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ABSTRACT

A drawbar pull DP) test procedure was developed at the NASA Glerse&eh
Center (GRC) for testing and developing designsoféroad vehicles. The motivation
was to develop a procedure that would produce tapkaresults and could be replicated
by other researchers. While developing the tedhoa®logy, it became apparent that
there was a certain degree of scatter in the gesuttong identical tests. In order to
characterize the disparities, an experimental stwhs conducted consisting of
systematically varying specific test parameterbe $elected performance metric was the
DP-TR (travel reduction) relation. The selected paramsetvere: 1) the starting terrain
condition, 2) the distance traveled by the vehigheler an applied, constabP force,
and 3) the density of the prepared terrain. Redimby, these parameters were selected
to observe: 1) how differences in the starting ama‘launch pad,” would affect the
resulting performance of a test, 2) if a steadyestegion of performance exists and how
does performance change with the distance traveled, 3) the relationship between
prepared terrain density and performance. Thepergwents were conducted in a dry,
granular, cohesionless, silica based soil called &RC-1 Lunar Soil Simulant. The
results of these studies were that the variatiorisoth the starting terrain condition and
the distance traveled did not significantly affperformance. The relationship between
performance and terrain density was that only iregion of low density was th&R

constant; subsequently, th&® decreased steadily with increasing density.
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1. Introduction

While developing vehicles and wheels for specifitroad applications, experimentally
testing mobility in the laboratory is fundamentat €omparing and assessing the capabilities and
limitations of different designs. The primary madlology that has emerged for conducting such
studies is called the drawbar pulF) test. The value of thBP test is that it describes how
much work the vehicle can perform in addition togalling itself through the terrain. However,
many different test techniques and methodologies Heeen used, and the variety has made
comparative and repeat studies difficult. In ortteenable future collaborations and accelerate
the development of off-road vehicles and wheelstemexperimental information is needed so
researchers can develop a test procedure thataWlalv their results to be compared and
replicated. An important aspect of this developtm@ocess, which is the primary objective of
this thesis, is to understand how the variatiortest parameters will affect the performance
results.

An integral part of establishing such a procedwgreoi determine the sensitivity of the
results to variations in test parameters. Undedstg how test parameters will affect the results
is important a few significant reasons: This introtbry chapter describes the motivation for
developing a standard test procedure at the NASé@nGIResearch Center (GRC) and then

outlines the content of this thesis.



1.1 Objectives

The main objectives of this thesis are: 1) to iderand publicize reasons for the need to
establish a standardiz&P test methodology to serve as a standard of cosgarR) to develop
a methodology to experimentally assess the effdasvariations inDP test parameters on
performance of a vehicle, and 3) to conduct andyaaahese experimental studies to aid in the
development of &P test methodology at NASA GRC to be used as oranaitmovement
towards establishing a standard methodology.

The objectives of the variation of parameters @sidare: 1) to identify sources of
variability and avoid them or minimize the effects the results, 2) create data processing and
statistical techniques to account for variabilitytt is inherent to the test techniques, and 3) to
improve the economic efficiency of the experimaotatwithout sacrificing the quality of the

results.

1.2 Motivation

With the goal of creating or inciting a movemenwéods a establishing standdddP test
methodology to be used for the development of o#idr vehicles and wheels, @P test
methodology was developed at NASA GRC that wasetodpeatable and easily replicated at
other facilities. The importance for developinglsyprocedure was realized by the difficulties
that would be encountered in attempting to repdicptevious studies used to predict the
performance of lunar roving vehicles by the Armytéfevays Experiment Station (W.E.S) in
[1]. Even though the experiments in [1] were exite@ and well documented, it is difficult to

reproduce the results strictly because of diffeesna equipment, test techniques, and facilities.



Hence, similar situations in the future could beided if a specific test procedure was adopted
as a standard for comparison.

If the facilities, equipment, and test techniquegdiin [1] could be exactly replicated,
trying to reproduce the test results would still difficult due to inherent variations of test
parameters, such as slight differences in testniqabs or preparation methods. As the
wheel/soll interaction is already random in natwary fluctuations in the test parameters can
only add to the variability of the results. Themref, an integral part of establishing a standard
test methodology is to characterize the impactasfations in test parameters on performance.
This information would allow for the inconsistensi@mong identical tests to be reasoned, and to
differentiate between the performances of differasiticle and wheel designs, accounting for the

expected variability of the test method.

1.3 Thesis Statement

| would like to indentify and characterize the etfe of variations in test parameters on
performance. Once the objectives are achieved,oee mompleteDP methodology can be
developed to achieve standardization, which witllitate comparative and replicate studies in
the future. The general hypothesis is that vammstiin certairDP test parameters will cause
variability in vehicle performance that is distingfuable, and is more significant than the random
variability of performance due to the wheel/sotkiaction. As the effects of the variation of test
parameters will be significant, such a study m@stbnducted to identify which test parameters
are influential, minimize their impact on perfornecan and otherwise characterize and account

for them when analyzing performance results.



1.4 Main Research Contributions

The main research contributions of the author &ted subsequently:
1) Perform an analysis of previous studies to aithérdevelopment of the test methodology
at NASA GRC:
a. Identify DP methodologies that have been developed, incluteieting and soil
preparation, techniques, procedures, and metrics
b. Analyze variation of test parameter studies thawidie insightful information to
aid in the identification of important parametergldo develop the methodology
to conduct the studies in this thesis
2) Collaborated in the development of thE test methodology at NASA GRC
3) Identified the importance of studying the effeotghe variation of test parameters and
formulated a working hypothesis
4) Development of the methodology experimentally analthe effects of the variation of
test parameters on the performance of a vehicle
5) Performed the experimentation and analysis of thementioned studies
6) Provided recommendations that were implementedthi@dNASA GRC methodology to
avoid sources of variability associated with vasidast parameters, how to account for
the variations in the analysis of the performareslts, while improving the repeatability
and increasing the economic efficierigl testing.
7) Proposed generalized recommendations and provideidht regarding the value of
conducting variation of test parameters studiesDiBrtesting and how to develop the

testing methodology, in addition to suggesting gdor future work.



1.5 Thesis Outline

Chapter 2 includes background chapter provide emglify the knowledge obtained from
a review previous studies and literature regardmaghodology development f@P testing and
variation of parameters studies. Also, relevarandard definitions are provided, along with a
theoretical derivation of thBP force, and an assessment of commonly i¥edest techniques.

Chapter 3 consists of descriptions of the existawjities and equipment at NASA GRC,
in addition to the selected test vehicle and tiresd for the variation of parameters studid$e
second section derives tb¥ force and provides a discussion of its utilityheTremained of this
chapter discusses the selected soil used for thatisa of parameters studies called GRC-1
lunar soil simulant and the terrain preparationcpaures that were previously developed for the
soil, which were investigated in this thesis.

Chapter 4 consists of an explanation of the dewsl@P testing methodology at NASA
GRC. First, the testing conventions are describeghrding the use and interpretation of
previously used and standard conventions. Follomethe a description of the instrumentation
and measurement techniques that were used for ieatypP test and for the variation of
parameters studies. The chapter concludes witexptanation of a typicaDP test at NASA
GRC.

Chapter 5 describes the preliminary studies andsitigation to develop the methodology
of the variation of parameters studies. Note,dlstadies are not intended for interpretation, but
for “lessons learned” and the contribution to depelg the methodology. The first section
describes the study on how performance varies antoed’3, T2, and T1 terrain conditions.
The next section describes the procedure develapednalyze the repeatability of a test

technique, which is then applied to the 0.5 metst technique. The third section describes a



study to evaluate if a steady-state region of parémce exists for a constadP in a constant
terrain condition. The final section describestdg on the effects of the terrain preparation
density on performance.

Chapter 6 describes the revised variation of pat@ammastudies that were conclusive. The
first section discusses the application of an adD¥ control system. The second section is a
reevaluation of the repeatability of the 0.5 meg=t technique. The next section describes a
study evaluating the effects of the starting terrpreparation on performance. The fourth
section discusses the study regarding performaaability as a function of distance traveled at
constantDP. The final section describes the effects of tergareparation density on the
performance. Each of these sections is subdividiedsub-sections describing the procedure,
results, and recommendations for each study. &le dection states the conclusions and
recommendations derived from the variation of patams studies.

Chapter 7 is the concluding chapter. The firsttisacis a review of theDP test
procedure and metrics. The section outlines theltefrom the variation of parameters studies
and the recommendations for improving the testgutace and general recommendations. The
final section presents suggestions for future wirkcontinue to move toward developing a

procedure to be used as a global standard for aosopa



2. Background

Researchers have been developing testing techniquésscribe the performance of a
single wheel or multi-wheeled vehicles on soft s@ince the late 1950’s. The test that has
emerged to the forefront is the drawbar pOlR test. The International Society for Terrain
Vehicle Systems (ISTVS) defines drawbar pull ae“fhrce available for external work in a
direction parallel to the horizontal surface ovedriat the vehicle is moving” [2]. While the
drawbar pull test has been frequently unitized, ghabal testing procedure for has been
established so far. In fact, the consistency ef tesults has varied significantly between
researchers due to the employment of differentingstechniques.  Many past technical
publications in this area have focused on perfogearelationships and modeling and lack
significant investigation into testing techniquésyw have primarily focused on evaluating the
sensitivity of the results to testing conditiong@achniques. Also, some important historical
reports where variation of testing parameters legs bnvestigated remain largely undistributed
and infrequently cited in recent publications.

This chapter consists of background informatiort txas used to aid the development of
the DP test procedure at NASA GRC and conduct the vanabtf parameter studies. A
literature review was conducted learn the defingicand utility of relevant test metrics, to
understand and derive th2P force and its utility, to re-introduce valuablesuéis from past
drawbar-pull studies, and to identify important claisions and shortcomings describing the
sensitivity of the drawbar pull test results totiteg techniques and conditions. Finally, an
assessment is made comparing commonly empl®fdest techniques and describes their

utility.



2.1 Review of Literature

A review of literature was conducted to learn andearstand th®P force and its utility,
how theDP test has been used and how it has been evolvedgintime, and to identify
variation of test parameters studies to aid in igareent of the hypothesis for the studies
conducted in this thesis. This section congistefinition of relevant test metrics, theoretical
derivation of theDP force, and an in-depth review of the developmémth@DP test through

time.

2.1.1 Definitions of Relevant Test Metrics

This section provides definitions of common ternhigy and metrics involved witibP
testing. These terms and metrics are universadlgdu but the symbolic representations,
wordings, and implementations can differ betweeseaechers based on the research goals and
capabilities of their facility. The majority of ehsubsequent definitions used at GRC were
extracted from or correspond with either ISTVS dtads in [2] or ASAE standards in [3]. The
specific definitions and metrics used at GRC wadldiscussed at the end of the chapter.

As a first step, in order to create a baselineclmmparing in-soil performance, a zero
condition must was established. The zero conditsndefined by the ASAE standards in [3], is
the condition used to specify the rolling radidur possible zero conditions are: self propelled
on a nondeforming surface, or on the test surfagea towed condition on a nondeforming
surface, or on the test surface [3].

The rolling radiusrg, is defined by ASAE as the “distance advanced peolution of the

wheel divided by 2 under the specified zero condition” [3]. The il radius is calculated as:



d ref
an rev

R =

(1)

rg = rolling radius (m)
drer = total distance traveled under specified refeeezandition (m)

Nrey = total number of wheel revolutions

The rolling radius and the zero condition are usechlculate the travel reductiohR, or
slip, which are analogous. The travel reductiom@fned by ISTVS, is “an indication of how
the speed of the traction elements differs fromfareard speed of the vehicle [2]. The travel

reduction is a metric used to describe performamekis calculated as:

Viet =V, vV v
TR= 100= 1- — "100= 1- — " 100 (2)
V V N4

ref ref

TR= travel reduction (%)

v = total distance traveled under operating conagim/s)

Vret = total distance traveled under specified refezasandition (m/s)
rr = rolling radius (m)

= wheel speed (rad/s)

The drawbar pull forceDP, is defined by ISTVS as “the force available fotegral work
in a direction parallel to the horizontal surfaceiowhich the vehicle is moving” [2] , and is a
metric to describe performance. TB@, normalized by the weight of the vehicle, is othise
known as theDP coefficient DP/W). The DP is described in more detail and theoretically

derived in Section 2.1.2.



The torque, or vehicle torqu€, is the “moment applied to the axle of the tracti@vice”
[3]. Typically an input, but can also be used valaate the increase in the output of a traction
device if a constant wheel speed is the input.

The tractive effort, or net tractive effork; , is “the total force output of the traction desic
acting parallel to the surface of the soil andhia direction of travel” [2]. The net tractive effo
is the sum of the forces required to overcomeedistance forces and the available force to do
additional work, or the drawbar pull force.

The power numberPN, was derived by W.E.S in [1] and is a measure ef ¢hergy
consumed per unit distance of travel per unit dficle weight. The power number is typically

represented as a number between 0 and 1, and caich&ted as:

PN=1" 3)

PN = Power Number
T = torque (N/m)

= wheel speed (rad/s)
W = vehicle weight (N)

v = vehicle velocity (m/s)

The sinkagez, of the wheel or vehicle is the distance from tb&dm of the wheel to the
level of the undisturbed soil [2].

The bulk density of a soil, or dry density,is the weight of the soil particles per unit of
volume. The relative density of a soil is theoatf the difference between the measured density
and the minimum bulk density to the difference lew the maximum and minimum bulk

density [4], and is calculated as:
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Dy =—™—x100 (4)

Dr = relative density (%)
= measured bulk density (kgfin
max= maximum bulk density (kg/M
min = Minimum bulk density (kg/M

The cone indexCl was developed by W.E.S and is measured by the genetrometer.
The cone index is an index of soil strength and measure of the penetration resistance of a
right angle cone. The cone index gradidatjs the gradient of the cone index with cone

insertion depth and is used to describe the deasitlyconsistency of the soil [5].

2.1.2 Theoretical Derivation of the Drawbar Pull Force

A drawbar pull test indicates the ability of a v&hito do work in addition to propelling
itself through a terrain. The International Sogief Terrain Vehicle Systems (ISTVS) defines
drawbar pull as “the force available for externairkvin a direction parallel to the horizontal
surface over which the vehicle is moving” [2]. HKentheDP is the net force that the vehicle
can generate that is available for tasks suchoge gdlimbing, towing, or plowing.

A schematic identifying the parameters of a 4x4 ellaeive vehicle during a drawbar pull
test is shown in Figure 1. The forces acting awbhicle, parallel to the direction of travel,:are
the drawbar pull forceDP, resultant motion resistance force?, total vehicle thrust force, or
tractive effort, produced by the vehicle;, and the inertial force due to acceleratiors, The
other test parameters include the wheel speedyheel torquelT, vehicle weightW, vehicle
mass,a, vehicle accelerationa, and vehicle velocityy. A balance of these forces is in the

direction parallel to the horizontal surface isttem in Equation (5) [6].
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Figure 1. Schematic of a 4x4 wheel drive vehicle during andrar pull test [6].
mxa+kF =DP+ P (5)

m = vehicle mass (kg)

a = vehicle acceleration (m/s)
Fr = tractive effort, net (N)
DP = drawbar pull force (N)

P = resultant resistance force (N)

If the velocity is held constant, the inertial ferts zero. Setting the inertial force to zero and

rearranging Equation (5) gives Equation (6) [6].

DP=F - P (6)

Equation (6) illustrates the aforementioned debnitof the DP force. DP is the difference
between the total tractive effort produced by tkligle and the total resultant motion resistance
forces, and quantifies the net force available tfer vehicle to perform work in addition to

propelling itself.
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2.1.3 Development of the Drawbar Pull Test

The U. S. Army Engineer Waterways Experiment Staf{@&/.E.S) began performing
drawbar pull tests in the 1960’s. The goals werénvestigate how wheel parameters would
affect the performance of the wheel in dry sansdilte that could be immediately applied to tire
selection for Army vehicles [5]. The applicabiliby drawbar pull testing results was still novel
at that time, and, in order to hastily produce ltssihe engineers made critical assumptions to
expedite testing. By the early 1970’s, the engin@eere able to more completely understand the
consistency and the sensitivity of the results aoiations in test parameters and techniques.
However, the trend to this day for all researches been to develop in-house procedures and
make assumptions that are largely specific to tiaeitity or the experiment at hand.

In 1969, Green and Murphy published in [7] that phdi-slip relations for single-wheel
tests conducted in air-dry sands conducted at WdidShot agree closely with the pull-slip
relations reported by others, particularly thosetawmted from multi-wheel vehicle tests.
Specifically, for similar tires operated in sand,BAS test results indicated that maximum pull
occurred at 20% slip, where other investigatorseolesd continuous increase in pull with slip, a
significant inconsistency. Hence, the uniquenddbe pull-slip relationship and the validity of
using single-wheel tests to predict vehicle perfamoe were questioned. “The postulation that
tire-soil relations may depend on testing technigpmployed was preferred” [7].

Before investigating testing techniques, the daéni of performance metrics must be
checked for consistency amongst researchers, wiefermance metrics are used to describe
the ability of a wheel or vehicle to move throughearain. The drawbar pull performance

metrics which W.E.S used were first defined indB are similarly defined today.
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A valuable technique of communicating drawbar pelfformance results is to compare
the ability of a wheel or vehicle to move througteeain relative to a reference condition. For
drawbar pull studies, this reference conditionnswn as the zero condition. ASAE defines the
zero condition as the “condition is used to spetty rolling radius,” and the rolling radius as
the “distance advanced per revolution of the whdigided by 2 under the specific zero
condition” [3]. Therefore, the distance travelesr pevolution in soil can be compared to the
distance traveled per revolution on to depict tekative performance on the soil to the zero
condition. A popular method to establish the zeomdition, which has been used by the
National Soil Dynamics Lab, is to use hard artdicsurfaces, such as cement, at zero net
traction, as the zero condition [8]. Using a hauiface is advantageous because “it provides
uniform and reproducible test conditions which deakalid comparisons to be made between
[wheels and vehicles] tested at different times andifferent countries” [9]. Also, comparing
performance relative to a hard surface is usefoabse of the familiarity with driving a vehicle
on a road. Thus, using hard ground to establiehz#ro condition is easily repeated and is
consistent, and should not be a source of incamigtin performance results.

Once defined, the zero condition is used to cateutae travel ratio. The travel ratio is
“the ratio of the distance advanced per revolutainthe traction device under operating
conditions, to distance advanced per revolutioneurtte specified zero condition” [3]. The
aforementioned definition of travel ratio can bemalized by time to obtain another applicable
definition of travel ratio of actual velocity todlvelocity at the zero condition. Therefore, @ith
vehicle velocity or distance traveled can be mea$io calculate the travel ratio. The slip or
travel reduction of a wheel is “one minus the ttaatio” [3]. Slip and travel reduction, where

travel reduction is the preferred term, are usedetxribe the performance. Travel reduction can
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be subjected to inconsistency between researclieas repeatable zero condition was not
established as a means of comparison.

