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PREDICTION OF IN-SAND TIRE AND WHEELED VEHICLE DRAWPAR PERFORMANCE

Gerald W. Turnage (Member, ISTVS)
U.S. Army Engineer Waterways Fxperiment Station, Vicksburg, Mississippi
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ABSTRACT

A

In an appendix of the ISTVS 6th International Conference
Paper, PA Synopsis of Tire Design and Operational Considerations Aimed
at Increasing In-Soil Tire Drawbar Performance,”® the author developed a
procedure for defining G{’, effective sand penetration resistance
gradient. Gg was devised to approximate the value of G that predomi-
nated during a given tire pass, normilized to one type of frictional
soil (selected as Yuma sand). G: subsequently served as the soil
strength term in sand-tire numeric Ngq4, which aimed at providing a
normalized description of tire drawbar performance in different types of
sands. Because the range of sand types included in the development of
G; and N{‘. was necessarily quite limited, the author suggested in the
*Synopsis® paper that other investigators test the universality of

relations involving Nge and tire drawbar performance by using tire
test results obtained in a variety of sands. _/

b B | ommata—— s ‘

AD-P004 265

In their ISTVS 7th International Conference paper, "An Assess-
ment of the Value of the Cone Penetrometer in Mobility Prediction,” A. R.
Reece and J. O. Peca applied the Ngo methodology for a quite different
sand and ocbtained Ngo Verius tire drawbar performance results that were
not described well by those in the "Synopsis” paper. This prompted a
reexamination by the author of information in the "Synopsis” paper, an-
analysis of data presented in Reece and Peca's "Assessment” paper, and a
reanalysis of a sizeable body of U. S. Army Engineer Waterways Experiment
Station (WES) field data .n wheeled vehicle performance tests in a variety
of sands (all supplemented by new laboratory sand test data). The primary
result of this work is definition of a new Ngqey Bethodology that ac-
curately predicts tire and vheeled vehicle drawbar performance in a very

broad range of sand types and conditions, including those of the "Assess-
ment” paper.
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INTRODUCTION

To obtain best wheeled vehicle performance in sandy soils
requires implementation of a vational methodology for selecting the most
appropriate tires and then using those tires to best advantage. In turn,
such a methodology requires an ability to predict accurately in-sand tire
and wheeled vehicle performance. Using laboratory and field test results,
this paper describes a useful methodology for predicting the drawbar
performance of tires and vheeled vehicles operating in a broad range of
sand types and conditions.

BACKGROUND

Drawbar pull and drawvbar efficiency were selected to describe
in-sand tire performance herein because (a) the amount of pull a powered
vheel can develop 1is often of major concern in vehicle in-sand operations,
and (b) the efficiency with which a given amount of pull is developed
determines the input energy required, a major concern in today's energy-
conscious world.

It has proved useful to describe in-sand tire performance by
relating dimensionless tire performance terms to a dimensionless sand-
tire prediction term, or numeric. Tire drawvbar performance is described
herein by the following two terms:

Drawbar coefficient (u) = DP/W (1)

vhere

DP = drawbar pull, the "force available for external work in a
direction parallel to the horizontal surface over which the
(tire) s moving"ls

W = weight (load) on the tire
and

Drawbar efficiency (n) = %!;!

(2)
vhere

DP = drawvbar pull

v = forward velocity of the wheel axle

T = torque input to the wheel

w = rotation velocity of the torque input shaft

* Each raised number in the main text refers to a reference of the same
number at the end of the text.
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The sand-tire numeric Ns is defined as:

3/2
()
Ns W h 3

where

G = sand penetration resistance gradient (described in the next
paragraph)

= unloaded tire section width

b
d = unloaded tire outside diameter
h = unloaded tire section height

&

= tire deflection (the difference hetseen unloaded tire section
height h and loaded tire section height, with each height
measured as the tire rests on a flat, level, unyielding surface)

G is the average slope of the curve of soil penetration resist-
ance C versus cone penetration depth, with C and cone depth measured
within a specified soil layer (ordinarily the 0- to 15-cm layer). C {s
the force per unit cone base area required to penetrate a soil normal to
its surface at 3.0 cm/sec with a right cfrcular 30-deg-apex-angle cone of
3.23-sq-cm base area. (The equivalent of C in English units 1is cone
index, CI.) Figure 1 shows rample recordings of C versus cone penetra-
tion depth for a laboratory-prepared sand test bed. Not- that zero cone
penetration depth 1is defined as occurring when the base of the 3.23-sq-
cm cone is flush with the initial sand surface.

