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ABSTRACT

Methods of determining the deformation characteristics,
physical properties and d&namic response of cohesive soils were
evaluated in order to obtain design parameters for soil-machine
systems. The study was limited to simple scaled‘soii—machine
systems on Haney clay and on mixed Haney clay and Ottawa sand
in the semi-solid to plastic range.

A special moire method was successfully developed
to study large deformation and translation paths of soil as a
function of tool shape and position.

Compression, direct shear, stress wave and forced
vibration methods were used to measure mechanical properties
of soils. Advantages  and disadvanfages of each method were
evaluated.

Quasi-static stress-strain relationships were
established from improved unconfined compression tests to
.produce unixial compression. Yield stress and strain hardening
effects could be observed from these tests.

Rate dependency of cohesive solil was verified by
observing stréss wave propagation in soil. It was observed
that‘stress wave propagation velocity was more sensitive to
soil particle size than to soil strength.

Forced vibration methods were used to evaluate
elastic constants such as Young's modulus and shear modulus .
which are useful in determining the contribution of elastic

strains to the total force required to deform a soil.



The theory of plasticity was successfully used in
conjunction with experimental observations to establish
stress-strain relationships in.the soil on the assumption
that strain hardening was linear and elastic strains were
negligible. The maximum difference between theoretical
forces deduced on the above»bésis and measured forces was
less than twenty percent.

The use of gelatin as a simulated soil was investi-
gated to determine whether its use could provide a useful
qualitativé aid to design of soil-machine systems. It was
found that the gelatin studybgave stress trajectories and
slip lines which resembled the results observed by the moire
method in actual soil. Results obtained from the application
of soil-machine systems on simulated soil and prototype soil

were compared.
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1. INTRODUCTION

Proper design of soil machine systems is
economically important in terms of its influence on- the
cost of crop production,’construction and transportation.
In North America alone, 500 billion tons of soil are
annually subjected to primary tillage on 600 million acres
of cropland. Similarly, large quantities of soil are
manipulated for construction purposes and many types of
traction devices are utilized to accomplish these jobs.,

It is, therefofe, important to prdyide the most economical
soil machines for these operations. This can be achieved
by improving éxiétihé tools or by designing new machines.

There ére three possible approaches to the
design and development of a soil machine. Design may be
based on trial and error, on theoretical analysis or on
similitude studies. The design of a soil machine is still
considered more of an art than a science, because of the
lack of sufficient Basic quantitative knowledge of theb
reaction of soil to the intrusion of a soil machine. This
is due to difficulty in accurately measuring the stress
and strain as well as the mechanical properties of soil.
For this reason researchers have used similitude techniques
with distortedlmodel conditions. This is still mostly a.

trial and error method as the identificatibn of suitable
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physical variables is not possible due to a lack of under-
‘standing of the physical behavior and mechanical propefties
of soil. Many investigators using similitude techniques
have found that a mbdél test did not predict the performance
" of fhe prototype, particularly in cohesive soils where
physical variables are of a complex nature. It is therefore
essential to'deterﬁine stress aﬁd strain relationships and
other pertinent soil properties necessary for logical design
of soil machine systems.

Physical and mechanicalvproperfies of soils are
so compfex and variable that no single general theory can
be appliéd. Reseérchéfs have treated soil as an élastic,
viscoelastic or plastic material. The theoretical approach
used depends on the type of soil, its physical state and
the loading conditions. Elasticity theory may be applied
for very small strain levels with incremental loading
conditions while viscoelastic theory may be used for dynamic
or static loading at low strain le§els in both cohesive and
cohesionless soils. 'Plasticity theory is suitable for
cohesive soils subject to large deformation. Mechanical
properties of a soil and the stress-strain relationship
depend upon the physical condition of soil while soil
"response varies according to the conditions of the applied

load;



2. CRITIQUE OF CURRENT APPROACHES

In the past many similitude studies of soil
machine systems have been conducted. Since Bockhop*® (6)
used true model theory to predict the performance of a
prototype disk from a scaled model, many researchers (3, 6,
47, 48, 56, 57 and 68) have attempted to develop model
design techniques for soil machine systems based on both
true model and distorted model theory. The accuracy of
prediction has been poor although some studies using
simple tools in specific soil conditions have been quite
satisfactory. Results;have been reasonably accurate in
-cohesionless soils while the prediction accuracy generally
decreased with increased clay content.

Inaccufate.prediction,has been due to insufficient
identification of suitable physical variables and lack of
basic qualitative and quantitative knowledge of soil-machine
interactions. It is still difficult to determine to what
degree each factor influences the accuracy of prediction.
Individual factors require thorough inVestigafion under
separately controlled conditions. Investigations such as
the variation in shearing resistance with variation of
shearing strain rate are required since the model and proto-

type must each function in a different speed range. Also

* Numbers in parentheses refer to the appended bibliography.

3.



néeded is an investigation to ascertain the reliability of
empirically determined,distortién correction factors. .The
predictioﬁ is not‘only the function of distorted factors
but also of other undistorted "Pi" terms. Particularly in
cohesive so0ils there is doubt as to whether the model will
work under the same geometrical condition after loading even
though the model and prototype were gedmetrica11§ similar
before loading. If this is true, the stress-strain behavior
in the soil is different for the model and the prototype,
resulting in disproportionate draft forces leading to
- inaccurate prediction. |

It is also unknown whether different shapes of
geometrically similar tools (for example, a different apex
angle in a chisel or a different proportion bétween disk
diameter and curvature) change the accuracy of prediction
as the basic stress-strain behavior of soil is not understood.
Unless basic qualitative and quantifative design parametérs
are to be studied, the similitude technique is little
éifferent from the trial and error design methods used in
the past. For these reasons, the dynamic behavior of soil,
‘itsétress-strain relationships and its mechanical pfopérties

require full investigation.



3. PURPOSE OF THIS RESEARCH

This research is intended as a development of

techniques for the model design of soil-machine systems in

cohesive soills., It 1s directed toward this ultimate

objective by emphasizing a description of the mechanical

properties of soils and the dynamic and static soil responses

to controlled soil-machine systems.

follows;

1)

2)

3)

The purpose of the study may be summarized as

To provide quantitative and qualitative informa-
tion on the dynamic and static response of soil

to the intrusion of controlled soil-machine

systems; AThe soil response is examined from the
measurements of deformation and translation

within the s0il mass, using the moire technique that

provides much hitherto unavailable information.

" To establish accurate stress and strain relation-

ships of soils for the investigation of yield
phenomené, strain hardening effects and plastic
stress-strain relationships. The stress and

strain relationships are studied by using an
improved unconfined compression test..

To evaluate appropriate moduli as a means of under-
standiﬁg mechanical properties ‘under the different

physical conditions. Elasticity constants have to



y)

5)

be evaluated to consider the significance of

elastic strains on the total force that is

experienced during elastic deformation prior

to entering the plastic range.

To investigate the rate dependency of soil strength
to dgtermine the importance of machine speed when
used as a design parameter.

To investigate the possibility of using photo-
elastic gelatin as a simulafed soil to provide

some qualitative design parameters for soil-

machine systems.



u. - REVIEW OF LITERATURE

4,1 Soil Deformation Measurement

The accurate measurement of soil deformation is
an important step in the desigﬁ of soil-machine systehs.
Although many .techniques have been used for soil deforma-
tion measurement, most results have been qualitative and
not directly applicable to soil—machine design.;

'Gill (21) studied soil deformation by tracing
the movement of embedded pins in a soil mass. Total dis-
placement of each pin was determined by marking its
initial location on a transparent sheet of acetate paper
which was placed over the surface of the soil and measuring
its final location. He attempted to analyze shear strain
by measuring the difference between the initial magnitude
of the corner angle and final corner angle. Average shear

strain was then assumed to be

.1 Dg e™ (X1 7 %) cos B
Y = tan
avg _ + m(X, - X,) =
: | X2 X1 Do e 2 | l°cos B
where Yavg = average shear strain
Do = actual soil displacement at tool surface
m = rate of attenuation of displacement at
remote locations
Xl,X2 = latefal distances to edges of soil element
prior to displacement
B = average angular movement of soil element



The basis of these calculations was the assumption that the
pins moved with the soil and that measurement of the pin
movement was a reliable measurement of soil movement.
Khamidov (31) and Chancellor and Schmidt (10)
used lead shots, detected by X-ray methods, to measure strain
in soils. Roscoe et al. (52) and Boyd (7) used a cine flash
X-ray technique to measure the translation and velocity of
pafticles within a sbil mass. They also assumed that move-
ment of the lead shots was an accurate indicator of soil
movément. Their experiments were restricted to dry sand
as it is possible to accurately poéition the lead shots
in this soil. |
Nichols aﬁd Reed (41) used markers to trace the
movement of diffefent portions of a éoil mass adjacent to
a tool. Toms (64) used a method of colouring layers of
soil which were photographed aftef deformation. Other
investigators have used soft tissue paper placed between
soil layers to observe displacement; Olson and Weber (43)
used a high-speed moQie camera to studyvthe movements of
a soil surface during deformation by a tool. Siemens et al.
(55) also used high-speed movie cameras and a square grid
method to investigate failure pianes resulting from the
movement of a vertical blade. Thomas and Anderson (63)
applied a method used in foundry moulding practices.
Sand grains were coated with a thin layver of sodium

silicate and this coated sand was then used to prepare
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moulds in the usual way and after deformation the mix was

set by passing CO, gas through it. It was possible to obtain

2
patterns of deformation by using dved soil layers of
different colours in preparation of the mould. By sectioning
the blocks after deformation, three dimensional chemical
deformation patferns could be obtained. Due to the setting
strength of the soil, the clay fraction should not exceed

two percent. Nicholé et al. (42) studied the soil movement
from a plow by viewing it through the glass side of the

model test bin. The glass was covered with levigated
aluminum permitting the movement of~soil particles to trace
paths on the glass surface. This method provided visual
shear surfaces and séil flow lines.

Most éf the methods described above are useful
for qualitative analysis only and are often limited to
non-cohesive soils. A quantitative description of soil
deformations, particularly in cohesive soils, has not been
obtained.

4.2 Soil Stress Measurement

The magnitude of stress in a soil medium has been
measured by many investigators by using a sensing device
that cah detect stress. Many types of stress transducers
have been designed for this use. Cooper et al. (13) used

strain gauge cells to measure soil pressure. Plantema (u45)
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develdped'a soil pressure cell with suitable calibration
equipment. Numerous transducefs of similar types have

been described by Redshaw (49) and Durelli and Riley (17).
Most transducers are insensitive to shear stress, responding
only fo the normal component of the stress vector. The
sensing surface of a transducer represents a plané and a
stress vector acts on this plane.

The main problem in designing stress transducers
has been to overcome arching phenomena. As noted by Gill
and Vanden Berg (22), if a transducer is more rigid than
the surrounding soil, a higher value will be observed than
if the transducer has the same rigidify as the soil.
Settlement of soil immediately adjacent to the transducer
results in an arching action that transfers some of the
applied load to the transducer. Conversely, if the trans-
ducer is less rigid than the soil, a lower value will be
obtained since the load will be transferred from the
transducer to the surrounding soil. Thus, the size, shape
and resiliency that the transducer presents to the soil mass
affects the response of the transducer. Another problem
in using stress transducers is to determine their orientation,
‘particularly if soil deformation is large;

A soil stress gauge, recently developed by Selig
and Wetzel (54) for laboratory measurements, uses a

piezoelectric ceramic disk (lead titanate zirconate)
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positioned within an aluminum case. The gauge is capable

of both static and dynamic response in the range of micro-

seconds to minutes. It is, however, reported by Hampton

(24) that the sensitivity of the gauge is approximately

+ 20 percent of the nominal value.

4.3

Dynamic Behavior and Mechanical Properties of Soils

4.3.1. anamic‘response of soil

The velocity of stress wave propagation in a
soil may be used to determine its dynamic mechanical
properties. Nacci and Taylor (40) and other investi-
gators showed a general agreement among‘shear strengtﬁ,
porosity, confining pressure and stress wave propa-
gation. Soils are however different from elastic
solids and stress wave propagation may be a function
of many more factors such as moisture content, applied
stress intensity and strain level. Many other |
researchers have used stress wave propagation as a
means of evalqating soil parameters and understanding
the response of soil under dynamic loading conditions.

Gupta and Pandya (23) uéed stress wave
propagation velocity to compute compressive and shear
stresses induced in soil by tillage implements. They
claim that it provides accurate stress values.

Hampton and Wetzel (24) attempted to derive a

suitable theory for predicting wave propagation
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phenomena in soils but had liftle success., Vey and
Strauss (65), observing stress wave propagation under
different confining pressures, concluded that velocity
increased with an increase in the confining pressure.
Attempis were made by Baker and Triandafilidis (2),
Constantino et al. (12) and Wilson and Dietrich (66)
to evaluate the elastic modulus from the equétion
cC = /ETE; assuming that soil is an elastic medium.
Comparison between moduli measured by stress and
strain relationships and those computed from the stress
wave propagation, showed that-values obtained from
stress wave techniques were generally an order of
ﬁagnitude greater. In most of these studies it is
difficult to determine whether the modulus measured
from stress and strain relationships was the elastic
or plastic tangential modulus since yield stress in
the soii was usually not defined or evaluated. Results
of stress wave propagation studies in soils indicates
that particularly in cohesive soils‘many seemingly
divergent findings can be made. Kondner (33)
summarized this as follows:

"Often for similar soils, or even the same

soil, propagation velocities obtained in

different studies may agree in some cases

and may differ widely in others; they may

be affected both strongly and negligibly by

variations in the time characteristics of
" the applied excitation; strain level may
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have little effect on propagation velocity

in some situations and large effects in

others; in some cases velocity increases

Witb strain rate while other test results

indicate a decrease...."

Vey and Strauss (65) investigated the dynamic
behavior of soils'by simultaneously observing strain
and stress waves at a number of positions on relatively
long specimens. Although their experimental apparatus
proved to be very useful for investigation of étress
wave propégations in long specimgns, the first stress
and strain gauges were inserted so near the load end
of the specimens that the quantitative valﬁes of stress
and strain measured near the load end are questionable.

Durelli and Riley (17) found that for accuréte
“response and simulétion of infinitely lohg specimens
the first gauge should be inserted at a distance of at
least four times the specimen diameter ffom the impact
end. Vey and Strauss inéerted nine gauges in the
specimen. Since gauge diameter was greater than one-
third of the spécimen diémeter problems of continuity
and homogeniety of the specimen méy have occurred.

