
of an outrigger.

T-i'a installations shov in the figures are not the only ac-
ceptable methods for the measurement of sinkage and trim but are
likely the most economical. One technique consists of the use of
Mne outrigger to measure the sinkage of one point and a gyroscope
to mnasure vehicle trim. The use of this system products read-
ings that are likely more precise thain required and is not recom-
mended. The use of a photographic technique utilizing a pre-
exposed grid has received considerable support but has the disad-
vantage of awkwardness in data reduction and relatively high cotst,

The u.e of a scale to measure the depth of rut to determine
sinkage has the advantages of simplicity, low cost and immediatearvailability of dot3. Hoover, 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 soil conditions producing
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negligible trim.

V. PRO'EDURE!

The procedure for measuring vehicle ainkage anJ trim Is as
follows when an arrangewent similar to that shown in Figure 4-2
is usedt

a. Attach the outriggers to the vehicle.

b. Callbrata the potentiometers.

c. Zero the potentiometir autputs on hard surface so that
"t.e zero point is equivalent to z--Q sinkage.

d. Conduct vehicle test as pretcribed.

Sinkege and trim measurements are almost aIways taken as part
of deta for another test since sinika;e and trim data are of I-ttle
interest as isolated pieces of data.

VI. DATA TABULATION AND PRESENTATION:

When using an ar.angement similar to Fig. 4-1 or 442,, the
measurements are re:orded as c•ntlouous traces of the sinkag. of
the two points of the vehic!,,4 The distance between the two i2 .

ground contact points is knotm %o that the trim can be established
by deterur.ning the difference between the two sinkage readings and

computing trim by use of geometric relationshipa.

The sl•kage and trim can I! preseted as continuwjs tracem
as shown in Fig. 4-3 0- n•umerical results can be tabulated. Trv.
would thus be given In degrees wnd sinkage values would be givvi
in inches for the front, center, and rear of the vehicle.

I
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A" SINKAGE OF FRONT OF VEHICLE

B:SINKAGE OF REAR OF VEHICLE
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ANNEX 5: RESISTANCE W0 TOWING

1. 2OIrNesI.rCofhentONl te~n

Resistance to towting and resistance to propulsion a

conducting sf-olpronnoeautos ti omlpo
ce~dure to ireasure towing or propulsion resimtance an hard surfaces.
However, measurement of the resistance values in soft $oil can pro-
vide valuable insight into the behavior of a vehicle operating In
soft *oil, particularly if the vehicle has a suspension system
with poor self-cleaning characteristics. In many cases more reel-

F_ istic measurements of resistance can khe obtained with torque
measurements.

a. Reitneto Towin : Resistance to towing (sometimas
cal led roT irgresistance)is defined as the force-required to
tow the vehicle at a fixed, constant speed on a level surface.

b. Resistance to Propulsions Resistance to proptealsion is
defined ash TEforce required to propel the vehictot at a fixed.,
constant speed on a level surface.

III. PURPOSE:

Resistance to towing and propulsion are measured to permit
the establishment of the suspension and power train efficiency
as represented by the Isosgas due to friction, vibration of runnin~g
gear components, and Inertia of the rotating elepmets. Because of
_6e significant contributions of the inertia and vibratiat compoo.

I:nents, it is normal to conduct the resistance measurements over'
the complete operating speed range for the vwahicle bwing testeJ.

The force required to overcome losses Is a reliable Jindox-of
the efficiency of a vehicle suspension and drive system. Ex-
perience has show. that there is fio direct correlation between
soft soil performance and hard surface resistance to oi
However,, excessive losses in a suspension system produce iw



I

penalties so that the establishment of the suspension-drive train
efficiency is required for the complete evaluation of a vehirle.
Furthermore, resistance values deterTnined on hard surface provide
a basis for approximating components of motion resistance attri-
bu•ed to soft soil. These components include soil compaction and
suspension clogging. Resistance to propulsion values measured In
soft soil permit more flexibility in isolating these losses than
resistance to towing measurements. It is desirable that resist-
once measurements be taken in the soft soil in which drawbar pull
is measured.

IV. APPARATUS:

The equipment and instrumentation necessary for the im-asure-
ment of resistance to propulsion and towing consist of:

a. Resi.stance to Towing:

(1) Dyuamometer 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 equivalent apparatus for the measure-
ment of vehicle speed.

(3) Load cell or hydraulic dynamometer.

(4) Soil strength test liquipment when conducting soft-
soil tests. See Anner,. 2.

b. Resistance to Propulsion:

0() Torquemeters or strain-gaged final drive and axle
shafts.

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

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

V. PROCEDURE:

a. Data to be Recorded for Resistance to Towing:

(1) Towing force required.

2
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(2) Vebicle spee. j
(3) 8*il qaz~aaterlst ftr sof~.tS.1l tests CSW Am=s 2,

b. Data tobe Beeme o esct .t PLoodIsia

c. I Vd &uaea1sswtoir.

trac (2 e Sioon e orx drlaiving th1 selu torqwste MAGi

(2) Sollbrate tb ~bcl ttor sftcfft- pe4.d f la to"U "7"AXW
t C.a turd &nbI*&Z aessrwe t~zorl %Wim: tq~rt~

coetd~ rce ebce n 4~~ xaBr~m.(3) Pro I*u coauvstso toe test,, the tfim2 CzLIO ObOU bme

UehrIc;&U. of thedis Is 1at an pan erocssu) Ut absc fmsm phapa
lve iA lu be ian tod tymgoo.h ~i~els

(2)pe ba riite taherau vcA -:asfciu UAA1tU-10I
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VI. DATA ANALYSIS AND PRESEWATMIOIN,

The data are presented In the form of a curve relating {
resistance to towing or prcpulsion in pounds versus vehicle speed.
In the cede of hard surface tests, no particular analysis is neces-
sary b•,yond the comparison ef test results with the results of
previous tests of similar vehicles.

When analyzing the resuits of soft-soil tests, it fs neces-
sary to establish the effect of the soil on the towing, resistnae.
The contribution of total resistance due to soil apWroximatas the
difference between the towing force in soft soil and t0 hard swr-
face towing force. This same relation holds true for resistance
to propulsion.