For simplification, drawbar performance is analyzed herein only
at 20 percent slip--i.e., only u,, and nyg data are considered. Use
of this nominal slip value is loln?n;ful because, as illustrated in Figure
2 (taken from Reference 2), 20 percent slip provides a reasonable balance
of good in-sand tire u and n performance (with somevhat greater weight
given to u) for a broad range of values of N. q

EVOLUTION OF DRAWBAR PERFORMANCE PREDICTIONS
BY N. AND N

sey

Early Development of N.

Ny, was first defined by Freitag almost 20 years 1303 by means of
dimensional analysis of the results of laboratory dynamometer tests of
single tires in air-dry Yuma sand (a desert sand taken from active dunes
near Yuma, Arizona). Using data from Reference 4 for 10 tires tested
in this sand, Figure 3 illustrates thit N, effectively consolidates
H20 test data to one well-defined relation (Figure 3a) and njyg data to
another (Figure 3b) for very broad ranges of values of G, b, d, W,
and &/h . Thus, Figure 3 strongly supports the conclusion thar N,
describes in-sand tire uy5 and nyg performance quite well--at least
for air-dry Yuma sand.

In Reference 4, the relation of Jdrawbar pull data to N_ was
also examined for tests "conducted on coarse-grained soils in var:Oua parts
of the world with a variety of military vehfcles.” 1In these field tests,
sand "usually was moist or even wet; drawbar-pull tests usually were not
run at a controlled slip but were made at several levels of pull with only
the data relevant to the maximum pull recorded f»r each test; and no
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special provisions were made to control differential wheel slip, dynamic
weight transfer, or steering forces.”" Figure 4 {llustrates, as would be
expected, (a) that the uyg versus N, relation defined by these field
test data shows much smaller values of wuyg at corresponding values of
Ng than does the single-tire laboratory relstion of Figure 3la, and (b)
that the field relation exhibits substantially more data scatter than does
the laboratory relation.* (Data from tests at sand moisture contents
only up to about 7 percent are shown in Figure 4.) The field relation I[n
Figure 4 was considered sufficiently well defined, however, to "offer the
basis for a tentative performance prediction system . . . for vehicles
operating in dry-to-moist sands."

For a number of years this "tentative performance prediction
system" was accepted s vorkable, although it was recognized that the sys-
tem had potential for further refinement. Such refinements were made
piecemeal and in an evolutionary manner, primarily because of the lack of
data for defining in detail a range of physical properties of the sands
for which tire and wheeled vehicle drawbar performance data were avail-
able. Events of the past few years have caused a renewed interest, how-
ever, in refining and improving the drawbar performance versus sand-tire
numeric methodology for wheeled vehicles. The remainder of this paper
describes development of such a methodology, first taking into account
some insights gained in earlier studies of the influence of sand type on
single-tire drawbar performance.

First Considerations of Two Sand Types

In addition to single-tire tests in air-dry Yuma send, WES also
conducted a smaller, but significant, number of laboratory tests in air-
dry mortar sand (a cosrser-grained riverbed sand). Figure Sa uses data
from tests of five tires in mortar sand, together with the uyp versus
Ng curve from Figure 3a for Yuma sand, to demonstrate that these tires
developed consistently smaller values of ujg 1in mortar than in Yuma
sand at corresponding values of N. .

In 1972, Reference 5 attempted to account for this difference
by using the relations of C to relative density (D,) for the two
sands, defined from Reference 6. For air-dry mortar sand:

D_ = 75.0 log G + 39.3 (4)
and for air-dry Yuma sand:
D~ 71.1 log G + 51.6 (35)
vhere
D = —e-“-!-.—.-—- x 100, percent (6)
J ®mex ~ ®ain

* For simplicity, all dravbar coefficient data ccnsidered herein are
designated 1,0 data, although 1 in the wvheeled vehicle field tests
vas sampled at the near-maximum-pull level, not necessarily 20 percemt
slip. Also, for br. vity, tire drawbar performance in several subsequent
figures is defined only in terms of ujg . Performance is described
in terms of both Y20 and "20 in appropriate concluding figures.
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pax a0d €. . are void ratios for the loosest and densest sand states,
respectively, and e s void ratio for the before-tire-pass sand condi-
tion. A given value of mortar sand G (Gy 1in Figure 3) was converted
to Yuma sand G (Gy) by first determining the mortar sand D, value in
Equation 4 and then using that same D, value to solve for Yuma sand G
in Equation 5. This use of DN, as the intermediate soil parameter in
transluting G values between different sands appeared to produce the
desired result, as evidenced in Figure 5b by the shift of the mortar sand
tire test data to locations clustered about the uyp versus Ng curve
for Yuma sand. Reference 5 recognized, however, that use of D, as
described above must be considered tentative, and recommended "that tests
be conducted in several additional sands so Lhat the relative density
approach . . . can be further verified."

