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ABSTRACT
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MULTI-PLATE PENETRATION TESTS TO DETERMINE
SOIL STIFFNESS MODULI

, Belder's pressure-sinkage equation, which characterizes the soil property
of vertical deformation pertinent to off-road locomotion, has long been under
disassion as to its validity. The variability of the soil parameters inwlved in

this equation is a major issue. It'is stressed in this study that these variatiof;"s
are attributable to the localized inhomogeneity in sol samples, which is
inevitable even under strictly controlled laboratory condiﬁor:. The study" has
srn‘wn that the conventional two-:plate soil penetration test cannot be regarded
as an accurate technique for the parameter extraction, and s?‘ouldz be
substitwted by a multi-pate test. This. suggestion was evaluated by a series
of small plate penetration tests on dry sand. The-sail parameters were
asessed by the reg&ssi\on methods, and the p@essmre—siniage relati ors hip which
was redicted by using these parameters compared well with the measwed one.
Recommendations are formuated for the minimun nunber of pates required

o

for a desired level of accuracy in the results.
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IES ESSAIS DE PENETEATION DU SOL AFIN DE
DETERMINER LE MODULES DE RIGIDITE -

L “equation de "pression»enfonqement" de Bekker qui
caracterise la propriete de deformation wverticale du sol
pertinente aux véhicules tout-terralin, a &te longuement
discutee quant & sa validité. La variabil ité des paramé res du

sol impl iquées dans l”@quation est le probldme principal. Il

‘est soul ign® dans cette @tude que ces variations sont dues i la

non-homogénéite localisée des @echantillons de sol, qui est
inévitable méme dans les conditions de laboratoire entiér ement
contr8lees. Ainsi, le test conventionel de p?nétration a deux
plateaux ne peut;. létre considéré comme une technique adéaquate
pour l°extraction des paranétres et doit étre substitué au test
d multiples pla\teaux. Cette suggestion a &éte ®valude par une
serie de tests a pénétration de petits plateaux dans du sable
sec. Les param@res du sol ont &té evalués par la méthode de
regression. La relation de pression-fenfoncement, obténue enn

-~

ut il isant ces paramd res, est consistante par rapport a celle
mesurée. Des recommendations sont-formulées pour les tests &
nombre minime de plateaux d“enfoncement requis pour un niveau

désire de precision quant aux/résultats.
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CHAPTER I ’ S B

INTRODUCTION ' ) .

T&rain-vehicle mechanics is a branch of modern applied mecl';anics
developed in the last forty ye‘ars. Its objective is to study the interaction
between the terrain and vehicles in order to formulate guiding principles for
the rational development, design and .evaluation of off-road vehicles (Bekker,
1969). In recent years, the growing concern over energy consi:rvation and
environment protection has further ‘stimulated ithe studies in this field. In
addition to be based on a good engineering design in the traditional sense, an
off-road vehicle is now expected to attain a high level of energy efficiency
and not to c‘ause damage to its operational environment, such as excessive soil
compaction in agriculture or the tearing of surface vegetation on tundra and

’

muskeg in northern transportation (McKyes et al.., 1978; Wong et al., 1979;

Taylor and Gill, 1984). The increasing activities in the exploration and

N
exploitation of natural resources in new frontiers, including remote areas and
. ;

the seabed, have also given much new impetus to the'developm'ent of off-road
transportation studies (Yong and Harrison, i978; Falbo, 1984).
. A
The terrain-vehicle mechanics developed by D-r. M. G. Bekker represent
one of the main schools of thought in this field (Wills, 1966). Bekker's work
is the first and so far a very influential é}fort in the systematic development

of principles of land locomotion mechanics (Soehne, 1981). Bekker's methods

.
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have been frequently used by engineers in the off-road vehicle industry during
the last 15 to 20 years (Kogure et al., 1983; Volfsor{, 1984).

Beldeer's theory on soil deformation by vehicles deperlds entirely upon the

fitting of the soil pressure-sinkage data with an empirical equation

P = (ke/b+ ke) Z
with k_, k’ and n being construed as real soil constants Reece, 19e64a).
Pressure P is integrated along the terrain-vehicle interface of width, b, over
the sinkage, Z, from zero to maximum sinkage, Z.o' to predict the soil motion

resistance of a vehicular running gear with a width of b, ie.

‘:Be kker's approach has inspired many investigators to proceed along tbis
line of reasoning. The effectiveness of Bekker's method was demonstrated fully
by its excellent performance in the development ?f the Lunar Roving Vehicle
during the Apollo missions in the U.S. space program. An accuracy of a few
percent was achieved in the prediction of power consumption (Costes et al.,,

1972).

This notwithstanding, the validity of Bekker's equation has not been left
unquestioned. The variability of the three soil para}neters is a main issue

under discussion (Reece, <194l Wills, 1966; Karafiath and Nowatzki, 1978;



Wong, 1980; .Youssef and Ali, 1982; Volfson, 1984). If these values are, as

asserted by some investigators, dependent on the width of the loading area, b,

)
then the commonly adopted practice, ie. using n, kc and k,’ obtained from

small plate sinkage tests to predict the behaviour of a large vehicular running
gear, would not be justifiable, and the application of Bekker's method would be

inaccurate (Hegedus, 1965).6

1
i

I

Presunably, there are two possible reasons which might give rise to the ‘

variatiqrs of the soil parameters in Bekker's equation. The size of loading area .
might have an effect on the soil parameters. In this case the variation of
these parameters should be systematic and could be formulated as a function
of footing size, b. On the other hand, the reported deviations might be due
to the random variations of physical states of the soils under test, It has been
noticed that soil variability prevails in penetration tests even under controlled
laboratory conditions (Reece, 19%4a; Janosi, 1965; Bekker, 1969). And the
conventionally adopted two-plate penetration test makes the assessment of the

soil parar}xeters most susceptible to the soil variability.

While the first h);pothesized reason js advocated or quoted by some
investigators, the argume}lts are found based solely on observations of the
variation of the soil parameters, withou'; reporting any systematic patterns of
the variation. In the meantime, the second possibility, ie. the soil variability

inducing the claimed "size effect", is found to be overlooked in the cited

literature.

>
i

!
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It is suggested in this investigation that the assessment of k. and k¢
might be grossly affected by the soil variability, especially in thg conventional
two-plate penetration test. It is suggested that the multi-plate penetration
test is conducive to a more dependable evaluation of the parameters in
Bekker's pressure-sinkage equation. Such tests were conducted with a family
of small model pates on loose Ddry sand., The ordinary and weighted least

squares methods were used to assess kc and k The pressure-sinkage

$ "
relationship of a large plate was predicted with the soil parameters thus

obtained, and was checked with the measured P2 relation.
/
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CHAPTER 1

LITERATURE REVEW

el

21 Necessity of assessing the soil pressure-sinkage
relation in terramechanics ’

The need to study terrain mechanical properties in relation to vehicle

ol performance is evident from experience in the areas of agricultural traction,.
! xpe g&r

‘/military transport, and civil transport and construction. A truck might be
stalled in a s‘wamp. A pneu;natic tire might lose half of its power efficiency
when shifting from concreté road to farm land (Gill and Vanden Berg, 1968).
All of these are related to the weak strength and large deformation of soil
under wehicular load. To predict, evaluate and improve the performance of an
off-road vehicle, the mechanical pr\operties of soils have to be understood and
assessed. l |

The mechanical properties of terrain can be defined in several ways,
depending on the analytical approach to the mechanism of the running gear-soil
interaction. As an empirical method, the mechanical properties of the soil
could be lumped into an integrated parameter, such as cone penetrometer
index, in an attempt to correlate this single parameter with the performance

of a wheel or track (Knight and Freitag, 192; Wismer and Luth, 1973).

When theoretical approaches are adopted to interpret terrain-vehicle interaction,

v,('
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the soil mechanical properties could be defined in terms of the \angle of
internal friction® (), cohesion (c), and density (o) for the limited equilibium
analysis (Yong and Windisch, 1970; Hettiaratchi and Reece, 1974; Karatiath
and Nowatzki, 1978), or in terms of the modulus of elasticity (E), Poissorls

ratio (v) and the friction parameter (p) for the finite element method (Y;mg

s
v

et al.,, 1984).

Bekker took a semi-empirical approach to mobility problems. He
separated the machine-soil interaction into two parts; soil vertical deformation
giving rise to wheel or track rolling resistance, and soil horizontal deformation
mobilizing thrust. Scil mechanical properties were characterized by the
vertical stress-strain curve and horizontal shear stress-strain curve. By

integrating these two curves, rolling resistance and thrust were calculated.

According to Bekker's (1975) theory, rolling resistance consists of three
parts; compaction “resistance (R ), bulldozing resistance (R,) and, for
pneumatic tires only, flexing hysteresis resistance (Rf). Only the compaction
resistance part was attributed to the soil vertical deformation. On medium

strong soil, compaction resistance is the main force against the machine moving

~¢

forward. i .
When a vehicle runs on unpaved ground, soil is compressed under the
vehicle load. The inclined leading edge prevents the wheel or track from
moving forward. To keep the wheel or track going ahead, energy has to be

spent on compacting the soil into a rut. Bekker assumed that, on an
\
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infinitesimal segment of the machine-soil interface, the compaction pressiure,
no matter in which direction it acted, was identical to the compaction pressure
under a flat sinkage plate at the same depth. In other wwdg, the‘contact
pressure is ; function 05 only sinkage, Z. By integrating the pressure-sinkage
relatign,‘ H(2), from the ground suface to the maximum sinkage, Z_, the
compaction resistance is obtained for a running gear of width b as,

i

Zo
R.=b jo P2 dzZ (2.1)

To implement this method, the P(2) relation must be assessed first. This
is done by a plate sinkage test. Flat plates, usually in circular shape, are
forced into the soil under ‘investigation, and the P(2) rele;tion is recorded in
Pgraphical or numerical form. This experimentally assessed relation is used as
the input for the calculation of RC. Thus the assessment of the soil
pressure-sinkage relation becomes an indispensab}e part of Bekker's

terramechanics theory.

