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FREFACE

In the [ollowiny report on the problem of grouser-soil incer-
action, we direcr our attention to a study of the mechanics of grouser
motion on sand, The aim of the scudy is to provide aot only an analysis
af the mechanics of interaction, but alse to provide (chrough the analysis}
a means for predicting the developed thrust (or foree)} due to the

aggressive action of the grouser.

It is shown that the limit e¢quilibrium approach can be wsed
successfully to arvive at theoretically computed thrust valucs which
comparc vory well wich mecasured values. In addicion, the shape and size
of faflure surfaces under the grouser can be predicted wsing tle mebhod
of characteristics. In Chapter 1, the owverall perspective provides a
capsule idea of the intept and results of rhe study, It is shown thar
gencral application of the theory can be sought for the particular case

at hand.

This study on grouscr=soil intcraction was conducted as part of
the overall sofil=vehicle interaction study, under contract arrangemcor
with the Defence Research Rstablishment, Otcawa (DREQ}, Ceophysics Section,
nerotiated chreough the Department of Defence Produccien. Acknowledgement
is made to Mr. T.A. Harwood, Chief, Geophysics Sectiom, DREQ, project

officer for this study.

Dr. R.D. Japp provided peneral assilstance in the conduct of the

study. C.K. Chen assistcd in machiine computatien.



CHAPTER |

(P ERALL PERSPECTIVE

1.1 INTRODUCTTON

In ehe previous reports concerned with wheel-elay interaction¥®,
it has been shown that energy losses resulting from imterfacial slip and
subsoil deformation can be computed from an examination of the =oil
deformation at the wheel-50i] interface and at some depth to provide for
an almost exact prediction of the drawbar pull from a known torque input
value., Whilst the previous studies have been concerned with the prohlem
of rigid wheel motion oo clay soils, the lezssens learned from observation
of acll deformation under the moving wheel demonstrate the fact that
similar technigques zhould be used to define and evaluate the mechanics aof

prouser-soll interaction.

Thus in view of the faet that the locomotive ability of any
vehicle 15 Jependent on 1ks interactien with soil, it becomes obwious that
o descrlbing, for example, the performance of a tracked vehicle on seil,
a better understanding of the mechanics of the interaction between prouser
and so0il will provide for a more rational basis for evaluarion of vehicle
performance. Previous attempts at examining the geomctey of the tailure

surface beneath a moviang ripgtd prouser have been reported (e.g., Belher

# 'Drawbar Pull Prediction from Energy Losses in Wheel-Clay Intceraction
by Yong and Fitwpatrick-Nash, 5o0il Mechaniecs Jeries N¥e, 22, Report
TRTE (Geeophysics) 2%, August 1968,

"Response Behaviour of Clay S0il Undor a Moving Ripid Wheel" Ly Yong,
Fitzpatrick-MNash and Webb, Soil Mechanics Scerics Mo, 23, Report DRTE
fGeophysics} 30, September 1968,

"Energy Considerations in Whool-Clay 5o0il Interaction" Ly Yong and
Webb, Soil Machanics Series Mo, 2%, Report DREQ {Geophysics) 32,




1960 Haythornthwaite, 1961). Apparently, investigations inte the mode
and mechanism of fallure appear to be quite limiktcd, Excepr for the
latter work it would appear that the emphasis on research into this
preblem has centered around the use of the strip fooring model. Modific-
ations introduced through further research have becn directed towards
improving the constraints and providing for a better definition of the

boundary comnditions.

1.2 THE PROBLEMS STUDIED IN THI5 REPCRT

In this report we are concerned with the mechanics of a single
grouser acting on sand as a first phase of the study of grouser-soil
interaction. The experimental problem is reduced to a plane strain
condition where a glass-sided box is used to provide for grid markings to
assist in visual observation of soil deformation under the action of the
grouser, The [ntent here {s to provide information on the physical
behaviour of a single grouser in grder to formulate the necessary mathem-

atical model and boundary conditions.

From inirial observations of the generated fajlure surface, it
became apparent that the limit equilibrivm approach could be utilized, and
thus further experimental cbservations were directed towards defining the
limits of applicability of the solution technique and alse Lhe extent of
the failled goil mass under the aggressive actien of the moving prouser.
The method of characteristics has been uv=ed as an additional means for
solutlon of the problem in order Lo provide for a comparison between the
proedicted failure characteristies and the actual slip line observed from

experimentation.




The us¢ of sand as an initial examination of the problem provides
for a limiting case for =ztudy in the hope that che meched of analysis
genevated could b modified for application to other so0il types, In this,
the study of cthe mechanics of grouser-soil interactien, the use af the
limit equilibcium method of analysis provides for a toel for prediction
or analytical computatien of the horisontal and vertical ferees nocessary
te provide for aggressive actlon of the grouser. We define aggressive
grouser action to mean motion of the grouser into the seil to create a
failure condition in the soil. Thus the limirs of the magnitudes of che
horizontal and wertical forces defined for agpressive action of the grouser
serve Lo identify the maximum forces that can be applied to provide Eor

torward motion of the tracked vehiclo,

In the application of the rigorous methed of characteristics,
the failure characteristic if idenrified as corvesponding to the actual
sub=-surface observed experimentally, would pravide justification for the
limit aquilibrium approach of study to the problem. Tt will e shown in
this particular report that such is the case and it therefore appears
that feor a cohesionless material, the limit equilibrium technique and
methed of characteristics solutions can be applied ko apalyze the problem
and provide for a tool for predicting the forward metion of a rracked

vehicle,

1.3 CXFFR IMENTAL CONSYDERAT LOHS

The grousc: tests performed In this study fall inte Ewo
calvpoeics, wyis:
l. Confsrant Vertical Load Tests (CVL), and

2. Conscant Rlevation {CLY Tests.
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1. Comstant Vertical Load Tescs

A constant wertical load intended to simulate a portion
af the vehiecla weight was applizd to the top of the
grouser and maintained throughout the entire test. Since
the grouser was mounted on a carviage, Lt was free to
trans late both vertically and horizentally but was
restrained against rotfation. The measurable response
parameters during cthis type of rest were the horizomtal
displacement, the horizontal force and the wvertieal
displacement. 3ipnce all of tfhese measurements were taken
at the same time with a common time base, the velocity of
horizontal translation was alsc determined.

2, Constant Elevation Tesks

In this particular series, the grouser was restrained in
a vertical direction and was only free to translate
horizontally. The mechod of restraint kept the grouser
at 8 constant height in relation to the initial sand
surface throughout the duratienm of the test.

As a result of the wvertica! restraint, the measurable
response paramecers in this type of test were once more

the horizontal force apnd horizontal displacement and

hince velocity, However, instead of a vertical displace-
ment, the force reoquired to restrain the grouser vertically
was measured.

it was reasoned that these two types of tests would simulate
most situwations which arise Iin practice and the results cbtained ctheroafrom
should e representative of the behaviour of the s0il mass under the most

common loading systems which can be zpplied to a grouser.