In 1975, Reference 7 reported dravbar performance results from
a later series of tests in air-dry mortar sand, these conducted with four
9.00R20 radial ply tires (each different in terms of tread design and
other construction features), plus two 9.00-20 bias-ply tires (one with
nondirectional cross-country tread, the other with tread buffed smooth).
Tests for each tire were conducted over a range of wheel loads and tire
deflections, and at two levels of G , approximstely 2.2 and 5.5 MPa/m.
For tire deflections of 15 and 35 percent, Figure 6a shows that the rela-
tion of wyg to Ng separated as a function of G . Further, Figure 6b
shows that the relation of 139 to (Ng)y for these test data also
separated by Gy (where Gy values in ¥N.)y vere obtained by Equations
4 and 5 and the process described in the previous paragraph). In attempt-
ing to account for this separation, Reference 7 noted that "Ideally, the
G value to use in describing tire performance for a given (tire) pass
is the value that predominated during that pass. For first pass, this
value lies between the O- and l-pass values"--i.e., between the before-
and after-first-pass values. Exsmination of mortar sand tire test data
shoved "that G changes with tire traffic in a funnel-shaped pattern”
like that shown in Figure 6c, and "indicated that the best G value for
describing first-pass, 20-percent-slip tire performance is G at "pass
number” 0.75 (hereafter termed Cp, 75). That is, G should be weighted
3:1 toward {ts after-first-pass value." TPFigure 64 shows the well-defined

Gy 75(|><|)3/2 s
relation obtained for Ugg Versus l; , where N; - ——u—— “h -

While the ujg versus Ng relation collapsed the mortar sand test data
for the six 9.00x20 tires quite well, the central curve in Figure 6d is
notably different from the one in Figure 3a for Yuma esnd. The thrust of
the analysis in Reference 7 was not directed at accounting for the influ-
ence of sand type on tire dravbar performsnce. However, Reference 7 recog-
nized that "Clearly, more work is needed to develop techniques for describ-
ing sand soil strength that changes significantly with tire traffic.”

A First-Cut, More General N. Methodology

In 1978, Reference 8 attempted to define a methodology to satis-
fy the two needs demonstrated in Figures S and 6~-1.¢., to define a means
(a) for translating G values between different sand types, and (b) for
describing the effective (predominant) during-tire-pass value of G .
This methodology was applied by means of the nomogras shown in Figure 7.

The aim of the nomogram was to define Gg , "effective sand pene-
tration gradient, the value of G that predominated during a given tire
pass, normalized to one type of frictional soil (selected as Yuma sand)."
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Use of the nomogram required known before-tire-pass values of C and of
D, (G, and D, , respectively), and involved the following steps (iden-
tified by circled numbers in Figure 7):

Step 1: For the sand of interest (taken as wortar sand in Figure 7a),
determine for Gb the corresponding value of Drb 5

Steps 2 and 3: For the tire b/d value of concern (0.29 in FPigure 7b,
for example), translate the D p Value of step 1 from Figure 7a to 7b
(showm as a dot in the eu-plef. In Pigure 7b, use the family of curves
that relate D, to D, (effective relative density) as a function of
tire b/d to estimate Sn .
Steps 4 and 5: Translate D, of step 3 for the sand of interest to Dy
for Yuma sand (step 4), and then to G, for Yuma sand (step 5).

G, from step 5 was then used as the soil strength term in

3/2

G, (bd)

Nle - W *

Ltorms Uy tan ¢79 and nyg tan ¢j0 . The rationale for using tan ¢;g
(tangent of sand ?nmmll friction angle frrm a direct shear test at

70 percent relative density) as a multiplier of 139 and nz9 was that
(a) D tends towvard a Dy, value of about 70 percent for common tire
-hapuﬂlb/d values from about 0.2 tc 0.3), particularly with repeated
transformations of D, to D., to corraspond to multiple tire passes,
and (b) the products iy tan ¢70 and npq tan ¢j79 appeared, in comn-
Junction with N, , to provide a normalized ducript!.on of tire drawbar
performance for the three frictional soils considered in Reference 8
(Yuma and mortar sands, plus s finely crushed basalt used as lunar soil
simulant, LSS, described in Reference 9).

Fien

, and N“ wvas related to tire drawvbar performance

Figure 8 shows the relations (a) of w39 to Ng and (b) of
u20 tan 470 to Ngg based on test results in Yums sand !or the same 10
tires as in Figure Ja, in mortar sand for the same 1l tires as in Figures
5 and 6, and in LSS for one tire-like vheel. (This wire-mash wheel vas
evaluated for use on the lunar rover vehicle by testing the vheel in the
rather exotic LSS. The two asterisks of Figure 7a define coordinates of
D and G for the two LSS test conditions.) For the test data con-
sidered, the relation of ujp tan ¢;9 to Ny, 1in Figure 8 is consider-
ably better defined than is that of u3g to ll. in H..un 8a. While

the Figure 8b relation appeared promising, Reference 8 "recognized that
the range of frictional soil types considered . . . i{s limited; thus it is
hoped that other investigators will test the universality of the ujq tan
¢70 end nyg tan é¢j9 versus N,, relations using tire test results
obtained in s variety of frictional soils."