S
A few important facts are neglected in simulating the running gear-soil

interaction with the flat plate-soil interaction. Firstly, under the action of the
circular rim of a running gear, soil particles are not pushed only downward,
but also forward. Secondly, the shear stresses developed in the machine-soil

interface also contribute to the sinkage.

In fact, these factors are comider:ed separately in Bekker's theory. The

resistance from forward movement of soil particles is partially a.s/ser\sed as the

a
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bulldozing resistance. The slip sinkage is calculated as an additive part to the
pressure related sinkage when the deformation is large. For moderate loads

and deformation, slip sinkage can be neglected with negligible error (Bekker,

* 1960).

y

The experimental X(2) relation recorded in graphical or numerical form

- ~
cannot be conveniently used in engineering calculations of compaction resistance
and the prediction of sinkage. Attempts to formulate the P(Z) relation are

discussed in the next section.

22 PBelkier's pressure-sinkage equation

The idealized pressure-sinkage process occurring in a homogeneous plastic
sall mass at a shallow depth can be roughly represented by two lines, OA and
AB in Figure 21 (Bekker, 199). Line OA refers to the initial portion where
elastic deforr;iation or mere relocation of soil particles, or both, prevail. Paint
A orresponds appro:@mately to the ultimate bearing capacity of soil. In most
soils, a sinkage Z smaller than 6 mm lies within this elastic range (Road
Research Lab., 1%4). Line AB describes a sinkage due to soil failure through
plastic flow (Terzaghi and Peck, 1948). The pr'&ssue-sinlege relation in this
range is governéd .‘by the changing geometry of the soil failure zone. The
“surcharge effect"” of soil above the.wheel-soil contact plane requires additional

i
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Sinkage

Pressure

Figure 2.1

~

Load-penetration curve in a
"plastic" homogeneous soil
obtained by means of a cir-
cular or rectangular plate
(Bekker, 1969) '
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presswe to maintain the plastic flow. This additional pressuwe is directly

proportional to the sinkage, Z, in the Equation (2.2).

q=pg 2 - (22
A

£
where q is the su'charge,.g ivs the acceleration due to gravity, and p is the
density of the sail.
X

The real line representing an actual P(2) relation is a curve, also shown
in Figre 2.1. Since two kinds of physical process are inwolved in sinkage, an
accurate mathematical model tends to be too oomple; to be used én the
integration for ‘compaction resistance (Reece, 1%4a). What is needed is a

simple equation capable of approximating the real pressure-sinkage process to

meet the requirements of practical engineering applications.

Goriatchkin and his co-workers (1936) found that the plate sinkage data
oud be fitted into an exponential curve. Plotti ng these data in log-log scales,
the data points would fall roughly on a straight line wi‘th a slope of n and an
intercept of K on the ordinate of log P. This suggests a function in the form

P=Kx2Zl (2.3)

where .the exponent n might take any value between zero and approximately
\
one.- A specific case of this equation with n equal to 0.5 was found by

Bernstein in 19k for agricultwral soils (Bekker, 19%9).
!



. Between the two ers n and K, n is commonly agreed to be

independent of the size and the form of loading area (Bernstein, 1913;

Geriatchkin et al,, 1936; Bekker, 1960; Wills, 19%6). Thus n is taken as a true

sol omstant. The value of K was found to be dependent both on the soil and
on the sizes of plates used 1n a test, so K is not a soil constant. Using
Equation (2.3) to predict the motion resistanée of rigid wheels, r&sear/d\ers had
to determine the valye of K for each wheel usi‘ng a plate with the same width
as that of the real wheel. The peedictions thus. obtained proved satisfactory
(Bekker, 1969).

With its parameter K boii&d to the size of the vehicle running gear, the

practical usage of Equation (2.3) is very limited. When a running gear is small

and easy to fabricefte, it does not malke much sense to get a less .reliable/_/

prediction from a penetration test ﬁsing a similarly sized plate. When a
running gear in design is large and costly, the penetration test demanded is
also inconvenient. Without relating the performance of a running gear to the
parameters of wehicle configuration, Equation (2.3) offers no link to the design
or selection of the running gear. Both Bernstein and Gariatchkin failed in their

efforts to identify more fundamental parameters to replace K. Progress in this

direction was made by Bekker (1955).

——

Be kker noticed that, in civil engineering soil mechanics, the ultimate
bearing capacity of soils could be expressed in the farm

-

P=(A/b+ C) x z — 4 (2.4)



..  where _pagameters A, and C are regarded mdependent of b, the smaﬂer«
dimension of the loa.dmg area. ThlS formda is valid for small smlages where
Z is less than b (Taylor, 19!&8). Beldaer-cnmlxned the two-term expression of - - -

K with the curvilinear relation between pressure P and sinkage Z, and proposed

) ’ - 1.

. a new equation. - : (4(3

—
— —

" /l
P = (ke/b + N (25)

//n(’_r . »

o . T, . 2
w‘rere.kc, kq’ and n were all perceived as empirical parameters without specific

A

physical meanings attached.

2 ‘.
Through his intensive study, Bekker found that, for practical wpoés,

the parameters in E.quatxon (25) were cormstants 1ndependent of the size and
the loading area. Bekker checked the generahty of Equation (2.5) by
’fi/tti ng experimental data from tests of his own and tho‘se published by other
workers. Results with a "reasonable degree of accu'acy" were - -achieved |
(Bekkerv, 1960) _Acocording to Bekker(l977), Equauon (2.5) is. vahd in the
e Fine- grained and coarse mineral soils, 4,

2. Frictional and cohbsive sails, or_' a mixtwe thereof,

3 Homogeneows or stratified g ound,

-

T 4. Organic soil such as tuf, muskeg, pedat mo§;, etc, /
5‘ - - D

Smw. R y -
Y < A .

~y
K]



"o b2 y of two circular plates of_ radii bl and'bi, are pressed

13

. 2.3 The two-plate sinkage test and data' processing =

A penetration test with a singe plate cannot yield all the three
parameters, kc’ k¢ and n. To solve for kc and ktb’ at least two K values from

plates of two sizes are needed. Bekker believed that two plates were enough

to extract k., ky, and n reliably for homogeneous, unstratified terrain.