In cach of the two principal types of tests, any one of sewveoral
varigbles may be considered, YSince the reozponse of the goil Lo a given
forcing function is sensitive to cach of these variables, it beeame
necessary to seleet those variables which, it was estimated, would be the
mosLt important for this First phase of grouscr study. To this end the
following test wariables were selocted:

1. Grouser Geometry ~ i,e., the varjation of the ratio

h/t as defined in Figure 1-1. The value of & wos

kept constant at 3 inches and differences in the hiL
rati¢ were achieved by changiog h.
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FIGURE 1-1. GROUSER GEOMETRY

2. System Variables

a) Horizontal Veloeity
b) Inirial Vertical Load.

1.3.1 Apparatus

The test apparatus censisted of a grouser plate rigidly attached
to a carriage which allowed it to translate both horizontally and vertically

but which permittcd no angular reotation f{see Figure 1.2},

The carriage itself was mounted on reoller bearings which
travelled in polighed puide rails. The rails were machined to a tolerance
of 0.003 inches, and as & consequence the fricrional resistance of the
system was reduced to a minimum, the force required to overcome this
resisctance being typically of the order of 27 to A% of the total measured

horizontal force.

The carriage, with the attached grouser, was driven at 2 constant
velocity by means of a hydraulically powercd piston. The hydraulic system
was 50 constructed that the fluid pressure applied to the piston was, for
2]1 practicel purposes, constant in time and as such, che velocity of the

piston, once the initial acceleration had reduccd to zoro, was constant.




——— Constant Yertical
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Grouser-Carriage
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FIGURE 1-2, ISOMETRIC VYIEW OF EXPERTMENTAL APPARATUS




By varying the fluld pressure applied to the pisten and by adjusting the
rate of diacharge of the fluid, cthe piston speed was continuously wariable

between the limits of 1 inch per second and 25 luches per second.

To ensure that the piston velecity was abt Lts maximum value at
the pepginning of the test, the 12 inch stroke capacity piston was allowed
te Eravel for a distance of approximately & inches before contacting the
grouger carriage, In view of the fact that the rise time of the velocity
Eo its maximum value was generally of the order of 0.5 seconds at the
lowest speeds tested, this distance was sufficient for the pistan to build

up to full speed.

The carriage and grouser assembly were mounted on a frame in
guch a positieon that it was directly above a soil bin whose dimensions
were 22-1/2 inches x 4 inches in planform and which usually accommodated
a depth of sapd of the grder of % inches, The bin was equipped with
removable lurife side walls and was mounted on castors to facilitate its
removal from under the carriage. The carriage and bin are shown in

Figure 1-2.

1.3.2 Measuring and Recording Devices

All force and digplacement measurcments werc made by mecans of
electrical transducers, Feor measurcment of sand deformation and assessment
of sand performance during the ageressive action of the prouser, a bhlack
sand marker prid was superposed on the surface side of the sond in the
captainer. A 16 mo cine camera was uscd to record continusus grid

distortion daring the tesCs,



1.4 SUMMARY AND QUTLOOK

From the test results, {t appears that the method of sclutien
shown in Chapters 2 and 3 provides a viable means for predicting and
analyzing grouser-soil interaction. For convenience, we can summarize
three key graphs to show {schematically) the sueccess achieved ln correlation
hetween theoretically predicted f{or computed) and actual measvred values
(see Flgure 1.3). The actuval graphs may be secn in Chapter 3 where the

proper discussion is provided accordingly.

llaving established the viability of the methed, and its
superiority to present reported metheds - as evident from Figure l-3 and
Chapter 3, it would appear that further study on multiple grousers is in
order, Th¢ end purpose of multiple prouser etudy is to determine optlmum
spacing to achieve best total aggressive grouser motion. This would lead

te a more rational basis for design of grouser spacing,

In actual fact, it will be sccn that grouser spacing can be
gstahlished from a single grouser test - [n view of the success achieved
in corrclatlon betwecn theory applied here and actual experimentation.
Attention is directed towards the analytical model shown in Figure 1-2
and the fact that this formed the basis for the theoretical conslderations.
Thus by placing the next grouser beyond the Rankine .one shown in Figure
2-2, taking intc account the dependence of of and P on grouwser and system
parameters, a rational set of rules may be devised Lo ald in studying
srouser gpacing., This ourlook iz further discussed [n the latter part of

this report.
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CHAPTER 2

THEORETICAL COMSIDERATIONS

2.1 INTRODUCTTON

From initial tests with the grouser, using a gridded glass-sided
box, the geometry 0f the failure mass ynder the aggressive action of the
grouser showed patterns similar to that shown in Figure 2-1, With this
knowledge of the physical behaviour of the 501l mass, a theoretical solucion

can now be sought.

2,2  ANALYTICAL MODEL

The enalyrtical model shown in Figure 2-2 may be constlroucled from
Figure 2-1, We note that the deformiog soil mass is broken down into three
parts, namely!
a) rigid vone where the soil in this reglon may be
assumed Lo be an integral part of the grouser.
At a later time, it will be shown that the
boundaries of this rigid zone are depondent on
both grouser geemetry and constralnts surrounding
the aggressive movement of the grouser, i.e., B
and &L are influenced by the forepoing factors.

b)Y & zone of radial shear, and

c] a Rankine passive znne.

It 15 apparant that a theoretical soclution may be sought in tecms
of limit equilibrium if reasonable assurance s provided by the knowledge
that all the muferial ip the radiul and passive zonea are at the limiting
acace ol equilibrium. Whilst in actual [act this s a difficult conditivn
to meot, some doparture from this rigid requirement may be tolerated in

ackusl] practice.
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Accepting the constraints imposed from physical behavieur and
with some reasscnable assurance Chat the material in the radial and passive
rones iz in A Failable state, rthe followiag sectiona will be duwvoted to

providing the limit equilibrium sclutien for the medel shown in Figure 2-2,

2.1 THE METHOD OF LIMIT EGUILTERIUY

In this section, the eguations necessary Eor the solution of the
grousetr problem under study, using the rechniques of limit equilibrium, will
be developed, together with the boundary conditlons neocessary for the
solution of these differential equations. The equations descrihing the
geometry of the failure surface using the method of characteristies will

also he developed.

Beferring to Figure 2-2, if we assume that the surface of
discentinuity {i.e., line OB} represents 4 rigid surface, then the method
ag developcd hy Yong et al, 1269, may be applied to cobrain & sErcss
distribution in the radfal and passive zoncs. Whilst there may he no
rigorous Eheorefical justificatien for such an assumption, experimental

evidence obtained suggests the validity of chis assumption.

One of the principal consequences of the assumption that OB
represcents a rigid surface is the requirement that zone OBCDO moves upwards,
or downwards, In relation to zone G'AEQ. From an examination of the
displacement patterns of the grid nodes and of the velocity Ticlds (shown
in a later section of this report} it was noted that the velocity 1n this
reglon was esyentially zero, relative to the grouser plate.  As such, it
wasd concluded that zone OBCIKY mowved uvpward, or downward, in relation ko

zotre O'ABOD,
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With this assumption, the method of limit equilibrium may then
be used to provide a simplified soluticn to the field equations, provided
that the following additional assumptions are made:

1. that the failure configuration, shown in Figure 2-3,
consists of cthree zones, Zone OCD may be treated as a
Rankine Pagsive zone, with the major principal stress
direcrion being horizontal, while :one OBC conszists of
4 transiition zone, where the muterial is in a state of
radial shear and zone O'ABO is s simplified rigid zone.
Thiz iz not uplike the assumptions made in the classical

bearing capaciLy problems develaped by Terzaghi (1944},

2. that al! of the material within the failure zone is in

a state of limlt stability or at impending shear failure,

3. that the material is homogeneous, lsctropic and

incompressible, mnd

4, rthat the value of the term j:E%EL-CLALI. Thus the
inertia terms of the form-qlzﬁi\%b may be neglected,
It follows that the cguations of equilibriuom, rather
than the equations of momentum, may be used to describe

the state of stress within the material.
With these assumptions, a sclution may then be found for the followlnp

system of equations.