In 1981, References 10 and 11 applied the methodology described
in Figures 7 and 8 to drawbar performance data obtained with a 6.00-16,
2-Pk treadless (smooth) tire in air-dry Cresswell sand. For this tire-
sand combination, Figure 9 shows that the ujg tan ¢j9 versus N,
relation obtained was very diffcunt from that obtained in PFigure !b
Clearly, the uj, tem ¢, 0 ten 470 versus N, . methodology
wvas showm not to Mculgully trut all und tire uttutlonl. and the need
wvas established for anslyzsing a broad range of sand types and conditions
in one study. A description of that analysis follows.

.
H
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A New N Methodology for a Broad
sey

Rnﬁkgjqﬁ“§and Types and Conditions

The Test Sands. Two major limitations in the WES analyses
described to this point are that (a) only two ordinary test sands were
considered (Yuma and mortar sand--the exotic LSS 1s hereafter not con-
sidered), and (b) these sands were each used only air-dry in single-tire
testing. The new analysis considers 10 sands--the Yuma, mortar, and
Cresswell sands, plus seven other sands for which vehicle field drawbar
test data were available (six sands from References 4 and 12, one from
Reference 13). A separate value of sand moisture content was reported in
References 12 and 13 for each wheeled vehicle test; tests at moistures
from 1 to 7 percent are considered herein.

A necessary first step in the analysis was to obtain samples of
approximately 100 kg each for the 10 test sands. In this regard, par-
ticular thanks are extended to Dr. A. R. Reece for supplying the needed
sample of Cresswell sand (the sand used in References 10 and 11), andi tc
Dr. L. 1. A. C. Grosjean, Etablissement Technique d'Angers, for supplying |
sand samples from beaches at La Turballe and at Suscinio, France (two of 1
the test sites in References 4 and 12). Samples of the Yuma and mortar
sands were obtained from large stockpiles at WES, and samples of the !
remaining five sands were obtained in re-visits to wheeled vehicle test
sites in the Unfted States.

A major concern in the new analysis was how closely the 10 sand
samples matched the sands actually used in the tests of single tires or
wheeled vehicles reported in References &4, 10, 11, 12, and 13. One
means of evaluating this was to compare the original grain-size distribu-
tion curves shown in these references with the corresponding curves shown
in Figure 10 for the sand samples that were used in 1983 WES soils
laboratory testing. Results of this comparison are shown in Table 1 for
grain-size diameters at the 10, 30, 50, 70, and 90 percent finer by weight
levels. As expected, the original and the 1983 curves matched very closely
for the Yuma and mortar sands (WES laboratory test sands). For Paw Paw
Island sand, the original and 1983 curves are one and the same. For
Cresswell sand, there is a noticeable difference between the original and
1983 curves.

The remaining six sands were tested {n the field during 1958-
1961, as reported in Reference 12 (1963). It was anticipated that the
passage of some 20-25 years time, plus inability to locate precisely some
o the original test sites, could cause substantial differences between
the original and 1983 distribution curves, at least for some of the six
Reference 12 sands. As it turned out, the original and the 1983 curves
showed almost perfect agreement for the Padre Island site, very close
agreement for the Mississippl River Bridge site, somewhat less agreement
for the La Turballe and the two National Seashore Headquarters sites,
and least agreement (by a considerable margin) for the Suscinio site.
Implications of comparisons between the original and the 1983 sand grain
diameters as described in Table 1 are discussed later in the analysis.

Relations Among G , Dr » and Sand Moisture Content, 1In

analyzing data for the 10 sand samples, it was recognized, first, that
D, appeared not to be suitable for use as an intermediate soil parameter
fn translating between sand types. (Recall from Figures 6a and 6b that

separation of uj;g data for the Yuma and mortar sands was not alleviated
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by the use of D, 1in a translation role.) However, D, did appear
promising for use in a standardized description of the change in sand
strength that occurs during a given tire pass. (Note that Figure 7b

uses D, 1in this role to describe the same process somewhat more crudely
described in Figure 6¢c.) Further, D, has the advantageous characteris-
tics (a) of increasing in value as G 1increases, decreasing as G
decreases, and (b) of taking values within the same range (0 to 100
percent) for all sands.