< e 1
\

) \ »—,
In a two-plate penetration test, two rectangular plates of width b,* and

H

~~~
at constant speed

. into the soil under investigation. Plotting the two sets of P(Z) data in log-log |,

saales, two K values, K, and K, ,are available as the intercepts of the plotted
—

lines on the ordinate of log P. If the two transformed P(i_’) lines were

Straight and with identical slope, n, the two K's, Kl and"KZ; could be written

| in the form suggested in Equation (2.5), . ) J
. k K; = koby + k)
, - . KZ = (l»(LJb2 + k¢)° L - 7(2.6)
: .
’ . k. and k¢ ocould then be solved graphically. by plotting K against 1/b.
/ \\ /\\ Drawing a straight line through (1/bl , Kl) and (1/b2 , Kz), l{c and kgf would
o - be available as the slope and K-intercept of the line (Figures- 2.2, 2.~3).‘

Usually, kc and k¢ are solved by rearranging the Equations (2.6) as follows,

ke = (gby - Kyby)/by - b))

ky =€) - Ky) bpby /(b - by (2.7)

b, - rE el
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1 )
< + K oy | ——
kh -(F ’) N"{ N,.lzn . /
e’ S’
W . W P em— b
My
® P )
2 .|
z (_-;; \

: 2(%)

Interpolation of k., kg and n values
) from tests performed with two plates
, . having radii a and b, or width 2a and
2b respectively. n =(nz + np)/2. N
and Np denote numbers of test points
related to each plate (Bekker, 1966)
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| 1 1
1/b
i
Figure 2.3 Solution for kc' and

k¢ graphically
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The graphical method to straighten out the experimental 2) curve does
not need a great deal of calculation, and seems easy and fast. However,
because several adjustments have to be made to the lines in practice, the real
process might not be so easy to handle. The first problem is that the
transfarmed P(2) line is seldomly straight. This is because, essentially, the
ex;;imential equation is only an approximation -to the real P(2) relation.
Moreover, even if the gaq)onential equation is an accurate model of the
pressure-siniage process of soil, the .variab'li'ty of soil would distort the

experimental cuve, and hence deflect the‘ transformed line. A best fit line

has to be found from the raw data.

Secondly, the slopes of the two transfarmed P(?) lines are wsually not
the same. Even though n is regarded as a constant for a given soil, the soil
im;lf is not comstant. Homogeneity in theory is an idealization. In practice,
it is a relative concept, referring to an average effect on the whole. The

variablity of soils will be discussed in Section 2.5 In this case, the values of

»

~n have to be averaged to get a common value of n. Subsequently, the centers

of gavity of the two straightened transfarmed lines should be found as pivots
about which to reorient the . two lines, in accordance with the common

“value of n, in order to assess the intercepts, Kl and K, .

In making these adjustments, it is difficult to reach the desired objective
by visual inspection. Meanwhile, a small difference in making these

adjustments might lead to a large difference in the final results. It is not
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uncommon that different investigators draw totally different conclusions from

the same set of P(2) data (Wong, 1380, 1%83). One cannot verify these
conclusiors without a knowledge of the error inwlved in their curve fitting

step.

Aiming towards an objective judgement,‘ various methods %have ‘been
proposed in the past to find the best fit line. The minmum error method,
prox;osed by Reece in 1%#4, was most frequently quoted. In executing this
method, three parallel s:traight lines are drawn, the first passing through two
pre-determined limit data points on the log-scaled P(2) cuwve, the second
tangent to this log-scaled curve, and the third mid-way between the first two
straight lines. The third is regarded as the best fit line., Besides being
objective, this method is superia to the previous graphical method since it
enaﬂ&§ the estimation of the error inwolved in the fit (Reece, 194a). Such
an estimate informs the investigator as to how well the exponential P(2)
function matches the experimental data. If the matching is poor, the

subsequent  prediction based on the exponential function will be less reliabe.

\

Through the foregoing discussion, it is clear that two goals have been
* sought for in the improvement of the proceésing method of penetration data,
namely objectivity and a measwe of error. Without these two criteria, it is
hard to reconcile the resulting of different conclusions drawn from the same

set of measuwuements.

To this end, a numerical method of curve fitting can function more

/\\

N —
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reliably. At the oost of long and tedious calcations, this type of method
leaves less room for subjective influence, and gives more likelihood of a precise
estimate of soil parameters. However, because this method involves an analysis
of the experimental ar ves and numerous calculations, it was once not favoured
by some researchers as "impractical' as an engineering method (Reece, 19%#4a;

Wills, 1966). This was true before electronic computing machines became

popular.

The invention of the micro-processor in the mid-1970's an{:‘! its
proliferation thereafter have opened a' new dimension in various fields of
research. Micro-processor based automatic data acquisition and processing is
replacing the traditional techniques. {‘\ided by these new devices, numerical
curve fitting yié!ds faster and more accuate results for terrain investigations
Wong, 1980). The numerical method, which was once avoided because of its
associati on with computi ng machines, now becomes preferable for just the same

reason.

The ordinary least squares method is the basic .method in fiting
pressuwe-sinkage data to straight lines in log-log scales. Meanwhile, the
weighted least squares method was also introduced into terramechanics studies
o accomodate certain situations. In field penetration tests, the unevenness of
the terrain surface wually causes large data scatter and makes the data from
shallow penetrations less reliable. In the curve fiting , a correction could be
made by increasing the weight of data of deep penetration depths and

decreasing the weight of data of shallow penetratioh depths. To this effect,
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the values of pressure, P, could be selected as the weight in the regression
. (Wong, 1980, 1983). "
.

In this investigation, as explained in later sections, all the merits offered
by numerical curve fitting, namely objectivity, accuracy and estimate of error,
are of assistance. This method will not only be used in the fitting of log Z
vs. log P data, but also in the evaluation of the K-1/b relation, In the second

assessment, a weighted least squares method might be necessitated.

24 Yalidity of Bekieer's equation

Sdil pressure-sinkage relations and two-plate penetration tests, along with
Beldeer's study in shear stress-strain relations, are- the corner-stone of Bekker's
terramechanics study. On this Basis, a comprehensive theory has been
developed and refined. Belkker's work has inspired many workers to follow his
direction or work hard to explore new roads. Since he proposed his
pressure-sinkage equatic;n, more than ffwenty years have passeg. The equation
has been used, checked and questioned. Discussion as to the validity of the

equation has never stopped.

Some of the questions concern the rationality of the whole strategy of

Bekker's approach. Karafiath and Nowatzki (1978) argued that the two

#
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different mechanical processes (elastic and plastic deformation of soils) involved
in the plate penetration test cannot be'represented by a smooth exponential

function in the forms of Berstein-Goriatchkin or Bekker.

Whenever referring to the pressure-sinkage equation, Bekker would stress
that this equation was acceptable "for practical purposes” as an approximation,
instead of an accurate mechanical model. Whether the approximation is
acceptable should be judged by the practicality and usefulness of the results
which it produces in the solution of engineering problems (Wong, 1984). In
its practical application, Bekker's method has achieved a certain record of

success (Costes et al., 1972).

However, in the practical aspect, Bekker's pressure-sinkage” equation is
not free from question. Many workers found that kc and k¢ seemed not to be
real constants, but plate-size related (Wills et al.,1965,1966). As mentioned in
Section 2.1, the purpose of introducing two parameters kc and k

»
K is to eliminate the size effect on the basic parameters of the equation.

to replace

Only parameters immune from the influence of plate size can be u;ed in the
prediction of the sinkage of an arbitrarily selected loading area V(Hegedus,
1965). If k. and ky do not remain constant, then they are not ultimately
suitable to replace K.

Wills (1966) conducted penetration tests to check the variability of the
soil parameters in Equatiﬁn (2.5). An important part of his investigation was

to test with a family of plates covering a large range of sizes, from 5 - 25

1,
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cm. Wills found that kc and k’ "vary appreciably even over a limited range