Dimensionless metrics have been defined to makeadng results more efficient. An
important and frequently used metric is the pulkéfGoient, which is the drawbar pull force
normalized by vehicle weight. By normalizing thdlgorce by vehicle weight, the performance
of any variety of vehicles can be compared becthesenetric of comparison is the pull force as
a fraction of vehicle weight. The torque numbedesived in the same manner, where the torque
at the axle is normalized by diameter and vehideht [10].

The next step in identifying reasons for inconsisyein the drawbar pull results is to
examine the terrain itself and how the conditionthod terrain can be prepared and evaluated
consistently. The measurement device that has bsea as a standard for comparison is the
cone penetrometer. The cone penetrometer was apeeelby the Waterways Experiment
Station for use in drawbar pull studies. The ordidesign of the field instrument consisted of a
right-circular cone, mounted on the end of a rodctwhs mounted on a proving ring and a dial
gage. The cone is inserted into the soil at ateomhsate, the force is measured by the dial gage,
and the depth is measured by markings on the sii&k. applicable metric is the cone ind€X,
which is defined as force per area [5]. Dean Beedefines the cone index as an “index of soil
consistency of strength,” “where the magnitude had tone index at any depth in the solil is
determined by the soil properties.” Because thestil is cohesionless, the magnitude of the
cone index with depth must be due to the confimpprgssure. Therefore, the cone index is the
first approximation of the specific weight, or r@l@ density of a soil, which is the ratio of the
difference between the actual density and the minmindensity compared to the difference

between the maximum and minimum density. Greenitfrand Murphy observed that the
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internal friction is dependent on the specific weifL1]. Freitag later concluded that the cone
index is related to the internal friction and tlemftning pressure. With further analysis, Freitag
concluded that the average rate of increase ofdhe index with depth, or cone index gradient,
is a measure of the specific weight of the sand.[XQravec, Zeng, and Asnani later employed
this relationship to design and perform trafficabitests on lunar soil simulant. By utilizing
cone penetrometer gradient measurements takendstrmnauts during the Apollo missions, a
lunar soil simulant was created by adjusting redatidensity to match the lunar soil
measurements. The internal friction angle of thésmulant was found using triaxle tests [4] .
From the data obtained from such tests, it camf@red that the relationship between each of
these soil parameters is deterministic and thaseéilecondition can be characterized by the cone
penetrometer gradient. Therefore, on multiple ant®yy the applicability of the cone
penetrometer method to drawbar pull tests becomearant because it has been shown to be an
adequate measure of soil consistency and its preper

The cone penetrometer is, in general, easy tonus$ésaconsidered a satisfactory measure
of the soil consistency, but the applicability bétcone penetrometer gradient to predict vehicle
performance has been scrutinized. By 1972, ithesh shown that the energy transferred to the
soil was dissipated in two forms: “deformation gyelosses relating to subsoil distortion and
volume change, and interfacial energy losses dusipoeffects and high soil distortion at the
contacting surface” [13-15]. Hence, research waeded to determine if these soil/wheel
interactions could be correlated to the measuresrtaken by the cone penetrometer.

In 1993 Godbole, Alcock, and Hettiaratchi [16] ol&d that the soil/wheel interactions
could not be characterized by the cone penetronteteause, “the cone penetrometer fails to

take surface effects into consideration and bettles br no analogy with the mode of operation
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of the traction tyre” [16]. In 2009, Way and Wuf [17] supported the claim in [16] by
stating that “extensive testing over a range df gaditions has indicated that cone index is not
a reliable parameter to use in classifying soilperties relevant to traction... both because it

is not a good indicator of horizontal soil strengthd because of the inherent variability of
measurements, especially when using hand-driveit@gV[17]. These conclusions were made
utilizing the W.E.S experiments along with a latyedy of previous work dating back to the
1960’s, and brought into question the applicabibfythe cone index method to characterize
vehicle mobility.

In the mid 1960’s, when drawbar pull testing wak sbvel, W.E.S began investigating
the feasibility of using the cone penetrometer gatdto predict performance. In 1965 Freitag
[12] developed the sand mobility number, which idimensionless metric based on the cone
penetrometer gradient, wheel and vehicle parametérgelationship was found between the
sand mobility number and the performance metridrafvbar pull force which could be used to
predict vehicle performance [12]. Wang later deiaed in [18] that using only the sand
mobility number to predict vehicle performance wast sufficient. However, W.E.S would
continue to investigate the applicability of theneopenetrometer to predict performance in
future studies.

In 1967, Green [19] conducted experimental testing four-wheeled vehicle. The tests
were performed outside of the laboratory in coodsi that did not follow a linear soil strength-
depth relationship. Therefore, it was necessagvtduate how these deviations would affect the
vehicle performance; hence, it became importanguantify how large deviations of cone
penetrometer gradient would affect the vehicle grenince. To do so, tests were conducted in

prepared soil which exhibited abrupt changes ihstmngth at various depths. The results from
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these tests were that changes in soil strengthabalaepth of approximately 0.83 times the
width of the tire did not significantly affect tihevel of performance [19].

Further investigation was conducted in 1970 bytkegiGreen, and Melzer [1]. They
were interested in understanding the effect of swéngth on performance, and characterizing
how variability in soil conditions would not onlyfact the vehicle performance in the field, but
also how inconsistencies in the soil preparatianaaffect the test results. Relative density was
chosen as the metric to define the soil conditibasause it provides a qualitative means of
comparing performance in different soil conditions.series of tests was performed to evaluate
the pull to weight ratio when the load and soil diton were changed, holding all other
variables constant. The relative density of théwas varied from approximately 30% to about
90%. The lighter loads did not exhibit significgmerformance variation with changing soll
conditions, whereas the heavier loads resultedaigel variations in performance as the soll
condition changed. The general trend identifiedvieen the soil condition and the pull to weight
ratio was as follows: the pull to weight ratio ieased with relative density and the rate of
increase of the pull to weight ratio decreased welative density. Therefore, it can be
concluded from here that large fluctuations in firepared soil condition could result in
significant variation in performance if the fluctioms are severe [1].

Due to the aforementioned trend, further analysiss wecessary to determine if
performance could be modeled utilizing the relaglup between the relative density and the
angle of internal friction. The angle of interffidttion is the amount that the shear strengthsof a
soil increases with pressure [12]. The authorfopmed an extensive soil analysis to define the
standard solil properties required to characteheesbil, such as the friction angles and densities.

This analysis is tedious and time consuming, aredcttmparison between the soil potential, as
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calculated from the friction angles of the soildaactual performance through experimental
analysis had not yet been thoroughly researche 1970. The result of this comparison was
that the soil potential does not help explain tmends in the stress and deformation
characteristics of the soil. Hence, the relatietwieen friction angle and performance could only
be established experimentally [1]. While this ted the possibility of using the cone
penetrometer gradient as a mean of predicting leeperformance, it does not suggest that there
is no correlation between them either.

A more general approach was taken by Freitag, Gidetzer, and Costes in 1972 [20]
to develop the correlation between cone penetranmé&asurements and vehicle performance.
They used the cone penetrometer to measure thieveetiensity of the sand. Further testing
indicated “pull and pull to weight ratio increas@hwrelative density, but their rate of increase
decreases with increasing relative density” [2d]his type of conclusion illustrates of the extent
of using the cone penetrometer for contemporargares. While not particularly useful for
predicting performance, the cone penetrometer gnddcan provide an indication of the
compaction of the soil used to gain an understandfrgeneral trends between performance and
soil condition. For example, in 2009, Taylor [2ldfined ranges of cone penetrometer gradient
values to describe soil conditions for which parfance was assumed to be repeatable [21]. The
cone penetrometer is simple, cheap, easy to uskisaable to be employed in understanding
vehicle performance; however, other methods of ipted the vehicle performance have been
researched, as well.

The US Army Corps of Engineers developed a numleaparoach to predict vehicle
performance in 1995 [22]. Based on the data froamyrprevious experiments, such as those

performed by the W.E.S, a numerical algorithm wasated that relates the sand mobility
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number to performance metrics such as in-soilnglliesistance, drawbar pull, required input
torque, and wheel sinkage. The sand number igatefrom the cone penetrometer index, wheel
width and diameter, and vehicle weight. The sauaohlver is then carried through a series of
equations to predict performance [22]. This metheddependent on a large volume of
experimental data, and would not be readily appledor new technologies where sufficient
experimental performance data has not been calleetg., for new rover wheel designs.

An alternative approach, not reliant on cone peneéter measurements, was proposed
by Wittig in 1990 [23]. The objective was to ugeSingle Wheel Tester to determine soill
strength from performance metrics. This studg w@nducted by applying multiple loads to the
wheel, and measuring the maximum developed tordliee slope of the plot of normal load
versus maximum torque was used as the soil potdetiam [23]. This method employs an
experimental approach to obtain a metric to prettiet performance of a wheel on the testing
soil. While applicable to laboratory tests, singleeel testing cannot be readily performed in the
field, where, on the other hand, cone penetrommetasurements can be taken easily.

As illustrated in the aforementioned discussiorge tise of the cone penetrometer to
predict performance has been thoroughly scrutiniaed has generally been accepted to
characterized soil condition and strength usingcthree penetrometer gradient metric. However,
previous studies have indicated that the cone pameter gradient is not a sufficient metric to
predict vehicle performance, but is generally aggille to determine trends in performance that
are dependent on soil strength.

Once a consistent soil condition has been estaulisind measured using the cone
penetrometer, the next step is to determine ifvtacle performance could be dependent on the

testing technique. The first characteristic ofrawbar pull test that must be analyzed is the
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starting condition.  Understanding the starting dibon is important because abrupt
accelerations could affect the steady state regpondn 1969, Murphy and Green [7]
hypothesized that an abrupt start, for a singleeitest, would result in large inertial forces and
greater than normal sinkages which would causevtieel to not achieve the same steady state
performance compared to a test where these conslitoe minimized. This hypothesis was
tested by creating three initial conditions: st@yton a steel plate where the desired slip is
established before entering the soil, startingatliyeon the soil, and starting embed in the soil
approximately 10-11 inches. The initial conditidnsand on the soil reached the desired slip
within the 2-3 feet of travel. The results conicaed the hypothesis. The conclusion of this
study was that when the wheel reached a specihedtse pull, torque, and sinkage were all
independent of the starting conditions. The onladvantage of a quick start is the large
traction force needed to accelerate the mass ofahele [7].

Understanding how the type of drawbar pull test aHiact the prediction of the vehicle
performance is important because different reseaschave used different methods based on
their resources, facilities, time, and cost comstsa For example, when considering the large
size of the testing matrix for his dissertationl®65 [12], Freitag understood the importance of
time efficiency. In order to cut out some expetnmse he chose to investigate if a programmed-
slip test would provide the same performance vetlsessteady-state, constant-slip or constant-
pull tests. A programmed-slip test was conductgednloreasing slip at a constant rate, and a
constant-slip test was conducted where the wheaklvaehicle speed were held constant for the
entire length of the test bin. With all conditioneld constant, four test methods were used to
find interrelationships: controlled-slip, contrallgull, programmed-slip, and towed tests. The

constant-slip/pull tests were defined as travelingistance of 20 feet, and the programmed-slip
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test is defined as uniformly ramping up the forwaedocity of the machine while the wheel
speed is held constant. Freitag generated ppllesiives in both sand and clay for each testing
method. The number of data points collected ferabntrolled tests were statistically significant
to define a pull-slip curve as compared to the m@mogned tests. The conclusion was that
“within the precision of the data, the same pulp-sklation is obtained from the programmed-
slip tests as from the steady-state tests.” Heheepull-slip relationship could be generated for
the entire curve with this testing method of umfity ramping up slip throughout the test [12].
Using this method, it is unclear as to whether gh#-slip relationship at a specific slip value
would be consistent from test to test. Also, bseakreitag performed only single wheel tests,
the reliability of this method cannot be extended4x4 vehicle testing. Nevertheless, he was
able to make assumptions and justify his decistoru$ing a programmed-slip test.

Considering Freitag’s decision, Murphy and Greeh iffentified that the different
drawbar pull test techniques could be a sourceaoBhility in performance results for single
wheel tests. To evaluate the effect of the teasqused to obtain the test results, a test matrix
was created where both slip and pull were contlolleFirst, programmed-increasing and
programmed-decreasing slip techniques were compddeding a programmed slip test the slip
of the wheel is controlled to increase/decreasdounly with distance. The programmed-
decreasing slip tests consistently produce grgatkrand torque up to at least 15 percent slip.
Next, the pull-slip relationship was obtained amsnpared for both the constant-slip/pull and
programmed-slip/pull techniques. Constant-slig/pests are defined as the wheel traveling 20
ft at constant slip or pull. The scatter amondm tesults of the different techniques was
compact and the techniques were difficult to déferate. Therefore, the authors concluded that

for increasing slip/pull, testing technique had eftect on the performance of the wheel for a
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single wheel test. Comparing decreasing and isargaslip/pull tests is subject to variability in

performance [7].

2.2 Assessment of Drawbar Pull Test Techniques

Drawbar pull tests can be conducted in a varietyvays, but as discovered in Section
2.1.3, there are a few commonly used techniqueshidnze been chosen based on the research
goals and the capabilities of the testing facilitftWhen designing the testing facility and
equipment, engineers must first evaluate the tfhdmaween testing single-wheels and testing
multi-wheel vehicles. Each may be advantageousernt#ing on how the results will be used,
and those goals must be defined when choosing battiese techniques. Next, a procedural
level decision is to determine which test variabidsbe controlled. Most commonly, either the
DP force or the travel reductiofR of the vehicle, a.k.a. slip, are controlled and cther
variables are measured during the test. Thesg &esttermed controlled-pull or controll&&
tests in this report. This section will describe tradeoffs between these techniques and their
utility, and served as a basis for the developnanthe DP test procedure at NASA GRC

described in Chapter 4.

2.2.1 Single-Wheel Tests vs Multi-Wheeled Vehicle Tests

Single-wheel tests and multi-wheeled vehicle téstge both been used historically, and
both techniques have their advantages and disaaty@sit The choice of which technique to use
should reflect the goals of the research. Sindleel tests have been used to model and
compare wheels and also to model the wheel-teménaction. The advantage of conducting a
single-wheel test, as opposed to a vehicle testhaslack of vehicle dynamics influencing

performance. Hence, one would expect better rap#ity by having more control over the test,
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where the results would be well suited for modelingor instance, the Army Waterways
Experiment Station (W.E.S) has employed single-Wtests to evaluate the performance of soils
under tire loads in the late 1960's. The singhesl tester used by W.E.S in Vicksburg,
Mississippi is shown in Figure 2. The single-whisst allowed for dimensionless metrics to be
derived relating soil and wheel parameters to perémce metrics [12]. Also specific
relationships were formed between performance ananpeters such as inflation pressure, wheel
diameter and width, deflection, sinkage, cone ind€x 19, 24].

TOWING CABLE
DRIVE SYSTEM
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|

Figure 2. The single-wheel tester used by the Army Waterveayseriment Station (W.E.S) in
Vicksburg, Mississippi [5].

A contemporary example is the single-wheel tesearetbped at the Advanced Vehicle
Dynamics Lab of Virginia Tech and is shown in FiguB. This tester was utilized for

collaborative studies between Virginia Tech and RASRC to developDP test and terrain
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preparation methodologies. One of these studies a@aducted by Taylor in [21] to test and
model how individual wheel parameters (wheel di@newidth, and compliance) would affect
the performance of rigid and flexible wheels on dand. These specific studies, as well as
others, have shown that the control over and repéay of a single-wheel test is very useful for

comparing wheels and modeling wheel-terrain intoas.

Figure 3. The single-wheel tester developed in the Advanéehicle Dynamics Lab (AVDL) at
Virginia Tech in Blacksburg, VA [21].

While single-wheel tests provide valuable inforroatifor modeling and comparing
wheels, there are factors that affect a vehicle’$gpmance that cannot be simulated by single-
wheel tests. Specifically, a single-wheel testneda emulate the dynamics experienced by a full
vehicle while subjected to external loads and imagethrough a terrain. In [19], Green
investigated if multiple passes of a single-whamild be represent the performance of a multi-

wheeled vehicle. He found that the single-wheslits indicated consistently higheP for the
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same conditions as compared to the vehicle te§iseen proposed possible causes for the
contrasting data could be due to “differential wisdig (front to rear and/or side to side), uneven
wheel loading due to dynamic load transfer, andreiased rolling resistance caused by
imperfectly tracking rear wheels.” Hence, singlees! tests are not a reliable predictor of multi-
wheel vehicle performance.

Multi-wheeled vehicle tests are used for simulatimg actual performance of a vehicle or
wheel set while under external loads and travelimgugh a terrain, but require significantly
more space to conduct as a full vehicle is usedt, lBecause a single-wheel test is not reliable
for predicting full vehicle performance, testing thie full vehicle is advantageous if possible.
Vehicle testing is especially important for undangting how an exploration vehicle will
perform in its simulated environment. By includitige dynamics as stated by Green [19], a
more reliable characterization of performance candbveloped because the actual vehicle is
being tested and observed. For example, in [1E.B/conducted 4x4 wheel drive vehicle test
to evaluate how lunar wheels would perform on theoM These full vehicle tests were
performed because understanding how vehicle dyrsamauld affect the performance of the
wheels would help avoid overestimating the perfaroea as multiple passes of a single-wheel
test would indicate [19], which could eventuallyopardizing the lunar mission. Although
performing full vehicle tests are important for ta®rementioned reasons, an adverse effect of
incorporating vehicle dynamics in performance wabmplicate any modeling tasks. The
transient dynamics associated with vehicle tests generally lead to decreased repeatability
because the dynamics itself is difficult to repleca Thus, one may conclude that multi-wheeled

vehicle tests are important when vehicle dynamies reecessary to completely understand
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vehicle performance, but are generally not as WUsafu single-wheel tests for modeling

performance.

2.2.2 Controlled-DP vs Controlled-Travel Reduction (Controlled-TR)

The relationship between ti¥ force and the travel reductionhR, or slip, is commonly
used to characterize the performance of a vehicleheel. In order to obtain this relationship,
one of these variables is controlled, the independariable, and the other is the measured, the
dependent variable. The selection of which tealmmitp use is a procedural level decision and
the tradeoffs are discussed subsequently.

Both techniques have been used historically to igeaeaelationships betwe€erR and
DP, and the results using either technique have g#pdreen considered consistent, but are
plotted differently as the independent variable different. In terms of the techniques
themselves, the difference is that for controll¥@-tests, theDP force is controlled, and for
controlledTR tests, the speed of either the vehicle or wheebrgrolled. Although the results
from using either technique might be indistinguldea controlling the different variables, and
the method of control, will inherently produce difént dynamics. The choice to employ either
technique must be made considering the goals ofdbearch. While other variables such as
sinking, torque, and the power number can be medstor each of these techniques, this
discussion will focus only on the effect of thehritjue type on the relationships betwddn
andDP.