To develop the desired standardized description, the relation
between G and D_. was determined for each of the 10 sand samples at
sand moisture conditions at least from air-dry to 7 percent moisture.
Additionally, measurements of G and D, were obtained for the Yuma
and Cresswell sands at a fully saturated condition and for Cresswell sand
at 0.1 percent moisture content,

Figure 11 shows relations among G , D, , and sand moisture
content representative of those obtained for the 10 sand samples. For
Yuma sand, this figure illustrates that the G versus D relation is
described by

D =a logG+a €))

1 2
where a; is a constant for a given sand, and a; changes value as a
function of sand moisture content. Note in Figure 11 that a, decreases
as sand moisture cuntent increases from air-dry to about 7 percent (this
same pattern was obtained for all the test sands), but a; increases
markedly as moisture increases from about 7 percent to the fully saturated
condition (this pattern was also obtained for Cresswell sand).

Figure 12 illustrates the relations (a) of a; to sand moisture
content, and (b) of G (at D_ = 70 percent) to sand moisture content that
vere obtained for the Yuma and Cresswvell sands. For each of the 10 sand
samples, the pattern of change {n a; with change in moisture from air-
dry to 7 percent was similar to thet shown by the dashed curves in Fig-
ure 12--i.e., for each sand, aj; decreased semilogarithmically as moisture
increased from afir-dry to about 2 percent, and then continued to decrease,
but at a fast-diminishing rate until a minimum a; value vas obtained at
about 7 percent moisture. For the Yuma and Cresswell sands, 8 in-
creased rapidly as sand moisture increased berond about 7 percent.

The influence on G caused by this patrern of change in aj
vith sand moisture content is seen by rearranging Equation 7 to

Dr - a,
G = antilog —— (8)
1

Thus, for each of the 10 sand samples (c mstant a;) and sny constant

level of D, , G attained a msvimum vilue at lininun a;—i.e., at about

7 percent moistui'e content. Further, based on data for tvo of the test

sands (Yuma and Cressvell), it appears that, for a given sand and constant
G decreases rapidly as sand moisture content incresses beyond

ngout 7 percent.

Table 2 summarizes in columns 1-9 for each of the 10 sand
samples the relation of D, to G obtained in 1983 WES laboratory
testing at sand moisture contents from air-dry to 7 percent. (Values in
other columns of Table 2 will be discussed subsequently.) Note in column
2 that each listed value of air-diy sand moisture content vas obtained

N A s RGN e

!
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in the WES soils laboratory after a given sand sample remained undisturbed
for at least seven days. These at-WES air-dry moisture contents do not
necessarily correspond to air-dry moisture contents at other sites.

Prediction of During-Tire-Pass ce + To predict Ge for the

10 test sands required implementation of both (a) the relations among G ,
D, , and sand moisture content (susmarized in columns 1-9 of Table 2),

and (b) the relations among G, , tire shape factor b/d , and Ge shown
in Figure 13. A three-step process is involved:

(1) Use Equation 8 to estimate Dy (from known values of
Gb » .1 » and lz).

(2) Obtain DE’ from Figure 13 (using D, from step 1 and

known b/
Dr S 12
(3) Compute c. = antilog -—1Er——- (using the same values of
1
a and a, as in step 1).

Before applying the above process, it is useful to examine the
relation in Figure 13. The shape of each curve in Figure 13a is the same
as in Figure 7b for b/d values of about 0.2 and larger. For smaller b/d
values, the curves in Figure l3a reflect recent analysis of single-tire
dravbar test data in Yuma sand using the 1.75-26 bicycle and 4.00-20, 2-PR
tires (b/d values of 0.068 and 0.150, respectively) not considered in
Reference 8.*

In agreement with Reference 7 and with Figure 6c herein, D,
in Figure 13a reflects the condition obtained at tire pass number 0.75—-
i.e., first-pass D,, 1is considered weighted 3:1 toward the after-first- |
pass condition. For two powered-wheel tire passes, the appropriate D,
value 1is for tire pass 1.75; for three tire passes, 2.75; and for four
tire passes, 3.75. The relation in Figure 13a was successively applied to
obtain D,, values for tire pass multiples of 0.75; D,, values for tire
passes 2, 3. and 4 vere then obtained by interpolation as needed.

Detailed application of the Dy, , b/d , D, relation for a
given all-axles-powered vheeled vehicle would require tﬂnt a separate
value of G, be determined for each axle, and that these G, values
then be averaged to determine G, for the overall vehicle. tigurcl 13,
13c, and 13d avoid this cumbersome process by reflecting averaged values
of Dpe for tire passes 1 and 2, passes 1 through 3, and passes 1 through
4, respectively. For a given 4x4, 6x6, or 8x8 vehicle, then, use of the

* In Reference 8, 1uj9 (and n2p) values for all the tires considered
reflected a mechanical/electrical correction to negate dynamometer
carriage acceleration forces developed in the single-tire, programmed-
increasing-slip tests. No such correction had been in use during
tests of the 1.75-26 bicycle and 4.00-20, 2-PR tires reported in Ref-
erence 4. However, for a number of single tires tested over a broad
range of N values, acceleration-corrected ugo from Reference 4 has
been dotcr-zn.d to be smaller than uncorrected H20 by a near-constant
0.045. For both the 1.75-26 and the 4.00~20 tires, the acceleration-
corrected uyp values used herein were obtained by subtracting 0.045
fro uyg values previously uncorrected for carriage acceleration.
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single appropriate relation in Figure 13b, 13c, or 13d produces a single
Dye value and a subsequent value of Ge very close to that obtained by
treating each axle singly.