of footings". As for the exponent n, Wills observed "significant variation' but

concluded that "n is in fact approximately constant”.
|

N

The results of the investigation by Wills is illustrated in Figure (2.4).
"To‘ evaluate k. ana k¢," Wills noted, " two model footing tests are now
required." Proceeding in this way, the variatiors of kC and k¢ are apparent
when different pairs of data.points are wsed to extract k. and k¢ (Figure 2.4).

\

However, Willd conclusion with reference to the considerable variation
in k. and 1k¢, when plate size changes, is only one way to interpret the
phenomenon presented in Figure 24. And interpreting !:‘igure 2.4 is the main
isue here. A more direct description of Figure 2.4 is that the (1/b, K) points

have not all fallen onto a straight line. The points might have exhibited

another systematic relation between 1/b and K. But they did not, otherwise -

Wills would have reported it. The data points simply did not fall onto a

straight line and had no systematic pattern.

Now, if the relation between 1/b and K is exactly the sane as that

suggested by Bekker, ie.

K:kC/b+k’< (2.8)
s
is it possible for all the data points of (1/b, K) to fall exactly onto a straight

line, as suggested in Equation (2.8)? If the mechanical properties of sdils are
«

\
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deterministic, free from any kind of variation, the answer is yes. Jaining any
two of the (1/b, K) points would make no difference to ke and ko. On the
other hand, if soil variah'lity is inevitable, the points will also inevitably fall
off the straight line. Large differences might exist among the slopes and
" intercepts of the lines drawn through different paifs of (l/b,qK) points, as
demonstrated in the next section. But in the first place, the two-point

technique is not a proper method in this case.

So the question is whether the relationship between 1/b and K should be
treated deterministically or probabilisticaliyl. This will be discussed in the next

section.

25 Vaiahbility of scil samples

Equation (2.5) holds only for homogeneous soils. But soils are complex
in composition, changeable in texture and weak in strength, 5!? their mechanical
charactersitics are vulnerable to any small distwbance. "Sal is never uniform

14
in the field or even in a laboratory soil birf' (Janosi, 19%4).

Because of soil variability, "in determining P(Z) functions, an individual
penetration test is unreliable. "Even with an almost perfectly graded granular
dry soil sieved from a constant height under controlled humidity, changes in

density and particle configuration can cause enough error in penetration tests
J
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that a number of measwrements must be evaluated." However, "when repetitive
tests are made ip a number of ‘spots of the sample area, natural soil may
display such a scatter of loads for the given sinkage that any size error may
be expected, and even data from controlled laboratory tests, ..., may indicate
soil nonhomogeneity similar to that prevailing in the field'. In other words,
"even th;a best laboratory methods applied to the 'easiest soil, dry sand, to
reproduce its original condition cannot prevent the scatter of meadued data’
(Be kieer, 1969).
s

From a single test arrangement, i.e. without changing plate size, one
gets a set of curves ;preading in a band (Reece, 19%%a). According to
Belder, the width of the band is about 209% of the average load for wet loam
and well g'z;ded pumice when the sinkage is larger than 4 cm. In the :1nlege
range less than 4 cm, the scatter is even- larger, possibly near 37% of the
average load.

All these individuqal curves from {f\e same plate are different in their
values & K and n. K and n are not deterministic. They are random variables.
"Soil behavior, and consequently, vehicle behavior are both statistical'. "Even
the most extensive scatter of P(Z) data is not an obstacle in locomotion
evaluation, ..., for the 'mean' soil characteristic produces the 'mean' vehicle
performance; and this is the only observable parameier in any field and
laboratory exploration' (Bekker, 1969). l?y repetitive penetration, a pair of K
and n are available as sample means. They are better estimates;/of the

population means of K and n. But they are still estimates.
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2.6 Evaluation of k. and k,

A

From his tests and analysis, Bekicer recog;ﬂz:ed that K is a function of
plate size b, and this functidn could be expressed, for practical purposes, as

Equation (2. 5),

P:G(,_Jb»kq,)Z" i . "/ /

From here on, this function will be taken as a verified approxi mation’ of the
K-b relation. Meanwhile, the results presented by Wills (1966) are also verified
facts, ie. the mean n and mean K are still random variables. Willd finding

/
stressed one thing Two plates are not enough to evaluate kc and k¢.

/ﬁf/ -
In fact, the scatter of K values from repetitive penetratiors of one plate

tends to be comparahbe to the scatter of P(Z) curves, which is, as mentioned
. . )

before, generally large. Comparing such two P(Z) cwves at the same sinkage

-

level Z, the relation between the deviation of P and the deqution of K is
AP/P =AK/K + In ZAn - (2.9)

where AK, An and AP are deviatives of corresponding variables respectively. As

noticed by Wills, the deviations of K and n of ten take opposite directions,

~" " When this happens, there is

AK/K > AP/P . C (210
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~

The repetitive penetrauons can bnng the sample means of K and n i ”

nearer to the population means, but may not eliminate the deviations. In the

T
two-plate approach to k. and k¢, the deviations of K are transferred into Ke

-

v 4
and k, without correction. In fact, the deviatioms might become mugh larger

¢
in these two values, ‘ . 7
/ -7 .
T Suppose;—in Figure 2.3, the value of K (from the larger plate b; )
- varies a small amount AK from its poplila,tion mean, K, (from the smaller i
plate b,) eqals exactly its populatwn/mean, the values of k. and k, would
‘.ﬂd /
change respectively by Ak -and Ak ’
. . //
| - - K e Ak = AK[ / (.l - bz/bl) ’ (2.11)
s i ' - - )
s L _ Ak =AK; b, /(1 = by/by) N o (@12

The ratio of 132/b1 is mormally close to one due to the following reasons.

,,. The smaller plate is usually larger than 10 cm in dianeter to avoid excessive
infleence of the localized soil nonhomogeneity. The upper limit of size of the
larger pldte’is subjected to the limitation of loading. capacity of the test

. \
equipment.

The near unity ratio of bz/bl causes a larger deviation of k¢

suggested in Equation (2.11). The deviation of k. is affected by the ratio

y as

b,/b;, and is also proportional to b,. Increasing the plate size might be a
method to subdue the effect of localized soil nonhomogeneity, but it might

bring more error to kc , as suggested in Equation (2.12).
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- The relative changes of k. and k¢ are also hight !
Akc Ik, =AK1/ K, - Kz) (2.1

They are both larger. than AKI/KI'

Since K is recognized as a random variable, there is no special reason
to cling to the two-plate approach. By incl.uding more plates in penetration
tests and obtairing more data points of (1/b, K) as Wills did, k_ and ky can

ie assessed more reliably by the regression method. Just as an individual
panetratlon cu ve is unreliable in determining the P(Z) function, the two-plate
approach is also unreliable in determining K(1/b) parameters. The principle of
statistical evaluation of the general trend should not-only be applied‘ to the
P(b function, but also to the K(1/b) function. Ir’n the two-plate approach, the
valuzs‘d kc and"kﬁ reflect more the relative magnitude of two sanple means, '
K, and K, rather than the general trend. In the multi-pate approach, unless

Sy
the K(1/b) relation is not linear, the resul ted k. and k¢ would not be so

misleading, ’

©

Another important merit of the muti-plate penetration test is, along

with determining kc and k¢, that the error inwvolved in the estimate is
Jumeas urable. By reference to the g)odniess of fit, one might know how well
the presswre-sinkage eq.!;ltionamiéht perform in the prediction of the P(2)
" relation of a larger plate. In the two-plat? approach, only one pair of k. and

3
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k $ values are calculated witﬁout any knowledge of accuracy.

The K(1/b) data reported by Wills (1966) in Figure (2.4) were examined

in light of the above considerations by this author. Data (1/bJK) were read

from the reported curves and fitted into a simple linear model with 1/b as the

independent variable and K as the dependent variable, K = kc 1/b + k ¢ Thus

‘kc and k, wereg estimated as the regression coefficients.

¢
kc = -51.8 kPa/m
k¢ =1617.5 kPa/m ¢

The correlation coefficient is -0.93. In a footing size range of 5 - 25 cm, the
linear relation of Equation (2.8) matches the data to a substantial extent. For

purposes of engineering application, the linear model could be regarded as an

}’\acceptable approximation of the relationship between K and 1/b.

Ce N M -

3
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2.7 Sammary | %

Be kler's pressure-siniage equation, although formulated empircally,
functions wgll within the framework of his terramechanics theory. Hc;wever,