During a controlledFR test, specificTR values are obtained by controlling either the
translational velocity or wheel speed while holdithg other constant. The independent variable
is TRand the dependent variable is i, producing eDP-TRrelation. A sample plot is shown

in Figure 4. Each data point in Figure 4 is foundforcing the desiredR magnitude and
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measuring théP produced by the wheel or vehicle. The controlroMe was obtained using
different methods by W.E.S in [1] and by Taylor[21] . W.E.S controlledR by holding the
wheel speed constant and varying the translatioebdcity, where Taylor chose to use the
contrary. While both methods produce consistesulte, the technique used by W.E.S is more
representative of the dynamics of a vehicle becdlsenertia of the test apparatus is being

adjusted accordingly.
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Figure 4. A sampleDP-TRrelation obtained using the controll@&test technique.

During controlledbP test, the wheel or the vehicle is subjected Peforce and th&R
of the vehicle is measured. A samplB-DP relation from a controlle®P test is shown as
Figure 5, whereDP is the independent variable ai is the dependent variable. Here, the

desiredDP force is applied to the test apparatus or vehidigle the wheel speed is held
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constant. The resultaiR can then be calculated for each magnitudBRf This technique is
the representative of the tractor pull, which isdias a standard measure of tractor performance

in the agricultural industry.
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Figure 5. A sampleTR-DP relation obtained using the controll&dR test technique.

Murphy and Green conducted a study on a singtesténs [7] to determine if the
controlledDP test would produce the same results as a cordrdiRtest. While they found the
DP-TR relations to be similar, subjecting a wheel tagéaDP forces resulted in variations of
carriage velocity and a stable condition for a tanmDP force was difficult to obtain. Whereas,

for a controlled¥R test, a stable condition f@P is achieved for a constant magnitudeTét
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Therefore, for single-wheel tests, Murphy and Greencluded that a controllefR test was
better suited for definin@P-TRrelations.

For vehicle tests, controllingR requires a high frequency feedback system to cbatrd
adjust the wheel speed to keep a const&t This is cumbersome and vehicle tests are more
easily performed using a controll&@R technique. However, when controllifgP, small
changes in high magnitudes DP can result in large fluctuations iR, which can be deduced
from Figure 5 where th€R-DP relation becomes steep at high level®8 One may conclude
that, controlled®P vehicle tests will more accurately represent tadgsmance of the vehicle,
but controlledTR vehicle tests, while more difficult to conduct, wid be less sensitive to

variations of the independent variable

2.3 Summary

Drawbar pull testing is a valuable tool to chaeaee wheel and vehicle performance on
sand. However, no experimental procedure or g@$&ohnique is currently adopted to serve as a
standard for comparison, and even though the saatecsihave been employed, data collected
by different research groups has been difficultampare. Inconsistencies among performance
results have been attributed to both the utilizataf different test techniques and to the
randomness of the soil and the wheel/soil intepactbut the affects are not well understood and
are largely uncharacterized. It is evident, thabider to allow for collaborative research in the
future, short of adopting a procedure acting asaadard for comparison, the sensitivity of
performance results to variations in techniquestaatiparameters must be investigated to create

a body of knowledge to help explain inconsistentiagsults.
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3. Facilities, Equipment, and Soil used in the Study

This chapter contains descriptions of the Simulatear Operations Facility (SLOPE) at
the NASA Glenn Research Center (GRC) in Cleveladdio, and the equipment and soil
selected for the variation of parameters study.llofing the explanations of the SLOPE
Facility, the drawbar pull rig (DPR), test vehicéand test tires are described. Lastly, the GRC-1
lunar soil simulant was the selected soil and &dbed with the existing terrain preparation and

verification procedures that were investigatechis study.

3.1 Existing Test Facility at NASA GRC

All of the vehicle drawbar pull tests were conddcte the Simulated Lunar Operations
(SLOPE) Facility at the NASA (GRC). The SLOPE H#acis shown in Figure 6. The SLOPE
Facility contains a large soil bin consisting ofh2x 6 m x 0.3 m flat region and a 6 m x 5 m x
0.3 m adjustable tilting region. The tilting regioan be adjusted up to a 45 degree slope used
for slope climbing experiments. The flat regiondwided into two equal areas, one side
originally contained golf course sand, as pictureBigure 6, but currently is under renovation to
increase the soil depth for deep sinkage testifige other side and the tilted region contain the
GRC-1 lunar soil simulant which is described int®er3.5. Testing was conducted only in the

GRC-1 soil in the flat region of the soil bin.
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Figure 6. The Simulated Lunar Operations (SLOPE) FacilitlNASA Glenn Research Center
[6].

3.2 Description of the Existing Drawbar Pull Rig (DPR)Used in the Study

for Controlled- DP Tests

A drawbar pull rig (DPR) was developed at NASA GRCconduct controlle®P tests,
which are described in Section 2.2.2. The DPR sealscted for use in the variation of test
parameters studies because the contr@lBdest will better simulate actual vehicle operations

as compared to controllebRtests. The DPR applies an exter& force to the test vehicle by

retracting a steel cable that is attached to ticlee The drawbar pull rig is shown in Figure 7.
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Figure 7. The drawbar pull rig used to apply a drawbar farite to the test vehicle via a cable

[6].

The DPR is designed to hold a constant tensileefardile the cable is release, retracted, or
stationary. This is accomplished by retractingdlble by winding it around a cable drum that is
attached to a motor via a magnetic particle clutdine drum is identified in Figure 8. The
torque in the drum creates the tension in the ctizgeacts as thBP. The magnitude of the
torque in the drum is controlled by adjusting thierent that the magnetic particle clutch receives
while the motor is running with a current sourde.DP up to 1780 N can be created by the rig.
A block and tackle configuration can be implemerttedpply more force.

A rotational encoder in the drum measures the nunobedrum revolutions which is
proportional to the length of cable that is drawn. oThis data is used to calculate the distance
the vehicle has traveled. These measurementsrasniitted to a computer via USB. The
encoder is calibrated while the cable is underiten® account for the stretch and slack of the

cable.
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Figure 8. The cable drum on which the cable is wound inditaavbar pull rig. A rotational
encoder in the drum measures drum revolutions, wisitater converted to vehicle distance
traveled [6].

The cable is connected to the vehicle by a cablleypand hook. The cable travels from
the DPR, around the pulley, and is reattached fxead point on the DPR. The pulley is
connected by its hook to a load cell, which is ugsedheasure th®P force. The load cell is
connected by a hook to the vehicle hitch, whichtiached to the rear wheel hubs of the vehicle.
This configuration was used for tBd° experimentation in this report and is shown inuiFég9.

The hitch was selected to be attached to Scartieaear wheel hubs. Hanamoto found
in [25] for tracked vehicles that the hitch heigVtiere theDP force is applied has significant
effects on performance as the height varies. Véigtion in performance was caused byt
forcing the vehicle to pitch. The pitching motioaused the weight distribution to change and
resulted in larger sinkage in the rear of the Vehic He recommended that the hitch height be
located near the “traction-producing level.” Calesing this study, when the hitch location for
Scarab was selected, any vehicle pitch due to pipdication of theDP force was noted. By
ensuring the cable height from the DPR matchedhttod height, only a horizontal force was

applied, and no significant pitch was observabteept at extremely largeP. Because vehicle
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pitch was negligible, and these heights were kepstant for all tests conducted for this report,
the assumption was made that the same pitch waddrdor each test and no differences in

performance would result.

Figure 9. The drawbar pull force is applied by a cable @mted to a load cell and the hitch
attached to the wheel hubs on the rear of the ig=hic

3.3 Selected Test Vehicle for the Variation of Paramets Studies

The test vehicle used for all drawbar pull testghis thesis is named Scarab and was
designed by the Robotics Institute at Carnegie ddelUniversity (CMU) as a robotic Lunar
Vehicle. Scarab is shown in Figure 10. It wasigied to drive autonomously on the Moon
while collecting and analyzing samples from theuguech As described by its developers in [26],
Scarab has a low center of gravity for stabilityesi skid steering as opposed to explicit steering,

and employs an active adjustable kinematic suspensiln the lab, Scarab is wirelessly
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controlled by the user via an external computer momcating with an onboard, Scarab

computer. A web browser based software acts agseinterface.

Figure 10. Scarab in a leaning position on the tilted soilibithe SLOPE Facility [26].

Scarab is a 4x4 wheel drive vehicle that is useditaulate high wheel loads of lunar
vehicles ranging from 981 N (100 kg) to 2475 N (X5) per wheel. As described in [26], “each
of the four wheels are independently driven. Ashiass motor, planetary gearhead, and
harmonic drive are embedded at the hub.” The walddavehicle weight without wheels is 2740
N (280 kg) [26]. Additional load is achieved by inssg free weights either into the body of
Scarab or into the wheel hubs. Weight is appleethé wheel hubs by attaching steel posts using
bolts that are screwed into threaded holes in theelvhub. Scarab is shown in Figure 11 at the

2475 N (250 kg) wheel load with the said free wesgipplied to the wheel hubs.
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Figure 11. Scarab during a drawbar pull test with a wheel loB2475 N (250 kg) [6].

Scarab is used as a test vehicle at the GRC becthasdesign of the vehicle enables
multiple types of driving modes to be studied. Twleel speed and direction can be
independently controlled for each wheel. (Adjugtthe wheel speeds to steer the vehicle is
called skid steering.) The wheel hubs are condettea unique, actuated shoulder joint that
allows the wheel base to be adjusted independentlgach side of the vehicle, allowing Scarab
to lean. This ability is shown in Figure 10 as 1@bais positioned on the tilted soil bin at the
GRC. Scarab can also drive in an “inch worm” mod&y adjusting either the front or rear
wheels while keeping the opposite in place, aneradtting this process, Scarab can extend and
contract to crawl though the terrain.

While Scarab is versatile, it was selected for Hagiation of test parameters studies
because it could be driven autonomously, the whpeed could be controlled for each wheel,

and the measurement capabilities of the vehiclae driving mode used for the drawbar pull
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testing in the thesis was inputting a hard groueliale speed of 0.035 m/s, which corresponds
to a wheel speed of 0.1 rad/s for all of the wheelhis driving mode is particularly useful
because the wheel speed can be reliably contridlteglach wheel and the vehicle will drive in a
straight line. The wheel base for straight linevidg for drawbar pull tests was set as 1.2 m and
the wheel load was always set to be identical &mhevheel.

The Scarab data acquisition system was used tsure#he drawbar pull force, wheel
rotations, and wheel motor current. These measemesmare obtained by a load cell, wheel
rotational encoders, and a current meter locateddarwheel hub, respectively. Once the system
is initiated, all of these measurements are takehracorded with a time stamp. The data is
obtained by wirelessly accessing the onboard hardind downloading the files to an external

computer.

3.4 Selected Test Tires for the Variation of ParameterStudies

A variety of tires were available for testing at SA GRC, but the specific tires that were
used in the studies in this thesis were the Saagabtire, Spring Tire, and a treadless pneumatic
tire, and they are described below.

The Scarab Rigid Tire is shown in Figure 12. Thrargkter of the tire is 71.2 cm and the
width is 22.9 cm. The rigid wheels at GRC are uiedhigh wheel loads and as a baseline
wheel to eliminate the dynamics exhibited by flégitvheels.

The Spring Tire is shown in Figure 13. The averdigeneter of the tire is 74.1 cm and the
average width is 18.3 cm. The Spring Tire wasitabed from springs and can deform to
navigate obstacles. It was designed for explanatehicles and to operate under high tire loads.

The treadless pneumatic tire is pictured in Figlde It is a Goodyear bias-ply tire with

official sizing of ST225/75R15. The tread was sfthoff of the tire to be used for comparative
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testing between a pneumatic tire and tires desigoedexploration vehicles. The inflation

pressure can be varied to match the deflectionrdndd of other exploration tires.

Figure 12 The 71.2 cm x 22.9 cm Scarab Rigid Wheel [6].
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Figure 13. The 74.1 cm x 18.3 cm Spring Tire [6].

Figure 14. The Goodyear ST225/75R15 treadless pneumatic tire.
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3.5 Description of the Soil and Terrain Preparation usd in the Study

While many soils are available for testing at NA&RC, the selected soil used for the
variation of parameters studies in this thesis thasGlenn Research Center-1 (GRC-1) lunar soill
simulant. The GRC-1 soil was developed in [4] e@plicate the properties of the lunar terrain.
As this soil is new and unique, it was a prime ¢adaid for studying how performance would
change with variations of test and soil parametéiso, conducting such a study in this soil was
immediately applicable for future studies at GRGt the results could possibly be generalized
for other dry, granular, and cohesionless, sandg.sdn addition, a complete soil analysis was
available in [4] and repeatable terrain conditidmsd been developed to achieve various
densities. This section includes a descriptionGRC-1 and the terrain preparation and

verification procedures that were used and invagig)in this thesis.

3.5.1 Existing Glenn Research Center-1 (GRC-1) Lunar SoiSimulant

Again, the selected soil used for testing in thissis was the Glenn Research Center-1
(GRC-1) lunar soil simulant is the soil on whicH BIP test discussed in this thesis were
conducted. Oravec, Zeng, and Asnani [4] develofted soil simulant to conduct tractive
performance testing of lunar vehicles on a surtae¢ has similar properties and deforms like
the lunar soil. GRC-1 was created by mixing readitailable manufactured sands to replicate
the properties of the lunar terrain. The densftthe mixture was then varied to replicate cone
penetrometer gradient measurements taken by thenasts on the Apollo 15 and 16 missions.
The cone penetrometer gradient measurements froimugaregions on the Moon taken by the
Apollo astronauts are shown in Figure 15. The dbtswn in Figure 15 are cone penetrometer
measurements taken at specific relative densifiekeosimulant and a line of best fit is drawn

through them. GRC-1 does not properly replicat ltmar terrain at high densities, but is
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representative of the lunar soil in the looser @oors where the majority of lunar terrain
measurements were taken [4].

To conduct testing in GRC-1, three different terreonditions were developed and defined
based on their preparation method, and are cafledi8, T2, and T1 terrain conditions. The
definition of these terrain conditions using relatisoil properties are shown in Table 1 and
illustrated in Figure 15. The three terrain coiodis are able to simulate the lunar terrain
conditions where the majority of the measuremergsewiaken, and are repeatable within the
standard deviations and linearity coefficients dpgt The linearity coefficient along with the
statistical method for verification of the terraianditions are explained in Section 3.5.2.4. The

following section describes the preparation metHodgach terrain condition.

Table 1. GRC-1 terrain conditions and the corresponding icgetrsed for evaluating and
describing the soil preparation [6].

Metric T3 Terrain T2 Terrain T1 Terrain
Condition Condition Condition
Mean Cone Index
Gradient, G (kPa/mm) 25+05 35+05 50+0.3
Mean Standard
Deviation, (kPa/mm) <05 <05 <10
Linearity Coefficient,
(kPa/mmz) 0+0.01 0+0.01 0+0.015
Mean Relative Density,
Dr (%) 11 23 41
Mean Bulk Density, 163 1.66 1.71
(g/cc) ' ' '
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Figure 15. The GRC-1 terrain condition types overlaid on & ploowing the relationship
between the cone index gradie@tand relative density)r [4].

3.5.2 Existing GRC-1 Terrain Preparation and Verification Procedures

Investigated in this Study
This section provides a description of the termigparation and verification procedures

that were used and investigated in this study.

3.5.2.1T3 - Terrain Condition Preparation

The T3 terrain condition is the loosest of thea®rrconditions at a density of 1.63 g/cc.
The related parameters defining the T3 conditioriosated in Table 1. In terms of the
preparation of all three terrain conditions, thecbadition is prepared first; to obtain the T2 and

T1 conditions, additional compaction is necessary.
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The preparation starts with loosening the soil limieate any artifacts from previous
disturbances. This is accomplished by using asflatvel and inserting it into the soil so that the
shovel is vertical. After pushing the shovel dotenthe bottom of the soil bin, the user then
gently pulls the handle back approximately 45 degr® lift and loosen the soil. This inserting

of the shovel is shown in Figure 16. The shovéhen gently pushed forward back to its vertical

Figure 16. The first step to prepare the terrain is to uBatashovel, insert it vertically into the
soil, and gently pull backwards 45 degrees to Indke soill.

position and then removed up and out of the sbhis action will produce a mound in front of
the shovel where the soil was lifted and pusheddiod and a depression behind the shovel. The
next insertion of the shovel should be located fpettind the depression created by the previous
stroke. This loosening process is conducted foin kales of the vehicle, three passes for each
side, to create a test lane for the vehicle toefrav. One pass is shoveling from in front of the

wheel to the end of the bin. The first pass isteeud in front of each tire, second and third
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passes on the left and right of the first passchkd the side passes overlap the center passes by
approximately one-third of width of the shovel. eTpasses of the loosening pattern, the mound

and depression created by the shoveling, and thyddosened test bin is shown in Figure 17.

Figure 17. The loosening process of the soil preparatiorsists of three passes, and the
shoveling process creates a mound and depression.

The next step of the terrain preparation is to riddeesoil using a landscape or bow rake,
which is shown in Figure 18. Starting at the ehthe test lane and moving toward the vehicle,
the rake is pulled at a constant rate and at dtshggle off parallel to the test lane. This

technique will evenly distribute the soil in thesttéane and sufficiently remove the mounds and
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depressions caused by the loosening process. @éidyg left after raking are filled using a shovel

and lightly pouring the soll to fill the holes.

Figure 18. Raking the soil is necessary to evenly distrilth&esoil in the test lane and to
remove the mounds and depressions from the logg@natess.

The final step in preparing the T3 condition idewel the soil to create a smooth and flat
test lane. A leveling blade is pulled across thielsy the user starting at the vehicle and moving
toward the end of the prepared solil, and is pictumeFigure 19. The ends of the leveling blade
are pulled across two by fours built into the doih. This allows the soil to be leveled
consistently and also to not cause the blade tgeaotrithe soil. This leveling process is repeated

until the soil is evenly leveled.
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Figure 19. The soil is leveled using a leveling blade to aeeasmooth and flat surface.

3.5.2.2T2 - Terrain Condition Preparation

The T2 condition is denser than the T3 conditianl.66 g/cc, and is defined in Table 1.
The T2 condition follows the same steps as degtrih® for the T3 condition, but requires one
additional step. This additional step is the cootipa of the soil to increase the density.
Compaction for the T2 condition is conducted usan@.61 m lawn roller. The roller is packed
with soil so the soil cannot move inside the roll@the resulting mass of the roller is 172.5 kg.
The roller is placed at the end of the preparetlsousing an overhead crane, opposite of the
drawbar pull rig (DPR). The DPR cable is drawn tmuthe location of the roller and attached
using a hook. The DPR retracts the cable and thélsoller across the test lane. Once the roller
gets to the front tire of the vehicle, the DPRtigpped. The overhead crane is used to lift the
roller to the end of the opposite test lane andstme process is repeated. This set is pictured in

Figure 20.
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Figure 20. The T2 terrain condition calls for compactiortted soil by pulling a lawn roller over
the test lane by the drawbar pull rig [6].