- I i-
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1. INTRODUCTION: •-=

; Vehicle fuel-coAsumption rate informaiten can be used tot

judge the acceptaili|ty of a vehicle's off-toad perfortice;
detiroine whether or not: a vehicle meets specified consumption
r~ttas. -and provide the vehicle user w•ith date for computing fu~ei:

:• ~requirements for tactic~l operations . -

S11. DEFINITIONS:

Fuel cOnsumotion in this discussion wil l be expressed in
g*1l |oisthour. Yeasurements will| be computed at standard temper-•-'
ature and pr•easure conditions. :-_

III. PURPOSEt

The purpose of measuring vehicle fuel consuffption rate undler
' standard test ccnidttions is to establish vehicle fuel requirermt"ts

and vehicle range. I

IV. APFARATUS i =

The determinaiton of fuel quariluty used by a vehicle may be
accomplished by filling the fuel tank to a given level using a
ordinary metering gas pump or by measuring the enount of fuel
flowing to the engine during operation. If the metering pump is -
accurato to wi•thin oae ounce, the first method is reliable within

; one percent error when the consuimption rate is at l~east 10
el lobs/houra, and the time &-ration involved in the test is not ;

loss than 1/i hour. Most gasoline metering pumps are calibrinted
to measure fluid volume flow. 8%, knowing the temperature of the
gjsoline at the metering pump aad in t%- fuel tank, the corrected

vol•ine (at Standard Temperature and Pressure) and the weight can
be computed. Measuring the quantity or rate of fuel flowing to
an engine during operation can be accamplished by using a suitable i
burette arrangemenmt or a flow reter.

A burette arrangement generally has a limittd capacity but
prbvides the mut accurate determination of the quantity of fuel
usb:. The burette is arranged so that the instant the f~uel supply
from I vehicle is stopped, the engrine begins to draw fuel from
the bur%.tte. The weight or corrected liquid measure can bt cam-
puled from, the quantity of fuel used frca the burette. The fuel
cansumptioti r~te caw, be wmputad by knowing the time taken for the

measured fuei quantity to be• drawn from the burette,

71 -
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Several kinds pf f'lo meters are camrciolly available to
=masure fuel fi w to an engine. A flow meter thet wrlIl give securacy
withl.l !; 1% should be used.

Tin selection of a timing device will depend on the proposed
length of the test. For a test of less than f1ve minutes durotion,
an accurate step watch should be used. For tats @f Iangr duration,
an electric timer having an rrwp nc In excess of INV" I oas
MIUte is adequate.

V. -PROCEDUREj

(1) laka applicable electrical, fuel, .nd speed rvuletisn
edJustments co the engine tomet recommnded settiap,.-

(2) 'Use i burette or flow metar arrangemet for meas ring
the quantity of fue used.s

(3) Operate vhicle at the chse Idle tmi the

It engine reaches the proper oreting tw iture.

(4.) FNssure fuel used during a Simeinte time lvaied.

(C) omwte fuel conswottn reta fn 0llonwour. St-at

volume masurements at standard tieperature and pressure,

(6) Repeat Steops I Through 5 for a11l rqcoimned tI 5-.b. Paved Ley.! Road Tests:

Fuel consumpion rate of vehicles.carryingrated )*-A
under these conditions is an indication of mininmm•tnsiuti•n rate
or omisim economy. Tects are coý ttod as foV1lows

(1) Makc electrical, fuel, end speed regulation system
adjustments on the engine to achieve maximum economy.

"(2) A bur•tte or flIw moter can be vsd to M a .fuel
conswiption rate for thos tests.

(3) Operats vehicle sxmfl "Iengin r*ac&e proer.pws.
ting temeratues

a]
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(4) Mea8ssre fuel used md time r.equired totae vr
at Jest a two-W le level paved course.

()Esteb)ish the fuel consumption rate for at least
f c.ar spead in *&ch gear renge.

s~. Standard Course Tests:

The variatio~n in types of standard tiest courses olloir. only
a gtmerA' state-ment of recffLm*nded procedure. Test results should
Incluti a detailed description of the courses, such as profile.,
length, surface material, etc.

Old Make electrical, fuel, and speed regulation system
adjustments on tho engine to *achieve a rea'~onable trace-off point
between maximi. *ecoitowy and wwm=xn~ power.

(2) Oporsts vehicle until engine r~eches operating temper.
atur*.

(3) Fill fuel tank to pro-established level to permit
determination of fuel usage if flow-ma-zer is not used.

(4) -With vehicle carrying rat~&d load,, determine fuel
consumption rote by recording the time required to n"eý,i ata the
test course. Upon completion of operation on cour.se, refill the
fuel tank to i..iA original level and record the e&icunt of fuel used.

VV
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ANNEX 7: LOAD DISTRIBUTION AND GROUND PRESSURE

I. INTRODUCTION*:

Many of the equations which relate vehicle performance to
soil properties require load distributfon and ground pressure as
fundamental input data. In order to describe test results analyt-
ically, knowledge of actial loed distritJ.itlon or gound pressure
must be available or else -these data must be assumed. The meas-
urement of ground pressure is a difficullt process so that it may
be preferable to infer pressure frm sinkage. If the relation
betvween pressure and sinkage is known for a given soil, It is
possible to estimate the ground pressure. An analytical solutmor
based on a pressure :omputed by this procedure is of limited value
since it is based on a circular argument.

II, DEFINITIONS:

a. The term load distribution refers to the division of a
'vehicle's weight a the running gear elements (road whei.ls or
tires).

5. The average ground pressure is the unit load (lb./in. 2 )
along the soi I-running gear" interrace. The average ground pressure
is obtained by c'ividing the total vehicle weight by the ground con-
tact area of the traction eleme-nts.

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

d. The gpecific -round p.:essure is based on actual contact
Area measured on a urface.-

1!I. PURPOSE:

8. In ev luatng vehicle suspt:-sion systet-, or predicting
soft soil mobility characteristics, it is necessary to determine
the static load distribution and the ground pressure. The load
di-tribution influences the life of suspension orn' running gear
parts and can serve as a general guide for the eva~uation of a
suspension. The affect of loed distribution ca' ba considere.i
primarily from a negative viewpoint, that is, an excessiva in.-
balance in weight distribution can produce a signifizant adverse
effect.

b. Ground pressure and 1-ad distribution are fundamental
to the analytical evaluation of off-road wobility characteristics.
The groud pressure distribution must be !mown In order to properly

S4
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copute the tractive effort that a vehicle can develop. In
addItion, the sinkage of a vehicle is directly related to the
grw.nd pressure. Since motion resistance is proportional to sink-
age, the necessity. fer the measurement of blth load distribution
and ground pressure is apparent. It should be pointed out, how-
ever, that the measurement of both load distribution and ground
pressure may be too difficult to be justifiable on the basis of
the value of the data for most routine tests. I? the performance
of a vehicle differs significantlv from predictions and expecta-
tionsj, the measurement of load distribution and ground pressure
wfil produce data on which an explanation can be based.