in the conventional two-plate sinkage test, large variations of k. and kg were
obserwved. Recognizing the above facts, analysis shows that all the parameters
in the presswe-sinlkage equation are random variables and should be estimated
correspondingly. The regression method shoud be applied throughout the

| processing of penetration daté, including both the extraction of K and n, and

the extraction of k. and k,. For this treatment, muti-plate penetration tests

[ )8
are necessitated.

P

T8
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LABORATORY PENETRATION TESTS

I

3.1 Objectives and scope

From the literatuwre review in the last chapter, ;1t is recognized ‘that
Bekker's pressure-sinkage equation is a well estahblished approximatioﬁ to the
P(2) relation relevant to terramechanics studies. The exponential form of that
equation had been found before Bekker's study, but the two-term expression of
Kisa r&sdt.of Be kker's extensive experimental observatiors. Analysis on data
of Wills (19%6) muti-plate investigation suggests that, over a range, covering
small model pates of 5 cm diameter to large plates of 25 cm diameter, the
composite form of K approximates the relation between 1/b and K

substantially, with a correlation coefficient of 93%.

It is also recognized'that all the empirical pararﬁeters inwlved in the
pressure-sinkage equation are statistical in natue. In the conventi onal
two-gate approach, while n is always st:xmated on the basis of a large number

of snlkage versus pressure data points, k. and k,, which are also prone to large

0’
variation, are calculated usually by only two data poimts.

S

It 15 believed that muti-plate penetration tests would facilitate more

accwrate estimates of the soil parameters in question. By implementing
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regression precedures in the process of parameter extraction, the performance

of the presswre-sinkage equation in prediction could be assessed objectively.

The objectives of this investigation are:
(I) To observe the pattern of variation of Bernsteir's .
‘ modulus of soil deformation, K with plate size b.
(2 To observe the variations of Bekker's soil moduli of

sail defarmation, kc and k, in the two-plate approach.

[
(3 To evaluate the feasibility and benefits of a multi-plate

approach in penetration tests.

A family of pates ranging from 3.5 cm to 65 cm in diameter was
planned as model plates. The pressure versus sinkage relation of a plate of 15
cm diameter was to be predicted and measuwed. The penetratioms were

performed on loose dry sand.

32 Penetration equipment

The soil tank used was 2 meters long, 0.7 meters wide and Q5 meters

e
high. Within each soil preparation, five model pates (one group of 3.5 cm,
4.0 cm, 4.5cm, 5 cm and 55 cm in diameter; and another group of 4.5 cm,

5.0 cm, 5.5¢cm, 6.0 cm, and 65 cm in dianeter) were tested down to & cm
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. sinkage without a wall or bottom effect due to the tank size.
. P

The penetration shaft ‘was a rack of 2.5 x 2.5% cm?

cross section,
driven by a L5 kW DC motor through a pinion. To safeguard the equipment,
the vertical movement of the penetration shaft was limited by the preset
control arms and the corresponding limit switches.
A

This assembly was mounted on a carriage, which, supported by fouwr 3.5
cm diameter wheels, could be moved freely by hand along the rails flanking
the soil tank. The height of the rail was 1.5 m measwed from the tank
bottom. Before each penetration, fow bolts fastened the carriage to the rails

to ensue a rigid connection between the two. Duing the penetration the

supporting wheels were suspended above the rails and did not sustain any load.

To this movable carriage, a plywood board with a width the same as
that of the soil tank was clamped, serving as a saaper. After each sail
preparation, the soil suwface was levelled longitudinally by the scaper
hand-pushed along the rails. )

The vertical load on the penetration plate was sensed by a linear
variable differential force transducer (Daytronic M odel 152A-500) mounted at
the lower end of the penetration shaft. The penetration plate was connected

to the LVDT by a rod of 25 cm length and 254 cm diamter.

|0

-

The sinkage of the plate was measwed by a linear potentiameter

|
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mownted beside the penetration shaft. This measuement was also checked by
a ruer fixed on the side of the penetration shaft. N

The sinkage and the load were recorded simutaneously on a X-Y chart
recorder. Calibrations on the load and the sinkage measuwements were done

before each test.

The, small circuar plates used as models were 3.5 cm, 4.0 cm, 4.5 cm,
5.0 cm, Sj\‘}\cm, 60 cm and &5 cm in diameter. A large plate of 15 ém
diameter was used to get a datun P(2) relation for comparison with the
predicted X(2) relation. All the plates were chamfered to prevent side wall

friction.

The experimental equipment is shown in Figures 3,1 to 3.3.
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Figure 3.1 Penetrometer
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3.3 Sdil dharacterization and experimental procedure

A dry medium-fine sand of particle density 2600 kg/m3 was used in

the tests. The angle of repose of the sand was 30 . The internal friction

angle ¢ was measued by a Sailtest Sheargraph to be 26.2°.  The grain size

distribution is shown in Figure 34 \

) Pricar to each run of tests, the sand was shovelled thoroughly to the full
depth with uniform action. Then the sand was levelled with a rale for a fixed
time. Finally, the saager built on the carriage was pushed across the tank to

bring the sand surface level. t

Abng the length of the prepared sand sanple, a run of penetration tests
with five small plates was carried out once. Five runs formed a series. There

were four series, denoted by Series 1, 2, 3 and 4 in this investigation.

For the large plate of 15 cm diamet\er, penetration could be repeated

three times in each sand preparation.

In agricu tural machinery operation on soils of suitable corsistency, wheel
penetration is usually not greater than 3 cm (McKyes, 190). Penetration in
this investigation was limited to this range, and the penetration rate was lept l

constant at | cm/sec..
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CHAPTER IV

RESULTS AND DISCUSSION

" &1 Data processing

In this investigation, each test series included five runs of soil
preparation and penetratioh. "In each run, each of the five plates was used
" once. So five curves for each of the five plates were obtained in each test

'
'

series.

Load readings were taken from the experimental curves at  sinkage
increments of 2 mm down to 20 mm. Ten data points were read from each
curve. The loads were transformed into pressure by dividing by the loading
area of the plate. For each plate a mean curve was obtained as an average

of the five P(2) curves. The results are shown in the Appendix.

The logarithms of the sinkage and pressure, (In Z, In P), were fitted

to the equation

InP=InK+nin2z : (4.1)

a !
t

by the ordinary least squares method,

/
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SlUn Z InP) - €In ZZIn P)/N
n = (4.2)
=0n 22 - (Zin 2%/N

where n is the slope of the best fit line, and is also the exponent of the
pressure-sinkagé equation, r

o

P=K2Z" (4.3)

N is the number of data points used in the fitting, equal to 10 in this case.
~
As the value of n is different from curve to curve, a common n for the
five mean curves of each test was calculated by taking anaverage of the Iive
n's.

5 . \
Ne = 'Elni /5 " (4.4)

Then the value of K for the mean curve of each plate was calculated

by

K = e((Zln P - nchn E/N) (4.5)

In each test series, five pairs of (1/b, K) values were obtained, where b

is the radius of each plate. They were fitted into the composite form of K,

K = kC/b + k¢ (4.6)
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{
" to estimate k_ and k,. Both the ordinary least squares method (OLS) and’the
. weighted least squares method (WLS) were wused in this fitting In the WLS
fitting, (1/b) was selected as the weight. The consequences of WLS fitting will
_be disassed later. ' '
The ordinary least smuétumgth is as follows,
>
. .
o | . K/b) - ZK X1/b)/ M o
ke = 5 > , A7)
Z(1/b)< - AAL/BYS/ M
ky = &K - ke 21/6Y / M %3 .
i “where M is the number of data points used in the fitting.
) The\weighted least squares method is
° 5K ) - ZK BZH/ M )
ke = %
2069 - (52 / M
TS :
. ke = (K b) - ky o) / M (%10
The k. and ke arxd n. values were used in tl:e. prsstre-ﬁnlag‘e ;acpa'tion,
. n g )
P = ¢
G/b + k) z | (&l
I to predict the P(Z) relation of a large plate of 15 cm dianeter. The predicted
v -_‘5, -

mm b T .
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" M2 cuve was compared with the mean cur ve from six penetration tests using

the plate of 15 cm diameter.

a2 l‘:;gimmtd P cuwrves -

B For each pate, the five runs of penetration in‘each test series yielded
a set of five cuves (Figwre &1). Compared at the sane sin}ége lelvel, the
standard deviation of the pressures readings from these five curves is less than
10% of the mean presswe (Tabe 4&1). This &eviation decreases with the
increase in sinkage depth. The width of the curve envelope is about 20% of
the mean presswe, and also decreases with the indease in sinkage depth