3.5.2.3T1 - Terrain Condition Preparation

The T1 terrain condition is denser than the T3 &Aatonditions at a density of 1.71 g/cc.
The T1 condition is defined in Table 1. The Tlpgamation starts with the preparation of the T3
condition described in Section 0. The additiomahpaction is accomplished using a standard
25.4 x 25.4 cm tamper. This process is illustratedrigure 21. The starting location for
tamping is shown by the green circle in the framtner of the test lane. The tamper is lifted 5-8
cm above the level of the soil, shown in Figure &&#] released to fall under its own weight onto
the soil. To keep the tamping process consistethtrepeatable, the user must make sure to drop
the taper squarely to allow for even compactior #mnot apply any force to the tamper as it
falls. The tamping pattern is shown in Figure @here the tamping moves from the starting

location and then perpendicularly across the tast.| Each successive tamp should overlap half
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of the previous tamp, about 12 cm. Upon reachimggsides of the test lane, the next tamp is
moved down the test lane away from the DPR, ovpntap half of the previous row, and

proceeding in the opposite direction. The restlpattern is shown by the blue, black, and red
squares which represent the successive rows aétheing process. This procedure is followed
for the entire test lane. To achieve the T1 camdjtthe test lane must be tamped with this
procedure 7 times, while shifting the starting loma by half of a tamp each time, which is about

12 cm.

Figure 21. The tamping procedure used to prepare the T1 tecaidition. The tamping starts
at the corner of the test lane and moves perpelagiguvhile overlapping each successive tamp
by 4 inches. The resulting tamping pattern is gshow the left.
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Figure 22. The tamper is lifted 5-8 inches above the sogl@nd dropped square and under its
own weight.

3.5.2.4Verification of Terrain Condition Using the Cone Penetrometer

Verification of the terrain condition and prepaoatifor the tests conducted in this study
was accomplished using a Rimik CP40Il cone penettemas the measurement tool, and a
statistical analysis to determine the mean anddstaindeviation of the cone index gradie@t,
and the linearity coefficient, of the GRC-1 soil. The CP was equipped with al8@ree apex
angle cone tip and a base area of 3231 irf). The cone index gradient, in kPa/mm, is the
ratio of the cone indekl, or force per unit area to move the aforementioc@mte through the
soil in kPa [12], and measurement depth, in mme lifrearity coefficient represents the linearity
of the averag€l versus depth curve [27]. This technique of ushg cone penetrometer was
based on the success of W.E.S experiments andadgreeitonclusion in [12] that th& is a
sufficient measure of the consistency of the sbioir GRC-1, a measured value®tan be used

in coordination with Figure 15 to determine theatigle densityDr of the soil at the site of the
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measurement. Further characterization of theiteo@ndition can then be deduced usthgnd

Dr with the information about GRC-1 published by beavec, Zeng, and Asnani in [4]. The
statistical method and evaluation metrics usedtoacterize the soil prior to a drawbar pull tests
are explained in this section.

Once the soil has been prepared according to attyeaerrain conditions described in
Sections 0-3.5.2.3, eight CP measurements wera takag the length of the test bed. Four
measurements were taken manually at the centerlieach side of the track, equidistance apart
between the start and end of the preparation reg®shown in Figure 23. The CP was pushed
into the soil at an approximately constant spee8 of/s to a depth of at least 18 cm, where the

CP records the avera@# over each of 10 mm of depth.

Figure 23. Eight cone penetrometer measurements are talkasséss the terrain condition prior
to a drawbar pull test.
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The analysis of the terrain preparation was basethieee metrics, the mean and standard
deviation ofG and the linearity coefficient over a depth of OelB8. The linearity coefficient is a
metric describing the homogeneity of the soil witbpth and represents the linearity of the
averageCl versus depth curve. The slope of this curve shballinear for a uniformly prepared
dry, sandy soil like GRC-1.

The statistical analysis to verify the terrain @egtion is within the defined metrics in
Table 1 begins with the data from the 8 insertiohthe CP. The&l versus depth measurements
were uploaded from the CP into a spreadsheet.vahle ofG for each insertion was calculated
using Equation (11) by determining the slope oflthear regression line through tk# versus

depth measurements [27]:

G =i (7)

I = insertion number

n =total number of measurements in each data set
X = insertion depth (mm)

yi = meanCl at a specific depthy (kPa)

X = mean ofx (mm)

y = mean ofy; ( kPa)

The meanG for all eight CP insertions was used to descrhe g0il condition of the entire
preparation region of the test bed where Bfetest will be conducted. The definitions of the
terrain conditions using the mean and standardatiemi of G are shown in Table 1. The

standard deviation abo@ was established by taking a large number of measemts for each
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terrain condition. The measurements followed anabrdistribution and the standard deviations

could be deduced. The relatively small valuesstandard deviations for the measured values of
G for each condition indicate the soil preparatiars repeatable. If the standard deviation for a
prepared terrain condition was found to be outidevalues in Table 1, the terrain preparation

was repeated to ensure consistent conditions bettests.

The linearity coefficient, is obtained by plotting the averaGé versus depth curves for
all eight insertions on the same plot. A Brder polynomial is then used to calculate a least
squares fit through all 8 data sets as shown irxample plot in Figure 24. The linearity
coefficient is the ?' order coefficient, and as it approaches zero,ptblgnomial fit becomes
more linear, or the soil is more uniform with depthhe tolerances for the linearity coefficient

are shown in Table 1.

Figure 24. The average cone inde€l) versus depth of eight cone penetrometer insextion
measure the prepared soil. The entire data sefitwaish a 2'® order polynomial and the
linearity coefficient of the fit is representatigéthe uniformity of the soil with depth.
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4. Developed Drawbar Pull Test Procedure

The drawbar pull test procedure and conventionswieae developed at NASA GRC are
described in this chapter. The following test @ehare was developed based on the methods and
techniques used by the Army Waterways Experimeatidt (W.E.S), and revised based on the
needs, capabilities, and goals at GRC. The sules¢@ections describe the test conventions,
instrumentation and measurement techniques, angrdoedure of a typical drawbar pull test.
Lastly, a critique of the test procedure is prodidegarding the shortcomings of the test, which

served as a foundation for the variation of tesapeeters study.

4.1 Description of Drawbar Pull Test Conventions at NA& GRC

The Simulated Lunar Operations (SLOPE) Facility NASA GRC is capable of
performing both controlle@®P and controlledFR vehicle tests. Regarding the assessmebfof
techniques in Section 2.2, the multi-wheeled vehicbntrolledbP test techniques were selected
for primary use at GRC. The controll&dR technique was selected as the primary technique fo
conductingDP tests because this technique more closely resenalieial driving conditions.
Other metrics, parameters, and procedures areildedén the following discussion, as well their
utility and justification for selection.

The zero condition selected for use at GRC waslfapsepelled condition on a non-
deforming, non-slip surface [6]. The non-deformingn-slip surface consisted of two strips of
Nonabrasive Polyolefin Antislip Tape that were aeleto the hard floor of the SLOPE facility,
as shown in Figure 25. The selection of this zmmodition was based on the long established
practice of using artificial surfaces for the zerondition. As stated by Dwyer in [9], “the

advantage of an artificial surface is that it pdms uniform and reproducible test conditions
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which enable valid comparisons to be made betwemsiors tested at different times and in
different countries.” The addition of the non-slgurface to the hard ground increases
repeatability by helping eliminate slight inconeisties caused by variations in the coefficient of

friction between different wheels and hard surftypes amongst various facilities.

Figure 25. Measuring the hard ground rolling radius on th&/®efin Antislip Tape at GRC
[6].

The rolling radius was calculated using the afoneto@ed zero condition, and it is defined
in this thesis as the hard ground rolling radigsto clarify the zero condition [6]. The hard
ground rolling radius, was calculated in conjunetigith the ISTVS definition in [2], which is
defined as “the distance advanced by the wheelr@eolution divided by 2.” under the
specified zero condition. The procedure for catingry, is described in Section 4.3 and in [6],

and the equation is:
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d ref
an rev

r, =

(8)

r, = hard ground rolling radius (m)
drer = total distance traveled under the specified zeraition (m)

Nrey = total number of wheel revolutions

Travel reduction, as opposed to slip, was chosaheapreferred term for use at GRC [6].
The definition of TR from ISTVS in [2] was selected as the primary wligfhn, being a function
of velocity, and is interpreted as the reductionvéhicle velocity under operating conditions
compared to the velocity operating on hard grou@@lculatingTR as a function of velocity is
useful because instantanedii®can be calculated when necessary. The referexoeity under
the zero condition is calculated using the hardugdorolling radius. TR is calculated using

Equation (9) [6].

Viet = V
TR=

x100= 1- — x100= 1- —— x100 9)
v, rw

ref

\Y/

ref
TR= travel reduction (%)
v = vehicle velocity under operating conditionsg)n/

Viet = Vehicle velocity under the specified zero caindi (m/s)
rn = rolling radius (m)

= wheel speed (rad/s)

While calculatingTR as a function of velocity allows for instantaneotsues to be
obtained, the values are very sensitive to erra gusmall variations in terrain and vehicle
dynamics that can significantly alter th&® Sampling over a time interval to find an average

velocity can help desensitize thi& calculation. Another approach is to deriM@ as a function
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of distance by multiplying Equation (9) by time, det Equation (10) [6]. Th&R can then be
interpreted as the reduction in distance traveled rpvolution of the wheel under operating
conditions compared to the distance traveled peoluéon of the wheel operating on hard

ground.

_ dref -d _ d _ d
TR= x100= 1- —— x100= 1- — (10)

ref d ref rh q

TR= travel reduction (%)
d = total distance traveled under operating conagiper revolution of the wheel (m)
drer = total distance traveled under the specified zeraition per revolution of the
wheel (m)
rn = hard ground rolling raidus (m)

= total wheel rotations (rad)

Equation (10) is the typical calculation method=®RC, where the data used is generally
acquired over a distance of 0.3 m. This methodces the sensitivity of thER calculation and
produces repeatable results. If an instantanealesilation of TR is required, Equation (9) is
used.

As DP testing at GRC is conducted primarily for explaatvehicles, the GRC-1 lunar
soil simulant was selected for testing in this thdsecause the results could be applied in
coordination with development of vehicles and whefgr the lunar missions in the future.
GRC-1 was developed by Oravec, Zeng, and Asnasideacribed in [4]. A summary and a
description of soil parameters applicable for thisdy were presented in Section 3.5. The
measurement of the density and consistency of tRE€-& soil was performed with a cone

penetrometer, according to the methodology develdpe the Army Waterways Experiment
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Station. The cone index gradie@ was the metric used to describe the consistendydansity
of the soil. The procedure of measuring and stediby verifying the terrain condition is
explained in Section 3.5.2.4.

Over the last 50 years, many metrics have been tsedescribe the performance
relationships among performance parameters. Tiese explored at GRC-1, but two specific
relationships were selected for use to comparentestchniques and vehicle and wheel designs.
They are theTRDP relation and thePN-DP relation, respectively, and are described
subsequently [6].

The TRDP relation was selected for comparing testing temphes. TheTR-DP curve
describes the performance of a vehicle with respediow much increasin®P causes the
forward velocity of a vehicle to decrease. If tbeel speed is constant, the increadd®)
causes the wheels to increasingly slip as theytlaetion with the soil, and the vehicle velocity
and forward progress then decreases, thi#sncreases. Th&@RDP curves for a vehicle
operating in two different terrains (loose and @essil), and the regions used to evaluate the
performance are illustrated in Figure 26.

The three regions are the initial slope, elbowangition region, and the leveling off of the
rapid increase of R at highDP. The initial slope is considered the most effitiperformance
region, because it is the region where Etieis increasing rapidly with little change TR The
elbow region marks the transition between the nedftient region and what is typically
considered the inefficient region, where fhiR increases rapidly with small increasesDR.
The elbow region is generally indicates the maximdesirable driving condition, because
afterward, the vehicle will significantly slow dovamd eventually become immobilized@B is

increased.
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Figure 26. ExampleTR-DP relations are used at GRC to compare vehicle pagnce in
different terrain conditions, where Terrain 1 isda@lense, and using different test techniques.
The important regions are the initial slope, theaten of the elbow, and the region of rapid
increase offRat highDP forces.

All of the regions are used to analyze and compatgcle performance for different
purposes. Generally, the interpretation of perfomoe is to identify the maximuBP before the
TR starts to increase rapidly, and steep in theainffiope, or how quickly does the vehicle reach
the maximumDP. For example, to compare the performance of #taecle in Figure 26 in the
two different terrains, where Terrain 1 is densegeneral analysis would be: the initial slope in
Terrain 1 is steeper, suggesting that the vehidleslkow down more quickly aPP force is
increased. The elbow region for the denser Ter2am located at significantly high&P than

the looser Terrain 1, suggesting that significamtigre DP can be generated in the more dense

59



soil. Beyond the elbow region, tAd&in Terrain 2 increases much more steeply thareimaln
1. Hence, the vehicle will not slow down as quydkl Terrain 1 at higbP forces.

The PN-DP relation was selected for comparing vehicles witleels. Thd®N-DP curve
provides an indication of how much energy is constdinm order to generate a specib®,
which is extremely valuable to exploration missi@ssconservation of power is critical to the
safety and longevity of the vehicle [6]. As araewple, thd®N-DP curves for two different tires

are show in Figure 27 for the same vehicle opeggatirthe same terrain condition.

Figure 27. ExamplePN-DP relations used at GRC to compare the performaheetocles and
tires. The important regions are the initial slajpe location of the elbow, and the region of
rapid increase dPN at highDP forces.

The same general regions are used to analyzBNHeP curve as th&@R-DP curve: the
initial slope, elbow or transition region, and fegeling off of the rapid increase &N at high

DP. In the initial linear region, for constant whepeed and increasirigP, the wheels begin to
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slip more, and th@R increases when the vehicle velocity decreasezalg®e thdR increases,
it takes longer for a vehicle to travel a requidestance; hence, more power is consumed and the
PN increases. This is generally linear until theogllperformance region is reached. Again, the
linear region is considered the efficient region pgrformance as little additional power is
required to produce morBP. The elbow, or transition, region generally markaximum
efficient DP. Beyond the elbow, significantly more power isxsomed to gain any additional
DP, which is the inefficient region and is identifibg the rapid increase BN. At very high
DP, the vehicle eventually becomes immobilized, It wheels continue to spin and consume
power.

An example of the analysis of the performance efttio tires shown in Figure 27 follows.
Tire 2 is more efficient at generating the sabieas Tire 1 in the linear region, but the slope of
Tire 2 is larger and aBP, more power is consumed as compare to Tire 1.h Bads consume
approximately the same power at the elbow regioth are equally efficient there. Tire 2
consumes more power than Tire 1 beyond the transiggion and is less energy efficient at

high DP.

4.2 Description of Instrumentation and Measurement Techiques

Vehicle and drawbar pull test data are collectadgua combination of instruments and
software. Before explaining the drawbar pull f@stcedure, a review of the instrumentation and
measurement techniques that are used for a typiéakest, and for the variation of parameters
experiments, is provided in this section. A summair each measurement, the corresponding
instrument used to acquire the measurement, locaifothe instrument, and corresponding

metric is provided in Table 2 and described in naetail in this section.
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Table 2. The measurements required during a drawbar pul[Ggs

, Corresponding
Measurement Instrument Location Metric
Vehicle weight N) 4 floor scales Level ground -Fl;'lile load,DP/W,
Wheel rotation riad) Rotational encodersWheel motors TR
Motor current &mp9g Current meter Wheel motors Wheel torgas,
Vehicle distancen() Rotational encoder] DPR drum TR, PN
Drawbar pull force) | Load cell Vehicle hitch DP/W

The vehicle weight is measured by placing Scaratioan floor scales, one under each
wheel. Each scale measures the respective losathtwheel so that the load distribution can be
controlled. The scales measure load in real-tsnewhen additional weight is added, it can be

balanced easily to ensure the wheel loads are éguall wheels. Scarab is shown on the scales

in Figure 28.

Figure 28. The testing weight of Scarab is checked using $oafes to measure wheel loads

[6].

The measurements used to calculate wheel torque vdreEl speed are taken by

instruments in the wheel hubs. The wheel speedach wheel is measured by a rotational
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encoder and outputs the total revolutions of theebhnticks The rotational wheel encoder

ticksare converted toadiansusing the relationship shown in Equation (11).

2p  radians

radians=ticksx— -
27 x40C ticks

(11)

Where the Z is the number oficks per revolution of the rotational encoder, andttitel
gear reduction is 400:1 [26]. The wheel torquealkulated from the motor current measured in
each wheel hub by a current meter. The converBmm motor current to wheel torque is
performed using constants for each wheel motorchvinere obtained from calibrations where
torque is measured from each wheel for a knowntioprrent.

The distance that the vehicle travels during aitesebtained from measuring the number
of revolutions of the DPR drum on which the callgvound. The drum is identified in Figure 8.
A rotational encoder records the number of revohgiof the drum which is recorded as encoder
ticks at each timestamp. The encodieks are converted to linear distance traveled by the
vehicle during the test using the relationship qu&tion (12). The conversion constant used to
convert encoder ticks to meters is obtained froendalibration of the rotational encoder while

the cable is under zero tension.

Distancem) = ticks>4.4896x10 (m/tick) (12)

As described in Section 3.2, tbé¥ data was measured by a load cell attached bettheen

DPR cable and the vehicle hitch. The data wasecmt and stored on Scarab’s onboard
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computer and uploaded to an external computer. |daé cell was calibrated by using an
overhead crane to hang a fish scale. The load eedre hung from the fish scale, and free
weights were hung from the load cell. The actuaight measured by the fish scale and
recorded weight acquired by the load cell were shodmd a calibration relationship was applied

to the load cell data as a first step of postjtestessing.

4.3 General Test Procedure

This section describes the test procedure develapédised at GRC for a typidaP test.
The description below includes initial setup, hdw test was carried out, and the conclusion of
the test.