2.3.1 Equations of Equilibrium

The differential equations of equilibrium in polar coordinate

form (consistent with the coordinates shown in Figure 2-3) are given as

follows:
FYs; 1 D TUee Or—CTe = =~ -
ia;:r + T ‘E}Eﬁ +- = = ~‘% cos g
(2.1]
E&E’+LBUQ+ZE:—ﬁ%sinG

B T &e T
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FIGURE 2-3, ETRESS NOTATION COMVENTION IN POLAR
CODRBEINATE SYSTEM
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2.1.2 Yield Critarion

The Mohr-Coulomb failure ¢riterion, valid for the description of
the stress atate in a granular material at the point of impending failure,

may be expressed as:

g; — G'E'i'ﬂ':l {1 + sin ¥ cos 2'!.|J}

2
- -
53 E+~!.'.l'3 f1 - 5in ® cos 2",}} (2.2)
A
Ty = ﬂ;_';-g sin @ sin 27y
where: '1}! » angle of inclination of major principal stress te

the x-anis.

Dencting the inclination of the major principal atress direction

to the g-axis as‘qj', equations {2.2) can be written, in terms of r - §

coordinates, as:
Sy = oy + Do {1 + sin & cos 2‘#'}
Z
Co = FETB (1 - sin 8 cos 2Y") Q.n
ra
Trn:&iZ—QE sin @ sin 2'\‘)‘
The geometry of the principal stresses in the physical plane is shown in

Figure 2-5.

Fer the general case of a rigid surface woving through a soil,
tlie stresses acling on the rigid surface may be expressed as:

T‘ra =+ g tan & in che passive case, and

(2.4)
'.[:TET- - Tg tan (Sr in the active case
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FIGURE 2-5, PRINCIFAL STRESS REFPRESENTATION
IN THE PHYSICAL PLANE

¥
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where: :5 = angle of fricrion belween the surface and the soil.

The geomctry of the forces acting on the surface may be seen in Figure 2-6.

Rigid Surface

FIGURE 2-b6. FORCES ON RIGID SURFACE MOVING THROUCH SOIL

In the cese where the wall or surface i1s moving into the soil,
the passive case will be considered and chus only Lhe positive case will

te used. That is,

r

2.3.3 The Stress Function

To facilltate the selution of the system of equaticns which
describes the problem, we introduce a dimensionless stresas function S{g)

defined as
= €37 S(8) {2.6)

where: — 15 the mean stress at a peint,

2

CT] and CFB are the major and miner principal stresses respectiwvely.
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It iz seen that the stress function rélates the stress abt a point
to the density of the material and also to the spatial position of that
point in relation to the origin of coordinates. The use of $5(8}, enables
equations {Z2.2) and (2.3) to be expressed in a form which is readily
amenable to analysis, thus constituring a similarity variable which enables
the stress at any point in the material to be determined. Its detcrmination
at various peoints within a region enables the mapping of che skress
distribution throughout the region. Substituting for & in equation (2.3},

we obtain:

Cr = Ol +sin B cos 2°W)
Ty = T (1 - sin @ cas 2 Y (2.7)
trez O sin & sin 2'\{4"

From equations (2.7}, (2.6} and (2.2),

smlﬂ'smzq,) E+2 5 sin @ cos 27 I:d_;lweh"-l:’ +S(1+sinﬁc05‘+"}

= o5 &
{2.8)
{l-5in © cos ZIP } + 2 5 sin @ sin EIP -—lﬂ— + S s5in @ sin ETP'
= = 5in @
From equations (2.8), we abtain:
dgﬁ' - e0s @ - sin @ cos{(ZWY" + g} - 8 c052 a _ 1
dg 2§ sin Blcos 2W' - sin @)
(2.9
48 _ S8 sin 2V - sin(2Y'" + @)

dg cos ZW' - sin @
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A solution of equation {(2.9) requires the specification of boundary

conditions aleng the surfaces OB and OC shown in Figure 2-2,

2.3.4  Boundary Conditions

Since Reglon I In Figure 2-7 represents a Ranklne Passive zone,
the boundary conditions along OU may be readily spectfied. The boundary

conditions at point C (Sokclovski, 1960, Harxr, 1968) are:

g cos o
1 - sin §
{2.10)
Woe ke
. I -3
where: g % + >
Substituting for £, we cbtain:
cos IC + -ii)
P - 4 2
1 - ain @
and {2.11)

yo- g f

Thi second of equaticns (2.11) may be derived direcctly from the koowledge

that the major principal stress acts in a horizontal direction in Region I.

Since the boumdary conditions ar peint B and zlong the boundary
OB {in Figures 2=-2 and 2-7} are i no way defined, and recalliag that
vquation (2.5) describes the struss conditions at the rigid wall-seil
intcrfuce, the assumption that the mass in zone O'ABOQ in Figure 2-2 is

rigid provides one with the knowlcdge that the dirsction of the major
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principal stress will be constant throughout this region. Thus the
determination of WP’ at point A will be sufficient for the determinaticon

of \y' at B,

Substituting equation (2.7) inte equation {(2.5), we obtain:

sin @ sin E'l{-”B = [{1 ~ gin P cos ZW'B):I can &

Hance:

sin @ sin EIPIB COS Cg = sin éu - sin @ cos ET{J’B Sintg
sin @ sin {180 - 2'qﬂB} cOs é = sin é sin @ cos (180 - 21P'B} sincg

Therefore:

sin @ [fin {la) - EWP'B} cos é - cos (180 - EIPIB} s5in %J== sin 6

sin (180 - EWP*B - é o= E%E—éL

We thus obtain:

IP'B = (.5 E% - & - arc sin §%§i%—2} £2.12%

where IP'B iz the angle of inclination of the principal

gtress direction to the g=axis at point B,

To determine the stress function SB, at point B, we empley an
iterative solution {Runge-Kutta Method), as follows:

L. estimate a value of SB
2, by a process of numerical integratien, work from point A
to point ©

3, compare the value of 5, as determined above with the wvalue
calculated Erom equations {2.12%. If the difference is too
large, estimate a new value of SB and repeat the procedure.

By repeating the procedure until the two values of Sﬂ obtained Erom

equations (2,11} and by calculation agree to within 0.01, the true value




-23-

of SE is obtained, The results of thig computafion are summarized in
Fipures 2-8 and 2-2, which show the variation of IP' and 3 with &

respectively, for various values of the angle B.