Many theoretical works. have also been conducted
in an attempt to solve the problem of stress waves in a
soil medium. Shipley et al. (59) used numerical analysis

and a finite element technique to simulate stress wave

propagation in soil. A comparison was made between
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finite element predictions and exact solutions to
investigate the accuracy in analyzing wave propagation
problems. Comparisons showed that for cases involving
only a single wave, the finite element results were in
excellent agreement with exact solutions. Even for
the case of two plane waves, results compared well

- with theoretical calculations. Since no comparisons
with experimental results from the actual soil tests
were made, the usefulness of this approach is
Questionable.

Ishihara (29) investigated the propagation of
compressionalvwaves in a saturated soil. He established
separéte equations of motion for the solid and fluid
phases of soil by assuming that a soil is represented
by a water saturated porous elastic matrix. As a
result of these analyses, he derived a revised form
of the two compressional waves that were originally
found by Biot (5). By examining the deformation modulus
appearing in fhe frequency equation, with reference to
specific test conditions, hevpostulated_that the first
compressive wave travels through the solid-water system
without changing any pofe volume, but that:the second
compressive wave progresses only when a volume change
| of the pore space takes place. This thedry may be |

applicable for small impact loading conditions with
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elastic strain for the first type wave and for large
deformation with static loading conditions for a
second type wave. For both cases the soil has to be
saturated,

Further theoretical work has been conducted
by many others such as Batdorf (4) on air  induced
ground shock and Ang and Chang (1) on the numerical
calculation of the interaction.between soil and
inelastic plane structures;

4.3.2. Determination of moduli

‘The dynaﬁic modulus of elasticity may be
evaluated from»tﬁe mechanical resonance fréquency'of
soil specimens subject to forced vibration. This method
has been extensively used in metallurgy, rock mechanics
aﬁd concrete technology, but infrequent énd limited
application has been found in soils. Ishimoto and Irda
(30) and Wilson and Dietrich (66) described tests to
determine the modulus for cohesive soil specimens.

The soil specimen was Placed in a vertical position and
16ngitudina1 and torsional vibratibns were produced by
the moving diaphragm of a horn driver which was
Airectly connected by a rod to a clamped rim on the
diaphragm. The resonant frequencies were then used to
compute appropriate moduli, such as the modulus of
elasticity, the modulus of rigidity and Poisson's ratio.

- Although Wilson and Dietrich improved the
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existing experimental apparatus, they never considered
the effect.of size and shape of the test specimens.
They also introduced inertia forces of the specimen
and cap by mounting the specimen vertically on,the
vibrating plate, which could have affected the
resonance frequency.

Extensive and detailed test procedures'for
general applicétion of measuring elastic moduli from
the mechanical resonance frequencies ﬁave been
prepared by Spinner and Tefft (60). They discuss
different techniques for exciting, detecting and
measuring the mechanical resonance frequencies of the
Specimen. In addition, equations are given for com-
puting the éppropriate elastic moduli from these

resonance frequencies.



5.. ~ NEW APPROACH TO SOIL-MACHINE. SYSTEM DESIGN

The analysis and dééign procedure used in this
study is a new approach to soil-machine design. The steps
used in this procedure are outlined in Figure 1.

The study is carried out initially from three
stages. In the first stage the qualitative soil behaviors
were recognized to understand basic physical and mechanical
properties prior to quantitative analysis. In the second
stage quanitative physical and mechanical properties of
soil are measured and analyzéd to provide basic quanitative
knowledge of soil reactions and identification of measurable
physical variables.. From the observed results soil behavior
and stress—strain equations were established. The third
stage is a bractical application of these established relations
and other pertinent criteria to the desigﬁ of soil-machines.
Application of the design procedﬁre is limited to cohesive
soils in the semi—soiid to plastic range. This range has
seldom been investigated due to the difficulty of manipulation
and analysis techniques. Two types of soil-machines were
~applied as a practical application‘of plasticity theory and
a phbﬁoelastic gelatin technique was used for comparison

and qualitative analysis.

17.
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6. NEW METHOD OF SOIL DEFORMATION MEASUREMENT

Deformation in soils may be measured from the
corresponding moire effect. If two screens of slightly
crossed equidistant lines are superimposed, interference
pattefns, called moire fringes, appear where the lines on
the first screen (surface grid) intersect those of the
second (mastér grid). The moire effect has been applied
by engineers in the study of deformation of metals and
plastics.

If one draws regularly spéced lines of equal
width on an undeformed soil test specimen aﬁd also on a
transparent screen and deforms the test specimen, moire
fringes are formed when the transparent master grid is
superimposed upon the deformed grid. These fringes provide
the basis from which the amount of deformation may be
calculated.

This technique has the advantage over some other
methods in that regions of particular interest are clearly
shown. The fringe measureﬁents yield all the components of
displacement of a two dimensional strain field, ahd photo-
graphic records of the fringes can be taken at any stage
of soil deformation.

6.1 Moire Techrique

In the actual experiment one array is placed on the

18.
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surface of the test specimen (called the surface grid) and

a reference array (called the master grid) usually of the
same pitch, is placed adjacent to, and aligned parallel

with, the surface grid. As the test specimen is loaded,

the surface grid will deform and follow the surface displace-
ments induced in the specimen. The masfef grid, of course,
does not change as the specimen is loaded and consequenfly a
moire - interference pattern forms.

‘ Moire fringe pattérns can most easily be inter-
preted by relating them to the displacement field since the
moire fringes give the dispiacement field in a simplé_and
direct fashion.‘ Once the surface u and v displacements
have been estéblished by using arrays parallel to the x énd
y axes df a model, the cartesian strain components can be
computed from the derivatives of the displacements.

For the use of finitevstrain, the normal strain
€y and € are defined as the change in length of a line
segment parallel to the x axis and y axis respectively

divided by its original length (Lagrangian strain).

' _ du du, 2 oV 241/2
e, = [1 + 2 3 Tt (~—) + (3;) ] -1 (1]
: v oV 2 Bu 2 1/2
- = [1+ 2 3=+ ()° + ) ] -1 [2]
Cy [ 3y ~ 3y
qu, v, du du,dv 3
v = Sin—l ay X ax oy X 3y _ (3]

Xy ' (1 + e (1 + ey)
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~In those instances where products and powers of
derivatives are sufficiently small that they can be neglected,
the above equations reduce to those commonly employed in the

classical linear theory of elasticity.

_ ou .
€X = W [u]
ov
€ T m— ‘ 5
y Iy ' (s
_ 9ou oV
ny = —3—}_; + -a*-}-(- . [6]

After determining the three strain components

€ ey, and ny for homogeneous plane strain, the principal

x,

strains € and €, and their direction 8 are then given by:

) +
- ¥ - 7 2
€15€, 1/2 (e, + ey) V(e ey) + Yy (71
Yy ’
tan 2 0 = E—-—:‘Y—e—— : [8]
2 X y

If the strain is not homogeneous, as may be the
case in soils, these formulae give the average values of
the strain component in a small area limited by the inter-

ference fringes.

6.2 Assumptions for Strain Analysis

" The following assumptions must be made before
strains in the soil mass may be calculated:
(1) The element of soil between the interference
fringes strains uniformly.

(2) Friction between the master and surface grids
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has a negligible effect on the calculated results.
(3) Soil conditions of each test sample batch are
reproducible.

6.3 Fringe-Pattern Interpretation

The moire fringe phenomenon can be explained in
terms of the resulting fringe patterns shown in Figure 2.
The fringes were formed by overlapping the surface grid
with the master grid with all lines parallel. Equal width
bf opaque line and traﬁsparént space is not essential, but
it gives the best resolution., Figure 2 shows the resulting
pattern for tension. In general, the distance between the
centers‘of adjacent lines of maximum density (fringe lines)

will be given by

D = L (1+e) | [9]
where D = fringe spacing

P = unstrained grid pitch

€ = strain perpendicular to the grid lines,

+ for tension and - for compression.
Normal strain in a direction perpendicular to the
grid lines therefore can be determined if P is known and D

is measured; thus

€ = : ' [10]

[11]

for compressive strains.
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Figure 2. Moire fringe effect, tensilestrain.

The moire fringe patterns resulting from relative rotation
of two grids with an angle 8 are are shown in Figure 3
Consideration of three triangles A, B and C determines

the rotated angle 8.

Since triangles B and C are equal triangles,

q = P.
Then from triangle A:
a = 3= andb =P tan s [12]
The distance between the fringes, measured
parallel to the master grid lines is given by
H = a+b [13]

m

and
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Nl

Figure 3.

Moire fringe effect, rotation




H = Fgﬁﬁ + P tan % [1u]
By application oftrigonometricrelations, equation L141]
reduces to | |

H = | (18]
Hencé :

9 = sin”? g— [16]

m

Since shear strain y results in rotation, moire fringes
can now be related to shear strain. A surface element
distorted by shear is shown iﬁ Figure ub. By definition,
ny = tan—l'a. If grid lines were originally horizontal
on both surface and master, the fringe pattern would be
as'shown in Figure 4c and the angle, Gx = (a/2)x, can be
evéluated as

o, = (a/), =+ sin”t 5;! 7]

The "plus" applies fér fringes rotated counter clockwise
from a coordinate perpendicular to the master grid. If
the grid lines were originélly vertical on both surface
and master, the fringe pattern would be as shown in Figure u4d

and the rotated angle Qy can be evaluated as -

-1 [18]

sin

T o

8 = (a/2) = -
y y y

The '"minus" applies for the fringes rotated clockwise from

a coordinate perpendicular to the master grid.
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Figure 4. Moire fringe effect, shear strain
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Hence the shear stirain ny is:
Y. = 'tan"1 a = tan_l

Xy []Car2) | +

|(a/2)y|] = tan™!

(Gx - Gy) {19]
in which 6, and Qy can be either plus or minus.

.Moire fringe effect and combined normal and shear
strain are sﬁown_in FigureAS. Using equations [2] and
[3], the strain measurement in both tension and compression
in a direction perpendicular to its scfeen 1ines, is

determined by:

. _ P :
€x ) . _ [203
x + : 5 :
and
e, = L | [21]
y D - P :
y t .
where €4 = strain in x-direction
P = unstrained grid pitch
D " = distance between two adjacent fringes in
X the x-direction on a vertical grid
D, = distance between two adjacent fringes in
Y the y-direction on a horizontal grid
~then
Y = tan~ ¥ [(sin"l P ) - (sin"’l P )] [22]
Xy _ H H
X -y :
where H, = distance between two adjacent ffinges in
- the x-direction on a horizontal grid
H_ = distance between two adjacent fringes in

Y the y-direction on a vertical grid.
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strained
surface

Moire fringe effect, combined normal and
sh.ear strain ‘

Figure 5,
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In cases where DX and Dy >> P (small strain)

the normal strains become:

o b ‘
€X = 5 . _ . (23]
X
and
v p :
€ T e [2u4]
D .
y y

for either tension or compression.
In cases where H >> P and Hy >> P (small angle

of rotation),

o

¢] = [25]
X Hx
P ' :
] = [26]
H
y y
and
ny = (Qx - Qy) [27]

since the sine and tangent functions of small angles are
nearly equal to the value of the angle itself.

-With Qx, Qy, and ny known, the principal strains
can be computed in the usual manner by equations [7] and
[8].

6.4 Modified Strain Equations for Large Deformations

In the case of an infinitesimal deformation the
higher-order terms in strain equations may be neglected
and we can use the special equations [4] and [5] for normal

strains.
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However, in the case of a finite homogeneous
plane strain which may occur in soft material such as cléy
soil, the second-order terms are no longer negligible.

We have, therefore, to evaluate real strain from
other formulas or adjust from the apparent strain which
has beén calculated from the special equations. The follow-
ing more accurate method was develqped to calculate the real
or Lagrangian strain from the apparent strain obtained from
the special equations. |

The apparent strains from the special equations,
using the measured quantities Dx and Dy are given in
equations [20] and [21]. These special equations give,
however, the strains on the distorted plane: .

_ oc" - 0C
Ex = "-——'-O*“C"“-““ | [28]
 _ OA" - 0OA

as shown in Figure 6.

Whereas the Lagrangian strains are:

_oc' - oc | '
rx ° T 00 | t30d
~and _
_ 0A' - OA : A
Ery = -'———-O—K'—— | , [31]

The Lagrangian strain €y and Ery can possibly be calculated
from the apparent strains €y and-ey and the rotated angle
between surface and master grids Qx and Qy which are given

in equafiohs [17) and [181].



30.

From Figure 6:

OCIY - p + pC"
= cos B8_ OC' + tan 8 C'p
X ‘ y .
= cos @ OC' + tan 8 Sin 8_ 0OC'
X ‘ . y X
= OC' (cos 8_ + tan 8_ sin 6_)
pYs y X
since:
e . oct - ocC
X - oC
and:
e _ oc' - ocC
“rx . OC
1 -
oC = 0C (erx + 1)
1 -
oC = 0C (ex + 1)
0C (eX,+ 1) = O0OC (srx + 1) (cos@x + tan@y 81n9x)
+
. 3 . (SX 1) , -1 [32]
rx (cos8 + tan8 sin8 )
X y = X
Likewise we can derive:
€ = - - [33]
T (cos8  + tanB8_ sin8 )
Y y X y .

and

. o | |
Yy = tan & (8 - Qy) {34]
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6.5 Procedure and Apparatus

Since the moire method was developed for the strain
measurement of rigid material, such as metals and plastics,
a différent technique was required for strain measurement in
soils.,

6.5.1. Moire grids

Photographic methods,.etching and thin film
technology have been used to provide an array on rigid
materials., These are cleaﬂly nbt suitable for soil
profiles. Considerable difficﬁlty was encountered in
producing consistently good quality grids on different
soil types. The following system eventually proved
satisfactory. Slots 3.2 mm wide were milled 3.2 mm
apart in a 38 cm square shéet of 6.35 mm thick plexiglas.
The resulting stencil was placed in a metal frame under
‘tension to remove warping caused by uneven stress
distributidn. An artists "air brush" was used to spray
a mixture of powdered carbon and alcohol through the
slots in the stencil on to the prepared sqillprofiie_
in a plexiglas container. The master grids were supplied

‘fby a Decal company which provided a matching grid of
3.2 mm blaok lines onra mylar film. This provided a set.
of clean cut lines with a spacing error of Iais percent.