IV. .APPARATUS2

-1o niweure the load distribution of a wheeled vehicle,
platform scales can be used. Small, portable scales are avail-
able on the coninercial market wh;ch are specificslly designed for
the measurement of wheel loadz. Tnese devices are rugged and
accurat6.

The mfeasureimient of the load distribution of a tracked vehi-
cle Is considerably more difficult than for a wheeled vcbicle be-
cause of an absence of standard measuring apparatus. if one
assumed that the track does not upset the load distribution,
significantly, it is possible to remove the track and treat the
vehicle as if it were a wheeled vehicle. Experience has demon-
strated, however, th•t for the accuracy required, the load distri-
bution car be obtained with the tracks installed.

The measurement of ground pressure Is not a direct measure-
ment. The normal procedure is to measure contact area. Ground
pressure is then obtained from the contact area and load distri-
bution. Therefore, equipment used for the establishment of ground
pressure actually measures contact area. On hard surfaces, the
contact area is measured by means of an impression of the tire or
track print. The iapression can be obtained by covering a s-ction
of tCý- tire or track with ink, or paint, and loweeing the vehiclt
onto a sho'et of paper placed on the hard level surface. The im-
pression that is left on the paper can be measured by any conven-
ient method to obtain the contact area.

The n•asurement of contact area in soft soil requires the
use of plaster of Paris or any similar material to obtain an im-
pression of the contact surface left 4n the soil. It is neces-
sary that tie, soil have coherive properties in order to use this
technique.

2
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V. PROCEDURE:

The load distributlnn of wheeled vchiclas or tracked vehitles
with the track removed can be determined by woons of platform scalts.
In order to obtain a correct reading, a separate.scale should be
used for, each wheel.

To obtain a precise wteasurement'cf load distribution withbut
removing the-track on a tracked vehicle requires the constructloo
of specialized apparatus. However, experience has shown that re.
producible readings cannot be obtained by means of viy masuref•int
system so far developed because of inherent vehicle che•taterittict.
It is, therefore, suggested that adequate accuracy can be-bbtalned
by drivtng the vehicle onto a pl.tform scale in %uch a way thot the
load for each wheel can be determined.

There is no standard procedure for the measurement of grimd
pressure under a trick or a wheel. The measurenbnt of the phessire
distribution along the contact length of a wheel in so diffibult
that It can only be considared as a laboratory procedure. to
establish the ground pressure of a vehicle, the ground contmct or"
is measured and the average pressure es•-blxhed by dtddtng' th(-"
wheel or track load. by -the contact area

In order to measure tire consi&ct area, one of. two procedure.
have been u~ed dependiig on whether the measurement was Mde On a
soft or hard surface. On hard surfaces -he follrwing procedfit s to,
followed. The wheel or tack is re•wed from the surfaCe byimans
of a Jack or hoist. The contact surface is coated w1th ink Oi p•int,
Paper is placed on the hard surface &nO The vehicle lowereed oto the
paper. The vehicle is lifted and the paper removed. The 4oat.ct
area can be measured by means of a planim~etr or any stadari tjiwe2"
imation techniques for the measurement of irregular area.

To measure the contact area of a wheel in soft soil, a succe"S.
ful procedure has been developed using plaster of Paris to pae A
cast of the footprint. In order to use this procedure, ho"ver, It
is necessary to lwer the vehicle orto the soil and then llft the
vehicle off of the soil. The indtntmtiorj in the soil is thu. filled
wUt• plaster of Paris and the harden W cast masured to establish
the contact area. In order to use th'v technique, it is necesiary
that the soil have adequate cohesion to *pr.vent the soil fotr flow.
I ng af tei thi* wheelI has beien_ removed' from. tkk~i. J f~j-

Because of the larpe area involved with ,ost tracked voeh•le*n-
it is possible to establish the contact area ,ny simply mtiisui" ni
the track "footprint".

I ~ '"



S - The nominal ground pressure is novmally used intstead of the

actual ground pressure. Nominal ground pressure can be calzulated

;undev tracked vehicle by assuming a track length equal to the

distance between the centers of the front and rear road wheels.

The ri•onol ground pressure for tires can be estimated by

dividing the load by 0,7 x R x b, where b is the section width and

R is the radius of the undeflkcted tire. (Reforence: Pro iect

YIheeltrack 1. A Joint Comparative Mobility Evaluation, Vol. I,
Annex A. Vehicle Mobility Characteristics, ATAC, Dst-rait, Michigan,

?• and U. S. Rubber Tire Company, letter dated 21.February 1963).
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ANNEX 8: oE•rERMINATION OF LMAD LOCOMOTION SOML VALUES

1. I•.TRODUCTION:

Land Locoffotion Soil Values are a necessary documentation of
vehicle test conditions. Equations describing vehicle mobil'ty
ire based an soil reactions to loaded wheels or tracks mving over
the soil. ThN. soil values defirn the vertical and horizontal)
stress-strain relations of soil and establish the relationships
between soil reaction and load. If the sofl values are know., the
performance of any vehicle or concept may ba evaluated so that the
source of differences in performance between vchicles ca be identi-
fled. I

II. DEFINITION:

The Land Locomotion Soil Values are obtained from two separate
tests. a vertical load-sinkage test and a horizontal *hear stress-
deformation test. The three paraemters obtained from the first
test, are identified as the moduli of sinkage, kr and kd, and the
exponent of sinka e, n. The parameters cohesion, c, anjle of in-
ternal friction, X, and the tangent modulus of deforsation, K, are
obtained from the shear test.

III. PRPOSE:

The Land Locomotion Sol] Values are usid for:

a. Documenting soil properties during vehicle tests.

b. haking analytical evaluations of vehicles and vehicle
concept performance in selected soil conditions.

c. Providing vehicle design engineers with input data
for designing off-road vehicl--s with a predetermined level of per-
formance.

IV. THEORETICAL BACKGROLNO:

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

p . .%z . . . . . . . I.
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wh~re' p = the pressure on a footing (psi)

z = the sinkage of the footing (inches)

b = the width of the footing (inches)

kc, kj = sinkage moduli

Sn = sinkage exponent

The horizontal thear stress-deformation relation produced by
a horizontal deformation of soil can be described by a modif-.cation
of Coulomb's equation. An expression describing the relation be-
tween sheer stress and deformation is:

s (c + tan )(l - e ). ........... 2.

wheres s shear stress (psi)

p normal pressure (psij

j soil particle deformation (inches)

c cohes;on (psi)

$ =�angle of internal friction (degrees)

X tangent modulus I/in.