2,4 GEMMLETRY OF THE FATLURE SURFACE

To obtain a complete solution of the rigid wall-soil interaction
problem, we require the determination of the shape of the failure surface.
From the experiments, it was observed that lines AB and CD ju Fipure 2-2
were straight, which is consistent with the assumpticn that zeones JTABO
and OCD represent a rigid and a Rankine zone reapecrively. Since these
dre regiong of constant srate it is thus only necessary fo speclfy the

gequaticn of the spiral curve represented by BC in Figure 2-2,

The solution to this part of the problem may be scught through
the use of cthe method of characteristies, We recall that a characteristic
is defined as a line along which disceontinuitics in derivatives propagate
or across which derivatives of the first or second order, or heth, are
discontinuwous, On copsideratlon of the Equations of Variatiom ¢F the
prescent system, piven as equations (2,9}, it will be Seen that the

derivatives of W' and 5 bocome discont inuous when

N AL .1
4J W4 z
¢
ar '\P = i/]d_ (2.13)
- - TIT
4/1J - ?E - 95
+
We note that when IP' ®= . Ak In cquations (2.9}, the denominators

of these equations vanish., The numevators may simultancously vanish or
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may he different from zero. If the numeraters vanish, then eguations (2,13)
define the characteristics of the system, If they are different from zero,
equations (2,13) define a line of discontinuity which has been shown to
coincide with the slip lines of the system (Harr, 1%66). It has been

ghown that the slip lines form the envelope of the characteristics of any
aystem {(Prager, 1953; Harr, 1966) and as such, equations (2,13} define the

3lip linea nf the present system.

The slip lines compride two families of curves which intersect
_Ir L +
at an angle of 2 e = 3 - @ and are inclined at angles of Iy’ - _AMtto the
radius vectors, The geometry of the slip lines in the Mohr plane is shown
ag Figure 2-10, while the geometry in the physical plane is shown as

Figure 2-11,

The equation of the slip lines themselves may be determined from

consideration of Figure 2-12, It will be seen that

S e [ o)

tan (Y T aa

o L3
d , +
_JF ?5 = cor (ﬁl - ALY do

o o -
8 +
Y = r_ exp j cot (W' - ) de
43 o
D —
e N ]
= r, OKp j cot (llJ' - M de (2.14Y
P =
where: r = leagth of radiuva voctor at angle of & to initial
¢ position
rE = length of radivas vector at initial position
B = angle of inclination of surfacce OB (Figure 2-2)

te vwertical,
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The equation of the G+ characteristic, which defines the failure surface

is given by

-
1

&
8 = rﬁ exp j cot (I_]J' +/M-} dg
=
(2.15)

AL = ﬁE_E’_

Equations (2.15) may be s¢lved by 2 process of numerical integration,

utilizing Simpson'’s Rule, to yield the failure surface.

2,5 PREDICTION OF HORIZONTAL FORCES

With the determination of the stress functiom at point B (Figure
2-2) it now becomes possible to determine the horizontal and vertical
forces acting along OB, To compute the forces acting on the grouser
however, and hence to provide a complete soletion te the problem, the
stresses acting within zone O'ABQ (Figure 2-2) must be estimated. Since
no knowledge of the stress distribution within this zone is readily
available, we resort to a simple static equilibrium approach as a first

order approximation,

Assuming theat the vertical force, P, acting on the top of the

grouser produces a Coulombic Ffriction faree along the fallure surface AR,

we obtain:

T = P tan @ {2.16}
acting along AB. The horizontal ¢omponent T, will be defined by:

T, = (P tan §§) cos {2.17)

H

as shown in Figuere Z2=13.
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Takinz into account the frictional resistance Tf at the interface

of the lucite side-wall and the sand:

TE = kHltanéL (2.18%

where: T, = frictional force
W = weight of sand within failure zone
;S = angle of friction at lucite-soil interface

k = lateral pressure coefficient {taken Lo be unity
for the limit equilikrium case)

An estimate of the angle at which T, actz may be obtained from experimentatien

E

where the mean angle at which the soil meves relative toe the herizontal is

determined, The resultant force eomfiguration is thown Lo Figure 2-14,

£
Te
wr
T
Eh
FIGURE 2-14. CALCVLATION OF LUCTITE-SAND
INTERFACTAL FRICTTION
From the figure, it will be secn that:
S 5
1f Tf COS
b
(2.19)
T, = T sto S
w
whete: T, = horivontal component of iotcrfacial friction force
h
Tf = weortical componont of igterfacial friction force
wr
- angle of inclinstion of mean direction of mot lon

of soll mass to horleontal dirvection,



-1 -

CHAPTER 3

APELICATION OF THEORY

i FRESENTATION OF RESULTS

A summary ©f the experimental test results is given In Table A=l
in the Appendix. The values of SB and SG topether with 1P'B and 1P1c Are

listed in Table A-Z Eor the tests for which they were calculated.

Also listed in Table A= are the values of B and o [or the
various tests. In each case, 2 and ® were determined by plotting the
digplacement patterns of the tests and measuring the experimentally

obtained angles.

3.2  PROCEDURE FOR APPLICATION OF THEORY
IN EXPER IMEWTATIOW

To demonstrate the theory and its usefulness and applicabilicy
in predicting the developed horizontal and vertical forgea due to the
aggressive actlon of the grouser, we may consider the following example.
Osing Ehe basic system parameters for Test Bumber 9, we have:

Constant vertical load test

friection angle of sand = 387

@

6 = friction angle at discontinuity OB
(i.e,, rigid wall) = 28.5°

fgL a  friction angle between sand and lucite wall = 20
Density = €% = 100.93 pef
Wideh of grouser - inches = b

4
Grouser dimensions: E, = 3 inches
b = 2 ipchos

Hortzontal veloeity = 5,25 inches/second




R

B F
r

FIGURE 3-1, FIGURE 3-2,

We note that the friction angle é at the discontinuicy QB
{i.e., rigid wall) is different from @, the friction anple of the sand.
The rationale for this may be found in terms of:
a2} the assumption of a rigid mass 0'ABO originally
explained in Chapter 2. 1t is assumed that the
propecties at OB arc cacried over from Q'A,
b} if 5 = @ it will be obvious that rhe radial zone
will no longer exist., FExperimentation shows that

this cannot be true, i.e., the radial zone (zomne
OBC in Figure 2-2) does exist.

To complete the specification of the systom parametetrs, it now
remains to obtain of , B and thereby coopute the length of OB, We note

that the lengch of OB is r in Figure 1-1.

From e¢ontrol tests such as theose reported in Table A-1, we may
experimentally determine ot and B, In Figures 3.3 and 3.4, wariations in
£ due to £fh ratio and alse due to velocity are glven. 3imilar graphs
may be drawn for o4 . Thus with this kind of informaticn, it becomes
possible to specify of and & and thus compute v, the lenpth of OB (sce

Figure 2-2 for physical description aof o4, B and OB).
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INFLUENCE OF CARRIAGE VELOCITY ON MEASURED VALUES
OF £ FOR CONSTANT VERTICAL LOAD AND FOR CONSTANT
ELEVATICM TESTS



Angle of Inecllnation, B, in degrees

14,

i

20

10

~10

NOTE: Mean Carriage Velocity
= 4,1 ina, {gec,

-16=

a

\

Constant Vertical
Load of 21=1/2 1hs

Constant Elevation

FIGURE 3-4.