Better results were obtained using carbon powder

mixed with alcohol than using black paint. Alcchol was
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quickly evaporated as carbon pdwder was deposited én

the soil surface. This method not only eliminated the
cohesion properties of paint but aléo reduced the
friction between méster and surface grids. The friction
was further reduced by coating the soil-soil box
interface with a thin layer of fine glass beads before
spraying on the surface grid. The surface of the master
grid and tools were also cleaned with acetone before
each test.

R The_fringes formed were.recorded.by camera as
loading progressed. Fringe measurements.were made from
the photographs together with the scale factor to bring
all measurements to an absolute value. Ndrmal strains,
shear étrains, maximum and minimum principél strains and
maximum shear strains were measured.

6.5.2. Soil preparation

Tests were carried out on remolded Haney clay
and on mixtures of Haney clay and Ottawa sand (10-20
mesh). Upper ahd'lower plastic limits of the clay were
47.9 and 19.8 percent, respectively. |

To obtain uniform mixtures, dry clay and sand
were placéd in a sealed confainer and tumbled to a
‘uniform mix. The soil mix was coolea below freezing
before mixing with powdered snow and then warmed to

achieve a uniform moisture content. The same mixing
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method was used for all soil preparation required for
experiments reported in this total study.

The conditioned soil was placed in a box and
compacted with flat plates which were mounted in an
Instron Testing Machine and loaded to eliminate air
pockets and obtain uniform mechanical conditions.

Two different types of soilil were used:

‘Clay Silt Sand
Type I 5% 37% 18%
Type II 33% . 28% 39%

Soil Type 11 compacted to a bulk density® of 2.19 grams/
cm3 and 13 + .5 percent moisture content was used for
square plate tésts, which are described in the next
section. The remaining tests were conduéted on soil

Type I with a bulk density of 1.9 grams/cm3 and moisture
content of 12.5 + .5 percent. All moisture contents were
determined on a dry weight basis by gravimetric methods
with oven_drying. Density was measured by a clod method
and modified core ﬁethod. The médified core method
consisted of taking a known weight and volume by pressing’
a cylindrical can into the soil specimen and trimming the
%OP of the filled cylinder. The sample was then dried

to 105°C and weighed. Bulk density was obtained by.

dividing the wet soil weight by the filled sample volume.

o
Y

Density values given in this study are calculated
on wet basis. :
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6.5.3. The test soil-machines

Three scaled soil-machineS'were studied; wedges,
flat blades ahd a square ﬁlate. Wedge apex angles of
35° and 50° were cast from liquid plastic in a mould
and machined to the desired size after curing; Flat
blades.and the square plate were made of .6 cm fhick
plexiglaé° The bottom of the blade was sharpened to
avoid a blunt edge. The wedges and square plate were
mounted on an inverted compressive ldad cell of an
Igstron tester. Instron loading equipment is shown in
Figure 7. The flat blade was mounted on a rigid frame
aé shown in Figure 21 and was pulled by the Instron
through a pulley system.

6.5.4. Soil bin and test box

The conditioned soil Qas placed in a box 35 cm
wide, 27 cm tall and 15 cm deep made of 1.5 cm thick
plexiglas. The soil waé compacted to eliminate pockéts
of air and to‘reproduce reasonably consistent mechanical
conditions. A square plate was mounted in an Instron
testing machine to investigate the force required to
deform the soil to a fixed depth. This test was used as
a check on the reproducibility of the soil's mechanical
condition. This soil box was also used for the wedge
tests. |

As shown in Figure 21, the small soil bin 60 cm
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Figure 7. Instron loading equipment and soil box
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long, 30 cm wide and 22 cm tall, made of thick plexiglas,
was prepared for the blade tests. "~ Rubber guide wheels
were used to ﬁinimize_vibration during the tests. The
tension load cell was used to measure the pull required
to move the flat blade through the soil. The soil bin
was puiled by the Instron while the load cell was
connected to the draw-bar through é pulley system.

6.6 Results and Discussion

The following results were obtained from strain
curves which were derived from the spacings between the
interference‘fringes-élong lines at 5 mm intervals drawn
on the photographs in both the horizontal and vertical
direction.

These results provided valuable information on
soil behavior to the intrusion of soil-machine systems.
Surface hardening effects after bulldozing, soil in response
to a geometrical change of a tool and other essential |
defprmation patterné for design parameters were observed.
Due to the lack of information on soil deformation measure-
ment by others limited practical comparison of test results

was possible,

6.6.1. Wedge-shaped tools

Cast plastic wedges 10 cm long with apex angles
of 35° and 50° were used to apply compressive loads at

the rate of 2 em/min., to the soil. Moire patterns were
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pﬁotographed with a 35 mm caméra to obtain x and y
displacements up to 7 cm of tool penetration.

Composite moire patterns yielding x - y dis-
placemeﬁts are shown in Figures 8 and 9 for 50° and
35° wedges resﬁectively. The strain analyses for the
same is shown in Figures 12 and 13 for 50° wedge and
in Figures 10 and 11 for 35° wedge. |

Large compressive displacements and a clear
indication of compressive to tensile transition
surfaces are shown on the horizontal grids (y-displace-
ments). Maximum shear strain analysis for the 35°
and 50° wedges are shown in Figures 14 and 15
respectively.

' The strain analysis of y-displacements shown
in Figure 10 and 12 differ only in magnitude between
35° and 50° wedges. However, fhe x-strains are
different in both magnitude and pattern. More uniform
strain gradienﬁs were found under the 356 wedge. It
should be noted that non-uniform strains in the
x—direction occurréd for both 35° and 50° wedges near
their tops (in this case at the soil surface) and also
in the middle portion of the 50° wedge. It is assumed
that this non-uniformity is induced by the y-displace-
ments.

- The upper 30 percent of pehetration on the 35°
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‘wedge showed a large tensile Strain gradient. The 50°
wedgeishowed a uniform strain field throughout. This
difference is due to apex angle effect. The plane of
transition or plane of maximum shear strain is clearly
evident in both tests. Progressive moire ffinge patterns
under the 50° wedge are shown in Figuré U4,

6.6.2., Strains under the rectangular plate

Plexiglas models of footings 5.5 cm by lﬁ cm
were loaded at the rate of 5 cm/min. until 3 cm of
displapement occurred. Figure 16 is a composite of
moire fringe pattefns. Analyses of x and y-strains
are shown in Figure 18 and Figure 19.

Figure‘l7 shows progressive y-displacement patterns.
Similar to the results for wedge-shaped tools transition
planes are clearly shown on the horizontal grids.

Large compressive strains are shown directly below the
footing and tensile strains on both sides. Approximately
half of the center portion of the footing is free of
x-displacements. Determination of-dispiacement iﬁ

high clay contenf soils under a flat plate was never
fully investigated [67] and has been a problem in the
constfuction industry. |

The rectangular plate loaded to 1,5AKg/cm2 showed a
very high compressive strain gradient in the y-direction
under the entire footing. Uniform bﬁt flatter tensile

gradients occurred at the sides of the footing but to
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Overall view (X and Y displacements) of

Figure 8.
Moire fringe patterns induced by a 50°
wedge.
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Overall view (X and Y displacements) of
Moire fringe patterns induced by a 35°

wedge.
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Figure 9.
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'FIGURE 10. Pepbcent strain in y-direction induced by 35°
.wedge after 7 cm penetration. Rate of
loading = 2 cm/min. Applied load = 49.3 Kg.

. on -15 ~25-20-15 —10~9 -8

FIGURE 11. Percent strain im x-direction induced 5§_35°
wedge after 7 cm penetration. Rate of
loading =-2 cm/min. Applied load = 439.3 Kg.



FIGURE 12, Percent strain in y-direction induced by 50°
' - wedge after 7 cm penetration. Rate of
loading = 2 cm/min. Applied load = 6%.8 Kg.

FIGURE 13, Percent strain in x-direction induced by 50°
.-~ - wedge after 7 em penetration. Rate of :
loading = 2 cm/min. Applied load = 69.8 Kg.
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FIGURE 14. Maéimum shear strain in percent induced by
~ 357 wedge after 7 cm penetration. Rate of
loading = 2 em/min. Applied load = 49.3 Kg.

~

FIGURE 15, Maéimum shear strain in percent induced by
50~ wedge after 7 cm penetration. Rate of

loading = 2 cm/min. Applied load = 69.8 Kg.
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depfhs considerably below the compressive strains.
More than 60 percent of the strain change, immediately
under the footing, occurred within one half of the
total penetration.

In contrast to y-displacements the x-displace-
ments occurred well away from the footing center line.
Strain intensity was of the order of 11 percent.

Since measured x—displacementé were very small, it
can be assumed that a uniaxial stress condition was
'applied. Hence stress-strain relationships may be
constructed for a low stress field when Jarge volume
strains do not occur. A more abrupt transition plane
occurred under the footing than for the wedges. This
sharp change is due to the edge effect of the footing
and to‘soil texture. Mawximum shear strain patterns
under the rectangular plate are .given in Figure éO..

6.6.3, Vertical and inclined blades

" Plexiglas models of chisel toois mounted at
30° and at’u5° to the direction of travel were used to
compare soil displacements. Loading rates of 2 cm/ |
min. for both vertical andA45° tools were used.
Figures 27 and 28 compare x and y-displacements for
the u45° mounted tool and Figures 29 and 30 show the
same for the 90° mounted tool. Prégressive displace-

ment patterns for both tools are shown-in Figures 22
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FIGURE 18, Percent strain in y-direction under a model -
. - footing after 3 ¢m settlement. Rate of :
. settlement = § cm/min. Applied load = 82.5 Kg.

FIGURE 19. ~ Percent strain in x-direction under a model
footing after 3 cm settlement. Rate of
settlement = 5 cm/min. Applied load = 82.5 Kg.

o
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FIGURE 20. Maximum shear strain in percent under a
model footing after 3 cm settlement.
Rate of settlement = 5 cm/min. Applied
load = 82.5 Kg.
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and 23. Strain analyses of both tests are shown in
Figures 25 and 26 for the inclined‘blade and Figures 31
ahd 32 for the vertical blade. Large-tensile y-strains
immediately in front of the 90° mounted blade are
evidenf but the 45° mounted blade produces more uniform
soil displacements.

As shown in Figures 25 and 26 the % - y
strains induced by the merment of a 45° tilted blade
shows relatively uniform and similar strain patterns
in both % and y—directions except for larger strains
in the direction of tool moveﬁent. Similar strain
patterns were to be expected because of tool symmetry
with the x and y axes.

Vertical blades have a substantially different
strain field from sloped blades as shown in Figures
31 and 32. A build up of soil was noticed at the
sharp edged tip of the blade which forced soil to move
downward causiﬁg qompaction. However the compacted
érea-was very thin. High strain gradients occur in
both the % and y—directidn in the region near the tool
tip.. The strain field expands forward and upward to
“the éoil surface. |

Kostritsyn (34) studied a vertical cutter and
noted that near the surface, scill would rupture or

move upward, but at greater depths the movement was
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Figure 21. Instron instrumentation as a pull
source for blade tests

(c) (d)

Figure 22. Moire fringe patterns under progressive blade movement.
Blade angle u45°, Y - displacement.
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(a) (b)

(c) (d)

Moire fringe patterns under
movement. Blade angle 80°.

progressive blade

Figure 23.
Y - displacement.

i

(e)

Moire fringe patterns under progressive
intrusions of a 50° wedge.

Figure 24.
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FIGURE 25. Percent strain in y-direction induced by’
2 a. 45° tilted model flat blade after 21.5 Kg
load -application. Tool speed = 2 cm/min.



FIGURE 26.

Percent strain in x-direction induced by
a 45° tilted model flat blade after 21.5 Kg
load application. Tool speed =2 cm/min.
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Figure 27. Moire fringe patterns Figure 28. Moire fringe patterns

!m’

induced by u45° blade induced by u45° blade
movement. movement.
X - displacement. Y - displacement.
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Figure 29. Moire fringe patterns Figure 30. Moire fringe patterns
induced by 90° blade induced by 90° blade
movement. movement.

X - displacement. Y - displacement.
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FIGURE.31° Percent strain in y-direction induced by
: a vertical model flat blade after 32 Kg
load application. Tool speed = 2 cm/min.
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FIGURE 32. Percent strain in x~direction induced by
L a.vertical model flat blade after 32 Kg
load application. Tool speed = 2 cm/min.
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paréllel to the direction of blade tfavel. This

claim is only partially correct as slip lines, even at
greater depths, can not be parallel to the direction
of blade travel. This‘phenomenon was clearly

observed during moire experiments. Kostritsyn also
did not observe surface hardening which is caused by
the blade's sharp edged tip forcing soil to move
downward.

These results are very encouraging indicating
that the moire teéhnique can be used to check the type
and degree of soil manipulatién by a soil machine, or
it can be used to make initial investigations of new
soil machine designs.

Double grid techniques should be tried for an
overéll strain analysis when desired soil physical
properties cannot adequately be reproduced. The
methods reported in this study gave approximately 5

percent strain resolution. High precision can be

achieved by fringe multiplication techniques or by using

a smaller grid pitch. A high speed camera can be used

in situations involving high loading rates.



7. STRESS AND STRAIN RELATIONSHIPS IN SOIL

7.1 General Review

The moire method provides the measurement of soil
deformation tc the intrusibn of soil-machines. Stress-
strain relationships are required for 1ogica1.design of
soil-machine systems since measured displacement'musé be
related to the force required to produce it.

Compression tests and direct shear tests are two
examples of several possible methods of establishing stress-
strain relationships in soil; A compression tést has an
advantage over direct shear tests as progress effects are
smaller and the state of stress is known at all stages
during the compression test. Existing compression methods
produce bulging in the middle zone with a resultant non-
uniform distribution of compressive stress especially at
the ends of the specimen. Rowe (52a) has studied the impor-
tance of maintaining free displacements at the loading head
during triaxial tests and Scott (61) indicated that information
on the details of the stress-deformation behavior of materiai
obtained from the usual compression test can be accorded
only qualitative value. |

| The ends of a test specimen subjected to flat
plate loading are hindered from expanding laterally due to
friction, which results in stress concentrations at the
edges as shown in Figure 39b. Lambe's (34a) illustration

of the problem is shown in Figure 33(a).  Dead zones occur

at the top and bottom where practically no strain occurs.

The center zone undergoes considerably greater strain than

57 .
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- the edges. This difference was-measured by using the moire
method. Strains at the edgeé were computed by the moire
techniquerand‘the total deformation of the center zone was
directly measured by using a dial gauge. The differences
were significant and incfeased with increase in deformation
as shown in Figure 40. Hence existing methods do not provide
uniaxial stress fields, and it was not possible to develop
accurate stress-strain relations. To overcome this problem
the following modified technique was developed.