Bekker (1969) reported that the spread of PX@ curves of a single plate was
about 20% of the average pressure at depths below 4 cm, and wider at less .
than 4 cm depth. The soil variation in this investigation is less than or

comparable with those results. '

The P(2) relation in logari thmic plotting is not exactly a straight line
(Figure 42). However,-th: godness of fit is generally high, with R2> 0. 99,
which indicates that the linear relation approximates the In Z - In P relation
substantiall y. vThe measwed mean P(2 gu've is compared with the 'predicted
cuve in Figwe &3. They are different in ;mPe, but iln the range of

regression, the difference in the areas under the curves is very small.

i+
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Table 4.1 Measwred presswre vs. sinkage

(Series 1, D 4.5 an) \
Sinlage ° Presswe (kPa) ‘
e A e ————
fom) S1-1  S1-2  SiI-3 sl-g SL-5 mean SE C.V.
) 9.2 7.4 7.4 86  65. 7.8 1.1 13.8
5 169 133 123 1 13 133 1.5 1.1
© 6 19.1 17.4 160 189  15.2 17.3 1.7 10.0
8 22.2 20.5 19.0 2.3 184 20.5 1.8 8.8
10  26.6 23.2 21.6 2%.6  20.8 23.0 1.7 7.6
12 27.0 25.3 23.9 2.7  23.0 5.6 2.0 7.8
14 .0 +27.2  25.9 299  25.3 27.5 2.0 7.2
16 (3).8 29.3 27,9 3.2 27.2 29.5 2.0 6.9
18 32.7 313 299 3 29.2 3.5 2.1 6.6

20 34.5 33,4 32.0 36.5 31.2 33.5 2.1 6.2

)
P N en D D A D D " VS D A W D D D D WD WD D WD U D D - - -
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The error of loads predicted is always less than 4% of the measwed values,
For practical purposes, the real P(2) relation can be approximated quite
accurately by the exponential equation P = K Z.

’ .

It is noticed‘that the least squares method is used “here only as a
convenient tool to assess the best fit line with which to approximate the true
relationship between In Z and In P. If inferences about the regression line are
to be made, a few assumptions about the raw data, i.e. the assunptions of
normality, homogeneity, and additivity, have to be met. Here we have known
that the transformed mean P(Z) curve deviates slightly but systematically from
a straight line. The slight devixation makes it possible to approximate the true
relation with a simple linear relation. ’The systematic deviation makes any
further inferences about the regression line theorectically incorrect (Mead,
1983). This flaw 1n applyiﬁg the least squares method in fitting of
pressure-sinkage data had been mentioned by Reec;e (1964) without
acknowledging that it is the inference part where problems occur . So even
though "the method of least squares analysis is quite robust i1n that small or
minor violations of the underlying assumptions do not invalidate the inferences
or oonclusions drawn from the ana\lysns in @ major way' (Chatterjee and Price,
1977), it is prefered to retain the theoretical integrity by refraining from

making further inferences.

The results of fitting of the mean P(Z) curves are presented in Tahle
4.2. Since K values will be calculated by the adjusted n, and the adjusted n

values vary with the number of (1/b, K) points used (see next section), Zln P,
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- . ZIn Z are presented in the tahe irstead of the unadjusted Zin K for the

convenience of reference.

Table 42 Exponential approximation of mean P(2) curves

(Series 1)
S fl
“ " Plate n Correlati on’ Zin P gin Z
, (D: cm) coefficient .

‘ 3.5 0.6821 0.9993 ©29.25 47.04
4.0 0.6le67 0.9979 30.16 47.04

4.5 0.6162 0.99(35 30.51 -47.04

5.0 0.6008 0.9%6 31.2% 47.04

5.5 0.6020 0.9961 31.27 47.04
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4.3 Eeimation of kcandk,

To eagmine the variation of Bekker's moduli of scil defarmation, kc and

k‘, in relation to the number of plates used in the paraneter assessment, the

. five plates used in each test were combined into sub-groups -of' two plates,

" three plates and four plates. A common ngwas obtained for each of these

sub-groups by averaging the n's in the sub-goup. For example, in Series 1,
the sub-group of plates of 5.5 cm diameter and 5.0 cm diameter has a common
n of (A6008 +0.6020) / 2 = 0.6014; for the sub-group of plates of 55 cm, 5.0
cm and 4.5 cm diameter, the common n is (0.6008 +0.6020 +0.6162) / 3 =

0. 6063, _ y

K for each plate in a sub-group was calculated using this common ngby

K = e (GnP -nZin 2/N) (4.12)

\

1

where N is the number of data points used in the calculation of n, equal to
10 in this investigation. For X(n P) and Z0n 2), see the relevant columrs in

Table 42. ;
i
\

]

k. and k, were estimated for each sub-group as the regression

c )

coefficients by fitfing the data points of (1/bK) into the composite form of
\
K, .

K =k C(l/b) + k"



Table &3 k. and*ko from two plates (Series 1)

o Plate n ‘ K . ke ‘Ko

oup , .
. %zcn) , - &kPa/m") & Pa/m") WPa/m")
. -
5.5 - 0.6014 382.216 0.738 355.37
5.0 4
5.5 0.6091 - 39%.314 B RE 510.219
k5- 0
5.5 0. 6091 39. 780 2.795 498,427
4.0
3.5 '
5.0 0.6085 397.973 .30 - 650.125
‘4,5
" 5.0 0. 6083 398,441 . 4,079 " 561.599
“-0
\
5.0 0.6415 464. 695 4.39] 660.355
3.5
i 4.5 . 0. 6165 384.053 -2.378 489.728
‘#co ‘ s : * :
4.5 Les2 447,914 4.176 633. 506
3.5 . '
4.0 0649 433.914 -5.273 696. 671
3.5
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Table &4} k. and lmCmm tiree plates (Series 1)

Plate n K Re Ke
oup

:am) &Pa/m") &Pa/m"1) &Pa/m")
5.5 0. 6063 391.189 -3.207 512,918
5.0 393,937

4.5 366.204

5.5 0. 6065 391.49% 2.034 469.752
5.0 . 39,246 ‘
4.0 366.492

5.5 0.6283 433.774 XY 585,087
5.0 436.821

1.5 357.99%

5.5 ° 0.6l16 401.065 -2.850 503.98
4.5 . . 375.449

4.0 362.536

5.5 © o 0.6334 444.376 -3,749 581.412
4.5 §15.9% :
3,5 366,746

55 . 0.633% 444,724 3.659  579.599
4.0 402.001

1.5 367.034

5.0 0.6l12 403.123 8.106 561.533
4.5 374.7434

4.0 361.854

5.0 \ 0.6330 446.656 4,518 622.552
4.5 415,222

3.5 366.057 _

5.0 . 0.6332 447,006 4,697 635,242
%0 401.245

3.5 366,344

4.5 0.6383 425. 694 4.017 606. 991
4.0 . 411.052

3.5 375.2%




Tatle &5 kc and ko from four plates (Series 1)

Plate n K ke Ko
oup
%:cm) &Pa/m") &kPa/m"") &Pa/m")

0. 6089 395.988 -3.172 516.318
3%.769
370.696
357.946

F Fw\a

0. 6253 427.645 -3.888 575.882
630. 649 ‘
400.332
352.938 -

.
.

W & yn
WO O W WMAO W O WVMO\Wn

0. 6254 427.897 -3.827 575.417
430.902
386.799
353.146

W\
e o

W

VO

0.62% 435.717 .~ -3.869 579.417
: 407.888
393,859 -
359,600

0. 6289 . 438.158 £4.378 609.177
- 407.312
393.303
359.093

WEEY wE e
WO CQ

¥s
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using the ordinary least squares method (Tables 4.3 - 4.5).

I

The oefficients of variation of values of kc and k¢ were calculated for

the categories of 2-plate, 3-plate, and 4-plate groups. The results are

presented in Tabe L&

Table 46 Variation of k. and k, ' (Series 1)
Number of kc &kPa/m"") k¢ &Ra/m" )
‘plates
mean SE*  C.V.(%) mean SE” C.V.(%)
2 -3.62 1.93 -53.4 566.02 103.79 18.3
3 C 367 0.79 21.6 565.02 54,17 \%
4 3.83 Q.43 -11.2 571.21 33.76 5.9

SE” : standard deviation

Because, in the two-plate groups, the values "of kC and k, depend totally

¢
on the relative magnitude of the two K values inwlved, their variatiors are

! generally high, éspecially the variation of kC . By incareasing the nunber of
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plates to three, the variation of k - is reduced to 40% of that of two-plate

groups, and the variation of k, is reduced by 50%. When four plates are used,

¢
the variation of both kC and k¢

variation of less than 10% is desired, at least five plates are needed.

is reduced by another 50%. For sand, if a kc

A common n for five plates in each test series was calculated by
averaging the five n values. K value for each of the five plates was

re-calculated with this common n and plotted in Figure 4.4, for test Series 1.

By visual inspection, it is obvious that a linear relation is a reasonable
approximation to the relationship between K and 1/b, even if it cannot be

concluded that the true relation is exactly linear.

The best fit-line was calculated using both the ordinary least squares
method (OLS) and the weighted least squares method (WLS) (Figure 4.4). The

values of kc and k, obtained from the two methods are only slightly different

p
(Table 4.7). ' -

W

a”
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Table &7 k_ and k’ estimated by OLS and WLS (Seriles 1)

Least squares _ k. . kg Correlation
method ®&Pa/m™ ) wPa/mM) coefficient

t

Ordinary ) -3.777 568.68 0.9777 65.2
W eighted ' 23,667 563.70 0.9973 553.3

)

Comparing the two regression lines, it can be seen that the residuals
became relatively more uniform for the line of the weighted least squares

method (Figure &.4).

Bekker (19%9) mentioned specifically that "smaller plates produced a
wider scatter (of X2Z) cuves) than the large fplates)'. This is because a
smaller plate is generally more susceptible to the localized soil inhomogeneity.
'&I/hIe this phemomenon might not be always obvious in well processed\sals, it
is expected in most , especially soils in the field. The wider scatter of P(2)
cuves of smaller plates will dtimately result in a larger variance of K values.
This is also evident by examining the composite foom of K, K = kc £ b
+ k’.‘ Here kc and k‘ are conceived as charactersitics of the soil physical

state. Giving-a small permutation to kc , @ larger deviation of K will be