V. APPARATUS AND PROCEDURES:

a. Load-Sinkage EquiZpent:

A schematic of 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 helpot,
,u load cell or transducer, two sinkage footings, aind an X-Y Plotter,
Any deviwe'which permits the recording of the lnad-sinlage relation
is adequate but experience 'has shown that the equipment described
produces the most reliablu test results.

The load-sinkage device should have the following capabilities;

(1) The loading device, i.e., the hydraulic cylinder,
should be capable of a minimum of 35 psi footing pressure, .

2
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sinkage rate of 60 in./min., and a total travel of 18 inches.

(2) The sinkage inwasuring potentiometer should have
m minimum travel of 18 inches a&d an accuracy of t 2%.

(3) The load cell should measure the load with an
accuracy of i 2%.1

The load-sinkoge curves are obtained by using the hydraulic
cy;'ndar to force a footing into the soil. The load and sinkage
are Antinuously measured and recorded on the X-Y plotter.

b. Load-Sinkaqe Tst fProcedures The load-=ikopt•st

should be conducted as follows:

.() By means of trial sinkage tests, select e cir-
cular footing which will sink at least 4 inches %:he, loaded tb
35 psi. If the trial tests indicate that the minimum plate size
(2-inch diameter) is required to achieve this roiult, discontinue
the test. If the soil is so strong that the minima plate is re-
quired, the sinkage test has little significance.

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

(3) Lower the sinkage footing ^- the soil lwfvl.
The footing must be in full contact with the soil before soil
deformation is started. When an uneven contour is present, t• e
soil must be stoothed with care taken to avoid comoaction whbih
would affect the soil strength.

(4) Apply the lead and recoi d load 'and sin-N94 on
the X-Y plotter. The maximum load shall be limited to thbt which
results in 35 psi footing pressure or 12 inches of sinket vdwich-I• ever occurs first.

(5) Retract the cylinder, lifting te footing clear

of the soil, and move a dstamce *f at least five times the foot-
ing diamoter and repeat Steps I through 4.

(6) Stips I through 5 must be repeeted using two
footings with a minimum size 4ifference of I inch diameter for
footings less than seven inches in diaat_" end i n Inimum of two
inches for footings greater than seven tnches in diameter.

Ijt
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c. Load-Sinkage Oata Reduction:

Typical data, as recorded in the field on an X-Y Plotter
are shown in Fig. 8-1. The soil perameters k, lkc, and n can be
obtained as follows: C

(1) Plot the pressure (p) and sinkage (zW data for the
footings on logarithmic paper, Fig. 8.2.

(2) Draw parallel straight lines through the data points
of sinkage to inches and greater.

(3) The sinkage exponent In' is the slope of this line.

(4) Extend tht straight lines until they intercept the
one-inch sinkage line denoted as a] and a2 as shown in Figsc 8-2. i•
a, and a2 are identical with the respective quantities of C +

k•" Equation (1) can be written: I k'
, bla 2  k b

bi 2

where b1 and 52 are the radif of the sinkage footings and kc, and
"Iq the sinkage -.,u.uli. ?

By solving Eq,.ation 3 simultaneously, the unknown ký and kc
values can be determitied as follows:

112b2  &bh)

(81 - 42) I2 b1
kcb2) - bi

In case e ;triiihz tire cannot be drawn throt:gb the data
after they have been plotted on logarithmic p.per, then the
straight lirt,- should be drawn through the data that are in the
sam range of ground pressures as the ,ehicle under consideration.
This method will then reflect the proper soil strength for that
vehicle.

#4
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In a mesasurement type tests such as draibar pull, the loco-
tion of the !oad-sinka!t tests should be as close as poosibl, to
the vehicle test lone to inspire that the reasured s*il strwnyth
is representative of the coIl in which the test Is condu.•id. j

When 3 large area, rather than a single test Ian*e Is ta:be
classified, a sufficiently large nuwber of masurements msst ba
taken to produce a 'stable' standard deviation. A .stabilo- c-"
dard deviation is taken as the standard deviation asson (et 2t'
a sample size such that a plot of the standard devietim varnso
san~ple size approaches a constant value, An alternate approach to
the treatment of data for an area is to record all mmaiur~ ts
for a ýiven plate size in one plot. When a definite trend of values
is identifiable, an average line can be drawn and this iivra-t"lsn
as the'me&n value' for the plate.

d. Shtar Test Equiwntnts

A typical shear test device ts shown schetic*¢Vy
in Fig. 8-3 and consists of a power source, a trantAiission, a'
shear head shaft, a shear head, a normal load applicatar, and
associ•ted instrumentation.

The shear device should have the fol)ow.n; :Z,,bilities and
features:

(1) The Fper source-transmission combinatfmion shwl-
rotate the shear head at approximately 10 rpm,

(2) The shear head shaft must hae" compltte freedom
of motion in the vertical direction at all times.

(3) The cylindrical mount should be shaped to mint-
wize soil contact with the mount when sinkage is encountered Ur-
ing a test.

(4) The normal loading systm should maintain 4a-
constant load throughout the test.

(5) The inside dfa., ter of the shear e-nulus shi•ud
be a minimum of 5 inches. An annulsir rd g with dfitnsions of"In-.
side diameter of. 5.25 inches, outade diemter of 7.30 inches-"and
area of 20 square inches, is suitable for shear tests in mst. soils.

The shear head is capriset; of a cylindrical shaped iaunm t an4
an annular ring, Fig. 844. The annular ring is groutered to
assure soil-on-soil failure strength. Vhen adhtsion betwn rub• sr
an ste-1 and sol Iis to be measured, the face of ;he ring is covered

th the rubber or no grousers are used.

*1 5 At



Insti'umsntation needed for a shear test consists of:

(1) A system to provide a measu.' of the horizontal
shear stress beneath the annular i*Ng.

(2) A systwr !t provide a measure of the horizontal

d faw#5W*I' Ow ý%nrular ring.

(3) A recording device.

A torque sensing element is used to obtain a signal whiOh is
proportional to the shear stress. An angular position sensing
element is used to obtain 6 signal which is proportioncl to the soil
daformation. At X-" plotter ;s normally used to record the two
sigirels.

e. Shear-Deformation Test Procedure:

Shear tests are conducted to record horizontal stress-
deformation relationships. Determination of c, ý and K requires a
number of shear tests, each with different normal loads. The normal
loads should produce pressures over a minir~tm range of 0 to 10
psi but should include expected vehicular ground pressures. All the
tests ore conducted in the saie manner except for the magnitude of
the normal load. The'sequence of steps of a tes, is as followsi

(I) Remove the surface vegetation directly below the

annular ring.