Since non-uniform distribution of compressive
stress was due to friction of the loading plate, the test
specimen was compressed between two cones whose generator
lines made an angle with the plane of compression equal to the’
soil-loading plate‘friction angle. As shown in Figure 33b the
cone angle induces outward slipping of the soil to maintain a
more uniform specimen diameter. A net soil displacement nearly
parallel to the loading head movement combined with the effect
of St. Venant's principle results in a more rapid diffusion of
stress to a puré axiai compression over a greater proportion
of the specimen length. |

7.2 Test Procedure and Apparatus

- Two types of loading were used, a cone for the
cylindrical specimen and a pyramid for the:squaﬁe specimen
as shown in Figure 34, ‘

Thé pyramid test, with the application of the

moire technique was used as a means to check whether the
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distribution of compressive stress was uniform. Pyramid and

cone angles were determined from friction tests between the

soil and the loading plate material. Since it was difficult to
determine accurate friction angles, due to the presence of
adhesion forces, angles of 110° to 160° in 10° increments

were prepared. A combination of both friction and compreséion
tests were used to obtain optimum loading plates. Plexiglas was
used for pyramids (3 = 9 cm) and cones were machined from 12.5 cm
diameter polypenco nylon Mc-903 rod. . Cylindrical scil specimens
were 5.5 cm diameter by 18 cm and the square specimens were 6.5

cm square byv18 cm.

7.3 Results and Discussion

Modified coﬁpression test overcame the problem of
bulging and produced approximately pure axial compressive stress
(Figures 35 and 3%a). True axial stress and natural strain
‘relations were plotted to find the compression modulus (secant
modulus) for different loading rates. An épproximation method
was uséd to determine yield stress and this was compared with
existing yield critefion theory. The volume changes were
measured by comparing initial radius and height of the specimen
>to the final radius and height after fhe test. Moire technique
was aéain used to measure the axial strains and they were
compared with the dial gauge measurement.

7.3.1, Stress and strain relationships

Type I and Type III soils (see section 8.2) in the
different moisture contents were tested by using 110°, 120°

and 130° cones. True stress was computed by using a
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Figure 34. Cone and pyramid test
apparatus.

Figure 35. Loaded specimens after
12 percent deformation.
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‘corrected cross-sectional area, which is computed from

the following formula:

Ay
A = =2
l-strain
where AO = original area
A = corrected area.

The natural strains, used as axial strains,

- were computed by

€ = 1n (1 - €) [35]
ho - h
where € = —5 . [36]
° _

And when moire techniques are used,

P

N
DY p

When a dial gauge was used, lagrangian strain was

computed from

e = AL : [37]

.change of specimen length as read from
- a dial gauge

where AL

L, the initial specimen length.’

The 5 cm initial gauge length was marked before a
teét at the middle of the specimen and the change in
gauge length (AL) was computed from the final iength
measured after the test; The conical loading heads

which were inside of the test specimen therefore did
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not affect the measurement.

Compressive stress was then evaluated from the

relations:
. _ F
) = K [38]
where F = compressive force
and shear stress was computed from
- U <"
T - '2" o» . [39]

True stress was then plotted ag;inst natural strain as
shown in Figures 36 and 37. From these relationships,
compression (Secant) and tangential moduli can be

obtained and these moduli can be used to express stress in
terms of strain in soils. True stress was again plotted
against natural sfrain on a log-log scaie, the graph was
very nearly linear as shown in Figure 38. The plastic

stress can be then approximated by:

5, = Ke® [v0]
where K = the proportionality factor

€ = natural straih |

n = strain hardening coefficient.

Strain hardening coefficient n and the proportionality
factor K are determined from best fits to experimental

~ data.
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(b)

Figure 39. Displacement patterns shown by moire effect for
(a) pyramid loading head, (b) flat plate loading
head. (Note non-uniform deformation at lower
corners).

Another interesting comparison was the strain
differences between the center and outer part of the specimen
in flat plate compression tests. As previously discussed,
lateral expansion resistance due to friction produced about
30 percent higher strain at the center than at the outer part.
This difference was computed by measuring the strain on the
outer part of the specimen by the moire method and the center
part by a dial gauge. The moire patterns observed on the
rectangular specimens, one compressed between two pyramids
which was used as an improved method and the other compressed
between two flat plates which has been the conventional method

as shown in Figures 39a and 39b respectively.
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As shown in Figure 39b, the stress concentra-
tion caused by friction\obstructing lateral expansion
can be observed at the bottom of the specimen, while

Figure 3%9a shows uniform strain distribution.

25F
Position
O centre line ...-"
20r © outer surface
O centre - line and outer surface
15
Z .
<
m .
—
v
& 10+

—Flat plate test

se++s Pyramid test

0 5 | 10 5 20

7¢ DEFORMATION

Figure 40. Strain differences between center 1iné:éhd“oufér'supfaca
of the specimen with flat plate and pyramid loading
heads. ~ - -



69.

As an additional check on whether uniform and
unrestricted expansion was obtained the volume changes

were measured from the relation:

Ir“h

2
Ir oho

Volume change = (u1]

where r and h are the radius and height respectively of
the cylinder at any given time, and r and ho are
initial values of r and h. There was no significant
volume changes in both types of soil when cones were
used as compression heads, and at the rate of‘loading

between 1 and 100 cm/min.



7.3.2, Yield stress in éohesive soil

The concept'of "yield” in soils, particularly
in cohesive soil is very difficult to define when the
material does not have a 1ineavVstress~strain‘curve as
occurs in some very ductile metals. The definition
of yielding as the upper limit of elasticity thereforé
loses its meaning. Such non-linear stress-strain curves
are characteristic of soils. In addition, in cohesive
soils where physical‘properties control soil behavior,
the stress-strain curves are also rate dependent. The
work by Casagrandé and Wilson (8) and GeuZé (20)
indicates the influence of creep effects on yield or
failure of cohesive soil. Thus "yield" of a cohesive
soilvcannot be rigorously defined. Approximations may
be worked out if accurate stress and strain relation-
ships are established ahd rate effects are considered.

A further approximation made was the fitting
of a straight line to the strain hardening portion of
the stress-strain curve. This assumes that the yield
surface will coﬁtinue to expand with the stress and
strain history but will retain the original shape.

The elastic strain which is very small compared to the
total strain was neglected and the material was
regarded as incompressible. The straight line in

Figure 41 is the corresponding stress-strain curve
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used in this approximation method. The yield stress
was then determined from the stress-strain curve

obtained by the improved compression test-cone method.

- v v e ww s mm e o o G we em e aw e evn e ems

STRESS

PR Q—

- STRAIN

Figure U41l. Approximated yield stress determined from
the stress-strain curve. :
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To check the yield stress obtained from the
described approximation mefhod, yie;Q stress was
evaluated again from the maximum shear stress theory.
Cohesive soils with a high moisture content flow like
a ductile metal and the slip-line which appears at the
onset of plastic flow is inclined at an angle of
45-50° with respect to the direction of the principal
stresses during uniaxial compression. | |

The theory can be described as:

o) - 04
' T = = constant fuy]

and in uniaxial compression,
thus

Hence the yield condition requires that

g

. 1 _ _o©o
Tmax = 7 (ol B 03) )

. [us]
The difference between values measured by the approxi-
mation method and computed by yield theory was generally
less than 10 percent. The values obtained from the
approximation method were used later in 10.1.3. for

the analysis of practical design applications.

7.3.3. Stress-strain relationship and compression
" modulus by rate effect

As shown in Figure 42 and 43, the compression

modulus derreased with decrease in loading rate in both
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Type I and III soils. In other words, shear resistance
increased with increased loading rate. These results
again confirm the rate dependent cﬁaracteristic of this
Type I clay soil as observed in the stress wave test.
However, on this particular soil, rate dependence
became almost insignificant for rates of loading
between 10 - 100 cm/min. From these results it is
apparent that as long as the model soil machine travels
between 10 - 100 cm/min., the velocity effect does not
affect prediction equations 6fvprototype machines in
this soil. -The a§proximate yield stress (Figure 41)

at the 10 cm/min. loading rate was almost twice that

of the 1 cm/min. (Figure 36). As shown in Figures 42
and'ué compression modulus decreased more than 70
percent below the 5 percent strain level and was
‘essentially constant thereafter.

7.3.4., Application of slip plane theory

In a two dimensional element of soil stressed

to failure under principal stress 0, and o failure

3,
occurs along a "slip plane" inclined at an angle o« with
the major principal plane. The well known'MOhr—Coulomb
failure criterion can be used to determine a as shown in

Figure 45, The failure criterion is

s = C + 0 tan & [us]
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where s = shear stbength
C = cohesion
0 = normal stress
é = angle‘of internal friction

Figure 44, Failure envelopes.

The normal and shear stresses (o and T) on the failure

surface are given by

cos 2 o [47]
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T = -——"—'2——‘—3' Sil’l 2 o . [l&8]

At failure the shear stress T on the failure surféce
must be equal-fo the sheaf strength s. Substituting
equation [47) and [48]) in [46] and setting

s = 1

("1‘ 3

o,+0. -0
? o+ (L3 3

) sin 2 o = 5 + 5 cos 2 a) tan 6 [u9]

By application of trigonometric relations, equation

[49] may than be transformed into:
c + 0, tan b

o, =0, + . [50]

1 3" sin o cos O- cos 2 o tan &

Wu (67) gives a solution for obtaining the angle a
which produces a failure plane for minimum values of
o, for given values of 03'by differentiating the

denominator of equation [501].

791
\ — B >/
o4
o
> \ < 03
H

Tigure 45. TFailure plane.
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The angle a can then be obtained from the relation

o = 459 + % . - [51]

In uniaxial compression G4 becomes zero and equation

[50] then reduces to the solution:

- cC €,
01 % STn G Cos 0 - E6s 7w tan & . (s21]

Since the denominator of equations [50] and [52] are
the same the slip plane angle can still be obtained as:

&
o
450 +

a

Substituting o = 45° + g into equation [52] yields

oo = 2 ¢
1~ cos & - sin & tan & - tan & °

From equation [48], shear stress becomes

T = 0, sin o cos o 53]

1

when 03 = 0 .

As o varies between u45° o 50°, sin a cos o approaches
0.5 and hence
, oy

T o= 3 o [54]

which justifies.equation t39] for computing shear
stress.

The stress o, obtained from the compression
test and that éomputed from equatioﬁ.[53]’were compared
and found to be in good agreement (less than 5%

difference),



8. DYNAMIC RESPONSE OF SOIL

Part of the energy applied in deforming a clay
“type soil is elastically stored and partAis dissipated,
therefore on an individual datapoint-by-point basis it is
reasonable to consider soil response as viscoelastic.
Young's modulus for an elastic solid can be
evaluated by measuring the velocity of a stress wave in

the solid and using the relation

E = pC’ : - [551]
where E = Young's modulus

p = soil dénsity

c = velocify of stress wave.

The attenuation constant o (w) and phase velocity

C (w) in a viscoelastic medium are derived and they are,

respectively

oC _ sin 8

“w - T *+ cos @ ‘ [56]

¢ = |E|/0Y? sEC (e/2) [57)
where a = attentuation constant

6 = phase angle

|E] = complex modulus

p = density of medium

w = frequency

C = stress wave velocity.

Details of the derivation are given in the appendix.

79.
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Equations [56] and [57] express linear visco-

elastic wave propagation response where parameters |E] and

0 are functions of w and t but not of stress level.

Hunter (27) derived viscoelastic stwess and

strain formulae for simplified approximations by assuming

that o and C are constant.

where

B(t - x/c) - ox

o (x, t) = - pCVe™ [58]
e (x, t) = - — {(Z+2Y + a0y {t- x/c}
1+ ¥y C B .

+ {C'l.— a/s}e—B(t—x/c) e"OX [59]
o = stress
€ = strain
V = velocity of mass m at time of impact
m - mass
t = time
x = distance from the impacted end
A = area of specimen cross section
B8 = a C+ (p C A/m)

Y o m/p A
and other terms are as previously defined.

Both equations reduce to the corresponding solutions

for an elastic solid as o + 0., Kondner (32) and others found

that 8 varies from approximately 10 degrees to less than one

degree.

Therefore, at the wave front x = ct and Hunter's

equations reduce to:



81.

o = -pCV, , [60]
e = - % and - ' [61]
E = pC? . [62]

TheseAsolutions are identical to those for an elastic
solid. This approximation may be used for soil, such as
clay, where the phase angle is very small.

8.1 Procedure and Apparatus

Stress wave propagation was observed and measured
in Haney clay and sandy clay soils with different moisture
contents and densities; For the Comparisoﬁ between stress
wave and vibration methods, the same specimens were used for
both tests. Stress wave measurements were conducted
immediately after vibration tests so that changes in moisture
content and other physical properties were minimized.

Different sizes of rectangular and cylindrical
specimens (Table I ) were loaded on one end with a pendulum.
A striking steel ball suspended with thin cotton cord was
reléésed‘with an electromagnet to produce the stress wave.
The wave amplitude is controlled by varying the drop height
and ﬁass of the ball. Before impact the ball is held in
position by a D.C. electromagnet, which was attached to
the bottom of a rigid pendulum. The rod of the pendulum
was held in position by a bracket connected to the pendulum
framework; The pendulum rod holder and bracket was |

adjustable, thus allowing the ball to be positioned
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accurately at a specific height.

The struck end of the soil specimen was covered
By an aluminum plate to provide uniform pressure across the
area. The specimen was suspended either by tapes or rested
on foam rubber. However, it was found that after each
impact,the point where the ball struck changed, due to
permanent strain produced in the test specimen. The specimen
position was checked after each iﬁpact and adjusfed to
maintain a fixed reference point.

A Tektronix 502A dual beam oscilloscope and
Polaroid camera attachment was uséd as a recording device.
Time exposures were taken of the beam traces. An external
triggering circuit activated by contact between the steel
ball and the aluﬁinum cover plate was used to obtain a
single horizontal sweep of the two oscilloscope beams. The
accelerometers were connected to the oscilloscope through
preamplifiers., The triggering circuit'is shown in Figure u46.