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associated with a smaller b. If b is very small, e.g., it the 0.01 m level, the
small permutation of k. will be measured as a substantially larger deviation of
K. Thus in general, the variance of K is i‘rherently corcelated :Vlth ‘the plate
size, b, and becomes larger when b gets smaller.

This is a type of heteroscedastic sitlntion; in which the error variance is
rot constant over all the observations (Chatterjee and Price, 1977). A similar
example was given by Chatterjee and Price, where in a linear relation of Y(XJ,
the variance of dependent Y gets larger when the value of independent X gets.
larger (Figure 4. 5). A basic assunption of the ordinary least squares method
- the cormsistency of error variance - has been violated by the presence of
wnequal variances. "{ the ordianry least squares method is performed on this
type of data ighoring hetercscedasticity, the estimated coefficients are still
unhiased, but will lack precision in a theoretical sense' (Chatterjee and Price,
1977).

The heteroscedasticity in Chatterjee and Pnce’s example was removed
by a transformation of the-raw data. A new model was obtained by dividing
both sides of the original model
Y =aX+b o

by X to get -
Y/X = a + b/X. D \

Ti‘en Y/X and 1/))2 were treated as &epndent and 'indeipdent variables,

respectively.
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]

The same transformation can be performed on the data of K for various

plate sizes,p. Multiplying both sides by b, the equation K(1/b) becomes
Kb=k +k b : (h13)

with (K b) and b as dependent and independent variables, respectively. The

formula for k. and ke in the weighted least squares regression (with 1/b as

weight) have been presented in Section &.1.

As was noticed in Figure &4 and Table 4.7, the two regression methods
give almost identical rsd*ts of k. and kg This fact suggests that ';he function
of K = k. (1/b) + kq is at least a good approximation of the "true” relation
of K(1/b), since only when the two functions of K(I/b) and Kbb) are

algebraically equivalent could such a result be expected.

The pressure-sinkage relation far D = 0.15 m was predicted using the n,

k. and ky values obtained in the 'ﬁve-point regression. The resutant curve

is gompared with the measwed presswe-sinkage cuve in Figwe &6 The
madimun error of pressure prediction is 7% of the measured value. For most
parts of the two pressuwre-sinkage curves, the disaepency is very small.
Considering that the value of the parametric variable b in the prediction,
0.075m, is more than ttree times larger than the average b of the test small

plates & = 0.0225 m), the error of pressure prediction is quite acceptabe.
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‘hl Results of Series 2, 3 and &

2 ‘

Results of Series 2, 3 and 4 confirm. the findings of Series 1. The

variations of k. and ke were high when only two data points were employed
in the extraction. These varatiors sharpy decreased when more data points
were added (Tabe &8). -

Table 4.8 Variations of k. and kg (Series 2,3 and 4)

Number of k. variation (%) kq variation (%)

plates S. 2 S. 3 S 4 S 2 S 3 S 4
2 -126.1  -52.9 -157.3 3.6 11.5 28.9
3 -32.9 -16.0 -54.5 8.5 3.4 10.0
4 -13.2 8.4 42.0 4.8 1.9 ' 7.0

In Series 2 and } the reduction of variations of kC and kO when the

ptate number changed from 2 to 3 and 4 are about 70% and 50% of the

preceding values. In Series 4, the rates are 60% and 30%. Series 4 is an

example of large variations in measwements. In this case, the use of five
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plates to determine soil properties cannot bring the variation of k. below a

value of 10%.
t

Both the ordinary and weighted least squares calculations were performed -
on K vs. 1/b data in the Series 2 to 4 The estimated k.'s and k.'s from the

’
two methods are almost identical (Figures 4.7, &8, 4.9; Table &49)

P
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Table 49 k. and ko estimated by OLS and WLS
(Series 2, 3 and &)
\
ay
. X
Series Least squares k. ky Correlation - F
method &Pa/m™ ) Pa/mM coefficient
2 * ordinary -45.45 607. 52 0.8677 9.4
weighted *  -4.62 610.23 0.9%869 12,6
3 ordinary 4.08 570.31 0. %840 1.5
) weighted . -3.9% 565.97 0.9%5 997.8
- &4 ordinmary = -2.03 471.92 a.7351 35
weighted -2.22 478.73 0. 9904 154.0

The predicted pressure vs. sinkage for the plate of 15 cm diameter are
presented in Figures 4.10, 4.11 and 412, Itis interesting to note that in most
of the four sertes of tests, the P(2) cur ves prédicted using k.'s and ko's from

WLS ae nearer to the experimental cur ves than those from OLS, although the

differences are very small.
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o

The resuts of kc and k, from both Series 2 and 3 give good predictions

¢
,of presswre. Compared with results of Series | to 3, the pressure prediction

-
in Series 4 15 less satisfactory, with an error around |0% of the measured .

loads.

Loolang at the K-1/b plot of Series 4 (Figure 4.9), a typtcl:al case of K
scatter increasing with b decreasing 1s seen, similar to that discussed in Section
\ 43. If only two plates were involved in the assessment of k_ and kgr 2 much

°

_larger prediction error would result.

A few words .of  caution are necessary here. A high correlation

- coeﬂic}em of the K-1/b regression might be perceived as an indication that a
,good prediction of the P(2) relation might result. In this connection, the

results of Series'3 are ; very interesting example. In spite of the fact that

0 the five-point regression has already given a reasonahbly good prediction of
pressure, the prediction can still be improved. Scrutinusing the K-1/b plot in

Figure“#.8, as shown by the double point dashed line, the four points on the

right side lie almost on a single straight line, én/d‘the fifth point on the

extreme left 1s not in this line. By excluding the outlyaing point from the
regression, a new set of soil parameter estumates is obtained, as n = 0.6463,

c

k = 9.36 kPa/m™"' , k, = 594.71 kPa/m", which gives an error of pressure
0 g pr

prediction, (P d)/P , of only 2% (Figure 4.13).

measured Ppredicte measured

But a high correlation coefficient in K-1/b "regression is not the aim

prsved. If such well behaved data points were always available, ie. the data
\

4
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n
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points‘ al\vaysifall onto a straight line, two data poimts or two plates are

already enough to extract kc and k, reliably. Hence there would be no poim

]
in wing more plates. In fact, because of the inevitable sail irhomogeneity,
especially in field conditions, certain deviation of parameter K from its
po pulation mean is more generally expected. The ment of wing more plates
is that the estmate of average soil parameters will always be more accuate
by using more data points. Mult-plate penetration tests also yield the
infoomati on abow Wew well the P(2) prediction might be, because the order of
magnitude of variations can be determined. This is especially valuable i1n the

case of a larger sail variahility, where large errors in prediction of pressue

vs. sinkage might occlk withow the aid of multi-plate tests.



3.1 Cendwsions y ) '

In this investigation, mut-plate penetration tests were performed with
a family of small model plates on loose dry sand. Regession methods were
used to fit the data from these penetration tests to Belder's (1955)

pressure-sinkage equation, namely,

P=K 2"

and

K

ke (1/b) + K

to extract the parameters of k., k’ and n in the equation,
P = 0<C/b + k¢) Z. '

The results of the extraction were checked by comparing the predicted and

measuwed P(2 curves far a plate of a size about three times of the average

size of the model plates.

It was found that in the range of sail sinkage investigated
(@ The measwed P(Z) curves oould be approximated/well by the
pressire-sinkage equation of Bekker (1955,1960).
(2 Even so, the exponential equation of presswe vs. sinkage is not a

corsistently exact mechanical model of the real penetration process.

Fa



74

(# The values of n, k. and 'k, reflect the soll variatility and vary

L
randomly foar a given sail.

(4) To evaluate these quantities, the statistical method is very relevant.
For the assessment of the kC and k‘ paraneters, this means that the meﬂpd
of resztin've penetrati on with each plate size shoud also be supplemented with
;d:ﬁﬂonal plate sizes in’order to obtain the required accuacy of determination
of sail mechanical properties.

. In a laboratory-prepared simple sail (dry sand), the following table
summarcizes the number oi plates of different sizes which should be used in
order to achieve desired levels of accwacy of measwement of snkage

ooefficients.

| Number of Average variation (%)

plates k k

)



5.2 Recomesendstions ' -

Accotding to Wills (1966), the prediction perfamance of . Bekier's
praswésinldp equation is worse far sand than it is for clay and loam sdils.
Acording to Belder (1969), the scatter of penetration data is more in the case
of shallow sinkage depths than far deep sinkage. This mvstigation proved that
the muti-pate penetration test can handle these most difficult situations
eff?:tjvely. It is therefore believed that the: methods suggested in this

. investigation can also improve the assessment of scil properties by Belder's