Before conducting 8P test, the vehicle weight and the hard groundmrgltiadiusyy, were
determined. The vehicle weight was measured agitded in the previous section and shown in
Figure 28. Calculating, begun by placing all wheels of the test vehicleoamtnon-deforming,
non-slip surface which was created by adhering $tvips of Nonabrasive Polyolefin Antislip
Tape to the hard floor of the SLOPE facility, aswh in Figure 25. The starting locations of all
four wheels were marked on the floor by using asidgdown T-shaped tool, where the
“bottom of the T” was placed against the back efwheel and the “top of the T” was sitting flat
on the ground. The corresponding location waskathby a piece of tape. The input vehicle,
hard ground velocity was 0.035 m/s which correspaioda wheel speed of 0.1 rad/s (the same
wheel speed used for the in sDP tests) to the end of the Antislip Tape strips.e Bmd wheel
locations were marked using the same method asimgathke starting locations. The distance
traveled for each wheel was measured using a megdape. The total wheel revolutions for
each wheel were calculated from the rotational dacalata recorded by Scarab. Thevas

calculated using Equation (8).
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Scarab was then positioned in the soil bin as ctoséhe drawbar pull rig (DPR) as
possible, to allow for the maximum test length g soil bin to be utilized. ThBP cable was
attached to the load cell and then to the vehiglehh Once positioned to travel straight down
the test lanes, the soil is prepared and verifeechdcording to the T2 terrain condition, as
described in Section 3.5.2.2.

The next step was to initialize the Scarab compuler DPR, and other equipment. The
voltage controlled current source controlling thput current to the magnetic particle clutch was
energized and set to zero before the DPR was emel,gso no force would be generated. This
was a critical step to ensure the safety of thé egsipment and personnel. The DPR is
energized and the current is adjusted to applysthging DP force to the vehicle, typically
around 50 N, or enough to increase the tensioreép khe cable taught. The predetermibéd
forces for the test were manually controlled by tiser adjusting the current. The external
computer and the Scarab computer are initializedewsynchronizing both of them to a
stopwatch. The stopwatch is used to note regidnmiterest during the test. Scarab was
commanded to move forward by inputting a constagtticte speed which was enacted as a
constant wheel speed. The wheel speed must b&aobths ensure no accelerations occur except
when the user changes tb® force. The selected wheel speed should be the $amall tests
and generally slow to increase the amount of ctdtédata.

A desiredDP force during the test was kept constant for agtleae wheel base of travel,
the “transient region” plus an additional distanc&he additional distance was called the
“steady-state region,” and is illustrated in Fig@@ Within this region, the rear wheels are
driving in the ruts created by the front wheelstfoe saméP force. The steady-state region is

noted by recording the time on the stopwatch. 3ieady-state region technique was used at
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GRC to simulate a vehicle traveling a long distaaica constant wheel speed @' force, with

the assumption that a steady-state region exists the rear wheels are driving in the rut of the

front tires. Only the data recorded in the stesidye region was used in post processing for the
calculation of performance metrics. The test emdsn the vehicle reaches unprepared soil, the
DP is sufficiently large to immobilize the vehicle; all DP forces have been applied and the

necessary data was recorded. If desired, theepthcdcan be measured as an estimate of sinkage.

Figure 29. The steady-state region is the region wheredghewheels are driving in the rut of
the front wheels created at a constant drawbay PRI

4.4 Critique of Test Procedure and Recommendations

The techniques that formulate the test procedur@R€ were selected based on sound
theory that was supported by experimental dataweyer, variability in the results does exist

and cannot always be explained. The first stepetinice this variability is to implement more
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precise measurement techniques in order to minithigesystematic error. For instance,Di®
control system exists; which seems absolutely rsacgdecause the independent variable must
be consistent and constant from test to test. Haratource of systematic error all measurements
are taken on the DPR or the vehicle, which is suligevibrations. Thus, a measurement device
independent of the DPR and test vehicle shoulddse to measure distance traveled, vehicle
velocity, and sinkage. The distance traveled isetily measured by the rotational encoder in
the DPR drum that rotates as the cable is drawn ®be cable was subject to minor stretching
and oscillations that affect the distance measunerti&t significantly decreases the signal to
noise ratio. While not significant for the disteanmeasurement, the velocity was calculated as
the derivative of the distance measurement andwegssensitive to the noise. An independent
measurement system would not be subjected to asonl and would allow for more precise
measurements, such as a total station. A totabstavould be useful for calculating distance,
velocity, and sinkage as it is a measurement inutgr@ of the vehicle. A total station obtains
these measurements by using laser to track thandstand angle of a known point on the
vehicle relative to the position of the laser.

Once a systematic error is identified and reduspdgific test parameters should be varied,
while holding everything else constant, to undedthow the performance of a vehicle is
sensitive to the variations of different test pagéens, and potentially increase the time efficiency
of the test. For instance, the test procedure dea®loped based on the assumption that a
steady-state region of performance exists. Wihiléheory this assumption is sound, it is very
time consuming to conduct tests in this manner,thadxistence of a steady-state region should
be evaluated considering the value of decreasiagtithe to conduct a test. For instance, in

previous studies conducted by W.E.S in [7, 10, fb2jhd that the differences in performance
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using a constant-TR and programmed-TR (ramped-ER)niques, for a single-wheel&P
tests, were insignificant. Hence, an entire DP-TiR/e could be generated in one test, which is
very time efficient and did not sacrifice the gtyabf the results. A similar investigation should
be conducted that can be generalized for vehioletralled-DP tests.

Another test parameter to study is the effect efgbil preparation on the performance of
the vehicle. The T2 condition was selected asteh@in condition to condud@P tests, and it
was defined based on the preparation method. \Wpl®duces a consistent and repeatable soil
condition, it is not understood if the performammdea vehicle will fluctuate due to variations in
soil density within the definition of the T2 condit. Therefore, a study should be conducted to
experimentally determine the terrain condition ttegults in the most consistent performance, or
define new terrain conditions based on performaapeatability.

In coordination with these recommendations, a serfestudies were conducted to evaluate
how the variation of test parameters would affeerfgrmance and to develop proper
experiments to conduct these tests. The goalkesket studies were to further develop the test
procedure by indentifying sources of variabilitygarformance; and in addition for use at GRC,
that information is valuable to provide insighttt@ terramechanics community on how certain

test parameters can affect performance. Theseestark discussed in Chapters 5 and 6.
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5. Variation of Drawbar Pull Test Parameters: Preliminary Studies
Conducted and Their Contribution to the Developmentof the

Final Methodology

A study of the variation of test parameters wasessary to increase the value of the
developed procedure in Chapter 4, and to proviggglm to the terramechanics community
regarding the importance of such as study to ointgireplicable and comparable performance
results. The goals of this preliminary study wasxperimental identify relationships between
certain test parameters and the performance othalee While this study was novel, it was
necessary to develop the methodology and goalsdioducting the experiments. As discussed
in Chapter 2, any similar previous studies weredoated using single-wheel tests. Thus, the
procedures and conclusions could only be usedqsd®, but were integral to developing the
hypotheses. This chapter discusses the proces$ wlds conducted to explore and identify
which test parameters were most important to etalismemost, the development of hypotheses,
the methodology to conduct the experiments, and the preliminary experiments and results.

This information in this chapter is presented chitogically to illustrate the development
of the methodology. The first study describedhrs tchapter is determining the magnitude of
performance difference while operating in the thdeéerent terrain conditions (T3, T2, T1).
Next, a statistical method was developed to defiree repeatability of an experiment, and to
compare results by determining if they differ ingnaude in excess of the expected variability
of an experiment. Then, in accordance with themeuendations made in Section 4.4, an
attempt was made to determine if a steady-staterred performance, described in the Chapter

4 procedure, exists for controll€P, full vehicle tests. Finally, an attempt was to
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experimentally determine relationships of how v#oias in the density of the terrain preparation,
as measured by G, affect performance. For eaclthe$e studies, the motivation, the
development of the methodology and hypothesesexiperimental procedure, the results, and
recommendations for improvement are provided.

Note: The chapter is termed “preliminary studiemt the results in this chapter should
not be subjected to interpretation. When condgctire variation of test parameter studies, all
other parameters were not held constant, spedifitta test wheels and th&P force. The test
tires were varied as these studies were initiadigdzicted in parallel with completing other test
matrices. The wheels for each study were chosesatisfy multiple objectives. Additionally,
upon the completion of this study, the drawbar pgl(DPR) was found incapable of outputting
a constant and repeatalid® force during and between tests, which is furthgianed in this
chapter. Because the independent variable wascootrolled, even general conclusions
regarding these could not be formulated. Theninté including this chapter was to inspire
future studies, further develop the methodologied aypotheses, and to provide “lessons

learned” to avoid similar problems.

5.1 Evaluation of Performance in the T3, T2, and T1 Teain Conditions

The T2 terrain condition was chosen P testing at GRC because it was able to be
consistently prepared and represented the medigreafoil compaction levels measured by the
Apollo astronauts on the Moon. However, the T3 @fdconditions were also developed and
also fall within the soil compaction levels on th@on, and it was of interest to understand the
differences in performance among the T3, T2, anctdriditions. Hence, the first preliminary
study was to examine the differences in performasmely based on the different terrain

condition. The hypothesis was that i@ DP curves for the three terrain conditions would be
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separated, where the vehicle would exhibit TERsvith increasing density, which would shift the
curve to the right. The three terrain conditiores @efined in Table 1.

Because this was a comparative study intended deramly at GRC, the Chapter 4 test
procedure was amended to be more time efficiemstead of using the steady-state region
technique, where thBP was increase approximately every 1.5 metersDiRewas increased
approximately every half-meter, called the “0.5 teathnique. The 0.5 m technique was more
time efficient because a fullR-DP curve was obtained in one test run. Only the fata the
last 0.3 m of vehicle travel, for each constaft, was used to calculateTdr

This test was conducted with Scarab at the 100o&d and equipped with the Spring
Tires. The Spring Tires were chosen for this stbégause, at the time, they were being
evaluated for implementation on lunar vehicles. eréfore, any information using these tires
would be applicable for other studies. This combon of vehicle setup and terrain condition
was selected to increase contact pressure andvadhigh sinkage in order to increase the effects

of the soil on the performance of the vehicle. Témults from these tests are shown in Figure 30.
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Figure 30. The results of terrain condition comparison tegth the Spring Tires. Vehicle

performance in the T3 and T2 terrain conditionssamglar, but the T1 condition produces less
travel reduction at higher drawbar pull forces.

The results show that thER-DP relations are similar for both T3 and T2 conditon
throughout the entire curve, and thR is less for the samBP in denser T1 condition. This
result contradicts the hypothesis that all of theves would be separated because the change in
density would cause differefiiR. However, the fact that the cone penetrometersoreanent
does not account for all performance influencing garameters, such as surface effects, could
be the cause for these results.

A repeat study was conducted to check the validftyhis result. The test tires were

changed to the treadless pneumatic with an infiapieessure of 1 psi to achieve a low contact
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pressure. The low contact pressure would limitsihkage, reducing the effects of the density of

the soil and increasing the influence of surfadeat$. The results are shown in Figure 31.
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Figure 31. The results of terrain condition comparison tegth ¥he treadless pneumatic tires at
1 psi. Vehicle performance in the T3 and T2 ter@nditions are similar, but the T1 condition
produces less travel reduction at higher drawb#rfgieces. The testeBP forces were not large
enough obtain the full curve, but the separaticevident.

The results in Figure 31 show that, again, thealetperformance in the T3 and T2 terrain
conditions is similar, and the T1 condition causegiificantly lessTR Again the hypothesis
was disproved. The conclusion was that therenseselation between the density of the terrain
preparation and performance such that the T3 antkifain conditions produce similar results.

It was evident that a future study was necessarpltain the relationship showing how
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performance varies based on the density of thaitempreparation. Two such studies are
described in Sections 5.4 and 6.5. For subsesuxg@rimentation, the decision was made to use
the T3 condition, because it required less timprépare and seemed to produce the same results

as the T2 condition.

5.2 Development of a Statistical Analysis to Compare ahAssess the

Repeatability of Drawbar Pull Tests

In Section 5.1, the 0.5 meter (0.5 m) test techmiquas selected because it was
significantly more time efficient than the Chapterprocedure as only one 0.5 m test was
necessary to generate a filR-DP curve; whereas, the Chapter 4 procedure would redai
excess of 3-4 tests to acquire the same data. Woweased on the assumption that a steady-
state performance region existed and the explanati®ection 4.3, the performance from 0.5 m
techniqgue was considered transient. Hence, thétyj@nd consistency of the results were
unknown. Before the technique could continue toubed, the repeatability of the technique
needed to be assessed, and a statistical procedweleveloped to compare and asses the
repeatability ofDP tests. This section will describe the statistimadcedure, its utility, and its

application to the 0.5 m test technique.

5.2.1 Statistical analysis of drawbar pull tests

The statistical analysis began with conducting fidentical tests in succession. The
guantity of five tests was selected consideringtthdeoff between time and quality of results.
Conducting five successive tests would take a fogmt amount of time, and considering the
tradeoff between quality of result and efficientlye time consumed to conduct more than five

tests outweighed any increase in the precisiohefnhalysis.
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The data from the five repeat tests were processg@doduceTR-DP curves, where one,
discreteTR-DP data point was calculated for each tedb#el The discrete data points which
form the TR-DP relationships then fit with a%Border polynomial. The residuals R relative

to the polynomial fit were calculated using Equat{®3) [6].

ra[m] = s,[m[- s," [m] (13)
n = test number
m = data point number for a givédP/W
ro[m] = the residual for a givedP/W (%)
s,[m] = the calculated R from the test data for a givé&P/W (%)
s,"[m] = the 3° order polynomial fifR value for a giveDP/I (%)

The standard deviation iR, |, for each test was then calculated using thesduas.

The standard deviation was calculated accordirigieation (14) [6].

1M
S, =.—
M 1

r,2[m] (14)

n =repeatest number
m = data point number for a givédP/W
n = standard deviation iR (%)
ra[m] = the residual for a givebP/W (%)
s)[m] = the calculated R from the test data for a givé&P/W (%)
s,"[m] = the 3% order polynomial fiff R value for a giverDP/W (%)

While the standard deviation evaluates variabditgach data point from th&®rder
polynomial fit, the ensemble deviation was defite@valuate variability between the repeat

tests. The ensemble curve fit was calculated@sntban of all the repeat test curve §t&[m].
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The residuals between each test curve fit andribemable curve fitlR,[i] were calculated by

Equation (15) [6].

N

Rl =s, ] -

s, " [m] (15)

n = repeat test number

m = data point number for a givédP/W

N = total number of repeat tests

R,[m] =the ensemble residual for a givieR/W (%)

s,"[m] = the 3° order polynomial fifTR value for a giverDP/ W (%)

The ensemble deviation, (m) was calculated using the ensemble residuals from

Equation (16) [6].

R,*[m] (16)

n = repeat test number

m = data point number residual for a givieRr/ W

M = number of experimental data points in each test

R,[m] =the ensemble residual for a giveR/ W (%)
(m) = standard deviation @R for a given testn (%)

In order to compare the results of different tesid determine if they are significantly
different, “range bars” were defined. Range bagesencalculate using the discretdR-DP data
points from the five repeat tests, and represeneitpected variability of a test technique. For

eachDP value, a range bar was defined as all of the gabfd R between the maximum and
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minimum TR, which was calculated by Equation (17). When canmg different tests, the range
bars are centered at the mean of the test resulesathDP value. If any data point falls outside
the range, it is generally considered significardifferent from the rest, as it exceeds the
expected variability. The conclusion that one test was significantly different than another

was made based on the frequency of a test restdeding the expected variability.

REm| = max(s, [m]) - min(s,[m]) (17)
n = repeat test number
m = data point number for a givédP/W
s,[m] = the calculated R from the test data for a givé&P/W (%)
RBm] = the range bar for a givédP/W (%)

5.2.2 Application of statistical analysis to 0.5 meter tst technique

The analysis described in Section 5.2.1 was appbethe 0.5 m test technique and is
presented in this section.

The five repeat tests were conducted with Scardabeafl00 kg wheel load equipped with
the Scarab rigid tires. This vehicle setup waectetl to increase contact pressure and achieve
high sinkage in order to increase the effects efdil on the performance of the vehicle. After
processing the raw data, the single test resicradsstandard deviations, were calculated based
on the & order polynomial curve fits. Next, an ensemblevetfit was calculated as the mean of
the five polynomial curve fits from the individutdsts. The mean and the maximum ensemble
deviations were calculated respective to the enkembve fit. The results from this analysis are

listed in Table 3 and shown graphically in Figuge 3
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Table 3. The standard deviations, mean, and maximum ensetellations for five, repeat 0.5
meter tests in the T3 terrain condition.

. Value
Metric (% TR)
Standard Deviation, Test #1 1.56 %
Standard Deviation, Test #2 1.25%
Standard Deviation, Test #3 1.71 %
Standard Deviation, Test #4 2.06 %
Standard Deviation, Test #5 1.75 %
Mean Ensemble Deviation 1.07 %
Maximum Ensemble Deviation 3.16 %

Analyzing the statistics in Table 3, the 0.5 msttéechnique in the T3 terrain was
considered repeatable, as all the deviations da¢éively small. Again, Figure 32 shows the
repeat tests, thé®order polynomial curve fits, the residuals, and émsemble deviation as a
function of theDP coefficient. The ensemble deviation increaseshaDP force increases.
This was expected because Tiebecomes more sensitive to higld? forces as small changes
in DP, soil conditions, and load distribution could atf¢heTR Again, the maximum ensemble
deviation is small and the 0.5 m test techniquethe T3 soil condition was considered

repeatable.
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Figure 32. For the five 0.5 m repeat tests in the T3 terraimdition: (top)TR-DPdata and
curve fits for all five repeat tests, (middle) tlesiduals off R for each repeat test, and (bottom)
the mean ensemble deviation.
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In addition, the range bars were calculated aretlar on the plot of th& R-DP curves
for each of the five repeat tests, and are showngare 33. The method that was chosen was to
depict the expected variability using the rangesbafgain, the heights of the range bars were
defined as all of the data points within the ramjethe min and maxIR for a givenDP
coefficient. The range bars were positioned atrtteanTR and DP coefficient for eaclDP
coefficient. Note, as stated previously, DI force was not able to be consistently controlied a
this time and the scatter in tBd° coefficients between tests is evident in Figure 3Be range

bars show the expected variability of the 0.5 nhtisshnique in the T3 terrain condition.
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Figure 33. TheTR-DP relation for the five repeat, 0.5 meter test i@ T8 terrain conditions,

complete with overlaid range bars depicting expketaiability. TheDP between tests could
not be held constant due to the lack &fRacontrol system.
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5.3 Identifying the Region of Steady-State Performance

As concluded in the previous section, the 0.5 nhrigpie was found to be sufficiently
repeatable and was significantly more time efficidran the Chapter 4 procedure. However,
while developing the Chapter 4 procedure, the apiomwas made that a steady-state region of
performance existed for a vehicle operating at onisvheel speed ardP in a constant terrain;
therefore, the vehicle performance using 0.5 mrtegle would be considered in the transient
region. The steady-state region was defined irii@ed.3 as the region where the rear wheels
operate in ruts of the front wheels under a condddhand terrain condition. An explanation of
the theory regarding how the performance would wamsach region follows.