1’ 2 3
Shape Factor, A
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INFLUENCE OF GROUSER GEOMETRY ON MEASURED VALUES
OF B, FOR CONRSTANT ELEVATION TESTS
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Thus: for a velocity of 5,25 inches/second, we will obtain:

g = 138,0°
ol = -32.5°
r = 2.2B8 ipnches = 0,19 [eet

Proceeding with the application of the theory, we now determine

values for EB and'\P’B. Thia is accomplished by noting that solution of

équactions (2.9 in Jection 2.3.3, together with the houndary conditiens

given as equations (2,11) and (2,12} will yield values of Lhe stress

funceion S_ and principal stress angle 1P'E at point B {Figure 2-2),

B

Alternatively, we can make use of Figures 2-8B and 2-9 te obtain a graphical

determination of 1F'B and 5 He thus obtain,

B

SB = 2,200

1 = n ]
¥ 48, 69
From equations (2.7) in Section 2.3.3

a_ = O(L+sinf cos 2°y)

C% = T(l -~ sin @ cos 27Y"

Wa pote from equation (2,6) in Sectien 2.3.3,

O = ¢ grs

Bubstituting (3.2) into (2.,1) yields,

o, = @grs{l + sin # cos 2Y)

O, = €srS(l- sind cos 2

Substituting numerical values, we abtain:

er = 100.93 = 0,19 » 2,20 « 0.92
= 38.9 pst
o = 0,27 psi

{3.1)

{3.2)
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$4milarly,
O = 0.316 psi.
&
Since the value of § varies linearly between 0.0 at point O and 2.20 ac

point B Iin Figure 2-2Z, the forces may be found from:

O,
F = ——b (3.3
wvhere : b is the width of the grouser.
Similarly,
r o
= 2
Fﬂ ) b {3.4)

Putting numerical values of r and b inte equations (3,3) and (3.4) yiclds,

Foo= (0.27)(4.56) 1.23 Ibs

Fy = (0.316)(4.56)

Prom consideration of Figure 3=2, it will be seen that

1.4% 1bs

F = F + F

i +
a Fr gin B Fe coa B

1.2 sin 38 + 1.44 cos 38

1.89 lbs
Te account For the shear force due to the applied vertical load of 21-1/2
1bs, the failure surface for the particular experimental constraints may
ba datermined using equation {2,15) in Section 2.4, We thus obtain the
weight of soll in zone OTABD (Figure 2-2) = 1,66 lbs. MWith reference to
equatien (2.17) and Figure 2,13,

tota! vertical weight = 21,5 + 1.66

= 23.16 lbs
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Therefore:
TH = (23,16 rapg ) cos ot
= (23.16)(0.78)(0.998)
= 18.2 1bsa
Floally, account must be taken of the side friction ferces, From the
thepretically predicted fallure configuratien using cquation (2.15), the
total weight of seil in the failed masg may be found to be
Hl = 3.0 lbs
Thud, from equations (2,18) and (2.19) we obtain:

Tf = 1.09 1bs
h

The theoretically predicted total horizontal force, H, is thus

given by

-
1l

FH+TH+Tfh

b

1,89 + 18.2 + 1.09

21.18 Lbs

We note from Table A-1 in the Appendix that the measured wvalue
for B for Test 9 was 22.30 pounds - as compared to the theoretically
predicted value of 21,18 pounds. It is thus evident that some measure of
succees in prediction has been achieved. Table 3.1 shows the comparison

batween predicted and measured wvalues of the horizontal force H.

1.1 GERERAL APPLICATICN OF THEORY

We note that the experimental constraints associated with plane
sktrain generation creates side friction forces between scil and test

eonkainer, In the event that this can be abviated, the teotal horizental
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force H predicted would ne longer need to account for the term Tfh'
Thus:

H = FH + 'IH

In thres dimenaional problems - as would be encountered in field
applicatien, empirical medifications {(possibly in the form of introduced
ceefficients) would be necessary in view of the heorrendousg complexities
arfsing in the solution of the equations in three dimensional form. (The
problem of statement of boundary conditions in the three-dimensional

problem can be equally difficult.)




TARLE .

4 1-

3

1

COMPARISON OF MEASURED AND CALCULATED HORIZONTAL FORCES FOR ALL

TESTS IN WHICH COMPUTATIONS WFRE CARRIED QUT

Teat Density g " Il {1ks) 0 {lbs) A
Bo, {pci) E E Measured Calculated Error
2 28.73 3,450 48, 6% 25,38 22,37 13.40
9 100, 23 2,200 48, 6% 22,30 21.20 &, 90
11 10025 5.400 48. 69 19.30 19,50 1.00
13 100,48 &, 200 48, 69 L8, 20 15,60 14, 30
1% 162,20 2.300 A, 69 28,40 29 87 5.00
16 1G61. 60 4,650 48,69 53,40 49,75 &.70
17 100,79 3.725 48, B9 21.10 24_81 16.40
20 100,42 3. 480 48,69 368.00 36.40 4,40
25 100, 90 3,725 45 .69 50,70 4650 .30
27 100,80 10900 45.69 45, 60 43,80 5.00
28 99, 04 5.000 4869 31.90¢ 12,70 2.50
29 101.41 2,500 45.69 15.50 15,40 .20
k) 100,34 2,780 48, 69 2410 22,00 B.70
3z 99, 10 &, 200 48. 69 52.00 a0, 50 3.00
i 1) 100, 60 11,000 48 .69 S0, 50 41.10 18. 50
E L] o0, 33 9,900 A48, BY BG. 30 75.50 11.00

¢ = 28°; 5o 29.5°
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CHAPTER 4

DISCUSSTON OF RESULTS

4.1 COMPARISON BETWEEN THECRETTICALLY CCMFUTEDR
AND MEASURED VALUES

In Figures 4-1 and 4-2 we ghow comparisons between theoretically
predicted and actual measured values for grouser performance. It will be
seen that good agreement cxists befween the experimentally measured and
the computed results, The apparent slight discrepancies pregent lie
within the limits of experimantal error (usually 10%)., Tt will be noticed
that discrepancies begin to become apparent ab larger walues of carriage
velocity and applied vertical lead., These may be due to:

a} neglect of {nertia terms in the analysis or
thecretical compultalbions,

b} the specifiec value of £ at the OB discontinuity
used in the computatieons, and

cl the computed faflure surface uwsing selected values
of o and B from prior experimentation.
op F3 AL . ,
In all, it will be seen that €V, TKL is sufficiently small for the

test congtraints and thus can be neglected,

Since che deviations between theoretically computed and measured
values are not significant, it would appear that the assumptlons associated
with b) and ¢) are adequately tenable (withio limits) and thus do not detract
from the admissibility of the mathematical model uscd.

4,2 COMPARTSON OF RESULTS WITH RESULTS
COMPUTED FROM BERKER 'S EQUATIONS

With reference to Figures 4-1 and 4-2, it will be seen that

results computed from Bekker 's equations (Bekler, 1960} shown in both
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AND CONSTANT VERTICAL LOAD TESTS
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graphs are compared with both the thecoretically computed and measured
values (MeGill results), In the Bekker cquaticons, the horizontal and
vertical forces, H and W, are not expressed cxplicitly in terms of system

pairameters hut rather, are proportianal to an angle @ defined by:

a4 —
B = arcbtan w

whe e ! H = h(\“lcf.c + X 'nqsz + 9 '71532] sin &

W o= h{'nc.ﬂ,c * ¥m st + % 'n,sﬂz} cos @

(4. 1)
b = grouser width

¥z = sinkage
It is seen that H and W are dependent on such dimensiconless trafficability
factoras as T}q, (e and Tﬁg , all of which in themselwes are dependont on

#, o and the ratio of ‘th.