Use of G in N__ . The intended applicatior of GC_, as
e se e

defined by the three-step process described earlier, was to serve as the

6, (ba)*/2
s0il strength term in sand-tire numeric I“ v 1 such that

Nge would collapse both single-tire and wheeled-vehicle drawbar data for
a broad range of sand conditions to a single relation for a given sand
type. The success of G, in this role is 1llustrated, first, in Figures
l4a and 14b which show for 10 single tires and for three &4x& vehicles, all
tested in air-dry Yuma sand, that all the test data cluster closely about
the same central 1;, versus Ng, relation.

Nge Vvas also determined to be more effective than N, in
consolidating uj;q data for each of the nine other test sands, in each
case producing (as expected) a separate uzp versus N,, relation.
Figure 15 shows representative results, using data (a) ?rc- tests of a
single 6.00-16, 2-PR tire in air-dry Cresswell sand and (b) from tests
of four vheeled vehicles in moist sand at the Padre Island site.

Normalization of Ge to c.’ . Having developed a means to

predict Gy, , it remained to develop a means for normalizing G, to ome
sand type, selected as Yuma sand. Analyses were made involving a number
of parameters descriptive of physical properties of the 10 sand samples,
with best results obtained by application of the relations shown in Fig-
ure 16.

In Figure 16, three sand parameters are involved--penetration
resistance gradient (C), sand compactibility (D'), and sand grain median
diameter (d50)° Compactibility 1s defined as

:m ~ 'nin

‘li.n

D' -

% 100, percent (9)

and dgo (sand grain diameter for which 50 percent of the sand sample
1s finer by weight) is read directly from a sand's grain-size distridbu-
tion curve. In Figure 16, subscript x denotes sand x, and subscript y
denotes Yuma sand. For a given sand x, known values of D;/Dy and

(dgg) 5/ (‘So)y are used in Figure 16 to determine corresponding values of
(Cox/Coy)p' "80d (Coy/Cey)g o respectively. A given valua of G for

sand x (Goy) is thea normalized to the corresponding value for Yuma sand
(c.y) by the relation

<:.y =G, * (] ulc.y) (10)

vhere

ccx/ccy ® (ccx,ccy)b. X (cu/coy) d (11)

- 50
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For use in normalizing Gy to Ggy , the curves in Figure 16
exhibit expected trends. A given sand of hi.‘ compactibility requires
less force for its displacement than does one of low compactibility at

the same relative density. Thus, for D;/0y > 1 (all other conditions
constant), Gex ®ust be increased for normalization to G,y . This is
accomplished by taking the appropriate value of (G, /G.y)p' <1 from
Figure 16, applying this value in Equation 11, and tﬁen using Equation 10.
(For Dy/Dy <1, (c.,/c,,)n. >1 and Ggx 1is decreased in normalize-
tion to G.y )

Note, also, that the penetration resistance of a sand wi'%
large-d{ameter grains is greater than that of one with smaller grains
(211 other conditions constant). Thus, tor (dgg),/(dsg), > 1,

(Cex/Gey)dsp > 1 and Gy, 1is decreased in normalization”to G (For

)

(dso)x/ dSO)y <1, G s increased in normali ation to G.,
Use of G in N . Having determined the value of G
ey sey ey
for a particular sand x, ths next step is to use G inu N -
3/2 &y sey
Ge (dd)

]
v h to predict in-sand Y20 and 20 tire and vwheeled vehicle

performance. The success of G. in this role is {llustrated in the fol-
lowing comparisons. y

Io Figure 17a, data for all of the single-tire tests considered
herein for the Yuma, mortar, and Cresswell sands cluster about the same
upg Vversus Ngo. curve obtained earlier for Yuma sand in Figures l4a and
lib. (Note that’ Ngoy = Ngo for Yuma sand only.) In Figure 17b, single-
tire test data for these three sands all cluster about the same ny
versus N_,. relation. Note further that, based on results from the same
laboratory zingle—tlre tests, data collapse about the two relations involv-
ing "ucy in Figure 17 1is considerably better than that about corre-
sponding relations ir Figure 18 involving N. .