According to the steady-state assumptionDBsincreases by being stepped or ramped,
the wheels will slip more and further compact tb#, creating a denser rut than the rut of the
previous, smalleDP. When theDP was increased, the rear tires were still operatinpe ruts
of the previouDP, which are less dense. Therefore, in the trahsegion, the ruts created by
the front wheels are denser than the ruts in wthehrear where are operating. Once the rear
wheels enter the denser ruts produced by the fndmels, theTR is theorized to decrease.
Hence, the steady-state region would be identified distance traveled at const&R where
the TR significantly drops off and then remains constarBased on this theory, the hypothesis
for this study is that th&R will significantly decrease at some distance tledet constanDP
and then remain constant. This would occur m&styiaround one wheel base, or 1.2 m.

A review of the single-wheel, controllefR tests conducted by W.E.S in [7, 10, 12]
provided insight regarding the steady-state regigperformance and evaluate the validity of the
hypothesis. In an attempt to simplify their testtnces, the constariR (slip) technique and the

programmedFR (slip), a.k.a. rampedR techniques were compared. The constaht-
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technigue was used assuming that eventually theevél reach a steady-state region of
performance, and the longer the vehicle traveksntiore likely that it will reach this region. The
entire soil bin length was used for this test, amlly one, constanTR value was tested to
measure a correspondimP. A programmedFR or rampedFR, is the opposite extreme. As
illustrated in Figure 34, th&R is ramped up linearly with distance or time, arfd is never

constant.

Figure 34. Wheel speed versus time for a programmBger rampedFR test technique [12].

Considering Figure 35 from [7], the researchersWAE.S found the insignificant
differences between constan® (slip) and programmedR (slip), and concluded that “within
the precision of the data, the same pull-slip retais obtained from the programmed-slip tests
as the steady-state tests” [12]. This study wagimful, but was specific to single-wheel tests,
and suggested that either no steady-state registedxor the performance in that region is not

significantly different from that in the transiemigion.
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Figure 35. Comparison of controlled-sliff R and controlled-pull methods conducted in [7].

At GRC, the tests for this study were conducted@itarab at the 100 kg wheel load and
equipped with the treadless pneumatic tires an#lation pressure of 30 psi. This combination
of vehicle setup and terrain condition was seletteiticrease contact pressure and achieve high
sinkage in order to increase the effects of theawothe performance of the vehicle. A variety of
DP forces was selected. TBhé forces were chosen to acquire data in each regitme TR-DP
curve as described in Section 4.1. The T3 terramdition was used in coordination with the
conclusion made in Section 5.1. A constBRttest was conducted for each seledd®force.
Because the variation iR for the entire test was desired, the averBiBavas calculated at one

second intervals. THERversus distance curves are shown in Figure 36.
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Figure 36. Travel reduction versus vehicle distance travale@donstanDP/W’ in the T3
terrain condition.DP/W was not actually constant for these tests, aad/dniation ofTR
seemed to follow thBP/W variation.

As shown in Figure 36, th€R appears to increase with distance traveled, eslpecit
higherDP forces, and no significant decreasd Ris apparent. This suggests that a steady-state
region does not exist or is not significant. Hoee\after processing the results, e force
was found to significantly fluctuate during eachtfe@nd generally increased with distance. And
unfortunately, no conclusions could be drawn frbims test.

As shown in Figure 37, the variationsTiR seemed to be dependent oniiie Therefore,
the distinction between the fluctuatiig® and the distance traveled could not be made. rMigai

no useful conclusions were drawn from this test.
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Figure 37. The variations iR seemed to follow the variationsDP. The target constant
DP/Wwas 0.122. No useful conclusions were able tdrae/n regarding the “steady-state
region” of performance.

5.4 Effects of Variations in Terrain Preparation Density on Performance

As discovered in Section 5.1, the performance enTtB terrain condition was similar to the
performance in the T2 condition. While this inf@tion as useful, a more comprehensive study
was undertaken to develop “general” relationshigtsvben the terrain preparation density of the
GRC-1 soil, as measured by the cone index grademind vehicle performance. The desired
relationships were considered “general” becausstaied by Godbole, Alcock, and Hettiaratchi
in [16], “the cone penetrometer fails to take scefeffects into consideration and bears little or
no analogy with the mode of operation of the tacttyre.” Hence, if the different terrain
conditions consistently caused differences in dvpsformance, a conclusion could be reached

that the terrain preparation density did affecfqnance.
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The motivation of this study was initially to detgne if performance was repeatable
within the regions of density that defined the aerrconditions. However it became apparent
that the results of this study could be used terdene if the time of soil preparation could be
reduced by preparing a looser soil (T3 compare@Zp and if the terrain conditions should be
defined based on the repeatability of vehicle perfmce instead of being defined by the
preparation method.

As this test was novel, previous studies were seful in developing a hypothesis. The
hypothesis that was developed was in coordinatiin that made in Section 5.1: tA& would
generally decrease with increasing terrain preparatensity. However, the rate of this change
could not be predicted.

The mean density for the different terrains wascdbed byG, as it is the metric used to
describe the density and consistency of the tempesparation. As reported by Oravec, Zeng,
and Asnani, the relationship between density @nd deterministic and can be calculated using
the relationships in [4]. Hence the terrain coodis could be defined based on range6 of

Six, equally divided, terrain conditions were s&telcthat comprised the total density
range of the T3, T2, and T1 terrain conditions ® < 5.5 kPa/mm), and are listed in Table 4.
From a generalized perspective, this test woulddmelucted for the entire range of densities of
interest for the testing soll

The next step was to develop preparation procedare®ate each terrain condition. Each
terrain condition was initially prepared accordittythe T3 soil condition, where the loosest
condition as obtained by making sure to shovel sb#é as loose as possible.  Additional

compaction was performed using an 8 inch squarpeéam

86



Table 4. The terrain conditions used to develop genefatiomships between relative density,
as measured b@, and performance.

Terrain Range of,G Mean Relative Mean.Bqu

Condition (kPa/mm) Density, Dr Density,
(%) (g/cc)

R1 2.25+ 0.25 8.02 1.62

R2 2.75 + 0.25 14.02 1.64

R3 3.25+0.25 20.01 1.65

R4 3.75+0.25 26.00 1.67

R5 4.25 £ 0.25 32.00 1.68

R6 4.75 + 0.25 37.99 1.70

A series of “practice” preparations were perfornetbre testing to ensure each terrain
condition could be achieved. In accordance wightdmping procedure in Section 3.5.2.3, the
additional compaction was created by dropping &énepger from a specific height its own weight,
and making a specific number of passes as list@dlnte 5.

To increase the precision of the terrain prepanatierification analysis, each terrain
condition was measured with sixteen cone penetr@mesertions (instead of eight) and then
verified using the statistical method describedeattion 3.5.2.4. This preparation method was

developed so the terrain conditions could be regkednsistently for each successive test.

Table 5. Tamper drop height and number of passes to otitaidesired GRC-1 terrain
conditions.

Terrain Tamper Drop Number of
Condition Height (cm) Passes
R1 no tamping -

R2 3-5 1
R3 5-8 2
R4 5-8 3
R5 5-8 5
R6 5-8 7

The procedure for testing in these terrain cond#iovas to conduct a constdpi test, and

for each test run, three of the terrain conditiaiese prepared, where each terrain condition was
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of 1.5 min length. Therefore, only two test ruvese needed to test a constBitin each of the
six conditions. FouDP forces were selected to conduct this study, wieereh DP would
capture a different region of tA&R-DP curve, as described in Section 4.1.

The three terrain conditions were prepared fronséotm dense along the test bed; hence, for
one test the order was R1, R2, and R3, and thetasixtvas R4, R5, and R6. The test vehicle
was Scarab under a wheel load of 100 kg and equippth treadless pneumatic tires at an
inflation pressure at 30 psi. This vehicle setugsgelected to increase contact pressure and
achieve high sinkage in order to increase the effeicthe soil on the performance of the vehicle.
A constantbP test was conducted for each run. Tiewas calculated using only the data from
the last 0.3 m vehicle travel in each terrain cbadj and the results from this study are shown in
Figure 38.

Although minor trends were apparent, no useful kmions could be made from these
results because thH2P force could not be held constant during a testlaatdieen tests. Figure
39 shows th@R versusG for the targeDP/W = 1.09. It was obvious from examining Figure 39
that theDP force was not constant during and between tests,tlae variations irDP force
masked any changes TR due to changes in terrain preparation. Again, seful conclusion

could be drawn from these results.
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Figure 38. TheTRversusG relations for variou®P forces. ThéP force was unable to be
held constant during the test and between testistreaTR trends could not be distinguished

from changes iDP. No useful conclusions could be drawn from thislg.

Figure 39. The trend betweefR andG was masked by the effects of variation® force.
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5.5 Conclusions and Recommendations

Studying how varying testing parameters affectuéleicle performance for controlldal-
vehicle tests is important to understand the seesitf the performance and to identify ways to
avoid them; it also has the potential to incre&asegconomic efficiency of conducting extensive
studies. Unfortunately, at the time these prelanynstudies were conducted at GRC, Dfe
force was unable to be controlled or held constamtng and between tests. Therefore, no
conclusions were drawn regarding the steady-séafiem of performance, and no trends could be
discerned relating vehicle performance and avedagsity of a terrain preparation. Hence, the
respective hypothesis could not be proved or disgio

However, the vehicle performance using the 0.5 st technique in the T3 terrain
conditions was found to be repeatable, and a stafigorocedure was developed to analyze
future tests. While not entirely successful, theealies provided motivation and the basis for
further testing, and also provide lessons learneVbid such mistakes in the future.

A very important lesson learned was that a studyulkhnot be conducted until the
independent variables can be precisely controll&tde DP force must be controlled to ensure
that theDP can be held constant during a test and the dafhean be applied between tests.
Before future testing is conducted, an active alrgystem must be implemented to the DPR at
GRC. This active control system should communigatk the load cell measuring ti¥ force
and be able to adjust the current input to the m@&gparticle clutch at a high frequency to keep
the force constant. In addition, the control syst&hould allow for a test to be programmed,
where the DPR automatically conducts a test cangisf a variety oDP forces.

Investigating if a steady-state region of perforoeamexits is extremely important to the

economic efficiency foDP testing. While evaluating if a steady-state ragaists is valuable,
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a more useful study to evaluate the length at whigkhicle should travel at a const&R is to
compare the rampedP technique to different “steppddP” techniques. A steppeldP test is a
general term including both the 0.5 m technique tredChapter 6 technique, where D is
“stepped” up at according to a specified lengthedficle travel. By comparing these techniques
and determining the expected variability DR described in Section 3.5.2.4, any significant
differences in performance, dependent on the lenftlehicle travel at constamiP, could be
discerned. Also, an assessment of the existeneestéady-state region could be made. The
goal would be to determine the minimum requiredytenof travel that would maximize the
amount of DP forces that could be applied during a single test, without sacrificing
repeatability, and not cause significant differeniceperformance.

Also important is a continued study to develop diebetween the densities of the terrain
preparations and resulting performance. The T2Thtkerrain conditions were defined by the
method of preparation and seem to produce the gpanfiermance results. If this is always true,
the faster to prepare, T3 condition, should be dee®P testing in GRC-1. Assuming that the
aforementioned trend can be experimentally prowed] is significant, a implied conclusion
would be that the testing terrain conditions shawdtl be defined based on preparation method,
but rather on the repeatability of the performaoicéhe vehicle in that terrain condition.

These preliminary studies reinforced the valueheirtresults to the development DP
testing at GRC and to the terramechanics communithile they were conducted in parallel
with other motives present, a revised and moreiggestudy was conducted following these

preliminary studies and is described in Chapter 6.
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6. Variation of Drawbar Pull Test Parameters: Revised

Methodology and Conclusive Studies

The studies in Chapter 5 were generally inconckusigcause thBP force could not be
controlled or held constant during a test or betwessts. The primary task before attempting
another variation of parameters study was to implanthe proposed, acti&P force controller.
Once the controller was in place, revised variatbmparameters studies were conducted. The
methodologies in Chapter 5 were refined, and theeeance led to all of these studies in this
chapter to be conclusive.

Once theDP control system was implemented, the repeatabdftythe 0.5 meter test
technique was repeated to redefine the expectedbildy and repeatability metrics. An
additional parameter was identified as importami] & was necessary to investigate if the
consistency of the starting terrain condition akelcthe ultimate performance of the vehicle.
Then, the revised studies of how the performanca wéhicle varies with distance traveled and
the density of the terrain preparation are disalisse Finally, the conclusions and

recommendations are provided. The data for the teshis chapter are located in the Appendix.

6.1 Implementation of the Proposed Active Drawbar PullControl System

The DPR was designed assuming it would hold a eobB{P force according to an input
current; however, the DPR was found incapable aggarin Chapter 5, and an act@ control
system was implemented to ensure that the forcddamaiheld constant. The controller chosen
was an Opal-RT HIL Box real-time controller whick capable of providing feedback and

control at a rate of 1 KHz [28].
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The control system inputs are a load cell, attadimethe hitch on the rear of the test
vehicle, and the rotational encoder located ingige cable drum inside the DPR. The signal
from the load cell, pictured in Figure 40, travlisough an amplifier and then to an analog input
of the HIL Box controller. The HIL Box controlle@ommunicates with an external computer.
The control system outputs an analog signal toleage-controlled current source. The current
is sent to the magnetic particle clutch, which alies the magnitude of torque transferred from

the motor to the cable drum [28].

Figure 40. The load cell was connected between the cableypahd the vehicle hitch. The
load cell was used to measure and control the caapul! force.

Software on the external computer acts as the csetrolled interface. The software
programs used are Opal-RT controller software anmithk (Matlab). The Opal-RT controller

software is used to initialize the controller andacquire data from the load cell and rotational
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encoder, and to output an analog signal to theagetcontrolled current source. A proportional
integral (P1) controller with a feed forward compoi is programmed in Simulink. The desired
application ofDP forces for a test was programmed into Simulinkuribg the test, the control
system reads and stores e force from the load cell, and modifies the curranthe magnetic
particle clutch at a frequency of 1 KHz to folloletdesiredP force program. Th®P force

and time stamp are compiled and stored on the ctanppon the completion of the test.

6.2 Repeatability of the 0.5 Meter Test Technique

The activeDP force control system was implemented to the DR, iawas necessary to
reanalyze the repeatability of the 0.5 m test teglen  The 0.5 m technique was defined as
holding a constar®DP for 0.5 meters, and using only the data from #s¢ 0.3 meters of vehicle
travel for eaclDP in the calculation oTR The same statistical analysis and test procedase
conducted as described in Section 3.5.2.4. Fieatidal tests were conducted using the 0.5
meter technique where Scarab was the test vehiclerwa 100 kg wheel load and equipped with
treadless pneumatic tires with an inflation presafr30 psi. This repeat study was conducted in
the T3 terrain condition, because it required #ast amount of time to prepare compared to the
T2 and T1 terrain conditions, produces the mosaliefTR, and, as presented in Chapter 5, it
was found to produce repeatable results. This amatibn of vehicle setup and terrain condition
was selected to increase contact pressure andvadhigh sinkage in order to increase the effects
of the soil on the performance of the vehicle.

In coordination with the results found in Sectio2.3, the statistical results in Table 6
show that 0.5 m test technique in the T3 terrais vegeatable, as all of deviations are relatively

small. The standard deviations, mean, and maximnsemble deviations are shown in Table 6.
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Table 6. The standard deviations, mean, and maximum ensetellations for five, repeat 0.5
meter tests in the T3 terrain condition, with timpiemented, activBP control system [6].

. Value
Metric (% TR)

Standard Deviation, Test #1 1.06°R
Standard Deviation, Test #2 0.74°R
Standard Deviation, Test #3 0.56PR
Standard Deviation, Test #4 0.77PR
Standard Deviation, Test #5 0.84PR
Mean Ensemble Deviation 0.96¥R

Maximum Ensemble Deviation 1.86TR

The variability of TR is considerably smaller than the previous resshitsvn in Table 3;
hence, the implementation of the act@® control system seems to decrease the variability i
TR during a test and between tests. Figure 41 shiogvsepeat tests, th& Drder polynomial
curve fits, the residuals, and the ensemble dewiads a function of thBP coefficient. Again,
the ensemble deviation increases asDReforce increases and was expected becaus&Rhe
becomes more sensitive to high&® forces as small changes P, soil conditions, and load

distribution could affect th&R
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Figure 41. For the five 0.5 m repeat tests in the T3 tercandition with the active control
system: (top)IR-DPdata and curve fits for all five repeat tests,dgie) the residuals afR for
each repeat test, and (bottom) the mean ensemaktida [6].
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The 0.5 m test technique in the T3 terrain conditwas considered repeatable, and
because the combination was more time efficien tha Chapter 6 procedure, it would be used
for the subsequent studies in this chapter.

In addition, the range bars were calculated aseefin Section 5.2.1 and overlaid on the
plot of theTR-DPcurves for each of the five repeat tests, as shovwingure 42. The heights of
the range bars were defined calculating the diffeeebetween the min and ma&R for a given
DP coefficient. The range bars were positioned atrtieanTR andDP coefficient for eaclbP
coefficient. Note, as stated previously, DI force was not able to be consistently controlied a
this time and the scatter in tBd° coefficients between tests is evident in Figure IBe range

bars show the expected variability of the 0.5 nh tisshnique in the T3 terrain condition.
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Figure 42. TheTR-DP relation for the five repeat, 0.5 meter test i@ T8 terrain conditions,
complete with overlaid range bars depicting expkutgiability.
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6.3 Effects of Starting Terrain Condition on Performance

While it is evident that the terrain condition affe the performance of a vehicle, it is
uncertain if the condition of the terrain on whiglbP test is started, or the “launch pad,” will
affect the resultant performance. The typicaltstgrcondition for aDP test using the procedure
described in Chapter 4 was to position the vehatlthe end of the soil bin as close to the DPR
as possible. The soil was generally packed froaguent traffic and walking, but was
occasionally prepared and leveled. Therefore, ds wnportant to understand if the terrain
condition of the starting area had an effect onrdseilting performance of the vehicle during a
DP test, and denote if the inconsistency of theisigterrain condition could have affected past
results and how significantly. The goals of thisdy was to determine if a specific starting
terrain condition should be used for every test] aow different starting terrain conditions
would affect the ultimate performance of vehicle.

A similar study was conducted at W.E.S by Murphg &reen in [7]. For controlled-slip
(TR), single-wheel tests, three testing surfaces weexl as the starting condition: the wheel
resting on a nonyielding surface, resting on thepared soil, and embedded 10-11 inches in the
soil. For the latter two starting conditions, thesiredTR was attained within 2-3 feet of travel.
The conclusion was that “when the selected slip acseved, the wheel performance adjusted
accordingly and essentially reached the same bguiih values, whatever the initial condition.”