(2) Remove any foreign material from the annular ring.

(3) Apply the desired normal load.

(L4) Adjust recording instr"o--nt.

(5) Rotate the thear heAd until the shear stress
reaches a constant value or until a constant rate of increase in
shear head sinkage occurs. This constant value is definsd as the
ultimate shear striss.

(6) Move to a new site which is at least three out-
side anr-lar.diameters removed and repeat Steps I through 5 with a
Aifftrent normal load. The procedure should be repeated to obtain

a set of shfiar readings consisting of four different normal loads.
A (t4ni•um of three sets of shear readings should be taken.

4)I k
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f. Shear-Deformtion Date Reduction:

When a shear strass-deformation curve 3hbov a deft.
nite leveling trend, ultimate thear stress is defined as shovi in.

Fig. •-5. However, under some soil conditions, the shear stre•u-
defor-nation curve does not level off, but eventual ly reachim. a'

constant rate of Increaso. In the letter case, t" shear streosat one-half a revolution of the shear head Is arbitrarily dcfifndI
as the ultimate shear stress.

To compute c and %, plot the ultimate shear stress as a

function of normal pressure as shown in Fig. 8-6. Draw the Lest
straight line through the array of points. The intersection tof
the line and shear strest axis is the cohesion c, and the slopii
of the line is the tangent of the angle f.

- i The tangent modulus of deforiwtion N. Is defined *a the

abscissa of a point determined by the irnterseo-tfon of a line
t rawn through the origin and tangent to the beginning of the sheer
stress-deformation curve, and & line drawn tangent to the stra iht
portion 3f the end of the shear stress-d&formation curve, Fig. 8-;.

-he parameter K can be determined from a shew- stress- "
deformation curve that levels off or from one that reaches a con-
stant rate of increase. The dimension of K is inches.

To determine representative soil valuez of an area, the
ntbzer of sanples should be established by using the 'stable'
standard deviation method. This is recommended since It is diffif-
cult to obtain a large number of rmpetitions of the shear tot.

When excessive sinkage o tht shear Ibad oacurA, --j sidts

of the cylindrical mount often come In contact vittf ' 'oi.,
3 The soit in contact with the cylindrical mount incrotais the

rotationa :-esistance encountered bh tha shear head, and an era.
roneous value of the ultimate shoar stress is obtained.

AssmJring the rotational resistalce encountered bythe
cylindrical mount in contaet with the soil increases linearly
with increasing sinkage, a correction foctor can be determined-
and applied to the e.tqrimental results. The *orrection fector
is determined in the !ollowing monner,

(1) Oetermit).v the ultimate shear stress Sal at the
soil surface. This can be k\,complfshed by usinyj a very mall•I

normal load which will give 4w pressure.

so~ srfac. Ths ca oe--compun-uby U2n§
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(2) After completing a shear test in which the shear
head has sunk to a depth of approximately one-half the height of
the cylindrical mount, reduce the normal load tc the magnitude
used in Step 1, but do not dis4 rb the position of the shear head.
Determine the indicated shee - ,e3s Ss 2 at this position with the
reoiccd normal -load.

(3) Thd data frofn Steps I and 2 are then plotted as
in Fig. 8-7.

SI

SL

"biL

I I4JL sl

z z2
Shear Head Sinkage

Fig. 8-7

The sinkage, z2 , is that which occurred in Step 2. The
change in shear stress between a rminimum load at the soil surface,
Step 1, and a minimum load at sinkage z 2 , Step 2, is designated

Ss. 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 z2 irches the measured shear
stress should be reduced by the amount in Fig. 8-7 correspondirg
to the measured sinkage. For example, suppose the shear head
sinkage was equal to z inches. Then the corresponding shear stress
Ss2 psi should be subtracted from the measured value to get thecorrected shear stress.

8

>-j-

- ,- " 'U



}S

HELIPOT

HYDRAULIC
CYLINDER ___

w2

w sinkage
curves

LOAD CELL P

SOIL LEVEL

FIGURE '8.1.

Schematic of Equipment Required to Obtain a Load-Sinkago RelationI



Il

- -i-k-g- ininches.

02 8

OII'

o= ''



NORMAL LOAD 'DEFORMATION

APPLICATOR - I TRANSDUCER

TRANSMISSION

POWER SOURCE

DEFOMATIONj

X-Y PLOTTER
SHEAR STRESS

TRANSDUCER

SHEAR HEA •//f ' ANNU LAR RING

SOIL SURFACE

I I

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

;+I



B " "EX *.

n 4,

iC

H0

-N
n~ ~-

m y ~~-

-- s -



ANNEX 8.

SHEAR low,STRESS

TANGENTIAL
LINES ULTIMATE

"SHEAR STRESS

DEFORMATION

FIG. 8-5. ULTIMATE SHEAR STRESS AND K

-!

SHEAR
STRESS

NORMAL PRESSURE

FIG. 8-6. DETERMINATION OF C AND



9-I

ANNEX 9: DETERMINATION OF WES SOIL PARAMETERS

I. INTRODUCTION:

The WES soil trafficability prediction method is based on the
strength that a soil will develop under traffic. The method In-
cludes a determination of the effects of soil on a go - no go basis
for 50-pass traffic for fine-grained soil and I-pass traffic for
ccarse-grained soil, and in terms of drawbar-pull a-rd s)ope-climb-
Ing ability. The soil parameter has also been used to develop a
soil classification scheme and a mapping scheme for sc:l traffic-
ability purposes. The equipment used to measure .o;i strength and
the techniques for evaluating soil trafficgbility are discussed
briefty in this Annex. Detailed descriptions thereof are contained
in Department of the Army Technical Bulletin ENG 37, Soil Traffic-
obilit , U. S. Government Printing Office, Washington,7U 7 yUTY
1959; and WES Technical Memorandum No. 3-240, 14th Supplement,
"OTrafficability of Soils, A Sunmmary of Trafficability Studies
Through 1955", Vicksburg, Mississippi, December, 1956.

11. DEFIN!TIONS:

Terms used in connection with WES soil trafficability studies
are as followst

a. Soil terms:

(I) Fine-grained soil: A soil of which more than 50 per
cent c-f the grains, by weight, will pass a Ho. 200 sieve (smaller
than 0.074 mm in diameter).