In order to investigate whether an embedded
accelerometer gaugerin a specimen affeéts stress wave velocity
a single gauge was used to pick up the final stress wave
which had travelled along the specimen. The first pulse
was genérated by contact between the steel ball and the
aluminum éover platé to produce a 12 volt pulse as a
reference point. The very short period for stress wave

propagation through the cover plate.was neglected. Typical
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pulse-time records are given in Figure 49,

Although the stress wave velocity in the test
soil (30 m.p.s. to 300 m.p.s.) is much lower than in metal,
a fgll sweep time of the oscilloscope in the order of 1 - 2
milli-seconds was used in order to avoid reproducing
reflected waves on the oscilloscope screen. |

Stresses wére also measured by using Kistler
Quartz Pressure Transducer, Model éOBA, embedded in fhe
specimen. The pressure gauges were calibrated with the
electronic circuit of the Kistler charge-amplifier.

Specimens of Type i and Type III soils, 4.5 cm
diameter by 85 cm 1ong, were specially prepared for this
test as shown in Figure 48. Density and moisture
of:Type I and Type III soils were 2.08 grams/cm3 and 14,8%
and 2.29 grams/cm3 and 12.1% respectively. Pairs of pressure
gauges were in turn positioned.at 19 and 29, 28 and 39,

39 and 49, 49 and 59 cm from the impacted end. The first
gauge position at 19 cm from the impacted end was chosen to
have the best response and to simulate conditions in an
infinite medium, following the suggestion by Durelli and
Riley (17) that length to diameter ratio should be at least
u ténsatiSfy the above conditions. The major poftion of
the incident wave passed the last gauge position before the
reflected wave arrived.

The intensity of impact loading was varied from

that of stress wave propagation velocity measurements to
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that of compressive stress measuremehts as well as from
test %o test. Low intensity loading was used at the
béginning of a series of tests and higher intensity loadings
at the end of the series.

When all tests were completed, measurements were
made Qf sample density and moisture content at threev
locations along the length of the specimen. |

8.2 Soil Specimen Preparation

The same mixing méthod as described in section
6.5.2. was again used for this experiment as well as for a
forced vibration method to be described later. Different
sizes and shapes of specimens were prepared by trimming in
a ﬁfocedure‘similar to that used for triaxial specimen
preparation.

Type I and Type II soils were again used and one
more Type III soil was added for this experiment. The

Type III soil:

_ Clay Silt Sand
Type III . 20% 18% 62%

Density and moisture content were varied for
different tests and are reported with the test results.

8.3 Results and Discussion

Stress wave propagation velocities were measured
for different moisture contents and densities. Cylindrical
and rectangular. test specimens were used and their

" dimensions are given in Table 1. Soil composition was also
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Figure 48. Instrumentation for stress
measurement.

29 cm
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Upper position
Lower position

29 cm Upper position
19 cm Lower position

49 cm
59 cm

Upper position =
Lower position = 39 cm Lower position

43 cm Upper position

Vertical scale - 1 cm = 0.146 Kg/cm3

Figure 49. Typical pressure gauge records on
Haney clay.
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varied by increasing the sand éontent in a high clay content
soil. The»propagation vélocity of the.different stress levels
of the wave front was.calculated"by plotting the constant
stress levels observed at different positions aiong‘the rod

in the x - t plane to investigate rate dependency or indepen-
dency of soil. Stress waves are shown in Figure 49 and the
constant stress level plots are given in Figure 50.

8.3.1. Rate dependency of soil

It has been observed that soil response to
applied load is time dependent and therefore modified
Kelvin and Maxwell models weré used by Murayama (39),
Christensen and Wu (8) and Vey and Strauss (65). -The
methods used by these researchers have been mostly
carried out by static or quasi-static loading conditions.
It is therefore necessary to investigate whether soil
obeys rate dependent theory under dynamic lcading. The
stress wave induced by impact of an 81.2 gram sfeel
ball released from a height of 25 cm Wés recorded on
the oscilloscope as shown in Figure 49 and the resulting
stress-time record was analyzed. |

| Considerable stress attenuation took place
as distance increased from the impacted end. Streés
attenuation as a function of distance from the loaded
end of the specimen in Type I and Type III soils are

shown in Figure 51.
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Constant stress levels inducéd by impact load
were plotted in the x - t plane *to investigaté*whether
the soil was stress-rate (or strain-rate) dependent.
This was accomplished by plotting the time t which had
e€lapsed from initial impact until stress roée to a
given level at a distance x from the impact point..
According to the strain-rate'independent theory, each
strain increment must propagate with a constant
velocity. If the material obeys the rateAindependent
theory, any constant stress level plotted in the x - t
plane must lie along a'straight line while the stress
level plotted in the x - t plane should lie along
curved lines if the material exhibits any rate dependence.

It was concluded that the soil used was a rate
dependent material as constant stress levels plotted
in the>x - t plane lay élong curved lines as shown in
Figure 50. The rate dependency observed during the
quasi—sfatié cbmpression test, as shown in Figures 36
and 37, was verified by this stress wave technique.

8.3.2. Soil strength and physical properties
vs. propagation velocity

Propagation velocities were measured for

" different moisture contents and densities. . The least
square methiod was used to draw the line of best fit for
propagation velocity as a function of bulk density for

each moisture content. From the data shown in Figure
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54 it can be seen that there was a noticeable incréase
in wave velocity with increased soil density while .wave
vvelocity decreased with increased soil moisture content.
However, as moisture content increased the slope

of propagation velocity increment was decregsed compared
with lower moisture contents.

Three different steel balls weighing 53, 81.2
and 155 grams were-used. Each ball was released from
heighté of 10 cm, 20 cm and 30 cm., The height of ball
and drop did not affect propagation velocity.

It was therefore concluded that propagation velocity was
independent of impact force and impact rate within the
range of forces and rates used. This conclusion hust

be limited to the investigated range of moisture contents
from 12.6 to 19.8 percent and bulk density range from

1.7 to 2.37 grams per cubic centimeters.

The stress wave velocity measurement obtained
from the single gauge and the 12V D.C. reference pulse
was compared wifh velocity measurements obtained by
using two embedded accelerometer gauges. There was no
noticeable difference in velocity by the two methods.
Therefore the small (1 em diameter x 1.5 cm long)
~accelerometer embedded in the specimen did not affect
the propagation velocity in the soil. Typical_reéords.
of reference pulse and stress wave position are shown

in Figures 52 and 53.
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Figure 52. D.C. and wave pulses response in Type I soil.

Density = 1.98 grams/cm3. M.C. = 13.3%.
Horizontal scale: 1 Div. = .2 m. sec.

Figure 53. D.C. and wave pulses response in Type III soil.

Density - 2.3 grams/cmS. M.C. = 12.8%.
Horizontal scale: 1 Div. = 1 m. sec.
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Young's modulus éomputed from propagation
velocity is shown iﬁ Table I. The values of E are as
much as 75 percent greater than those evalvated from |
forced vibration tests on the same soil. Theré did not
appear to be any significant effect from the shape of
specimen, or any effect from the mounting methodvused
(suspension or resting on foam rubber). No consistent
relationship between propagation velocity and Young’s.
modulus was found. For example, propagation velocity
increased together with soil density as sand content
of the clay soil was increased. The result was a
calculated increaée in Young's modulus while the
mechanical étrength of soil was reduced. This was
probably due to a high dependence of the stress wave
velocity to soil particle size. Hence this technique
would not be suitable for measuring mechanical properties
of soils, particularly when the soil consists of a wide

range of particle sizes.,
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" TABLE I.

Properties and Dimensions of Soil-Tested and Its Results.

Soil

Shape

Modulus of Elasticity

No. Density - Dimensions Water 2 Poisson's Stress
Type. of gr/em cm Content 5 K%/cm é 100 @ Ratio Wave
; Speci- . % 1 f . sSw My Me Velocity
~ men . m/sec.
Do 2.1 4,5%3.6%x18 12.1 6.5 7.06 8.23 2.35 0.38 0.5 186.1
g - HANEY 4 2.1 5(Dia.)x14.5 12.1  5.85 5.80 8.65 1.80 0.62 0.61  201.0
P . ' .
E CLAY . 1.98 4,5x3.6x18 " 13.3 4,69 5,39 7,10 1.69 0.39 0.58 188.2
I O‘ 2.01 S(Dia.)xlu4.5 13.0 4,23 4.68 7.37 1.58 0.33 0..u7 1¢1.0
T B . i
v SANDY . _D 2.38 4,5x3.6%x18.2 12.8 5.52 5.77 11.62 1.88 0.47 -0.53 221.0
P cLay T
E '®) 2.38 5(Dia.)x14.5 12.8 5.36 5.42 12.07 1.95 0.38 0.39 225.,2
ITT . '
TYPE HANEY o 1.81  5(Dia.)x33 20.3 0.42 49.0
I - CLAY .. ‘ | |
T 0 1.97 5(Dia.)x33 16.7 1.8 2.04 101.6
Y SANDY : : .
P cLay ) ,
%I o. 2.19  5(Dia.)x33  15.8 3.8 4.25 138.1
El Modulus of elasticity computed from longitudinal resonance frequencies.
Ef Modulus of elasticity computed from flexural resonance frequencies.
Esw Modulus of elasticity computed from stress wave velocity.
G Modulus of rigidity torsional resonance frequencies.

computed from
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9. DETERMINATION OF ELASTIC MODULI

9.1 Procedure and Apparatus

The main function of equipment used in the forced
vibration method,-is to excité and detect resonance in the
-s0il specimen and measure the frequency of this resonance.
This was accomplished by using the equipment shown
in FigureSVSS and 56 and illustrated in Figure 57.

The output of the audio osciliatpr is amplified
and then fed to the horn driver, the mechanical energy of
which is transmitted through air to the soil specimen.

When the oscillator frequency was scanned, it eventually
reached one of the ﬁechanical resonance frequencies of the
soil specimen. The predominant characteristic of the specimen
in resonance was the large increase in the amplitude of its
vibrations when excited at its mechanical reéonance
frequencies. This varying amplitﬁde was detected by a Bruel
~and Kjaer accelerometer type 4336, in contact with the
specimen. The accelerometer output was amplified and fed

to the cathode ray oscilloscope. A frequency counter
connected to the oscillator was used to determine the
fesonancé frequency more accurately than by reading the
oscillator scale itself. |

9.1.1. Longitudinal and torsional resonance frequency
measurements

The specimen was supported on thick foam rubber

pads at the nodal point. The diagfammatic sketch for

97.
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this method is'given in figure 57a. The soil speéimen
was vibrating freely when the supporting pad was
sufficiently thick and spongy (10 cm for a 1.5 kilograms
specimen). The resulting vibrations of the sﬁeéimens
were detected with a crystal pick-up which lightly
touched the specimen. This method not only simplified
testing procedures for soil but also eliminated
undesirable inertia of the specimen and pick-up
accessories which could change the specimen's resonance
frequency. The torsional resonance frequencies, funda-
mental and overtones, were measured by transmitting
mechanical energy to the opposite side from the crystal
pick-up attachment as shown in Figure 57b. "This method
is sometimes confused with the output of flexural
resonance frequency. The first overtone of torsional
resonance and the fundamental resonance frequency of
flexure were then distinguished by noting whether the
response on the oscilliscope continued or died out

‘as the attached points of the vibrator and pick-up were
moved from the ends toward the center along the long
axis of the specimen. Thus, the response of the specimen
is notideably reduced for a torsionél mode but will
continue for the flexural mode. This method also locafes

the nodal points along the long axis of the specimen.
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9.1.2. Flexural resonance frequency measurement

Flexural resonance frequency was easily
measured by resting the spécimen on thick sponge rubber
at the two nodal points as shown in Figure 570.
Mechanical energy wasAtransmitted by the horn driver
which was placed at the bottom of the specimen and
between the foam rubber supports. In this way the
problem of the confusion with.torsional resonance
frequency was eliminated. The remaining measuring
devices are the same as used in the other resonance

frequency measurements.

9.1.3. Poisson's ratio measurement

It is necessary to compute Poisson's ratio first
to use the correction factors for determination of other
elastic moduli. An approximate Poisson's ratio may be
computed directly from the fundamental resonance

frequencies of the cylindrical specimen as

1 f
H o= il (~—-—) -1 {63]
‘t .
where fe =  fundamental longitudinal resonance
frequency
ft = fundamental tor31onal resonance
frequency

Young's modulus (El or Ef) and shear modulus (G)
were then computed. Poisson's ratio for the rectangular

specimen may be more accurately computed from the
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Figure 55. Electronic equipment for the
measurement of torsional and
flexural resonance frequencies.

Figure 56. Apparatus for the longitudinal
resonance frequencies.
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relationship
. E,L or E
= L2 fy '

u —.2( o 1 _ [Bu].

where El = Young's modulus computed from the
longitudinal resonance frequency
Ef = Young's modulus computed from the
. torsional resonance frequency.

9.1.4. Soil specimen

The specimens were prepared from the same

Haney clay and mixtures of clay and Ottéwa sand that
were used for stress wave propagation tests. Most
specimens used for this test were used for stress
wave propagation measurements made immediétely'after
the vibration teét. 'The modulus obtained from the
vibration test was then compared with résults computed
from the stress wave propagafion measurement for the
same soill physical condition;

~Different sizes of cylindrical and rectangular
_specimené were tested and correction factors, due to
size and shapé‘effects as given in A.S.T.M. (60)
tables were abplied. Dimensions for the cylindrical
and rectangular specimens are given in Table I,

9,2 Results and Discussion

Elastic data were obtained for Haney clay and
sandy clay soils by the forced vibration method. The
results for these soils are summarized in Table I, Both

shape of the test épecimen and the type of resonance
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frequency (longitudinal or flexural) affected results.

Rectangular specimens produced higher moduli

and higher Poissorn's ratio compared to values obtained from

cylindrical ones. The moduli computed from longitudinal

and flexural resonance of cylindrical specimens were also

more consistent than those.obtained by rectangular specimens.

9.2.1.

Modulus computed from the flexural resonance
frequency '

Young's modulus was evaluated by measuring

flexural resonance frequencies of the test specimen

both for cylindrical and rectangular shapes and by

using the following equations:

where

a) Cylindrical specimen:

m )

E = 1.261886 25_ ¢ 2 7 [65]
. d2 £ n
b) Rectangular specimen:
’ su 2 |
E = o0.9u6u2 25 T [66]
) 2 °f
t

E = Young's modulus

y = Poisson's ratio

p = density of material

s = length of specimen

d = diameter of cylindrical specimen

t = cross-sectional dimension in the

direction (or plane) of vibration
(flexure of prisms only)

n = 1, 2, 3, ... = order of vibration



where T =

1oy,

fundamental resonance frequency

resonance frequency of the nth node
of vibration :

correction factor given in A.S.T.M.
Vol. 61, 1961 (pp. 1231-1233)

1+ 6.585 (1 + 0.0752 p + 0.8109 p2)

5% - 0.868 (5
£l
8.340 (1+40.2023 12,173 1’ )( )
146,338 (1+0.14081 u+1.536 u )(t>?