While this study was insightful, it was not neceggapplicable to full vehicle, controlled-
DP tests. In coordination with the conclusions iy fie hypothesis for this study was that the
starting terrain condition would not affect theukisig performance of the vehicle. The test of
this hypothesis was conducted using the rangedsacalculated in Section 6.1. By positioning

the range bars at the mean of Tiiedata for each respecti@P coefficient, if theTR-DP curve
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for any test falls consistently outside of the marzars, it would be considered significantly
different from the other tests. Otherwise, it wbbk within the expected variability of a single
0.5 m test in the T3 terrain preparation.

The preparation of each starting terrain is describlong with the test procedure. The

results and recommendations for this study areudged thereatfter.

6.3.1 Starting Terrain Preparation and Test Procedure

Four starting terrain conditions were used in thigdy to represent the extremes of
possible starting terrain conditions, a non-yieddsurface and burying the wheels in the soil, and
the conditions in between that are frequently ueedesting at GRC, a previously trafficked
dense terrain and a prepared T3 terrain condition.

The non-yielding surface was created by placing weod boards on the soil, as pictured
in Figure 43. The typical starting condition wapraviously trafficked, dense terrain, where the
wheels were in the ruts of the previous runs. Bhasting condition was created by conducting
this test after many previous tests, without prieyathe terrain, and is pictured in Figure 44.
The buried condition was used to simulate the extref high, initial sinkage and is pictured in
Figure 45. The wheels were buried 10-12 cm belogvlevel of the soil. The final starting
condition was a prepared T3 terrain condition. r&tavas gently placed on the prepared soil
using an overhead crane. For each of the stactinglitions, the vehicle travels 1.2 m, or one

wheel base, before the rear tire reaches the e parrain.
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Figure 43. Scarab starting on the nonyielding surface, wkehe two wood boards.

Figure 44. The typical starting terrain condition was a poegly trafficked and dense soil.
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Figure 45. The wheels were buried 10-12 cm below the levéhefsoil to achieve the buried
starting condition.

For all of the tests, the test vehicle was Scardb & 100 kg wheel load and equipped
with the treadless pneumatic tires at an inflapoessure of 30 psi. The soil bin was prepared to
the T3 terrain condition. This combination of & setup and terrain condition was selected to
increase contact pressure and achieve high sinkagreler to increase the effects of the soil on
the performance of the vehicle. The test technigag a 0.5 m test, where an eniiiR DP curve

could be generated in one test run.

6.3.2 Results and Recommendations
The results from the starting terrain conditionstdeare shown in Figure 46. For each of
the tests, once the rear wheels reached the ptepaile the vehicle had completely recovered

from the starting terrain condition, as the sinkages approximately the same. For all of the
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starting terrain condition tests, tA& for each respectivBP coefficient is within the expected
variability as denoted by the range bars. Herwe change in the starting terrain condition did
not cause any of the tests to fall outside of thpeeted variability of a single test. The
hypothesis was confirmed, and the conclusion &f ¢brresponds with that mention before from
[7]. The starting terrain condition did not affetie resultant performance of the test. The
vehicle will recover from the starting conditiomaaonce this occurs, the performance will not
be affected.

Considering the results from this study, the stgreondition does not affect the ultimate
performance of the vehicle duringD® test, and no additional time should be spent piepa

the terrain of the starting location in the test. bi
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Figure 46. TheTR-DP curves for the different starting terrain conditiests. The range bars

show that the variations ifR for each respectiv@P coefficient are within the expected
variability of the 0.5 m test technique and in Ti8terrain condition.
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6.4 Effect of Distance Traveled at Constant Drawbar Pulon the

Performance of a Vehicle

The purpose of evaluating how distance travelecbastantDP affects performance was
originally to identify the region of steady-staterfprmance, as described in Section 5.3. While
the identification of the steady-state region wikisiportant and desired, the methodology was
revised to be more applicable to procedural leeehmiques. Specifically, the rampBe
stepped®P, and constanBP test techniques Hence, instead of varying tHeP force and
evaluating how th@R varies with distance, the distance traveled wasenrihd test parameter
that was varied. The results would then be mgpeesentative of how the variation of distance
traveled by the vehicle at const@®® and in a constant terrain would affect the perforceaof
the vehicle. With this revised methodology, bdik bptimal testing distance techniques could
be determined as well as if a steady-state regimtse

The 0.5 m, steppeDP, test technique was found to produce repeatalsigltsein both
Sections 5.2.2 and 6.1. However, the assumptiathenta developing the Chapter 4 procedure
was that once the rear wheels entered the rutsecrdy the front wheels at a const@®R and
terrain condition, the performance of the vehicleuld be in a steady-state region. As the wheel
base of Scarab was 1.2 m, the performance usingn @ghnique would be considered transient,
and was expected to produce a largRBrthan in the steady-state region. With this asgiomp
the steady-state region would be identified by sigmificant decrease iR While this was the
previous hypothesis made in Section 5.3, a furtkerew of literature revealed that similar
studies conducted at W.E.S in [7, 10, 12] condiutihet the extremes of transient and steady-
state performance, the ramp€R-and constant-R techniques respectively, did not differ outside

the expected variability of the test, which conictglthe steady-state assumption. However,
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these studies were conducted only with single wtests and were not necessarily applicable to
full vehicle tests. Nevertheless, they providedezimental evidence that the steady-state region
of performance was negligible or non-existent; aiith this evidence, it was most practical to
revise the hypothesis and prove that distance ledvdid affect performance. If distance
traveled did not affect performance and no steaaltgsregion existed, then the most time
efficient test technique should be used to increhseeconomic efficiency of conductirigP
tests. Hence, the revised hypothesis was thdetigth that a vehicle travels at constBft will
not significantly affect the resultant performana@md none of the test techniques will
significantly differ from the others.

In this chapter, the description and procedurestiier constanbBP, steppedP, and
rampedbP are explained. Then, the comparison of the testhrtique results and

recommendations are discussed.

6.4.1 Description of Test Techniques and Procedures

A description and procedure for each of the condid) steppeddP, and rampedP test
techniques are explained in this section. Thewuelsicle for all tests was Scarab under a 100 kg
wheel load and equipped with the treadless pnecontadis inflated to 30 psi. The T3 terrain
condition was used for all tests. This combinatidrvehicle setup and terrain condition was
selected to increase contact pressure and achigesimkage in order to increase the effects of
the soil on the performance of the vehicle. Tfiects of the soil on the vehicle performance
was especially important to this study because steady-state region of performance was
defined based on the rear wheels operating inutsecreated by the front wheels at consiiat

The constanBP test technique was conducted by driving the vehc8 m, or four wheel

bases, at a constaDP force. The 4.8 meters is approximately the entgeable length of the
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soil bin. A single test run was required to testlredesire®P force, and only the data last 0.3 m
vehicle travel distance were used to calculateltRe

Four different steppe®P tests were conducted, defined by the length oiclelravel at a
constantDP force. A steppe@®P test consists of increasing tb¥°, keeping it constant for a
specified distance of vehicle travel, and thenppieg” the DP force up to a new magnitude.
Figure 47 is an illustration of the stepp@®-test techniques. The tests techniques were 0.5 m,
0.8 m, 1.0 m, and 2.4 m. Under the “steady-staggon” assumption made in Chapter 4, the
performance using the 0.5 m, 0.8 m, and 1.0 mtez$iniques would be considered transient.
The performance using the 2.4 m test technique dvbelconsidered steady-state. Only the data

from the last 0.3 m of vehicle travel were useddlzulate th@ R

Figure 47. The steppe®P test technique, where tlE° force is held constant and then
increased at predetermined distance intervals.
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The rampedP test technique consisted of linearly increasing @ force with travel
distance, at a specified rate. For this study,rétte of increase was chosen as 62.25 N/m (14

Ibs/m). Figure 48 illustrates the rampB@&-test.

Figure 48. The rampeddP test consists of linearly increasing B force with distance at a
specified rate.

Calculating theTR for the rampedP tests was complicated because the vehicle
decelerates as thH2P increased. The measured distance traveled byethiele during the time
of the test is shown in Figure 49. First, revigjtEquation (5), the acceleration term on the left

side of the equation is not zero, and the inclusibthe inertial force will reduce thBP; the
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inertial and resistance forces must be overcomé&hndubtracts or “uses” tHeP that would be
available if the vehicle does not accelerate. Beéc&quation (9) must be used to calculate

instantaneou$ Rfor the rampedP tests, because the velocity of the vehicle idinear as the

8- ramped-DP test data | |

distance (m)

Figure 49. Distance traveled by the test vehicle over theetof a rampe®P test.

DP is constantly increasing. Therefore, a time siwaaverage the velocity could not be used
because the relationship between the lifi@arand vehicle velocity is not linear. In additict,
the time of these tests, the vehicle velocity was measured, but was calculated as the
derivative of the distance measurements, and wag sensitive to small variations in the

distance measurements.
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These problems were overcome by investigating biamge in distance over time of the
vehicle during the tests. Figure 49 is zoomednid idustrated in Figure 50, and shows that the
velocity can be approximated as linear over 0.0becrements. Both the velocity amP were
averaged over the 0.05 m increments at the midpowsing this approximation, the inertial
forces were assumed to be zero and would not affecTR calculation. TheTR was then

calculated using Equation (9).

Figure 50. To calculateTR for the ramped3P tests, velocity was approximated as linear over
0.05 m increments and averaged around the midpoint.
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6.4.2 Results and Recommendations

Figure 51 shows th@R-DP relations for the constamP, steppedP, and rampedP
test techniques. The hypothesis for this study thas distance traveled would not affect the
performance, and that none of the test technigumddmproduce significantly different results
compared to the other test techniques. Thereibed, tests are the same, they should all fall
within the expected variability of the 0.5 m testhnique, as denoted by range bars calculated
from five repeat tests, described in Section @ lhe test of the hypothesis was conducted in this
manner. The range bars calculated in Section @re wositioned at the mean of the scatter of
TR among the tests for each tesi@d force. The results and overlaid with the ranges lzae

shown in Figure 51.
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Figure 51. Comparison of th®P-TRrelations for the rampeDP, steppeddP, and constant-
DP test techniques.
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For the most part, theP-TRrelations for all of the techniques fall withirethange bars at
eachDP coefficient. The data scatter does not appedaltowithin a specific pattern and
appears random, suggesting that the variability daes to random error and not due to the
testing technique. Also, the rampB&- test generally falls within the middle of the athest
techniques, suggesting that inertial effects atvsideel speeds (0.1 rad/s) is not significant, and
that the linear approximation of velocity was adebfe. It is evident that none of these tests
were significantly different from the others; hendbe hypotheses was confirmed in that
variations in distance traveled at const®@® does not have significant influence on the
performance of the vehicle.

With respect to the aforementioned conclusion jdeetification of the steady-state region
of performance was necessary to evaluate to mak@@nmopriate recommendation for which test
technique to use. The steady-state region wasetefn Section 4.3 as the region where the rear
wheels operate in ruts of the front wheels undesrestantDP and terrain condition. Again, the
developed theory was that when the rear wheel esathe ruts of the front wheels, the
performance was considered transient, and the ysttate region would produce l[e$® as
compared to the transient-region. BB increases by being stepped or ramped, the whekls w
slip more and further compact the soil, creatirdgaser rut than the rut of the previous, smaller
DP. When theDP was increased, the rear tires were still operaitintpe ruts of the previous
DP, which are less dense. Therefore, in the trahsegion, the ruts created by the front wheels
are denser than the ruts in which the rear whezeoperating. Once the rear wheels enter the
denser ruts produced by the front wheels,TtRés assumed to decrease. Hence, the steady-state
region would be identified at a distance traveledere theTR significantly drops off and

remains constant. However, it was more practicgdrove that this theory was correct rather
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than test that it was not. Hence, as stated eatfie revised hypothesis for this study is that th
TR at any distance traveled will not be significandijfferent from the other distances traveled
and the steady-state region of performance wasgieggl or non-existent.

Additional results for this study are plotted irgéie 52 ag' R versus distance traveled by
the vehicle at various constddP forces. It is important to note that the datadutgecalculate
TR was only from the last 0.3 m of vehicle travel.or example, the 4.8 m, constddi
technique, the vehicle travels 4.5 m and the datdun the calculation is from 4.5-4.8 m.
Again, as the hypothesis for this test was thateteéll be no significant differences iR with
distance traveled, and the expected variability dexsoted by range bars as calculated from the
repeat 0.5 m tests. From Figure 52, it appeatsthied R with respect to travel distance at all of
the constanDP forces, that all of the data generally falls withihe expected variability. While
there appears to be an increasing trend from thenOdistance to the 0.8 m distance, the results
for this data are generally still within the expttvariability; therefore, without further testing,
no explanation can be made regarding if it is adre No other trends appear significant in this
data as the remainder of the curves appears tano®m in shape, and the significant decrease in
TR, which would represent the transition to a stestdye region, is not apparent. While, more
tests are necessary to confirm if the small in@ea3R from 0.5 m to 0.8 m of travel distance

was a trend, it is clear that after 0.8 R was not dependent on distance traveled.
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Figure 52. The variation offRwith distance traveled for selected, consfaRtforces, and the
expected variability oT Rfor eachDP.

The recommendations based on the results of thdy dollow. Ff time is an issue, the
rampedbP test technique will not produce significantly éifént results and is the most time
efficient, as a large amount DP forces can be tested to measure corresporiditigHowever,
it is recommended to use a small distance, stepfetechnique as it is less sensitive to error as
the TRis calculated over a larger increment, which reduihe effect of short-lived changes in

performance due to variations in soil conditiorehiele dynamics, and measurement error.
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6.5 Effects of Variations in Terrain Preparation Density on Performance

As a revision of the study conducted in Section, Sldveloping general relationships
between the terrain preparation density of a ssilmeasured b§, and vehicle performance is
useful for designing terrain conditions that witalease the variability of vehicle performance
due to variations in density both during and betwtssts. The incentive for this study began
with findings in Section 5.1, that the vehicle permhance in the T3 and T2 terrain conditions was
similar. Because the T3 condition took less timmeptepare, it was useful in increasing the
economic efficiency of conductingP testing at GRC. However, more concrete evidenag w
needed to conclude that the T3 and T2 terrain tiomdi did consistently produce the same
performance results. While the study in Sectioh Wwas inconclusive because tB® force
could not be controlled, the same motivation exliste design terrain conditions for GRC-1
where vehicle performance was insensitive to viamat in relative density. However, the
methodology of how to conduct the experiments veassed to eliminate sources of error of the
previous procedure, and to make the experimentse nedficient by gaining more useful
information for the quantity of experiments conabatt Also, the analysis of the data was revised
to draw more insightful conclusions. In this claptthe preparation of the terrains and test

procedure are described, followed by a discussioasults and recommendations.

6.5.1 Description of Terrain Preparation and Test Procedue

The terrain conditions developed in Section 5.4ewmrevaluated to ensure that each
preparation would consistently produce the terdensity, as measured Iy, in the desired
regions. This was found to be true. Also, it wésnterest to add an additional region, called
Region 0, which is less dense than the T3 conditionevaluate performance for a looser

condition than T3. This region was added as it waied that sometimes the T3 preparation

113



procedure resulted in a looser condition than ddsiand while compaction was not in the T3
preparation procedure, the entire terrain wouldnadly have to be re-prepared. These terrain
conditions used in this study are defined in TahlelIn coordination to the terrain condition
procedures described in Section 5.4, for the |das@wlitions, the soil was only shoveled, raked,
and leveled according to the T3 terrain preparapovcedure in Section 3.5.2.1. Additional
compaction was obtained using a 10-inch square éamwth the drop height and number of
passes listed in Table 8. The terrain conditiomsewmeasured by sixteen cone penetrometer

insertions and the statistical verification proceddescribed in Section 3.5.2.4.

Table 7. The terrain conditions used to develop genetatiomships between relative density,

as measured b@, and performance [4].

Terrain Range of,G | Measured Mean,G I\El)eearl]r;i?ulk Mean Relative

Condition | (kPa/mm) (kPa/mm) 0 /Cg’)' Density, Dr
RO <20 1.86 1.61 2%
R1 2.25+0.25 2.10 1.62 6 %
R2 2.75+0.25 2.70 1.64 13 %
R3 3.25+0.25 3.31 1.65 20 %
R4 3.75 £ 0.25 3.78 1.67 26 %
R5 4,25+ 0.25 4.40 1.69 34 %
R6 >45 5.13 1.71 42 %

Table 8. Tamper drop height and number of passes to olitaeidésired GRC-1 terrain

conditions.
Terrain Tamper Drop Number of
Condition Height (cm) Passes
RO no tamping -
R1 no tamping -
R2 3-5 1
R3 5-8 2
R4 5-8 3
R5 5-8 5
R6 5-8 7
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The test vehicle for all tests was Scarab unde€dCaky wheel load and equipped with the
treadless pneumatic tires inflated to 30 psi. Makicle setup was selected to increase contact
pressure and achieve high sinkage in order to aseré¢he effects of the soil on the performance
of the vehicle.

The original test procedure described in Sectighvgas revised to obtain more useful
information for the amount of experiments that wevaducted. As the 0.5 m test technique was
found in Section 6.4 to no produce significantlffetient results than any of the other distance
traveled techniques, it was selected to condustgtudy. In addition, instead of preparing three
terrain conditions per experiment, only one terreamdition was prepared for the entire bin
length, and an entir€R-DP curve was obtained for that terrain condition. sTimethod would
reduce the possibility of error due to varying aamrdensity in on experiment. In summary, a
single 0.5 m test was conducted to generate areélri®-DP curve for each terrain condition.
The implementation of thBP control system allows for the selectB@ forces to be replicated
for each test. Again, it is important to note théien using the 0.5 m technique, only the data

from the last 0.3 m of vehicle travel for each ¢ansDP force was used to calculat®

6.5.2 Results and Recommendations

As this test was novel, little information could bsed to base a hypothesis, and intuition
was used to formulate the hypothesisTd® should decrease with increasing density. But
existing experiments in Section 5.1 revealed thatTiR does not significantly differ as the
density of the terrain increases from the T3 to cdhdition. While this was taken into
consideration, it was more practical to prove tmatformance in T3 did differ from T2, instead
of trying to prove that performance would remairchenged. Thus, the hypothesis was that the

TR would decrease increasing density of the terragpgration (decrease from RO to R6).
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However, the magnitude of the quantity by which #® would decrease, and the rate of
decrease, was uncertain.

The TR-DP curves for each of the seven terrain preparatiagsjefined in Table 7, are
shown in Figure 53. As expected, fhR of the vehicle generally decreases with increas§ing
and in turn the density, of the terrain preparatimreases. This is shown in Figure 53 by the
separation of th&R-DP curves, where more dense terrains producellRger eachDP, and the
curves shift down and to the right. It can be ddtere again that the terrain conditio@s=
1.86, 2.21, and 2.69 kPa/mm, seem to produce the S§R-DP curves. In more dense terrains,

G >2.69 kPa/mm, th&R-DPcurves follow the hypothesized trend.
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Figure 53. TheTR-DPrelations while operating in the seven differemtam conditions [6].