(2) Fines: Grain sizes that will pass the No. 200 sieve
(smal ler than 0710M mm in diameter).

(3) Coarsszia~ined soil: A soil of which more than 50

percent of the grains, by weight, will be retained on a No. 200
sieve (larger than 0.074 mm in diamoter).

(4) Sand: A coarse-graired soil with the greater per-
centage of the coarse fraction (larger than 0.074 mm) passing the
No. 4 sieve (Lt.76 rmr).

(5) Sand with Fines,, poorly drnned: A sand that co-.taint
some fines and-is slow-draining when wet. Such sands behave simi-
larly to wet, fine-grained soils under , hicuiar traffic.

(6) Liquid limit: The liquid lir-it Is generally zoi-
ceded to represer.,^ the n)istu.7e content at whi.ch the characte,-istics
of a miý.ture of s-;1 i•nd water change from plastic to liquil.



(7) Plastic limit: The plastic limit is generaily con-
ceded to represent the moisture content at which & mixture of SIIl
and water begins to take on plastic properties (i.e., undergoes ap-
preciable deformation with little change in volume).

(8) Plasticity index: The numerical difference between
the liquid and plastic limits. The numerical value of the plasti-
city index is generally a good indication of the plasticity or
clayeyness of a soil; highly plastic clays generally have high
plasticity indexes, less plastic clays have lower plasticity indexes.

(9) Moisture content: The ratio, expressed as a percin-
tage, of the weight of water in the soil to the weight of the solid
particles.

(10) Density: The unit weight 4n pounds per cubic -toot,
Unless specifically stated otherwise, the density is the dry unit I
weight.

b. Trafficability terms:

(1) Bearing capacity: The ability of a soil to support
a vehicle without undue settlement.

(2) Traction capacity: The ability of a soil to provide
sufficient resistance between the soil aid the tread or track of
the vehicle to furnish the necessary for-.ard thrust.

(3) Critical layerS The layer of soil that Is regarded
as being most pertinent to establishing a relatijn between soil
strength and vehicle performence. For freely draining or clean
sands, this is usually the 0- to 6- in. layer. In fine-grained
soils and in sands with fines, poorly drained, it is usually the
6- to 12- in. layer. However, the critical layer may vary with
weight of vehicle and sni- strength profile.

c. Strengqth terms:

(1) Cone Index (CI): An index of tie shearing resistance
of soil obtained with the cone penetrowneter. The cone index is
considered to be a dimensionless number representing the resistance
of a medium to p-netration 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 farce exerted on the
handle divided by the area of the cone bast.e in square inches.

Lid



(2) Remolding Index (RI): A ratio that expresses the
change in strewigth of a fine-gralned soil or a sand with fines,
poorly drained, that may occur under traffic of a vehicle. (The
procedures used to obtafn this value are described in paragraphs
8 and 9.)

(3) Ratins Cone Index (RCIls The product of the measured
cone index and remolding inadex for the same layer of soil. This
Index Is valid only for fire-grained soils and for sands with fines,
poorly drained.

d. Vehicle terms:

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

(2) Immobilization: For self-propelled vehicles, failure
to complete a substantial number of passes (50) across a test course.
For ".railers, sinkage te the extent that the axle or under carriage
drags prior to completing a substantial number of passes (25).

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

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

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

(6) Mobility Index: A dimensionless number which results
from a consideration of certain v'.hicle characteristics.'

III. PURPOSE:

The WES indices (VCI and RCI) permit evaluating vehicle per-
formrice in terms of minimum soil strength required to permit a
vehicle to successfully complete a prescribed number of pzsses on
level soil, drawbar-pull, end slope-climbing ability.

TV. EQUIPMENT ANID TEST PROCEDURES:

A description of the equipment used to obtain soil strength
measurements is given In the following paragraphs:

a. Cone Penetrometer:

(1) Equipments This is a field instrument (Fig. 9-1)

-- f
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cortsistln2 mf a 36 In. long shaft with a 30-degree co.ne of 1/2
sq. in. base area mounted on one end and a proving ring wi.th dial
gage and handle mounted on the other end. The force r*quir.d to
move the cone at a constant -ate through a plane of a given mterlal
is indicated on the dial inside the prov•ing ring. This force is
considered to be an index of the shea. 'ng resistance of the pone-
trated materia! and is called the cone index of the iaterial in
that plane. A capacity l~ad of 150 lb. deflects the ring 0.1 in.
and gives a cone index reading of 300.

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

(a) Zero the dial indicator while the instriament is
suspended by its handie.

(b) Place the cone point on the grourJ surface and
position with hands on the handle as showm in Figs. 9-2a and 9-2b.

(c) Apply force on the handle until a steady don-
ward m~ovement of 6 ft./min. is achieved. The Instrument should
be vertical at all times.

(d) Take the first reading at the surface when the
base of the cone is flush with the ground surface and at 3 in.
vertical increments to a depth of 18 in., and then at 6 in. verti-
cal increments to a depth of 30 in., when possible. When the soil
strength exceeds the capacity of the instrument or the maiwlmm
reading which an instrument operator can obtain, a plus sign is
indicated by each reading.

(3) Data Reduction: An exaeple of a convenient field
data sheet is shown In Fig. 9-3. At each site a famber of readings
are required to obtain a meaningful average strength value. At
least 10 sets of CI measurements are required to characterize a
smal I area properly. In averaging CI a plus sion is placed after
the average value if one or more readings fe-%ceed the Me~iMMa of the
Instrument operator or the instrument itself. After averages have
been determined for the individual depths measured, averages are
determined for the critical layer using al the readings taken
within that layer. Fzx example, the 6-, 9-, and 12-in. readfings
are used to obtain an average for the 6- to 12- in. depth.

b. Remolding Tests: The equipment wnd p cicedures used to
perform a remolding test are described in the 'ollowiriq paregraphis

L4: (1) Equipet: The following ecq.Apment is required to
perform this test:



I

(a) A piston-type urampler (Fig. 9-4) for use in
securing soft soil samples. The design of the sampler is such
that constant-volume samples can be taken; a constant can be used
to obtain density of samples quickly.

(b) Remolding cylinder of the same I.D. as the soil
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 lb. drop hamer which travels 12 in.
on an 18 in. sectien of a cone penetrometer shaft fitted with a
circular foot on one end ana a handle on the other end.

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

(a) Set the soil sampler in a vertical position, un-
lock the piston rod by turning the knurled hand counterclocki-.se
(Fig. 9-5a). Place one hand on 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 remc-,e the sampler from the
soil.