As shown in Table 1, the modulus obtained from the

rectangular specimen was up to 17% higher than that

computed from the cylindrical specimen. This was

probably due to the assumptions and approximations

Spinner and Tefft (60.) made in cbmputing the modulus of

the rectangular specimen.

the difference between the

As sand content increased

two shapes was decreased to

less than 8 percent. This method which requires a more

-complicated test procedure

shape as well as producing

the test.

9.2.2. Modulus computed from the longitudinal

resonance frequency

was affected by the specimen

inconsistent results during

Young's modulus was computed from the following

equations for:

a) Cylindrical specimen:

E

_ o 2sfn 2
Kn n

[67]



where Kn %. o

Otherwise, Kn’ correction faétof for the nth
node of léngitudinal vibratioﬁ was given in A.S.T.M.
(60).

b) Rectangular specimen:

Equation [67] may be used if the following
eqhétion is substituted into Kn
a? = 2a? v v | [68]
a aﬁd_b = cross-sectional dimensions of
prismétic speciméns,Awith restriction
a < b,
In this method the computed modulus was not
influenced by the specimen shape to the same extent
as it was for the.fiexural tests. The teét procedure

was simple and the results were more consistent.

9.2.3. Shear modulus computéd from the torsional
‘ resonance frequency '

Torsional resonance frequencies are important
. not only because a shear modulus can be computed but
also because an accurate determination of Young's
modulus requires a knowledge of Poisson's ratio which,
in turn, is a function of E/G.

The theory for this type of vibration is both
accurate and simple for cylindricai specimens. The

cylindrical shape however introduces experimental
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difficulties. Rectangular specimens on the other hand
‘afe the easiest to deai with experimentally, but the
equations involved are neither as simple nor as
accurate as those forvcylinders. Both shapes of
specimen were therefore used for this test and their
résults were éompared as shown in Table 1. The relation
‘of shear modulus to torsional resonance is

* | st

2 n ) |
= ,)’R [69]

G = (
where R depends on tﬁe shape of the specimen.

For a cylindrical specimen R =1 and is
independent of the value of d/s the definitions of
which are the same as given for ééuafions [651 and
[66].>.-Equation [69] is therefore exact for éylindrical
specimens.

For rectangular specimen R becomes

1+ ()7 ) 9
R = ) l+0'00851 n°b
a 1.991 -2
l&_—2.521 B‘ 1- ‘——'E-—- S
ez + 1
[70]
nb,3/2 ,b 2
- Q.OGO (_E (E - 1)°.

Spinﬁer and.Tefff (60) indicated however that the
accuracy of equétion (70] is within about 0.2 percent
fof b/s < 0.3 and b/a < 10 in a fundamental mode of
Qibration.

Shear moduli obtaihed_frpm specimen shapes
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showed that the results computed from the rectangular
specimen gave about 8 to 20 percent higheér values |
thén those obtained from the cylindrical specimen in
high clay content soil. The difference was reduced
as the sand content was increased.

9,2.4, Poisson's ratio

The shear modulus was evaluated from the
-torsional resonance frequency measurements and Young's
modulus was determined from the longitudinal resonance

frequencies. Then Poisson's ratio may be computed

from
A O _
u - -Q—-G-— 1 [71]
~ where ¥ = Poisson's ratio
E = Young's modulus, and
G = shear modulus.

By succeséi&e approximation a more accurate
value of u was determined by first substituting an
approximate p into equation [64] then substituting E
into equafion [71].

As shown in Table I computed values for Poisson's
ratio ranged however from 0.33 to 0,62, whereas values
must be less than 0.5. Therefore, techniques and
equipment must be improved before the method can be used

for the reliable determination of Poisson's ratio.
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9.2.5. Significance of elastic strains

The strains in an element of soil yielding
under a force applied by a soil-machine in general
would have.a recoverable or elastic and a permanent
strain. In practical applications the elastic strains
.may be neglected entipely and only permanenf strains
need be considered. The contribution of elastic strain
to the total force required to deform a soil however
requires investigation}

In accordance with one of the assumptions
made, it is assumed that the components of the

resultant strains are the sums of elastic and permanent

components:
- 1 " '
e, = €' v E" [72]
- 1 1"t .
‘sz- Y yz +y vz (73]
where . e'x= elastic strain component

e" = plastic strain component

v' elastic shear strain
Yy" = plastic shear strain
For the components of the elastic strains it is assumed

that Hooke's law is valid:
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A+ G A

' - . . .‘
&'y T ogmaTIeY %% T 7@ v ey t 97 L74]
. A+ G _ A - . v
€'y g xTIe) % " A vty t 9 - L78)
g = A o - A o+ 0.) [76]
=y TETF IS %2 76 w2809« * %y
1
' - o+ .
Yy = T Txy : _
1 .
L - = .
Yz~ G Tyz | [77]
1 - 1 o
Yox © @ Tax

In uniaxial state of stress,

if O = applied uniaxial stress

then oy = 0, = Txy = Tyz = Tux T 0.

Equations [74]1, [75] and [76] then reduce to

- A+ 6 |
€% T T x+26) %x L78]
1 - 1. -
€y T8 7 @E AT IO “x g . L79]
- _ G(26 - E)
where X = —-’——E—-—T—a—@
(A = Lamé's constant)’
"E. = Young's modulus

G = Shear modulus.
The elasfic strain limit is as difficult to determine
in soil as it is in some ductile metalé. The arbitrary
elastic strain has to be small enough to ensure that the

elastic 1limit is below or at the yield stress. The elastic
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"moduli obtained by the forced vibrationlmethod was substituted
into equation [78] with o chosen as the‘yield stress which
was determined by the method described in section 7.3.2. '
For this purpose it was assumed that the yield stress is at
the elastic limit. The computed strain was apprbximately
0.0005 cm per ¢m which implies that the elastic strain muét

be smaller than 0.05 percent. Hence the elastic strain is
very small compared to total strain usually induced by
soil-machine systems and theréfore it can be neglected in

determining the total force required to deform a soil. Only

the permanent plastic strain is therefore considered.



10. APPLICATION OF THEORY OF PLASTICITY

10.1 General Review

| Soil is primarily subjected to plastic deforma-
tion by soil machines. Plasticity theory was applied to
deal with stresses and strains in soil masses resulting
from the intrusion of machine systems. The behavior of soil
is of course considerably different from that of an ideal
plastic material, but analysis by plastic theory provides
a theoretical basis‘on which the actual behavior of soil
masses may be compared.

Limited work has been conducted on the study of
soil flow beneath a wheel and platé. The experiments of
Reece and Wong‘(SO) have revealed thé deformation of
the soil body beneath wheels and showed that the effects at
the soil-wheel interface depend on the whole soil flow
field. Haythornthwaite (26) applied a method of upper and
lower boundary solutions based on plastic equilibrium theory
to study the grouser plate of a tracked vehicle. The
results computed from values of shear strength parameters
and dissipated energy were not satisfactory, particularly
when o is large. Dagan and Tulin (15) also used a
classical approach in applied mechanics: the soil behavior
is repfesented by material constitutive eéuations,‘the
stresses and velocity field are interrelated through
equations of motion and the particular solution for the

wheel is obtained by integration with the appropriate

111.
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boundary conditions.

Unfortunately the difficulties encountered in éuch
an approach are formidable. The most important problem is
the lack of a good mathematical representation of the soil
behavior in the forﬁ of constitutive equations, dealing with
relationships between stresses and strains. For the-
above reasons, in this preliminary study the problem has
been simplified by adopting a number of assumptions and
approximations throughout the analysis. When soil is
subjected to intrusion of a soil-machine, the soil behavior
is considered as a rigid-plastic incompressible material.
Further assumptions are that soil-machines can be considered
two-dimensional, rigid and undergoing steady motion. Soil
behavior assumptions limits the applicability of results to
soft clays with relatively high water content. |

This section presents'applications of theory and
experiments to a number of soil-machine problems. Although
a practical soil cbndition in the field would be different
from laboratory test conditions, solutions by this method
may provide some of the needed design parameters for soil-
machine systems. |

10.1.1. Theory
Consider a soil-machine travelling at a
constant veiocity in a soil mass. The strain rates

introduced by the movement of the soil-machine in the
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soil are denoted by éx, éy aﬁd éz where the subscripts
x, vy and z refer to the coordinate axes. High'moisture
contented clay soil is assumed to be incompressible,
and thus the following equation of incompressibility,
relating the princiﬁal strain rates holds,

éx + éy + éz.= 0 ' : [(s0]

The distortional strain rates ¢&__, ¢
Xy’ yz

and éxz are not small for large soil-deformation by
soil-machines and may not be neglected. The generalized

strain rate is defined as:

_ V2 2 ”2'
¢ = 7 [(éX - éy) + (éy - éz) + (éx - éz)

2 )2 )211/2

% {811

+ 6 (éxy) + 6 (éyz + 6 (éz

Since the principal displacements occur in planes
parallel to the x -y plane and éz is negligible for
a two dimensional system fhe problem reduces to plane
strain. .Henpe | ‘

€y 7 €xz T éyz = {xz = Tyz =0

and equation [81] becomes

o 2 2 2
= V7 [(& - & & ¢
¢ % [( N y) + ( y) + ( x)

2,172
+6 (2, 7] | [82]

The general procedure to be followed is now outlined.

A relation must be obtained between the generalized
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stress ¢ and the generalized strain €. Concurrently

the strain rate components must be found from kinematic
considerations and the generalized strain rate & found
from [82]. The generalized stress then may be

evaluated by the following manner. Figure 36 shows a
typical true stress-strain curve for uniaxial compression
in clay soil. The straight line is the corresponding
stress-strain curve used in this analysis. In

particular the elastic region of the curve is ignored
completely and the approximate straight line relation

to rigid plastic theory-is applied. This is reasonable
since soil deformations are sufficiently large to produce
total strains much greater than the elastic strain. For
many. ductile materials, such as aluminum, the straight
1inevapproximation of the strain hardening portion of

the stress-strain curve 1is satisfactory (53). The main
advantage of this approximation is the resulfing
mathematical simplifications which do not greatly affect
the validity 6f the analysis.

With the assumption of linear hardening, the
~generalized stress and strain increments are related
"by § = Et ¢. Integration of.this equation yields the
following stress-strain relation |

=0, + Bt £ - [83]
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where o = generalized stress (flow stress)
o, = yield stress
Et = slope of the line approximating the

strain hardening portion of the stress-
strain curve from a simple compression

test :

€ = generalized strain.

10,1.2. Plastic flow of cohesive soil

Indentation of clay soil by a rigid wedge was
studied to observe the plastic flow and shear line
patterns (Figures 58 and 59). As the wedge was pressed
into the plastic clay body, the volume of raised '"lips"
on both sides of the wedge must be equal to the volume
displaced by the wedge. The shear line pattern is
indicated in Figures 58 and GQ. To prove that cohesive
soil is a plastic material which flows under the
application of a load, consider the geometry of the
wedge shown in Figure 60. AG is the undeformed surface
and AE the "1lip". AEB and CED are regions of constant
state; BEC is a centered fan formed by the first shear
lines. |

If the vertical velocity of the wedge was
“taken aé the unit of velocity, and if the time t was
counted from the instant when fhe wedge touches the
clay body, the depth of penetration equals t.

The "1lip" AE makes an angle o-B with the X axis.,



116.

H’
’l‘l
B

e

il

|
"

I
[

/

I

Il

Figure 58. Moire fringe patterns induced by a 50°
wedge. Y - displacement.

Ficure 59. Moire fringe patterns induced by a 50°
wedge. X - displacement.
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Then a, b, and S are also found in terms of t, o, and

B as follows:

- t ‘

a8 * o5 o - sin (o<B) - [suq
- c sin o+ cos (a-B)

b = tsin ‘a—B) cos o- sin (a-RB) [85]
_ t sin (a-8)

S % Zosa- sin (G=F) [86]

and
@ = 1/2 [B + cos © tan (— - 7)1 [87]
Y

a= ]/2 of wedge angle

I
g

Figure 60. Possible stress field for indentation of
. a frictionless wedge in cchesive soil.
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10.1.3. Wedge test

Those values a, b, s and o and B were measured
from the experiment as shown in Figure 58. The
differences were about 8.5 percent between the
experiment and theoretical steady stéte flow. The
raised "lip" AE was not a straight line.

The force Fl.necessary to. drive the Qedge

into the plastié material is

F,o= 2 Pg b (sin o + u' cos a) [89]
where Pf = flow stress on the flank of the
- wedge '
u' o= Acdefficient of sliding friction

Approximate flow stress was computed from
the strains measured by moire method and yield stress
measured by compression test. To simplify the theory,.
the strain hardening portion of the stress-strain
curve from static compression tests was again
approximated by a straight line (Figure 41).v Finally,
elastic strains, which are very small compared to plastic
strains were neglected, and the material qu'regarded as
‘incompressible. The yield stress can then be obtainéd
from the compfession test as described in section
7.3.2. |

The force measured to drive the wedge int§ the

clay soil and the force computed from equation [89]
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after substituting flow étréss obtained from equation
[83] were less than115 percent different. However, if
soil was considered as a rigid-perfect plastic material
and the approximated yield stresé was substituted into
equation [89] results differed by more than 30 percent.
. This increase was due to neglecting the strain-
hardéning effect, hence strain-hardening effect in
cohesive soil can not be neglected. This experiment
showed that plasticity theory may be applied as a means
of analyzing soil—macﬂine systems. Though clay soil
behaves appréximately like a plastic material, it still
follows rate dependent theory. It is, therefore,
concludéd that clay soil is a visco-plastic material
~and étrain rate has to be considered.

10.1.4, Grouser test

For further study on the validity of the
Tresca yield criteriavaﬁd approximated flow stress in
- soil subjected to the intrusion of a soil-machine,
Type IT and Type III grouser plates was conducted on
soil Type I. The shape and dimensions of Type II and
Type III grouser are given 'in Table III and Figure 61.

To satisfy fhe equilibrium conditions, the
stress P

and P, acting over the area ab and bd must

H v
be équal to Q (Figure 63). The yield stress was

computed the same way as in the indentation test. A
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compression test specimen was made from an undiétﬁrbed
part of the soil in the grouser experimenf. The speed
of the grouser and compression head were the same}at

2 em/min.