A better representation of the data shown in Figiles shown in Figure 54 as a plot of

the TR vs. G, for the differentDP forces. Again, the expected trend TR decreasing with
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increasingG is evident, but the magnitude and shape of thelsrare visible. For each constant
DP, theTRis relatively constant to region & somewhere between 2.70 and 3.30 kPa/mm, and
then significantly decreases on the order of apprately -5 (% / kPa/mm). It is also evident
that for lowDP coefficient (< 11.5 %) th&R s relatively constant for a value Gf above 4.40

kPa/mm. The region that is most sensitive is aevafG between 3.30 and 4.40 kPa/mm.
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Figure 54. TheTR-Grelations for various, constaDP forces.

These results are very useful for addressing aifeportant questions regarding the
effects of the density of the GRC-1 soil on perfante. Firstly, the original motivation for this
study was to deduce why the performance in theni3T& terrain conditions were similar. The

T3 terrain condition (2.50 £ 0.5 kPa/mm) and thet8i2ain condition (3.50 = 0.5 kPa/mm) both,
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by definition, could be prepared within the leaststive region ol < 3.30 kPa/mm. Hence, if
the T2 condition was prepared with a density inréggon of (3.00 kPa/mm G  3.30 kPa/mm)
the performance in the T3 condition would not diffeom the looser preparation of the T2
condition. A denser preparation of the T2 condit{& 3.30 kPa/mm) could be significantly
different. Secondly, the value of using cone pemeéter measurements to establish general
trends in performance was sufficient, as very distperformance differences were observed that
were solely based on the measurements of the aaretrpmeter. Lastly, significant differences
in performance were observed using the mean vdl@&to describe the condition of the terrain,
based on 8 to 16 pretest cone penetrometer measotEnfurther evidence that the cone
penetrometer is a useful tool to measure the comddf the soil, even though surface effects are
not measured or taken into consideration.

Based on the results of this study, the T3 tercaimdition should be used to condbd®
testing in the GRC-1 soil. The T3 condition isidefl within the region where performance is
insensitive to variations of terrain preparatiomsley, and variations in the performance can
effectively be minimized in the T3 condition. Algtie T3 condition is the loosest of the terrain
conditions and will cause highR Hence, when evaluating the safety of a vehiplerating in
the lunar terrain, the T3 condition simulates eBaky the “worst case” scenario. If testing is
necessary in any other region of GRC-1 density,ttéweds in Figure 54 should be considered.
Finally, as a general recommendation for conducbiytests in dry, cohesionless, granular
soils, terrain conditions should be developed bamedhe sensitivity of the performance to

variations in terrain density, and not defined ldase preparation method.
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7. Conclusions, Recommendations, and Suggestions fontkire

Work

A drawbar pull test procedure was developed at NAS&nn Research Center to study
and compare the performance of light, off-road eiglsi. Many test procedures and techniques
have been used since the 1950’s and, in turn, haade the comparison and replication of
experiments difficult. Hence, the test methodoldggcribed in this report was designed at GRC
with the goal of standardization to facilitate fteuresearch collaborations and expedite the
development of off-road vehicles, especially exalimn vehicles and wheels.

An integral part of developing such a methodologgsvio determine the effects of the
variation of test parameters on vehicle performaniteturn, a methodology was developed to
conduct variation of test parameters studies witd goals of identifying how certain test
parameters affect performance and how to minimigd account for their effects before
conducting a test and when analyzing the resditse specific parameters selected and tested in
this thesis were the effects of variations of tteetsg terrain condition, distance traveled for a
constantDP, and terrain preparation density, on performantigon the completion of these
studies, the thesis statement was validated. @eteai parameters do have a significant impact
on performance, and the effects can be distingdigtam the expected variability associated
with the test. This significant variability can skathe results and lead to false conclusions.

This concluding chapter will review thH2P test procedure and conventions that were used
for both a typicaDP test and which served as a basis for the variatiggarameters studies. A
review of the variation of parameters studies ar&l rmain conclusions and recommendations
will follow. Next, the main research contributiondll be revisited, alluding to sections in the

thesis. Finally, suggestions for future work vl presented.
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7.1 Summary of the Drawbar Pull Test Procedure and Tes€Conventions

Used in the Studies

The DP test procedure developed at NASA GRC was a conBinfull vehicle test. The
zero condition used to measure the rolling radias welected as a self-propelled condition
traveling on a non-slip, nonyielding surface. T#ing radius used at GRC was termed the
hard ground rolling radius,. This zero condition was selected because a Ifnrenyielding
surface limits was a repeatable method of calagatine rolling radius that would be replicable
at other research facilities.

Three, replicable terrain conditions for the GR@G#ar soil simulant (T3, T2, T1), and
corresponding preparation procedures, were usednaedtigated for conductingP tests. The
density and consistency of the prepared terrain waasured using a cone penetrometer. The
metrics utilized to define the density and consisyeof the terrain was the mean and standard
deviation of the cone index gradie@,and the linearity coefficient,.

A test was conducted using a drawbar pull rig (DR®)ch applies a current-controlled
force via a cable, to a hitch attached to the oé#ne test vehicle, which acts as . The
vehicle was driven forward with a slow and constahéel speed. For eaElP force, the wheel
torque, wheel rotations, and distance traveled werasured.

The metrics selected for describing the performari@vehicle were thER-DPandPN-

DP relations. Th&R-DPrelation was selected as a metric for evaluatmy@mparing test
techniques, because thR describes the interactions between the vehiclgtamtkerrain, and
was used in the variation of parameters studiesth® contrary, theN-DP relation was

selected for comparing the designs of vehicle ahdels, because it relates the energy consumed
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to theDP. This is especially useful for comparing explamatvehicles as power efficiency is
critical to the safety and longevity of a mission.

A statistical procedure was developed to measwedpeatability and expected variations
in performance for a specific combination of testhinique and terrain condition. The sample
size was five repeat tests. The repeatability nvaasured by the standard deviatiorT Bffor a
single test, and the mean and maximum ensemblehtorfive repeat tests. The expected
variability of a test technique was representedange bars, which represents the scatter of the
five identical tests for eacBP force. The range bars were used to compare dshwas

significantly different from another.

7.2 Summary of the Variation of Drawbar Pull Test Parameters Studies,

Main Conclusions, and Recommendations

The test parameters selected for the variatiorestf parameters studies were the starting
terrain condition, the distance traveled for a tamsDP, and terrain preparation density. A
summary of the main conclusions and recommenda#iomgiscussed in this section.

The starting terrain condition study was condudiecevaluate if the variations of the
starting terrain among tests would affect the tesul performance. The study involved
conducting an identical test on four different 8ty conditions: a nonyielding surface, burying
the wheels, a trafficked dense terrain, and a peep@rrain. The result from this study was that
the resultant performance of the vehicle was recedd by the starting terrain condition. Based
on this result, the recommendation was that addititime should not be devoted to preparing
the starting terrain for a test in the GRC-1 sail.coordination with this conclusion for vehicle

testing and the conclusions in [7] for single whissiting, a general conclusion for conducting
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DP tests is that the starting terrain conditions wdl influence the resultant performance of the
test.

The purpose of the varying the distance traveledhleyvehicle at a constab was to
determine if the performance of the vehicle woultywbased on the variation of distance
traveled. The goals were to indentify if a steathte region of performance existed and the
minimum travel distance that could be sacrificihg fjuality of the results. The travel distance
was conducted using three test techniques: rampedsteppeddP, and constanDP. The
rampedbP technique was conducted by linearly increasingRewith travel distance; thBP
was never constant. The stepfd-technique was defined as the vehicle travelingexifed
distance at a constaftP, and then increasing theP to a new constant magnitude. The
stepped®P distances were 0.5 m, 0.8 m, 1.0 m, and 2.4 me ddnstanDP technique was
driving the test vehicle the entire length of tlod bin (4.8 m) at one, constaB. The results
from this study were that no steady-state regiopesformance was evident, and there were no
significant differences in performance at the défé travel distances.

Based on these conclusions, if time efficiencympartant, the rampeBP technique can
be used successfully. The stepped-DP technique distance less than or equal to 0.8 m will be
used at GRC. This technique was selected primbhabause specifibP forces can be tested
and more easily repeated, and a larger sample taf @ be acquired for a specifi®, as
compared to the rampdalP technique.

The goal of varying the density of the preparedaiar as measured Ify, was to develop
relationships regarding how performance would waity the terrain preparation of the GRC-1
soil. This study was conducted by developing tercanditions that divided the range of GRC-1

densities of interest (2.0 & (kPa/mm) < 5.5) into equal regions. Seven, reg@atterrain
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conditions and procedures were developed, andritie esoil bin was prepared for each terrain
condition. An identical test was conducted in etrhain. The relationships found were that for
G < 3.30 kPa/mm, thR was insensitive to changes in density. Beyonsd tlgion, theTR
decreased witls at a rate of approximately -5 (% / kPa/mm).

The terrain conditions for GRC-1were developed Basethe preparation method and the
range ofG that resulted. Based on the results, it is stsoregommended to never define terrain
conditions in this way. Instead, the relationshipstween performance and the terrain
measurement metric(s) should be experimentallyroeted, and the terrain conditions should
be defined based on these relationships. Fornostahe T2 terrain condition was defined@s
= 3.5 + 0.5 kPa/mm; hence, based on the aforemm&tidrend, performance in a loose T2
preparation will significantly differ from a moreedse T2 preparation, outside the expected
variability. Since the T3 terrain condition fatempletely within the region of insensitivity, it

will be used henceforth fdP tests at GRC.

7.3 Main Research Contributions

The main research contributions of the author &ted subsequently:
1) Perform an analysis of previous studies to aidhérdevelopment of the test methodology
at NASA GRC (Chapter 2):

a. Identify DP methodologies that have been developed, inclutieting and soil
preparation, techniques, procedures, and metrics

b. Analyze variation of test parameter studies thawidie insightful information to
aid in the identification of important parameterngldo develop the methodology
to conduct the studies in this thesis

2) Collaborated in the development of e test methodology at NASA GRC (Chapter 4)
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3)

4)

5)

6)

7)

7.4

Identified the importance of studying the effectsh®e variation of test parameters and
formulated a working hypothesis (Chapters 5,6)

Development of the methodology experimentally analthe effects of the variation of
test parameters on the performance of a vehiclaftens 5,6)

Performed the experimentation and analysis of theementioned studies (Chapters 5,6)
Provided recommendations that were implementedthi@dNASA GRC methodology to
avoid sources of variability associated with vasidast parameters, how to account for
the variations in the analysis of the performarmseiits, while improving the repeatability
and increasing the economic efficierial testing (Chapters 5,6)

Proposed generalized recommendations and provideidht regarding the value of
conducting variation of test parameters studiesDiBrtesting and how to develop the

testing methodology, in addition to suggesting gdor future work (Chapter 7)

Suggestions for Future Work

Drawbar pull test methods have been continuallyettped since the 1950s, and many

different research approaches have been taken.le\Wtisiderable progress has been made in
understanding how to develop a repeatable testhandto interpret and utilize the results, the
variety of the methods that have been used have ro@thparative and repeat studies difficult.
Therefore, a general recommendation is that fustudies should be conducted with the goal of

developing a global, standard methodology.

More specifically, in an extension of the variasoof parameters studies in this report,

future studies should be conducted to identify oth&luential test parameters and to

characterize and model relationships between iddali test and soil parameters and
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performance. By understanding how individual pagtars affect performance, the variability of
test results can be effectively minimized beforehand comparative studies to be more
conclusive as the variability could be explained.

While the variation of parameters studies in tefgart were conclusive, they are specific
to the GRC-1 terrain and the selection of testaslerand wheels at the GRC facility. These
studies should be repeated for a variety of drgnglar, sandy soils to develop relationships that
can be generalized for these soils. Also, theissushould be conducted at a variety of loads and
wheel types to ensure that the relationships foarhis report are not specific to the vehicle
setup. Due to time constraints, the variationarbmeters studies were evaluated using a small

sample size. A more robust test matrix shouldeleet to statistically eliminate random error.
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Apendix A

Provided in this appendix are tables containingdidu@ displayed in the corresponding

plots in Chapter 6.

Table 9. Repeat test data for the 0.5 m test techniquiee8 terrain condition.

Repeat 1 Repeat 2 Repeat 3 Repeat 4 Repeat 5
DP/W | TR (%)| DP/W | TR (%)| DP/W | TR (%)| DP/W | TR (%)| DP/W | TR (%)
0.047 | 0.073| 0.047, 0.931 0.04y 0.250 0.047 0.551 470.0 0.215
0.060| 0.468| 0.060 1.337 0.06D 0.632 0.060 0.948 600.0 1.256
0.074| 1.352| 0.074 1.782 0.074 1.040 0.074 1.784 740.0 1.553
0.083 | 2.342| 0.083 3.199 0.0883 1.415 0.083 1.616 830.0 2.228
0.092 | 2.993| 0.092] 4.486  0.09p 2.185 0.092 3.141 920.0 2.668
0.100| 4.356| 0.101] 6.109 0.100 4.106 0.1p1 5.170 000.1 5.913
0.109| 8.910| 0.109] 8.64¢ 0.100 6.1%4 0.109 7.524 09.1 8.601
0.115| 12.651] 0.115 12.174 0.115 9.618 0.115 9.830.1150| 11.565
0.120| 14.556 0.120 16.420 0.120 12.090 0.120 11/981120 | 14.596
0.126 | 19.038 0.126] 19.983 0.126 15.890 O0.126 17|1@1126 19.396
0.132 | 24.927) 0.132 25.418 0.132 20.745 0.132 22|8@0132 | 24.276
0.142 | 34.156] 0.142] 34.623 0.142 30.550 0.142 31)|1Zr142 | 35.342
0.153 | 42.128/ 0.153 45.177 0.153 40.831 0.153 42|38153 | 44.882

128




Table 10. Data for the Starting Terrain Condition tests.

Buried Non-yielding Dense soil Prepared Soil
Surface

DP/W | TR (%) | DPW| TR(®%)| DPW| TR %) DPW TR (%
0.046 0.004 0.046 0.135 0.046 0.126 0.046 -0.281
0.060 0.698 0.060 1.127 0.060 0.778 0.060 0.661
0.074 1.994 0.074 1.351 0.074 1.628 0.074 1.580
0.083 2.615 0.083 2.057 0.088 2.494 0.083 2.800
0.092 4.343 0.092 2.967 0.092 4.194 0.092 4.797
0.100 6.522 0.100 5.918 0.100 6.081 0.100 7.002
0.109 10.351 0.109 10.176 0.10p 11.6%9 0.109 10.426
0.115 13.863 0.115 14.048 0.11p 13.960 0.115 15.%25
0.120 17.247 0.120 16.717% 0.12p 18.596 0.1p0 18.481
0.126 21.512 0.126 23.725 0.12p 24.294 0.126 22.121
0.132 26.296 0.132 29.075 0.13p 28.141 0.132 26.684
0.142 36.685 0.142 35.769 0.14p 38.247 0.142 37.473
0.153 45.144 0.153 45.655 0.158 47.3%5 0.153 46.009
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Table 11. Data for the Effects of Distance Traveled at Cortdbaawbar Pull Force tests.

Ramped-DP Constarr;t)-DP (4.8

DP/W | TR (%) | DPMW] TR (%)
0.047 | 0.147 | 0.047 0.196

0.060 1.575 - -
0.074 1.210 | 0.074 1.441
0.083 3.113 - -
0.092 4.742 | 0.092 4.833
0.101 5.633 - -

0.109 | 11.063| 0.109 11.807%
0.115 | 14.190 - -
0.120 | 19.110( 0.120 20.707
0.126 | 21.921 - -
0.132 | 29.569| 0.132 28.14(¢
0.143 | 39.793 - -
0.154 | 47.662| 0.153 46.231
Stepped-DP
0.5m 0.8 m 1.0m 2.4m

DP/W | TR (%) | DP/W| TR (%)| DP/W| TR (%) DP/W | TR (%)
0.047 0.169 0.047 0.159 0.04f 0.160 0.o47 0.123

0.060 1.122 - - - - - -
0.074 1.757 0.074 1.777 0.074 1564 0.0/4  1.569
0.083 2.648 - - - - - -
0.092 3.931 0.092 5.233 0.09¢ 5.132 0.0p2 6.969
0.101 5.945 - - - - - -

0.109 8.442 0.109 10.397 0.109 11.853 0.109 110|036
0.115| 12.682| 0.115 15.917 - - - -
0.120 | 16.988| 0.12( 19.567 0.120 18.437 0.J20 20|588
0.126 [ 20.954( 0.124 24.90% - - - -
0.132 | 26.399( 0.131] 30.048 0.132 30.098 0.132 29(823
0.142 | 36.088 - - - - - -
0.153 | 45.642| 0.153 46.183 0.193 49.002 0.153 47|271
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Table 12. Data for the Effect of Variations in Terrain Paggtion Density tests.

11

370

115

286

(57

(38

577

RO R1 R2 R3
G =1.86 kPa/mm G = 2.21 kPa/mnp G = 2.69 kPa/mmnm G = 3.31 kPa/mn|
TR TR TR TR
DP/W (%) DP/W (%) DP/W (%) DP/W (%)
0.101 8.183 0.100 7.745 0.101 8.043 0.100 4.4
0.109 | 11.223( 0.109 12.159 0.109¢ 11.759 0.109 9.2
0.115 | 16.483( 0.115 15.74b5 0.11b 15.439 0.115 11.
0.120 | 19.902| 0.120 19.980 0.120 19.608 0.120 17.4
0.126 | 24.168| 0.126 24.986 0.126 24.662 0.126 22.
0.132 | 30.728( 0.132 30.279 0.13p 31.136 0.132 29.
0.142 | 37.742( 0.142 38.101 0.14p 38.203 0.142 37.
0.153 | 44.866( 0.153 44.500 0.158 44.829 0.153 43.
R4 R5 R6
G =3.78 kPa/mm G = 4.40 kPa/mnp) G =5.13 kPa/mm
TR TR TR
DP/W (%) DP/W (%) DP/W (%)
0.100 3.461 0.101 1.315 0.10D 1.844
0.109 4.818 0.109 2.83] 0.10p 2.224
0.115 8.034 0.115 3.547 0.11p 2.535
0.120 | 15.708| 0.120 8.353 0.12p 4.775
0.126 | 20.281 0.126 15546 0.126 6.024
0.132 | 24.780( 0.132 22518 0.132 12.8P6
0.142 | 35.356( 0.142 33.1283 0.14 25.0p9
0.153 | 40.017( 0.153 37.400 0.153 33.8p3
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