In Figure 19, the wheeled-vehicle test data for six sandy field
test sites show much less data scatter about the central uyn versus
Ngey curve (the same curve as in Figures 14 and 17a) than 30 corresponding
data for the same test sites in Figure 4 about the central curve of u3q
versus N. ..

Based on Figures 17 and 19, Ngqy 15 demonstrated to be very
effective in consolidating single-tire and wheeled-vehicle ujo dats to
one relation, nzg data to another. Remarks modifying this general con-
clusion need to be made, hovever, relative primarily to one of the labora-
tory test sands in Pigure 17 (Cresswell sand) and to the one field test
sand not shown in Figure 19 (Suscinio sand).

Some Strengths and Limitations of the N..’ Methodology. First,

regarding the Cresswell sand, determination of its Ggy values in
Figure 17 was made using as input data one set of C values gleaned
from References 10 and 11, plus values of &y , s; , D', and dgg
from the 1983 WES laboratory tests of the Cresswell sand sample (using

* No nyg9 versus N relation is shown ia Figure 19 because measure-
meuts of njyg w!ro.:Zt obtained in any of the wheeled vehicle tests
considered Ecroln.
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a; at the WES air-dry condition). There was interest in determining
how these predicted values of Ggy (and of Ng,.) compared with those
obtained by using the same set of G values, together with input values
of a;, a3, D', and dgg , obtained from References 10, 11, and 14.
Table 3 summarizes this comparison.

For the 11 air-dry Cresswell sand test conditions considered,
the major conclusion from Table 3 is that, although two quite different
sets of input values of ay , a3 , D', and dsg were used (see the two
footnotes of Table 3), nearly identical values of G and of N vere
predicted (compare results in columns 9 end 10 with :‘ou in colt."‘ 14
and 15). This close agreement reflects that the overall process for trans-
lating values of G to G,y (susmarized in the first footnote of Table
3) 1is reasonably robust. T‘lt is, based on the comparison in Table 3, the
G-to-G,, prediction process appears mot to be unduly influenced by even
fairly sizeable variations in values of its required input parameters.

This tentative conclusion is supported by the vheeled vehi-le
field relations shown in Figures 4 and 19. PFor the first five sands in
the legends of these two figures, the sand samples used in defining values
of ay, a3, D', and d by 1983 WES laboratory testing were like
the sands used in actual 19?3 to 1961 field testing only to varying
degrees-~see Table 1. (For the sixth sand, from the Paw Pav Island site,
the 1983 sand sample was taken from the precise location of fleld test-
ing.} Tor the first “ive sands, taking this discontinuity between sample
and test sands into account, the improvement in the relation of uyq ver-
sus Ng,., 1n Figure 19 versus the 19 versus N, relation in Pigure &
is nthc; remarkable, even with one significant caveat: the versus
Ngey relation obtained for Suscinio sand (not shown in Figure fg) is con-
siderably different from that shown in Figure 19 for the six other field
test sands (it is displaced far to the left).

There are two principal possibilities for explaining what at
first seems to be the atypical ujg versus N behavior of the Sus-
cinfo data. First, it is possible that one or wore send parameters needed
in the process for translating C to Gg,, have been omitted. The proc-
ess described herein is the one that vas ictonincd to make the GC-to-C
translation best for the test data examined, based on analysis not ouly.Zf
the sand parameters now included in the process, but also of several other
psrameters initially considered potentially important (coefficient of
uniformity C; = dgg/djo , angle of intermal friction, etc.). Still,
modifications might substantially improve the G—to—(:.y translation
process, and such modifications are welcomed.

The second, and much more likely, reason for the uzq versus
Ngey behavior of the Suscinio sand relates to the fact that, of the 10
s samples used in 1983 WES laboratory testing, Suscinio’s grain diameter
distridution showed least agreement with its corresponding original dis-
tribution, by a large margin--see Tadble 1. Thus, it was not surprising,
vhen the D, = 141.0 log C + a2 laboratory relation for Suscinio sand was
applied to §u¢c£nto field values of G, that values of D, considerably
larger than 100 percent were obtainsd in some cases. (This did not occur
vith the nine other sands.) Note, also, from Table 1 that the Suscinio
field sand was considerably less coarse than the 1983 Suscinio sample sand
(vhich included almost as much gravel as sand--see Figure 10). In fact,
from Table 1, the Suscinio field sand's overall distribution of d values
is approximpted just as well by the 1983 Lo Turballe laborstory sample
(from the low eide) as it 1is by the Suscinio laboratory sample (from the
high side). (Prediction of Suscinio Coy values by using for input
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Suscinio field G values and La Turballe laboratory a; , a; , D', and
dsg values produced a Suscinio ujg versus N,,. relation very closely
approximated by the relation in Pigure 17.) Fina!ly. note that the good
fit of the Suscinio data in the u;q versus Ny relation of Figure 4
further indicates that characteristics of the Suscinio sand, as encoun-
tered on-site and measured at least by G , were not foreign to those of
the six other sands in Figure &.