The force Q measured by the recopder and Q
computed from fhe flow stress acting on the grouser
plate were 26.4 Kg and 21.02 Kg respectively.’ The
dif ference was increased compared to the wédge‘test
probably due to additional approximations of the stress
field under the grouser'plate. However the difference
- was still less than 20 percent.

Grousers with three different trailing edges
inclined at 30°, 45° and 60° were used for the comparison
study in order to find an improved design in traction
and floatation. As shown in Figures 64 and 67, this
type would certainly decrease‘the traction though it
showed an increase in floatation compared with the
type shown in Figure 62 provided both types of grouser
were fully subﬁerged. This is due to stress concentraQ
tion at fhe lifting edge resulting in non-uniform
stress distribution in the soil under the grouser which
causes early failure of the soil. Maximum traction
occurs when uniform stress distribution is obtained.
The problem of a dead zone at the intersection of

vertical and horizontal plates occurred in edge trailed
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grousers in the same way as in the other types.

From the above test, it can be concluded that
the modified yield stress can be used to compute flow
stress to the intrusion of soil-machine systems as an
approximétion method. Hence the moire method can be
applied to soil to study’deéired design parameters in

soil-machine model design.

‘TABLE IT DIMENSION OF GROUSER TYPE Ivand II

Dimensions® A

Shase B c D E 6 Width
$ Crouser A 130 74 62 12 - 37

g Grouser B 65 43 31 12 - 37

I

T Grouser A 70 66 71 37 8 30° 37 .
Y

P Grouser B 70 L8 71. 37 8 ys5o 37

E

IIGrouser cC 70 39 71 37 8 60° ) 37

ot

* All dimensions in millimeters
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T:Figur'e 61. Grouser Type I to III
:{ ‘ and dimensions.

!
{
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T
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-Figure 62. Moire patterns induced by Type I grouser loading.
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Figure 63. Possible stress field under the grouser Type I.




Figure 64,

Figure 66.

12"4 .

Moire fringe
patterns formed
under a 60° edge
trailed grouser
showing horizontal
displacements.

Moire fringe
patterns formed
under a 30° edge
trailed grouser
showing horizontal
displacements.
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Figure 65.

I
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Moire fringe
patterns formed
under a 45° edge
trailed grouser
showing horizontal
displacements.

Figure 67.

Moire fringe
patterns formed
under a 45° edge
trailed grouser
showing vertical
displacements.



11. PHOTOELASTIC GELATIN AS A SIMULATED SOIL

11.1 General Review

Soil physical behavior inducéd by soil-machine
systems is often difficult to inves{igate either analyti-
cally or experiméntally. For example, in cpmparing design
parameters affecting soil reactions, the validity of the
analyfic solution is questionable when soil-machine Sy§tems
become complex. In addition, it is impossible to estimate
an idealized mathematical model without experimental results
as errors due to assumptions are inevitable;

Model tests éan be used to examine the parameters
of design shape, and provide a combarison to those of the
prototype. A modél can be tested in a prototype soil by
manipulating the model under a desired condition. However,
such methods require complex and expensive soil bin testing
facilities. For this reason they often have limited appeal
to a practicing engineer wishing to have answers to specific
design problems. | /

| In addition, it is difficult to examine differently
shaped models under the same céndition due to the prdblems
of reproducing the physical chapacteristics of soils such as
.uniformity and bulk density. It is even more difficult to
compare modeis with slight differences in shape since
differences in results must distinguish between model shape

and uncontrolled variation in soil conditions.

125.
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'Photbelastic'gelatin‘mixtures which have high
optical sensitivity give an easier and simpler experimental
approach to a specific test such as a simulated soil. Gelatin
has been known for a long time but its.early use‘wag
restricted because its mixtures were extremely fickle and
weak,

However, since 1940, with the advent of lafge field
diffused light polariscopes, gelatiﬁ has been used on a few
occasions for specialized problems mostlj on soil mechanic
structures.

Farquharson and Hennes (18) ﬁsed it to study stress
in a mass of earth afound tunnels. Crisp (14), Richards and
Mark“(si) and Tan, (62) used it to analyze soll mass gravity
structures. HoweQer, the most extensive study of gelatin
properties has been carried out by Moreno and Benito (36),
(37) in Spain including work on three-dimensional analysis.
Osokina (44) and Shichabalov (58) in Russia also studied its
~physical property and used it iﬁ>modelling geological crosé
sections. |

Mellinger et al. (35) in the.U.S. Agmy Engineer
Division used it for the first time under dynamic loading
conditions to investigate stress behavior-under the moving
thidle wheel,

This study describes comparison tests of differently

shaped model grousers using gelatin mixtures under static
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conditions.
| Viscoelastic behavior of'gelatin mixture was
deécribedjtqgether-with clay soil which may be considered to
havé similar viscoelastic properties.
Dimensional analysis for theoretiéal quantitafive
| analysis wifhin thé elastic limit is given in Appendix IT
using viscoelastic constants as major physical variables.

'~ 11.2 Viscoelastic Properties of Soil and Gelatin

Rheological properties of clays have been studied
extensively by Murayama and Shibata (38), (39), Christensen
and Wu (9) and séveral btﬁers.

Murayama described its structure iﬁ terms of type
of joint$,~elastic and viscoelastic joints, where no relative
sliding between segments occurred at the elastic joint and
the segment slides on thé surface of the adjacent segment
holding the adsorbed water at the viscoelastic joint. Hence
he used the mechanical model as shown in Figufe 69 which
represents the rheological behavior of ciay and obtained

 formulae well in agreement with the results of experiments.
%GI | % G,
. G, - , G | A
2§ L_J My 2 Ts LJ i
I S

~ Figure 68. Kelvin model Figure 69. Murayamé model
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As shown in classical and Murayama viscoelastic
‘mechanigal models, it consists of an independent Hookean
spring, Gl? connected in.series with a Kelvin and a modified
Kelvin element. The latter element is composed of a Hookean
spriﬁg, G2, and a dashpot,.coefficient, U and a slider T
in the Murayama model to reﬁresent nqn-linearity.

Christensen used another type of model as shown in

Figure 70,

t::j i)

Figure 70, Christensen and Wu model

It may be erroneous to assume that all types of
clay content soil belong to the above types of mechanical
models. However they can be used to represent certain
.types ofxclay soils, and mathematical formulae derived from
these models may be used to represent rheological properties
of clay soil. |

The rheoldgical property of gelatin was, for the

first time, expressed in terms of stress and strain as a
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function of time, i.e. viscoelastic property, by Richards and Mafk
(51).They constructed the creep curve by plotting maximum

shear strain as a function of time. As éhown in Figure 71,

a mechanical model which represents the viscoelastic property

of gelatin was used and Gl’ Gz,‘nz, and Nas the viscoeiastic

constants were evaluated.

_|_ ,
Ll—‘"s

Figure 71. Maxwell and Kelvin model combination

>

11.3 Procedure and Apparatus

11.3.1. Preparation of gelatin mixtures

The gelatin mixture used consisted of; gelatin
20.58%, glycerin 21.60%, hydrochloric acid 2.11% and
water 55.70% by weight. A refined, ground éommercial
. gelatin was foured slowly info boiling distilled water
with continuous stirring. After the gelatin mixture
- was cooled to 50°C, glycerin and acid were added.

Additional aéid may be added if improved transparency



130.

of gelatin mixture is desired. When the mixture
temperature reducea to-45°C, it was carefully poured
through a funnel into the mould. Excessive air bubblés
were screened out by a No. 100 Tyler sieve before
_pouring into_thé mould. The mould was kept in a
refrigerator at 4.5°C for not less than 18 hours. A
thin layer of.silicbﬁ grease was applied to the surface
of the mould to ease dismantling of the gelatin mixture
prior to testing. A light (5w) lubricating oil was
used during the test to reduce the friction between the
gelatin mixture and glass.

A 25 cm field diffused light polariscopé with
mercuryﬁonochrqmatid and white light sourceswere used
for all observations. Black and white? and colour
photogfaphs were taken with a Pehfax camera using
Kodak plus-X and Kodachrome II films. Only isochromatics‘
werevrecopded by a circular polarisoopé in a dark field.
Isoclinics were also recorded by a plane polariséope
from-whichvthe stress trajectories were conétructed.

11.3.2. The test soil-machine

The calibration mould, made of plexiglas had
an inside dimension of 6.9 x 4.25 x 19 cm. Moulds for
_grouser tesfs were 45 x 3.8 x 15 cm. Model grousers
- made of_plexiglas,'consisting of 2 main types, type

IT and type III, and 3 different shapes each were
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inserted in the surface.of the gelatin in the mculd
immediately after the gelatin mixture waé poured.
The dimensions and shapes of grouser are given in
Table IIT and Figure 61. |

Results and Discussion

11.4.1. Block test

Tests on gelatin blocks were carried_out by
the same method used by Frocht (19) and by Durelli et al.
(16) to evaluate elastic constants of the gelatin.
These constants were  calculated by measuring deforma-
tions and photoeiastic fringe location on the square
gelatin block standing under‘it own weight, which

provided a condition of plane stress and plane strain.

Hence plane stress and maximum shear stress can be

.easily evaluated. Fringe values and Young's modulus

were calculated from the following equations:

T

£ = mix,H _ : 1907
where. f = gelatin fringe value
Tmax- QA maximum shear stréss
,H = thickness of model
n = fringe order
énd,"
p o= $ul ) [91]
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where E = Young's modulus
d = density of gelatin
u = Poisson's.ratio for gelatin = 0.5
1 = height of gelatin block
Y = 1increased ratio between the width at
the bottom and top of the gelatin
block.

A creep curve was constructed from the block
test by plotting the maximum shear strain as a function
of time for constént maximum shearing stress. As shown
in Figure 72, the creep curve shows viscoelastic
behavior, thch may be represénted by a Kelvin and
Maxwell model combination (see Figure 71).

This model can be described by a mathematical

equation:
vy = tlg+gQ (Gzt/nz)) + -I"- | [92]
1 2 : 3
where, Y =”‘shear strain
| 1 = constant shear stress
6, €6, = instantaneous and retarded shear ﬁoduli
n, & né = material viscosities
t = time after application of the constant

shear stress 1.
Hence we may be able to calculate viscoelastic

constants G G and ng by taking a series of vy, T,

1° °20 Mo

and t values from the creep curve.
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11.4,2., Grouser tests

Two different types of grousers were used to
investigate the stress behavior in gelatin, or
simulated soil. Figure 61 shows the types of grousers

used and their dimensions are given in Table III.

TABLE ITI.DIMENSIONS FOR GROUSERS TYPE II AND III

Dimensions . )
 Shae A B c D E 6 Width

$ Grouser A 25% 25 32 26 5.5 -

P Grouser B 50 50 32 26 5.5 -

E  Grouser C. 65 65 32 26 5.5 -

III

T Grouser D 170 66 71 37 8 30° 37
g ‘Grouser E 70 48 71 37 8§  u50 37

E Grouser F 70 39 71 37 8 60° 37
II ’

"% All dimensions in millimeters

The static loads S and F (see Figure 61) were
'applied by deéd weights, S = 831 grams and F = 1352
grams throughout all tests. The load F was applied by
abpulleyvsystem.

Type III test

Three differently spaced grousers (A, B and C)
as listed in Table III were analyzed.Isochromatics

taken from these grousers are shown in Figuré 75. Higher
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friﬁge order or_higher stress field was encountered
in the front grouser and more uniformly distributed
in the front and rear flanges as. the spacing was
_increased, However, for all three grousers, the
configuration of the fringe pattern was similar.
The reason for-a-higher stress field on the front
grohser was prébably due to the narrow space between
front and rear grousers, which causes a higher stress
reéction due to compaction in front of the rear |
gfouser. These iéochromatiC'figures also show the
configuration of maximum shear stress as it is half
of the difference of two principal stresses. Figure
79 shows stress trajectories for grousérs A, B and C
respectively. Figure 79 shows that not much differeﬁce
in stress trajectories exists between front and rear
_grousers regardless of spacings. HoweVer, the isoclinics
for the first grouSer expanded horizontélly toward those
of the second as the flange spacing increased. The
result of this is to expand the Q stress trajectory
(dotted line) more radially toward the rear of the
grouser which should increése traction under the same
normal load and grouser sinkage.

However, maximum traction for unit normal load
can only be obtained by placing gréusers at an optimum

'spacihg as longifudinal space élong,thg track is always
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limited.

Type 11 test

‘Grousers with trailing edges inclined at u45°
wefe used by Ikeda and Persson (28) to investigate
the improvement of traction and floatation. However
the angle of the trailing edge should be investigated
to provide optimum performance. Three different
trailing edge angles were investigated, grousers
D-30°, D-u45° and F-60°, All ofher dimensions appear
in Table III. |

As shown in Figure 76, grouser D gave the low-
est fringe order at the traiiing edge which relates
more directly to reaction stress against siﬁkage than
to traction. Hence grouser D would give best floatation.
The highest fringe order was encountered at the front
of grouser D, whicﬁ contributes to traction. Increasing
fhe trailiﬁg edge angle reduces the fringe order at
the front of tﬁe grouser., However the steeper trailing
edge angle yielded higher fringe orders under the
trailing edge. Therefore, some doubt still exists as
to whether grouser D would give the most superior
performance in terms of reéistance to sinkage and higher
tréctién. Quantitafive analysis would be required to
prove any superiority.

Figure 78 shows stress trajectories for

- grousers D, E and F respectively.
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Figure 73. Polariscope

Figure 74. Grouser models and testing apparatus
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Figure 75. Isochromatics for grouser type A, B and C.
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Figure 76. Isochromatics for grouser type D, E and F.

Figure 77. Isochromatic and isoclinic patterns under
the Type I grouser.



Figure 78,

Stress trajectories under edge trailed
grouser Type II. Constructed from photo-
elastic gelatin. Edge trailed angle

(A) 30°, (B) 45° and (C) 60°
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Figure 79. Stress trajectories under the
grouser Type III. Constructed
from photoelastic gelatin.

As stress trajectory figures show, P stress trajec-
tories (solid iine) at the trailihg edge for grouser

D showed more horizontally spreaded patterns toward

the rear of the grouser while the Q stress trajectories
(détted linés) showed steeper gradients toward the
bottom of the grouser which obviqusly contribufes to
floatation. However the stress trajectories of the

front part of all grousers have similar patterns
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regardless of the trailing edge angle, except for a
" more complex stress trajectory at the bottom of

grouser E,

11.4.3. Comparison test between gelatin and actual
soill

Sufficient information has been developed to
analyze the stress trajectories and normal stress
distribution oh planes in tﬁe gelatiﬁ; It still) requires
however comparisonh on how closely it can be simulated
on an actﬁal soilf The following praétical comparison
was carried out.