In view of the above considerations, the [we equationa for H
and W do not permit a direct determination of these farces hut instead,

must he solved by an iterative process.

The results of chese computations are plotted in Figures 4-1
and 4=2 and it will be 3seen that appreciable deviations aceur between the
Bekker and McGill results. The results obtained from Bekker's equations
are consistent with the definition of the terms used in equatiens (4.1),
and the discrepancies can only be attributed te the assumptions inherent
in the devivation of esquations {4.1). This derivation assumes an elastie
stress distribution beneath the grouser and quasi-static conditions, a
fact which will account for the discreopancles hotwoen the results shown
in Figure 4+2. However, at lower vulues of wvertical loxd, good agrcement
between the results obtained from Bokker's cquations ond from the MeGill

tests is observed in Figure 4-2,
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The computations for the case of the constant ¢ levation tests
would appear te be Incorrcet in the light of the large digcrepancies
between the Bekker results and the McGill results. This (8 expected since
{in the case of these Lests) hoth the wvalues of H and W must he estimated
e arrive at an estimate [or 8 Eor the solution of equations {4.1). As a
consequence, any comparison between the Bekker and MeGill rezulis is

meaningless for the constant elevation tests.

In the light of the good agreement bckween the MeGill resulrs
and those computed from Bekker's equations however, 1t can be said with
some depree of justification, that Bekker's cquations are applicahle where
the speeds are sufficiently low so that inertia effects may be neglected,
If this assumption cannot be made, it would then appcar that egquations

{4.1) are not particularly valid.

4.3 GENERAL

The general discussion following in this and subsequent sections

will deal with ooriced effcets and some of the reasons Eor these effocrs,

With reterence to Table A-2, it will he seen that the valuces of
Ec and WP‘C are in good agreement with those obtained by invoking the
Rankine condition at point © {Figure 2-2). The small errors present can
be accounted for Ly the Eruncation and round-off approwimations inherent

ip machine ¢omputations using the Runge=-Kubta method.

In all cazes, the horizontal forceus exerted on the grouser can
be thoupght of as consisting of Ewo parts, one portion due to a change in
inertia forces with changes im velocity and weight, and the otner portion

duc to the component provided by the material which is in a state of
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timicing equilibrium fn the radial shear and Rankine zoneas. With this 1o

mind, the results of this study can be readily explalned.

#,4  EFFECT OF CARRIAGE VELOCITY

From Figure 4-1 we note that the developed horizental foree
incrcases slowly with an increase in horizomtal wvelocity up to a value of

about 4.5 inches per second., Around this region, the slope of the curve

hegins to increase fairly rapidly, reflecting a rapid incrense Lo horizantal

force with carriage velocity,

Whilst inertia forces (which are proportional to the square of
the velocity) increage with incressing velocities, from Figure 3-3 we
note that for lower velaocities (below 5 Ilnches per second) the angle B,
which increases with increasing wvelocity, will preoduce decreasing values
of caleulated resistive forcea, Thus rhe rotal horizontal ferce which
consists of inertia and resistive forces will increase relatively slowly

gince the two components are in opposition.

Al velocities in excess of & inches per second, the value of B
begins to decrease, and a3 & result, the resistive force component
resulting [rom the seil in the radial shear and Rankine zones will tend
to increase. The two foree components now reinforce szach other and the
horizontal force will begin to increasae rapldly as shown in Fipure 4-1.
The effect of the velocity induced forces js even more apparent when these
results are comparcd with those shown In Figure 4-2. Tt will be readily
seen that at the low wvelocities at which these tests were conducted {of
the order of 0.0l4 [nches per second), the change In horizontal force with

horizontal velocity is not noticeable.
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The cffect of the carriage velocity on the mugnitude of the
measured wertical forces is as shown in Figure 4-4. Tt can be ameen Lhat
the trend of the curve in this cage ig similar to that which describes the
variation of horizomtal force with wvelocity (Figure 4-1). As mentioned
previOusiy, no computed values of wvertical forces are available in wiew
of the lack of knowledge of the stress distribution in the soil immedistely

beneath the grouser,

4.5 EFFECT OF APPLIFD VERTICAL LOAD

In the case of the variation of the horizoatal forces with
applied vercical leoad, the increase in generated horicontal force with an
increase in vertical load, shown in Figure 4~2, is consistent with the
concept of an increase in shear strength with am increase in confining or
overburden presgure, In comparing Figure 4-2 with Fipure 4-3 for conscant
wertical load tests at wery low specds (of the order of 0.01l4 inches per
second}, a marked divergence between the two i3 observed at large values

of applied vertical load.

The divergence can be explained In terms of inercia effecrs,
Ar high speeds and large values ofF vertical loads, the momentum forces
boecome significant and will tend to increase the magnitude of the
hoplzontal fovree, Hence Lhe Egrces will increase with increasing wertical
load, giving a curve which is5 convex to the axis. At very low specds
however, momentum forces are negligible even at high wertical load levels.
Since the angle <, =shown in Figure 2-13 tends to increasc with increasing
vertical load, the horizontal component of shear force along the surface

AR (Figure 2-13) will decrease., As such, the rate of increase in horizontal
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FIGURE 4-5, PLOT OF HORTZONTAL FORCE AGATNST APPLIED

VERTICAL LOAD FOR SLOW TESTS




=-53-

force with incrcase in vertical load, for the low speed case, will decrease.
Consequently, the resulting curve will be concawve towards the abscissal

AMLE.

A, b EFFECT OF GROUSER CECHETRY

The effect of grouscr geometry on performance may be secn in
Figures 4-6 apd 4-7, Tt is noted that an excellent corcespondance is
achieved between theoretically computed and measurcd values tor the
constant zlevation teats {Figure 4-6), For the comstant vertical load

tests divergence occurs at low wvalues of xﬁh.

The wvaciation ol horizontal force with shape [actor is not
solely a result of the increascd force produced by the increased contact
arva. If this were the case, the curves shown in Figurcs %-6 and 4-7
would be parabolic in zhape since the horizontal force is a funcbion of
the square of the depth., Tt would appear that the curves exhibit a
singular point for shape factors in the neighbourhood of 1.¥. At this

point, the curves chanpge slope rather abruptly, a fact which is cmphasized

on an examination of Flpure 3-4.

In Figure 3-4 we note that the valuc of [ increascs rapidly with
a decrcasc in shape factor :mmd reaches a maximum value at a shape facrtor
in the region of 2, This would correspond to a decrease in stress functiom
and hence in horlzontal ferce., As mentioned previgusly, such a decrease
would act in opposition to an increase in Eorce as A consequence of the
increase in b, As such, the net horizontal ferce component will change
slowly with increasing h, a faect which is apparent in Figures 4-0 and 4-7.