(b) Urnlock the piston rod and carefully extrude the
soil sample from the sampler into the remolding cylinder mounted
on the base by pushing downward on the disk handle (Fiq. 9-5b).
The sample 4n the remolding tube is pushed to the bottom with the
drop harmer.

(c) Measure cone indices of the soil in the tube at
the surface of the soil and at I in. vertical increments to a depth
of 4 in. (Fig. 9-5c). If at least three readings cannot be obtained
with the 1/2 so. 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 gre'.ned, pla,:e the foot cf.the drop harmer on the soil in the
tube and dilow the harmer to "free fall" from a height of 12 in. a
hundred times (Fig. 9-5d). Remeasure CI a. 'bove. if the soil is
coarse grained with fines, the sample is remolded by bouncing on
firm ground the remolding cyclinder and base with the sample inside
25 times from a height of 6 in. Remeasure the cone indices as
above. Care must be exercised in remolding coarse-grained soils
with fines to ensure that water is not excreted from the remolding
cylinder during the remolding process. This can be accomplished

- - 44-
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by placing a small (about I in. high) clay plug an te bottom of
the remolding tube after the reolding tube Nas beer loaded with
a test specimen and inserting a rubber stopper in the top of the
tube prior to bouncing the tube.

(d) Remolding index (RI) tests are measured for at
least the critical layer, which for most military veOicles is the 6-
to 12 in. depth. Sampling points are selectee by ex'anining the
cone index data. The portion of the test site thae. has the lowest
cone index prof!ile is selected fro remolding test. If moisture con-
tent and density sample3 are taken, they should be taken within
clota proximity (about I ft.) of the remolding %a&ling point. If
the next 6 in. layer of soil Is weaker than the layer considered
to be criti:al, remolding index 1z also measured for the subsequent
6 in. soil layer. RI measurements aru mnde only in fine-grained
soils or in poorly drained wet sands containing somw fines. It is
rfot necessary lo measure RI in clean sends such as those norzlly
found in deserts and beaches.

(3) Data Reduction:

(a) The field data form shown in Fig. 9-3 is con-
venient for recording. and tabulating data. The PI is determined
by dividing the sum of the five CI readings taken 6fter remolding
by the sum of the five readings taken before remoldng. A C1 value
of 300 or the maxinmn reading indicated on the cone -enrmter m-•
dial is a"signed to eaeh layer that cannot be penetrated. If two
or more CI readings cannot We obtained in the soil placed in the
remolding cylinder, an RI value of 1.00+ is assigned to that soil
layer and indicated as the average RI.

"(b) For each RI determination, at least two tests
are run on soil samples taken from an area that does not exceed
about I sq. ft. If the difference in RI values obtained In the
first two tests exceeds 0.12, an additional test is run. If the
value of the third test is within 0.12 range of either of the two
previous tests. these two tests ire used to determine an average
RI, otherwise, all three tests are used to obtain an average RI.

V. USE OF SOI- STRENGTH MEASUREPNTS FOR TRAFRCAILITY P o.WPESt

a. Fine-grained soils and sands with fines". oorly drainedl

(1) In fine-grained soils and in sands with fines, poor-
ly drained, CI ane RI measuremnts are necessary to define soil
trafficability. The CI provides an index of tim in-situ or uw-
disturbed shear strength of the soil prior to vehivilar traffic.

S\ __



F

II

It. by Itself, Is inaclequate for predicting the soil strength
during or after repeated traffic by a vehicle because repetitive
traffic Invariably remolds the soil, thus altering its strength.
The probably effect of vehicular traffic on soil strength is ob-
tained from the RI, which Indicates the direction and magnitude
of the strength change that can be anticipated under vehicular
traffic. An RI less than 1.00 denotes a strength loss as a re-
sult of remolding; and an RI greater than 1.00 indicates a gain
in strength. For example, a wet silt may retain only 25 percenit
of its undisturbed strength once it Is subjected to repetitive
vehicular traffic.

(2) The trafficability of fine-grained soIls and sands
with fines, poorly drained, is therefore defined in terms of a
value called the rating cone index ýRX) which is the product of
the CI and the RI for the same soil layer. In general, the soil
layer between the 6- and 12 in. depths is critical for most
military vehicles operating in such soilsý "lowever, the depth of
the critical layer varie3 with the streigth profile of the soil
and t',e 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-
ments alone are adequate to quantify trafficability. Usually,
clean 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 critical, and subsequent passes are mode with less diffi-
culty. For these reasons, the soil layer between the surface and
the 6 in. depth is considered the critical layer for most military
vehicles.

VI. EVALtATION OF SOIL TRAFFICABILITY:

a. Fine-grained Soils and Sands with Fines, Poorly Drained:

(1) The ability of a given vehicle to complete 40 to

50 passes traveling in a straight-line path over a level area or
to execute severe maneuvers in fine-grainad soils or sands with
fines, poorly drained, is assured If the RCI of the soil In the
critical I yer in that area Is equal to or greater than the vehi-

cle cone index (VCI) assigned to that vehicle. In general, an
RCI equal to 75 percent of the VCI indicates sufficient soil

II
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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 Is greater than
the VCI of a given vehicle, the additional traction resulting
from the excess soil strength can be used to accelerate the vehi-
cle, negot.ate slopes, or tow a load.

(2) The VCI's for most military vehicles are tabulated
In several publications (See references cited in paragroph 1).
The referenced publications also contain formulas for computing
mobility Indexes and means of relating than to VCI's, and the re-
lation of drawbar-pull, slope, and towing force to soil strength.
Military vehicles also have been placed in categories on the bas4 %
of the VCI requirements to aid in classifying vehicle performance,
as shown in the following tabulation. Each category shown identi-
fies the minimum soil strength required for operations of the
vehicles in that category.

Category VCI Range Standard Military Vehicles

1 20-29 M29 Weasel, M76 Otter, and Canadian
Snow-Mobile are the only known military
vehicles in this category.

2 30-49 Engineer and hi-3peed tractors with
comparatively wide tracks and low con-
tact pressures.

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

4 60-69 Most medium tanks, tractors with high
contact pressures, and all-wheel -drive
trucks and trailed vehicles with low
contact pressures.

5 70-79 Most all-wheel-drive trucks, a great
number of trailed vehicles, and heavy
tanks.

6 80-89 A great number of al 1-wheel-drive and
rear-wheel drive trucks, and trailed
vehicles Intended primarily for highway
ue.
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C&!!Ecy VCI Range Standard Military Vehicles
7 100 or Rear-wheel-drive vehicles and otferz

greater that generally are not expected to
opera:e cff-roads, especially in wet
solls.