Square Plate:

The analysis of stress behavior in the contact
plane of thé square plate was carried out in gelatin
“under the model square plate as shown in Figure 80 for
qualitative comparison of fesults between simulated
clay soil (gelatin) and real clay soil.

Streés distribution in the contact plane of
the square plafe.(Figure 84 ) was evaluated by separating
‘stresses along the lines of principal stress, A-A',
B-B', and C—Cf (Figure 83). As we see in Figure 82
it is not easy to determine the radius of curvature of
the tfansverse lines of principal sfress. However,
lines of principal stresses ihtérsept at suécessive

isoclinic lines at angles varying from 60° to 390°.
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One of Filon's methods for.SOIVing the Lame-Maxwell
equations was used by applying cotangent-values to
angles between the P line and the isoclinic.

lThis equation is

§p

(P - Q) cot ¥ &8 [92]

where §P increment in P along the P line

of principal stress

B - = isoclinic parameter to one of the
parameters (B + §B8) in this case
the interval of 68 = 10°.

U] = angle between P line and the
isoclinic.

(P - Q) vaiues at the points of intersection of
A-A', B-B'y and C-C' with isoclinics were obtained from
the isochromatics in Figure 80.

Table IV shows the measurements from which the
| values P and Q, minimum and maximum principal stresses
respectively are determined. |

The results_obtained from the gelatin model
(Figure 8Uu4) Showed good agreement with the results from
clay tests in the Civil Engineering Handbook (11).
-Gelatin tests shown in Figure 84 and clay test results
in reference (11) indicated high stresses meésured.under
the edgé of the plate, with stresses under the center
of the plate somewhat less than. average. This is due
to the abilities of clay and gelatin to resist shear

and tension. However, clay resﬁlts showed a little
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steéper gradient at.the edge ofithe plate compared to
the gelatin test due to higher shear and tensile
strength properties of gelatin.

Isoclinics and stress trajectories are shown
in Figures 81 and 82 respectively. In Figure 80,
fringe patterns show the high concentrafion of shear
streés at the edge of the plate. |

Grouser test comparison. Comparison of stress

trajectories by the moire and gelatin method are shown

in ?igﬁre 85. The stress trajectories from the gelatin
were established by observing isoclinics (Figure 77)A

and in the soil they were drawn by plotting the directions
of maximum principal strain (or stress) measured by the
moire method. The results were in agreemenf although
gelatin showed more details. Results obtained in gelatin
and in soil are shown in Figures 75, 78 and 64 to 67,
respectively. As shown in Figure 85, sensitive gelatin
-showed more distinguishing stress concentration at the
sharp corners and edges compared to the soil test.

While qualitative results can be used quantitative
results can not be compared as sfresses in the gelatin
are in the elastic region while in the soil they are

in the plastic region.
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Figure 80. Isochromatic and isoclinics at 50° for
4.5 cm plate/
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Figure 8l1. Isoclinics under the square plate.
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Figure 82. Stress trajectories under the square plate.
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Figure 83. 1Isoclinics, isochromatics and stress
trajectories under the square plate.
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Figure 84. Stress distribution in the contact plane
of the square plate.
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Figure 85.

Stress trajectories under grouser

Type I. (A) constructed from photo-
elastic gelatin test. (B) constructed
from moire pattern on Haney clay Type I.



TABLE IV.

CALCULATION

OF STRESSES ALONG LINE OF PRINCIPAL STRESS

Line of P- Q ¥ cot (P-G) (P-Q) 68 § P 2 P Q
Principal’ (gr/cm ) (Degrees) ¥ cot ¥ cot ¥ Radians (gr/cm®) (gr/cm ) (gr/cm )
Stress (mean)
A - A 0 - - 0 - - 0 0
| 0 0.175 0
1.1 f 90 0 0 0 -1.1 f
3.73 0.175 0.653 .
2.0 f 15 3.73 7.46 £ 0.653 £ -1.347 £
B - B'" " 0 - - 0 : 0 0
- 0 0.175 0
l.4 £ 90 0 0 : 0 -1l.4 f
1.28 0.175 0.222 -
2.0 £ 30 1.28 2.56 f 0.222 £ -1.78 £ Py
, ~ 5.06 £ 0.175 0.885 ¢
3.1 f 25 2.15 6.66 £ 1.28 f -1.82 £
c - 0 - - 0 0 0
0 0.175 0
2.1 - £ 90 0 0 0 2.1 £
. 0.83 0.175 0.142 :
2,3 £ 55 0.7 1.61 f 0.142 f 2.158 £
1.86 0.175 0.326
2.5 f 50 o.84 2.1 f ' 0.468 £ 2.232 £
2.75 0.175 0.482
3.5 T 46 0.97 3.4 f 0.964 f 2.536 £
f = fringe value
P, Q = principal stress line



12. : SUMMARY AND CONCLUSIONS

The following is a summary of the nature and
scope of the complete study, the results of the experimental
investigations and the subsequent conclusions. The study
was liﬁited to simple scaledvsoil—machine systems on Haney
clay and on mixed Haney clay and Ottawa sand in semi sclid
to plastic range.
1. A né@ method for determining the physical and mechaniecal
properties of soiliwas used to understand the more basic
qualitative and quantitative soil reéctions to the intrusion
of soil-machine systems.
2, The moire technique can be used to find normal
strains, maximum and minimum principal strains, direction
of strains, shear strain and maxiﬁum shear strain in soils.
Strains can be measured at any desired time on any particular
region of interest. This technique has been applied to
wedge-shaped tools, flat—blade tools and models of footings
in high élay content soils. Two dimensional strain fiélds
have been calculated to display characteristic differences
between tool types. Hence the moire method can be success-
fully used to determine some of the design parameters of
soil+machine systems.
3. The introduction of cone and pyramid loading héads
significantly improved the compression test to approximate

pure axial stress. The approximated Yield stress and Et

150.
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ftangential modulus) obtained from this type of compression
fest can be used to compute flow stress in soil resulting
from the intrusion of soil-machines.

4, _ In comparison to the total strain produced in a
soil by a soil machine the elastic strain is very small

and the force required fof.elastic deformation of a soil
can be neglected without significant error.

5. Rate dependency of Haney clay soil was verified
by observing stress wave propagatioﬁ in soil. Other
qﬁalitative physical properties weré observed to influence
stress'wéve'propagation. It was found that wave velocity
increased with increase of soil particle size while wave
velocity decreased.with increased soil moisture content.
waever, at high moisture content levels thé slope of
pfopagation velocity increment was decreased compared to
the slope observed at lower moisture content levels.,

6. Forced longitudinal and torsional vibration of a
éoil.Specimen permits the determination of elastic constants
of soil. |

7. . Strain hardening effect was significant in cohesive
soil and must be considered in stress-strain relationships.
Theﬁsoil cannot be considered as a perfectly rigid plastic
material.

8. The theory of plasticity can be successfully used

in conjunction with experimental observations to establish
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stress-strain reiatidnships in.the goil on the assumption
that strain hardening is iinear and elastic strains are
negligible.

g. The cohesive soil used in this study was é visco-
plastic materiai since it was found to be rate dependent

and closely followed plastibity'theory.

10. Photo-elastic gelatin as a simulated soil provides
a useful qualitative aid to design of soil-machine systems.
Stress trajectories and slip lines studied by the gélatin
‘method resembled the results observed by the moire method

in actual soil.



13. RECOMMENDATICONS FOR FURTHER STUDY

Although this study provides many useful basic
qualitative and quantitative soil parameters, for the
development of soil-machine systems, the sfudy is Yimited
to Haney clay and to mixtures of Haney clay and Ottawa
sands, in the plastic and‘semi—soiid range.

Further investigatibns should be cdnducted on
different soils in é wider range of water contents with
additional soil-machine systems, to verify the validity
of the method over a wider range of conditions.

A finer grid pitch shouid be developed for more
accurate measurement of soil deformation by the moire

technique.

153,



APPENDIX 1

Theory for Stress Wave Propagation in a Visco-elastic Medium

When the wave length of longitudinal waves in a
‘rod is large compared to the diameter of the rod, the wave
propagation can bevexpressed adequately by a one-dimensional
theory which neglects lateral inertia. The governing

equations are that of motion,

2
%% = p 2—% : : : [1]
‘ 3t _ : :

the strain-displacement relation,
e = 2 - [2]

and the equation describing the mechanical properties of

the so0lid. The latter is most convenientlyrtaken in either
the Laplace or Fourier representation. The Laplace method
may be used as a technique for obtaining certain general
results appertaining to the propagation of the wave front
while, as might be expected, the Fourier method is important
from an experimental viewpoint.

‘Solution by Laplace Transform

The Laplace transforms of equations [1] and [2]

are respectively:

29._%1.%1 = p 82 T (x,8) | | [3]
T (x,8) = 9 T (x,s) / 8x [4]

in which the equilibrium condition was assumed to be
satisfied prior to t = 0, and where the explicit dependence
of the stress and strain transforms on the spatial coordinate

154,



155.

has been recognized. Eliminating any two of o, u, €
between equations [3], [4] and the Laplace transform T
in a form‘analogous to Hoqke's law for an elastic solid
0 (s) = E (s) € (s) ‘ ' {5]

leads to a second-order differential equation

32 2 - - -
{—~7 - u° (s)} (g, u, €) =0 [6]
9x _ ,

~where B (s) = pl/2 s (E ('s)]—l/2 (y > 0, arg s = 0).

The general solution for [6] is given by

T, T, I = A (s) H(X 4 g (g) gH(SIX 7
where A(s), B(s) are to be deterﬁined by boundary
conditions obtained in any specific problem.

Finally, by means of the inverse Laplace trans-
formation; we obtain

o (x,t) = (2 7 )% Jc 5 (0, s)e MISIXIST 4o g

for x > 0 and t > 0,

where : | ®
: o (0,s) = [ (-st)

o (0,t) e dt | 9]
o _ .
and u(s) is determined from the equation
w© ' :
u2 = p g3 I g (t) e(fSt) dt .  [10]
o - .

SO thaf it is positive when s is real and positive. In
this expression p is the density of the rod and g(t) is
the strain per unit stress at time t after the.application
of a constant stress. This solufion however is restricted

to a mostly theoretical significance and the simplest solid.
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Solution by Fourier Transform

The solution by Fourier methods closely parallels

that of the Laplace transform. In place of equation [61],

2

22— - 22 () @, T,

u)

= 0

can be derived for the basic differential equation

(11]

defining the Fourier transforms. In this equation the

complex function A of the real variable w is given by

(12]

A (w) = Xy (w) + 1 A, (w)
where Al is a positive even function

A ) = (/|EG oD% w sin (8 w)/2)= 0 [13)
and lz an odd function

A Cw) = (p/ [EGE w)])

1/2

w cos (8 (w)/2).

The general solution of [11] is given by

(¢, €, u) = A (w) e>‘X

+ B (w) e

Ax

(1u]

[15]

where A and B are determined by the boundary conditions.

For the semi-infinite rod e ¥ diverges

exponentially for large x. It follows that A(w) vanished

identically and that B is given by the Fourier transform,

o (x,w) = 0 (0,w) e
u (x,w) = u (0,w) e
€ (x,w) € (0,0) e
v (x,0) = Vv (0,0) e

Ax -

AX

Ax

AX

(a)

(b)
(c) [16]

The inversion of equation [16a] is given by

(d)
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F (0,0) e Xt AWt 4 [17]

0 (x,1) = 2

-0

When o (0,t) is real, [17] may be expressed in more

'physically significant form,

o (x,t) = % [oR(w) cos {w(t - x/cl(w)}
o .
-0, (w) sin {w(t - x/c(w))] e—a(w)x dw 18]

1

Where o and o, are the real and imaginary components

R 1
of o (0, w):

roo

oplw) = 6(0,t) cos (wt) dt | ~[19]
J o -
rw

cl(w) = 0(0,t) sin (wt) 4t [20]
J

and where
T (0,0) = o, (w) + 10, (e (W) and c'(w)

R 1

are positive even functions defined by the equations

o (w) '-Al (w) ’ : {211

"

c (w) w/k2 (w) [22]



APPENDIX II

Conditions of Viscoelastic, Statical Similarity

A system defined by the following quantities is

considered:
T = maximum shear stress .
H = grouser length
D = other‘pertinent lengths
Gl = independent hookean spring constant
G, = spring constant in Kelviq mode 1l
n, = dashpot coefficient in Kelvin model
W = force applied
g = acceleration of gravity

ML~

ML ™2

ML ™2

ML~ 21
M

LT~ 2

From the above identified physical variables,

dimensionless terms, called "Pi" terms, were established
’ s »

as in the Buckingham II theorem.

Thus the general equation for maximum shear stress

in the soil can be expressed as:

2 2 4 4
Hn"y Gygny, Wnoy
- 7 m 7

(1]

‘Since the above equation is entirely general,

it applies to any other system, in this case gelatin, which

is a function of the same variables. Hence it applies to

a specific system called the model. and the following

design and operating conditions should be satisfied.

- Im
17 Cin

158.

{21
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2 - 2
Hn 2 Hmn 2m : ' : [3]
G 2 G 2 . :
1 1l m
m Iy , |
G2n 2 _ GZmn 2m [u]
. Gt |
1 lm
and:
M M
wn 2 _ wmn 2m ' ’ [5'\
5 - 75 ' ’ 3
G : G
1 1 m

Since g = g and where sub-m applies for the model.
Once laboratory tests provide the viscoelastic -
constants for the soil to be used, and the model scale n

is decided, the G, could be evaluated by selecting the

1m

_proper'ﬁzm‘from the tables of viscoelastic constants of

gelatin. As

s -

n G - _
Gi - 2m 1 n1/2 ‘ (6]
_ 2
then,sz, Wm could also be calculated from the equation
- Y L
G = Gy Ny 6 g /
2m (7]
_ G gy _
1 " 2m
and :
G 5 Wnu .
_ - 1m 2
W z S, (8]
m 5 4
Gl n o

If above design and operating conditions would be satisfied,
the 1 obtained from gelatin test would predict the t in-

the soil to be tested by the prototype machine from the
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equation:

T = T 1 , (9]
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