For shape factors below a walue of 2.0 howewver, 3 decreases rapidly and
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thus the horizontal force contributed by the radial shear and Rankine
zones will inerease. Consequently, the force cemponent resulting from an
increase Iinp h will he reinforced by the component resulting from the
decrease in P and the net horixontal force will begin to increase rapidly,

Again, this is apparent on an examination of the figures.

The existence of such a point of singularity {5 similar to
results obtained by Chen (196%9) in his study of soil cutting. In this
particular case it was found that a minimuwn value of horizontal force was
obtained for an angle of blade inclination of 45 degrees. In the present
case of the grouser, [t will be seen thabt the angle P reaches a maximum
value, in the region of 35 degrees, at a shape factor in the neighbourhood
of 2. This does net correspond to & miaimum horizental forece howewver,
since the fForce consilsts of twe components. It will be recognized Lhat
only one of these, the compouent arising from the soil in the rvadial shear
and Rankine zones, reaches a minimunm. The second component, arising from
the increased surface area with Increasing h, i5 a monctonic incecasing
function, and as such, the sum of these twe {i.e., the net horizontal

forve) should contlnually decrease with inereasing —th Tatio,

Intuitively, it is reascnable to expect such a point to occur
if one considers that a grouser plate consists of two elements; a flat
plate sliding on Che soil surface, and A vertical blade. At low wvalues
of h, and hence at large walues of shape factor, the Elat plate mechaniszm
will prevail and the rvesulting hori:ontal forces will be described by a
gtraight line #t some small negative slope. Correspondingly, at larger
values of h (i,e., small values of shape facter}, the wvertical hlade

mechanism will govern grouser hehaviour and Che horizontal force - shape
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factor relationship will be given by a straight line inelined 4t a larpge
negative slope to the abscisaal axis, Since the actual grouser behaviour
is a combinacion of these two modes, a "singularity" will accur at the

point of intersection of the two lines.

Numerical calculations were attempfod as A means of justifying
the above considerations, Howeyer, seweral difficulties arc associated
with these calculacions. The ratio Eth, while being allowed to vary,
was calculated with the value of £ kepr constant at 3 inches. Consequently,

in order for I*fh to approach wsereo, the value of h must bocome weory lacge.

In an attempt to overcome this problem, Ehe ratio was alleowed
Eo g0 to zero by numecically setting £ equal to zeve and selecting h
equal En 1 inches. Assuming passive pressure conditionms, the horizontal
force cxerted by che anil on the vertical grouser face was then computed
and found to be equal to 94,5 pounds.  An cxanination of Figure 4=7 will
show that the ifntercopt of the curve and the ordinate axis will occur at
som¢ valye in excess of 94,5 pounds which is consistent with the idea that
for Jlfh td g0 tn zera, in kEhis casce, the value of h will have to be very

large.

Finailly, the wvariation of measured vertical force with shape
factor is shown in Figure 4-8., It will be readily seen thar the general
shape of the curve is aimilar to that shown In Figure 4-6, expressing the

variation of horivoncal force with grouscr geomeCry,

From cthe foregoing considerations, it would appoear that an ape-
imumt value of shape fuckor  exists which, in this case, was in the regicon

of 1.7. WNo estimate can be made 4s to whether this value is peculiar ta
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the present test conditions amd Eurther research needs to he carried out

to determipne the significance of this point.

4.7 VARTATTION OF ANGLE OF INCLINATICON, B,
WITH SYSTEM AND GROUSER PARAMETERS

The wvariations of 3@ with carriage velocity, shape faetor and
applied vertical load have heen showm In Figures 3.0 and 2.4, The
variation of [} with applied wvertical lead is shown in Figure 4-% and the
results are consistent wlbth the variacion of the herizontal forces with
applied vertical load (Figure 4=2). It will be seen that the horizental
force increases slowly with an increase in vertical load up to a load
level of about 32 poumnds. AL values of load in excess of this, the slope
oF the curve shown in Figure 4-2 begins to increase. This is consistent
with the increase in P exhibited at lead levels less than 32 pounds. At
this point, the valuge of B becomes a maximum and then beginsg to decrease;
the decrease corresponding to an incrcase In stress function and hence,
in horigontal force {Figure 4=9), C{oasequently, for values of applied
vertical leoad less than 32 pounds, the magnitude of the inerease [n the
foree component resulting from the increase in vertical load rtends ta be
reducced by the decrease in the force component contributed by the radial
shear and Rankine zones. AL vertical loads in ewcess of 32 pounds, the

apposite holds true and the force components reinforce each other.,

In addition, a summary of the changes in B with spoed and shape
factor is shown in Figure 4-9 [or a4 constant vertical load of 21-1/2
pounds. It is apparent that the general tendepncy s for 2 rto decccasc

wlth increasing grouser depth while £ tends to increase for increasing
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velocity. As such, any oprbimum design of a grouser for variahle specd
conditions at a given value of applied wertical lead must take these
ef fects into consideration.

4.8 COMPARTSON OF CONSTANT ELEVATION AND
CONSTANT VERTICAL LOAD TESTS

It will be apparent on comparing analogous resuvlis for the
constant clevaticon and constant vertical leoad tests that the former
exhibit higher values of herizontal forec. This is consistent with the
resules shown in Table A-1, Tt will be observed in this table, that the
sum of the measurcd verbical forces and the restraining force, which was
at all times equal to 12 pounds for the constant elevntlon tests, is
consistently preater than the applied wvertical lcad in the constant
vertical leoad tests. In addition, it will be noted in Figure 3-3 thac
the variation of P with carriage velocity for the constant elcvation ltests
is shown as a hroken line and ignores one point at a carriage wvolecity of
5 inches per second and of on angle of Ilnclination of -5°.  This point is
not represcntative of the general trend of variation in B and since no
vreason could be found for the shape of the curve which would result from
an inclusion of this polint, it was neglected. Tt must be emphasized
however, that the broken line only represents a sugpested varfiation in

this case,

Finally, the pilots of horirzontal and vertical components of
particle velocity, relative to the carviage veloeity, are shown in Figures
A-10 and 4-11 respectlively, These results are typical of the iso-velocity
contours in all tests and scerve to Show that the assumptlon of zone 0'ARD
a5 being rigid is a justifiable one. This will be readily scen from the

fact that the relative veloeitics in this zone are zero,
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CHAPTER 5

AFFLICATIONS AND CONCLUDING REMARKS

5.1 APPLICATION AND BREMARES

Since the alm of any general study on grouser-zoil interaction
is te achieve a better rationale for the design of grousers and the spacing
of such grousers on 8 track, it becomes necessary to understand the

mechanics of grouser-soil interaction,

For 2 ¢ = 0 material (sapd), it has peen shown from this siudy
that a means existas whereby one can predict pgrouser performance in terms
of developed horizontal force under the aggressive action of the grouser
{aee Flgures 4-1 and 4-2). The problem of system parametric variations
can be accounted for and resolved in the theoretical computations to
provide for a reascnable accuracy in predicting values for Lthe developed

horizontal force.

Specifically, the procedure to predict general greuser performance
in sand entails:

1. Determine the o0 and B (see¢ Figure 2-2) parameters
experimentally. Alternatively, & set af X, P
curves can be generated from this study;, for example
a list of walues such as those {n Table A-2 in the
Appendix may be obtained.