(3) The range of RCI of maximum interest from t.he
trafficability standpoint is from about 15 to 100. Only a few
lightweight, tracked military vehicles, such as the Weasel and
the Otter, and special-purpose, tracked commercial vehicles can
negotiate areas for which the RCI for the critical layer is at
low as 20 to 25. Likewise, only a few special vehicles with high-I
grourid-contact pressures require soil strength greater than 100
RCI to permit "going". These limits usually rake it possible to
classify large land areas as being above or below the critical
range for a given citegory of vehicles.

(4) The probable vehicle perfornmce in terms of slope-
climbing ability or drawbar-pull that can be expected when the
soil strength requirements exceed the minimum required for a given
vehicle can be obtained from a relation of these performance para-
meters, vehicle characteristics, and excess soil strength expressed
as RCI. Force required to tow vehicles also can be related to RCI
and veicle characteristics (Figs. 9-6 and 9-7). These relations,
along with soil strength ('Ci) and minimum soil strength required
(VCI), can be used to determine the load which a prime mcver can
successfully tow.

b. Coarse-Grained Soils:

Studies being conducted on clean sands have not yet pro-
gressed to the point of quintifying trafficability. Results thus
far indicate that tracked vehicles usually experience little or
no difficulty in traversing level clean sand areas. The effect
of soil strength on vehicle performance (in terms of drawbar-pull
and slope-climbing ability) of a given tracked vehicle is small;
however, a significant difference in performance exists among
vehicles having different types of track :vstems (Fig. 9-8). A
wide range in wheeled-vehicle performance oc..urs as a result of
chAnges In tire pressure, number of tires, and tire size. Exam-
ples of the effect of tire pressure and tire size on vehicle per-
formance are given in Figs. 9-9 and 9-10, respectively.

N?'
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VII. DATA REQUIREMENTS FOR SOIL CLASSIFICATION PURPOSES:

In addition to the soil strength measuremnts, site data and
additional soil data Are required for the establishment of a muit-
ingful soil classification scheme for soil trofficability purposes.
These requirewnnts ore discussed In the following paragraphst

i, Site Description Data:

Information ct location of test site, topcgrophic position,,
slope, land use, vegetation, depth of surface water, and depth to
water table is required. Those items that require clarification
are discussed in the follewing paragraphs.

(1) Topographic Position:

A topograpoic classification consisting of 13 cate-
gories is used to identify the topographic position of eah site.
These categories aret upland flat (UP); upper slope (U);t
middle slope (WS); lower slope (LS); terrace (T); terrace slope
(TS); bottomland flat (BF); bottomland depression (B0); natural
levee (NL); stream, bottom (SB); tidal flat (TF); drainage ditch
(00); and beach (B). In addiiion, sites that are surroutded by
dikes to retain surface water for rice-field irrigation are idi#iti-
fled as paddy (P). All of the above-listed categories except TF,
DD, P, and 8 are illustrated in Fig. 9-11.

(2) Slope"

Slope Is measured to the nerest percent with a suit-
able instrument.

(3) Vegetation:

Vegetation observations are recorded in terms of
general classes such as grass, brush, and trees, supplemnted with
height and density information where trees are encountered. In-
formation as to the size at breast height and spacing are recorded.
For cultivated areas, the type of crop Is Indicated.

(4) Surface and Groundwater:

The depth of surface water at a test site and the
depth to the water table as Indicated by sample holes are observed
and recorded.

c. Soil Data:

So'il data collected to define cheracteristics pertf-fet-
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to trafficability studies should include soil depth, organic-
matter content, soil classification, moisture content, density,
and specific gravity. Representative bulk soil samples are taken
from the 0- to 6- in. and 6- to 12- in. layers, and occasionally
from the 12- to 18- in. flyer, for laboratory deter-minat.on of
organic content, grain-size distribution, Atterberg limits, and
specIfic gravity.

d. Organic-Matter Content:

Organic-aatter content is determnl( by means of a
Snodified Walkley rapfd-dichromate oxidation' , and the values

are ex-rea--ed as percentages by weight. When the organic-matter
content Is determined to be more than 5 percerst by the Walkley
method, the loss-on-ignition method is used, following modified
procedures of the Association of Official Agricultural Chemists. 2

e. Grain •ize, Atterberg Limits, and Swecific Gravity:

Sta~dard U. S. Army Corps .of Engti-eers Laboratory pro-
cedures are used In determining these soil properties, except
that the liquid limit of some low-pla'sticty or nonplastic soils
cannot be determined with the standard procedures, and a mooifled
procedures is used to make tests on these -%ofls.

f. Soil Classification:

The U. S. Army Corps of Engineers Unified Soil Classifi-
cation System (USCS) and the U. S. Department of Agriculture (UDA)
Soil Classification System are used. The procedures followed in
classifying soil are discussed in Ottall in References 3, 4, and
5. The USDA soil textural classification is given in Figure 9-12.
A summary table of the USCS Is given in Table 9-I. Auxiliary lab-
oratory procedures are given in Table 9-2.

g. Soil Moisture Content-Density Sanples:

A 2- in. diameter trafficability sae.ler is used to ob-
tain moisture content-density samples. When the soil Is too firm
to allow penetration in 3- in. veŽrtical increments with the
trafficability sampler, a disturbed soil sample for the prescribed
depths Is taken fo- moisture content eetermination. At each site,
one sample each for moisture co,,itent-density determination is taken
from the same soil column at depth increments of 0 to 3, 3 to 6, 6
to 9, and 9 to 12 in, Occasiotally samples are taken from the 12-
to 15- in. and 15- to 18- in. depths.

*Raised numerals refer to sifiilariy numbered items in List of

References at end of this Annex.
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ANNEX 9

Fig. 9-5c. Measuring Cone index B~efore (or After)
Slcv~s are Applied.
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Fig. 9-5d. Applvivtg Slows with Drop Hammr.e
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Fig.•9-9. =feat of +-ire pressure on Pig.9-10. Effect of tire size on ve-
vee.icle performance on dry-to-moist hicle performance on drz-to-moist
sanxd. M34 and M135, 2-i/2-ton, 6x6 sand. Vehicles operated at 10-psi
trucks; 11.00-20, 12-FR, N=DC tires tire pressure
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pig, 9-11. Topographic c1assificatiOzn

40% CI

c

Fig. 9-12. USI~t soil textural classificationj
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