The above observations suggest that, for the Suscinio beach
site, the discontinuity between 1983 sample sand and 1959 field sand was
simply too large to overcome in using a) , a2 , D', and dsgp values
from the sample sand to describe dravbar performance in the field sand.
These observations also lead to the caveat that it remains to be deter-
mined how coarse a sand must be for the Ng,, relations not to apply.
(Sands at least as coarse as the La Turballe sand are successfully
treated by N_, .) A second caveat i{s that a substantial amount of
laboratory tasting {s necessary to define the input values of a; , ajp,
D' , and dsy required by the process for translating C to Gey for use
in N.ey (particularly to define a; and aj; for the range of znlueu of
D, and sand moisture content of possible concern). If the user is not
restricted by these two caveats, the N.ey relations of Figures 17 and 19
are useful now in predicting drawbar performance with better accuracy than

do the N; relations of Figures 18 ana 4. If the above caveats negate use

of the N, relations, the u;q versus N, rtelation of Figure 4 is
still judgex sufficiently well de?inod to offer the basis for a useful
wheeled vehicle drawbar performance system.

SUMMARY AND CONCLUSIONS

To summarize, a five-step process was developed for predicting
tire and vheeled vehicle u20 and ny5 periormance for a given sand and
sand moisture content, described as follows:

(1) Use Rquation 7 to estimate D (from known values of cb

rbd
a and az).
(2) Obtain D from Figure 13,
re D -a
(3) Compute G. = antilog —53;--2 . Por sand x , this is
G _. 1
ex

(4) Convert Goy to Gy by use of Figure 16 and Equations
11 and 10.

(5) Use Goy 1in Nggy and the relations in Figure 17 to
predict’ uzo and nyg .

Relations of uyp and ny9 to Nggy now offer better predic-
tion accuracy than do those of and n to N, for a broad range
of sand types and strengths, and for sand moisture contents up to about
7 percent. Implementation of the Ng relations is limited, however,
by two caveats: (a) the exact range :¥ sand types for wvhich the N,
relations are applicable remains to be determined (sands from at 1...¥ as
fine as the Yuma sand to at least as coarse as the La Turballe sand con-
siderod herein are successfully treated by N, ), and (b) substantial
laboratory testing is necessary to define valued of a; , 82, D', and
dgg » which are required as input by the process for defining G,, for
use in N, . Further wvork is needed to minimize or eliminate the in-
fluence o? {hcsc two caveats. For now, with proper account takem of their

- W

..
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iinit~tions, either the Ngo, or the N, methoéology can be employed to
predict in-sand tire and vheeled vehicle drawbar performance with useful
acLuracy.

3.

6.

loI

11.
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NOTATION
a, 8, Constant and variable, respectively, in the equa-
tion D, = a; log G + a3 for a given sand over
a range of sand moisture contents

b Unloaded tire section width

o Soil penetration resistance

Cu Coefficient of uniformity

Cl Cone index

d Unloaded tire outside diameter

d.n (o), (den) Median diameter of sand grains, dg) of sand x,

30 30°x 'y dSO of Yuma sand
D', D;. D' Compactibility, compactibility of sand x, com-
y pactibility of Yuma sand
Dt. Drb’ D" Relative density, before-tire-pass relative den-
sity, effective (pradominant during-tire-pass)
relative density

DP, Drzo Drawbar pull, drawbar pull at 20 percent slip

e & < uin Before-tire-pass sand void ratio, meximm send

void ratio, minimm sand void ratio

G, Gb' c.. c“. G Sand penetration resintance gradient, before-

&y tire-pass G , effective (predominant during-
tire-pass) G , Gy fcr sand x, G, for Yuma
sand

h Unloaded tire section height

i Slip

3/2
¥ (10T ) Mt |
ll.. l“, Il“’ Sand-tire numerics l. - v h° l“ -
6, (ba) /2 ¢ (va)¥/?

.8 T el |
U] h'md 'uy w h



u, uzo

n, n2°
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Torque input to wheel

Forward velocity of wheel axle
Load on a single tire

Tire deflection (under load)

Drawbar coefficient, drawbar coefficient at 20
percent slip

Dravbar efficiency, drawvbar efficifency at 20 per-
cent slip

Rotation velocity of the torque input shaft

e O
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Figure 5. Effect of converting Gy to Gy in the relation of a0
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Figure 18. Relations of (a) wpp to Ng and (b) nyg to Ng for
single-tire tests in air-dry Yuma, mortar, and Cresswell sands
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Figure 19. Relation of u3g to Ng,, for tests with a variety
of wheeled vehicles at six sandy field sites
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