2. Wich the precedure developed in Chapter 3 and the
curves for & and lpxas functions of @, the developed
forces under aggressive grouser action may be
computed., Tt 1s understood that the falled mass
under a single grouser may he estimuated {or compured)
using computptions arising from the use of the
method of characteristics.

Whilst the use of the limit eguilibrium approach censtrains the

system to a¢t in a certain ideal manner, it has been shown that slight
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aberrations from ideal bebaviour can be tolervated - as evidenced from the
¢lose agreement between theoretically computed and experimentally measured
values, Thus, insofar as the physical model corresponds to the mathematical
madel, a fair degree of success can be achieved in predicting grouser

per formance,

It would appear from the results of the study and the approach,
that when minimizacion of £ occurs, a greater horizontal grouser force
iz developed, From this astudy, it appears that an i!h ratio of about
1.7 provides [or the greatest minimization of $, {and correspondingly the

optimim value for the developed horizontal grouser force).

With regard to the spacing of grousers, the evidence shows that
so long as the Rankine zone is allowed te form wich ne hindrance from adja-
cent grousers, maximum horizontal €orces can be developed. Thus, as has
been stated previoualy by others, succeeding grousers should be placed out-
side the Rankine zone of influence (see Fig. 2.2, In view of the var-
iabiliry of £ and &, it would be advisable to seek a solution in terms

of anticipated or "worst" wvalues of @ and B.

5.2 WHERE DQ WE GO FROM HERE?

The success achieved in deseribing grouser-sand mechanics should
provide a relatively sound basis for further study with other soil types.
Specifically, since the c=0 case is well established, it now remainz to seek
a solution For the other extreme {and relacively common) case of a @=0
material - clays! (Greater problems are anticipated in clays in view af the

difficulties surrounding the condition of limit equilibrium throughout
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the cnrire failable zone. It would appear that perhaps some form of
plasticity solution similar to that cstablished by Yong and Webb {1969)

would have to be developed. Much also remains to be done for mixed solls,

ie., ¢ # 0, 8¢#0.

For general application of the present results, it would be
most appropriate, Ar chis rime to determine whether the o and B values
dotermined may be applied to other systems {(L.e., experimental and field),
Theory suggests that if the constraints in this present study have been
properly controlled, the o and £ values given in Table A-2 and Figures
1=3 and 3-4 should be generally applicable. In addirion, it would be
generally desirvalile to test the validity of the grougser peometrical ratis
of abour 1.7 for suitabilicy in optimization of developed aggressive force

from the grouscr.

Field applicatien of general theory would be appropriate at
thiz time, It i3 imagined that a new set of constraints would be

necessarily imposed.
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TARLE A-~1

EXPIRIMENTAL RESULTS

fost (B2 | SR [oenstey | spees | JEPHS | Hopirontet| Soreseas
" | Test (in.x in.} | (p.c.f) | (in./sec.) | Load (1Db} H (lb) v (1b)
7 |C.V.L |3 x2 98,38 3.32 21-1/2 21.27
C.V.L |3 x 2 98.71 5.91 21-1/2 25,38
C.V.L |3 =2 Loo, 93 5.25 21=1/2 22,30
o (C.v, L3 x2 100,93 1.59 21-1/2 34,50
11 |C.V.L |3 x2 100.25 1,64 21-1/2 19.30
12 [C.v,L |3 =2 101.17 l.61 8-1/2 6.09
13 (Cv.L |3 x2 100,458 3,94 11-1/2 18,20
4 e L3 x2 102,20 3,04 31-1/2 28,40
15 |C.Vv.L |3 x 2 99.87 4,10 37-1/2 3G.30
16 [Ty L |3 =2 101. 60 4,05 51-172 93,40
17 C.V.L |3 x 2 100,79 4,29 21-1/2 21,30
18 |CV.L |3 x2 99,75 4,00 21-1/2 18.30
19 C.E |3 x2 100,25 3.82 35.50 22,50
21 C.E |3 =2 130, 42 4.00 38,00 200,30
21 C.E |3 x2 120,73 1.23 30,40 13.30
22 C.E |3 x2 499,72 4.09 35.50
23 C.E 13 g2 97,99 5.32 43 .00 21.20
24 C.E ix2 100, 90 5.32 50,70 32,40
27 C.E Iwx 2 100, 80 5.00 45,60 26.00
28 C.E 13 x1 99,94 3.82 il, 90 19.00
29 [CV,L |3 x 1 101,41l -1 21-1/2 15.30
30 |C.V.L |3 x 1-1/2 100, 34 1,83 21-142 24,10
il 3 ox 1-1/2 98.83 3.83 38. 80 LRI
iz I x 2-1/2 99,10 3.72 52.00 32.80
i3 C.V.L |3 x 2-1/2 100, 67 372 21-1/2 &41.90
34 JC.VL.L |3 x 3 100, 60 3.72 21-1/2 50, 50
35 C.E |3 x13 100,33 1.72 BG, 50 43,00
MOTE: Grouser sizc doslgnated as ,Ex n.
C,¥.L = constunt vertical load Eegt,
C.I = conslant elevation Lest,




COMPUTER. WALUES OF 5

n!‘

TARLE A=2

,
Ses 'y AND W' FOR 8 = 38°%, o = 29.3°

Test o SC SC 3¢ W IEO ICD ICO o
Na, 3 SE {Calculated)| (Rankine} % Errer [ tB (Calculated} ] (Rankine) % Error ok
8 27.0 3.45%0 l.laad 1. 1406 .49 48,693 15,493 26 2.0 -1.5
g 38.0 2.200 1. 1387 1. 14086 Q.17 48,693 25.256 26 2.8 -2.5
11 14.5 5,400 1. 1464 1. 1406 .52 48,691 25.369 26 2.4 -0.5
13 11.0 6,200 b, 1392 1.1406 0.12 48,693 25.317 26 2.6 =3.5
L4 37,0 2,300 1. 1493 1. 1406 0,11 48. 693 29.574 26 1.6 0.5
16 19,0 4,650 l.1365 1. ladé 0.36 4B, 6593 25,238 26 2.9 7.5
17 25.0 3,725 L, 144% 1.1406 0.38 48,693 25,345 26 2.5 -1.0
20 26.0 3,480 1. 1401 1, 1406 0,04 48,093 25.382 26 2.4 0.0
24 25.0 37245 1. 14495 1. 1408 0,43 48, 693 25.479 26 2.0 0.0
27 - 5.0 10,900 1. 1364 1. 1406 0,37 “B, 093 29,257 26 2.8 0.0
28 14,5 5,000 1.1503 1. 15406 0.09 4B. 693 25,479 24 2.0 0.0
29 5.0 2.500 1,1419 1.1406 .11 48,693 25.363 26 2.5 1.0
30 3%.5 2.760 1, 1420 1. 1406 0.12 +5. 693 254140 26 2.1 0.5
32 11.0 0,200 1.1392 1, 1406 0. 12 48,693 £5.317 26 2,6 0.0
34 - 50 11,600 L. 1437 1.1404 0,23 48,693 25 437 26 2.2 =-1.0
is -2.5 o900 1. 1334 1. 1406 G.63 48,693 25,084 26 3.5 0.0
NOTE: Positlve values of ol denote angles below horizontal.

_ZL-