method in general-aases, ie. diversified sal types, deeper penetration and freld-

condit ons. Veriﬁication of the above inference is recommended for futue

research. !

A field 1investigation with small model plates, is particularly

re;:ommended. A statistical estimate of scil properties is most relevant to
soil§ in field conditors. An inoeae i1n plate nunber might compensate for
the decrease in plate sizes in dealing with the localized sal inhomogenei ty.
And a deaease in plate sizes will enable rapid and dependahle data acquision

@

with portable equipment. “
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19.4
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. Table Al.1 Pressure vs. sinkage data

(Series 1,D = 5.5 am)

Pressure (kPa)

l6l2

16.2 -

24.3
27.6
30.4
32.8
35.0
37.1
39.4

14.4

22.3

©21.4

27.6

29.9
32.2
34.3

36.5

8.5
14.3
18.6
21.8

24,6

$27.0

29.2

33.3
35.4

0.5
1.2
1.5
1.8
2.1
2.3
2.5

2.6

6.0
8.2
8.3

8.1
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TableAl.2 Pressure vs. sinkage data

) . (Series 1, D= 5.0 an)

- i . g P D YT A S G e L A A S T Y TR M S P A WD B T D i R D A D D W AN D ) D A R - -

-(m .8

12
14
Ie

I8

Sl-1 'Sl-2  SL-3  Sl-4  SI-5 mean SE  C.V.
9.5 8.5 80 9.8 7.2 _ 8.6 Ll 2.4
15.5 14.5 13.1  l6.8  12.5 .4 1.7 12.1
19.5 185 17.2 218 1¢.8 18.7 2.0 10.7
2.7 21.5  20.5 25.6 26.4 22.1 2.1 9.7
25.1 23.9 23.2 287 23.4 4.8 2.3 9.3
27.1  26.0 25.7 3.2 262 27.2 2.3 8.5
29.0  27.9 28.0  33.3 284 29.3 2.3 7.7
31.0  29.6 30.0 35.7  30.7 3.e 2. 7.8
32.9  31.7  32.1 37.9  33.0 B.e 2.5 7.4
34,9 33.6 343 39.9  35.0 35.6 * 2.5 7.0

20
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Table Al.3  Pressure vs. sinkage data
: (Series 1, D= 4.5 an)
! D . D D 8w v WD S D D P D W b e WD N D SN M e G M D D D SD W N el G S D S W G D mE w6 WD A8 W m M P I SR D WD P e G WS G A N
’ Sinkage - Pressure (kPa) e
(5% & .
e
(m) SI-1  S1-2  S1-3 S1-4 Si-5 mean SE  C.V.
/ 2. 9.2 7.4 7.4 . 8.6 65 + 7.8 1.1 13.8
Y 4 1.9 13.3  12.3 144 11,3 13.3 1.1
6 19.1 17.4 16.0 18.9 15.2 17.3 10.0
8 22.2  20.5 19.0 22.3. 18.4 20.5 8.8
10 26.6 23.2° 21.6 24.6  20.8 23.0 7.6
12 27.0 25.3 23,9 27.7  23.0 25.4 7.8
.14 29.0 27.2 25.9  29.9  25.3 27.5 7.2
L5
16 30.8 29.3 27.9 322  27.2 29.5 6.9
18 32.7 31.3 29.9 344  29.2 31.5 6.6
- ) 20 34.5 33.4 3.0 36.5 31.2 33.5 6.2
\ halade i K et d el dd bl et dindnd ek S fdiadndo A A ki el e it ddndid el o
' -
: |
/ 1
B
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Table AL.& Presswe. vs. sinkage data
’ (Series 1,D = 4.0 an) X
Sinkage Pressure (kPa)

e e e e

¢on) S1-1  S1-2  SI-3 Sl S1-5 mean SE C.V.

2 7.3 7.3 7.0 8.7 7.8 7.6 0.7 8.8

4 123 130 1.9 162 12.3 12.8 0.9 7.2
6 15.9 17.6 156 17.9 15.6 l6.5 1.1 7.0°
3 19.0 21.4 187 20.3 17.8 19.4 1.4 7.2
10 21.7 24.0 21.8 22.6 19.8 22.0 1.5 7.0

12 24.3 2.2 24,3 25.0 21.8 24.3 1.5 6.5
1o 25.6 28.1 27.0  27.0  24.0 26.5 1.5 5.7

16 23./5. 29.9  29.5 290 26.2 28.6 1.4 5.1

18 30.7 31.8 31,7 3l.2  23.1 30.7 1.5 5.0

20 32.8 33.7 34.3 33.1 29.9 32.7 1.7 5.1

- - - - > = " . > = - " - WP . - P - A n s o . S D " - S o Y
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0. 5
\ , *
5.4
Table Al.5 Pressure vs. sinage da¥a
'(Se\ries 1, D=3.5am)
Pressure (kPa)
sl-1°  Si-2  S1-3  Sl-4  SI-5 mean SE C.V
............................................................. g
6.7 7.9 5.1 5.5 7.5 6.6 1.2 18.9
11.2 ' 13.4 9.0 9.4 12.2 1.0 1.9 " 17.1
15.3  17.5 12.6 10.4 155 14.3 2.8 19.4
8.5 21.0 l6.1 14.9 18.1 17.7 2.3 13.3
21.6  23.4 . 19.4 17.1 20.2 20.3 2.4 11.6
2%.6 25.7 22.6 18.9 22.0: 22.8 2.6 l1.4
27.5 27.9 *25.5 20.8 236 25.1 2.9 11.7
30.2 30.2 28.5 22.6 25.3 27.3 3.3 12.1
2.6 32.4 3l.6 4.4 27.1 29.6 3.6 12.3
2.8  33.7 3.3 33.1 29.9 31.9 4.0 12.6
R
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\ Vo’ i .
, - ,Table A2.1 Pressure vs. sinkage data
‘ o . L (Series 2, D = 6.5 am)
........................... { e e ol £t e e e s 0 e o m
] A Sinkage ' Pressuwe (kPa)

\ T et

‘ (m)  S2-1 -2 -3 -4 ®-5 mean SE C.V.

2 ’ 7.8 8.1 8.6 7.7 7.0 V.s 0.6 7.5

> 4 13.0 13.6 142 13.1 12.1  13.2 0.8 5.9

| 6 176 177 186 17.2  le.2 17.4 0.8 4.9

8 20.7 21,0 2.1 2.5 196 20.3 3.‘9 4.4

’ 10 23.6 237 24.9 23.3  22.4 - 23.6 0.9 3.8

& 12 -26.2 259 _27.5 25.6 25.0 260 0.9 3.5

L4 28.5 27.8 29.8 27.8  27.3 28.2 0.9 3.3

l6 - 30.7. 29.7 31.8 29.7  29.7 30.3 0.9 3.1

13 32.8  3l.6 33.7 3.7 3.7 32.3 0.9 2.8
, 20 350 335 35.5 337 B.7 3.3 0.9 2.6°

"
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Table A2.2 Pressuwe vs. sinkage data
y (Serjes 2,D = 6.0 an) ‘
4
\
——--—---—-------—-----—-—-—-—-———-—---——----———--------—o."-—-----—-—-;
S inkage Pressure (kPa)
] fom) ~S2-1 S2-2 S2-3 -4 2-5 mean SE C.V.
f\ _______________________________________________________________________
~.
2> 7.6 9.5 6.7 7.6 9.7 8.2 1.3 16.2
4 13.9 . 16.3 11.8 12.5 15.3 13.9 1.9 13.4
6 18.9 19.0 ] 15. 8 16.2 19.1 17.8 1.6 9.2
8 22.9 22.0. 19.0 19.3 22.2 . 211 1.8 8.5
io 26.1 24.5 21.7 2]1.8 24.7 23.7 1.9 8.0 ,
’ 12 238.8 26.9 ° 24.0 24.3 .27.0 26.2 2.0 7.7
14 31.3 28.8 26.0 26.3 29.0 28.3 2.2 7.7
~ lé 33.6 30.7. 28.1 28.4 30.8 30.3 2.2 7.3
18 35.7 32.7 29.9 30.5 32.8 32.3 2.3 7.1
20 37.9 34.7 31.7 32.4 34,7 34.3 2.4 7.0

> . - - - " " - - - — " . WO D e U - > ap Wm WE A W W W



Table A2.3 Pressure vs. ai,nlep;vdata
- (Series 2, D = 5.5 an)
Sinkage Pressure {(kPa)

(m) S2-1 S2-2 -3 R4 -5 mean SE  C.V.
2 6.6 6.2 48 7.3 6.9 6.4 120 154
4 1.6 1l.6 8.2 12,4 13.0 1.4 1.8 le.2
6 le.l 157 1.5 165 180 156 2.4 154
8 19.6 19.1 142 194  21.9 18.8 2.8 15.0
10 22.9 2.0 le7 209 25.2 2.7 3.1 143
12 25.8 246 189 2.1 27.9 262 3.3 13.7
14  28.5 26.8 20,9 26.1  30.3 2.5 3.5 13.3
l6  30.9 28.9 22.8 28.0 32.6 28,6 3.7 13.0
18 33.2 - 31.2  24.7  30.1 3.6 30.8 3.8 12.5
20 35.5  33.3 26,6  32.0  37.0 32.9 4.0 122



Table A2.4 Pressuwre vs. sinkage data
(Series 2, D= 5.0 an)

0 a  n — —— ——  ——— . - > 4D - e o = . . T W R AN S = VD WP TS D W U W NS =S - P TS W 4% o -

Sinkage Pressure (kPa)
{om) S2-1 S2-2 S2-3 S2-4 X-5 mean SE C.v.
2 7.2 7.0 7.5 6.3 6.5 7.0 0.6 5.4
4 13.20 11.9  12.7 - 12.0  12.0 126 0.5 4.5
6 . 17.0 154  16.5 l6.1 16.8 6.3 0.6 3.9
8  20.1 180 192 19.5 20.8 19.5 &0 5.4
10 2.8 2.1 2.6 223 23.9 2.1 1.b  6.b
12 25.0 . 22.2 23.7 2.8 26.7 2.4 1.7 6.8
16  27.0 24.2 25.8 27.0 28.9 2.5 1.7 6.6
16 289 2.2 27.7 29.0 3l.4 28.6 1.9 6.8
18 30.9 28.0 294 31.L, 33.7 307 2.1 6.9
20 2.9  29.9 31.3  33.1  35.6 32.6 2.1 6.5
/
//
a 4/
. &
_
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Table A25 Pressure vs. sinkage data
) (Series 2, D = 4.5 dm)
Sinkage Pressure (kPa)’
/; (m) S2-1 S2-2 2-3 2-4 R-5 mean SE  C.V.
Y2 74 63 67 6.2 5.7 6.4 0.6 10.0
4 123 10.5  11.3  11.1  10.4 1.1 0.8 7.1
6 158  13.7 154 14.8 13.9 14.7 0.9 6.2
8 18.6 16,3  18.5 18.2 17.3 17.8 1.0 5.6
10 21.0 ° 18,6 21.0 21.0 20.0 20.3 1.0 5.1
12 23.2  20.8. 23.4 24.0 22.3 2.7 1.2 5.4
14 25.1 234 25.9 26.6 24.6 25.1 1.2 4.8
16 27.4 25,6 27.9 28.8  26.9 27.3 1.0 4.3
18 29.6  27.7 29.8 31.2  28.8 29.4 1.2 4.3
4 .
20 31.9 29.8 31.8 33.3  30.8 31.5 1.2 4.1
}
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; Table A3.1 \‘\ Pressure vs. sinkage data”
(Series 3, D = 6.5 am)
Sinkage Pressuwe (kPa)
. ¢m) S3-1 S$32 $3-3  SB4  S3-5 mean SE  C.V.
B e cm———em e —me————————————— e mm—mm—mm—————————————————

2 8.6 7.2 6.6 7.1 66 7.2 0.8 11.6
; ¢ 149 12,5 1.5 12.9  11.8 12.7 1.3 10.4
6 198 16t 151 . 17.1  16.0 16.9 1.8 10.5
s 236 196 180 2.5 197  20.3 2.1 10.2
10 26,6 22.3 21.0 23.4 22.9 23.2 2.1 8.9
12 292 24.8 23.0 25.9 25.7 25.7 2.1 8.7
14 31.3 2.8 25.2 28.0 28.2 27.9 2.2 8.1
l6  33.4 289 27.3  29.9 30.5 30.0 2,2 7.4
\ 18 354 311 295 3.9 32.7 321 2.2 6.8
20 3~5 33.3  3l.7 33.9 348 34,7 2.2 6.3

{¢ L



Table A3.2 Presswe vs. sinlage data
(Series 3D = 6.0 an)

............... S
' Sinkage Pressue (kPa) p
¢um)  S3-1 S3-2 $3-3 34 S3-5 mean SE C.V
2 8.7 .83 52 85 7.3 7.6 1.4 19.1
’ 4 154 1.2 9.0 146 - 12.5 13.1 2.5 19.3
6 204 183 122 191 163 17,3 3.2 185
. B T T 20,5 188 w5 193 0.5 3.6 (7.7
10  27.6 24.1 17.3  25.3  21.8 23.2 3.9 16.8
12 306 263 19.5 2.7 2.1 25.6 4.1 16.0
16 32.7 286 21.6 30.0  26.1 7.8 4.2 15.2
L 16 349 30.8 23.¢ 5203 281 299 w3 143
18  37.2  33.0 25.6 4.3 ’39.2 32,0 4.4 13.6
20 39.2  35.2 27.7 364  32.2 4.2 4.4 12.8
- )
M 1)

S e 4 p———



Table A3.3 Presswe

vs. sinkage data
(Series 3, D= 5.5 am)

92

............................... A m e e e m
Sinkage Pressure (kPa)
fm)  S3-1 S3-2 $3-3 B4 B-5 mean SE C.V
. 2 6.8 9.1 59 7.0 7.4 7.2 1.1  16.0
b 12.6 1.6 10.3 119 12.6 123 1.5 12.0
6 le.7 18.8 15.0 155 le.7 1.3 1.6 10.0
8 20.5 2.4 16.9 183 19.8 19.4 1.8 9.2
0 23.5 239 19.5 '20.7 - 22.5 22.0 1.9 8.6
12 26,2 2.2 21.9 23.1  25.2 4.5 1.9 7.9 °
16 28.5 28.0 24.3 252 27.4 2.7 1.8 6.8
6  30.5 30.1 26.3 27.2 28.9 28.6 1.8 5.3
18 32.8 32,2 283 29.5 31.8 30.9 1.9 6.3
20 34.9 3.4 0.4, 3.6 34.0 33.00 2.0 .59
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Table A3.4# Pressure vs. sinkage data
(Series 3, D = 5.0 am)
£__-.
Sinkage N Pressure (kPa)

__________________________ oo emmne e

Gm) S3-1  S3-2  $B-3  S34 S35 mean SE  C.V.
o ] e e e e e e e e e e e e e e

2 7.2 7.5 6.5 7.0 6.7 7.0 0.4 5.7

4 125 13.0 11.3  11.7  1L.8 12.0 0.7 5.6

6 16.3 17.2  1l4.6 152 16.0 ° 158 1.0 6.3

8 19.0 20.5 17.1 18.0 19.0 18.7 1.3 6.8

. 10 21.2  23.4 19.1 20.3 2.7 20,1 1.6 7.6

12 23.0 26.0 21.2 22.3 24.0 234 1.7 7.5

16 24.8  28.5 23.2  24.9  26.3 25.5 - 2.0 7.9

16  26.5 30.8 25.1 27.0 28.4 27.5" 2.2 8.0

: 18 281 33.2 7.0 29.1 30.4 29.6 2.4 8.1

'20  29.9 356 28.9 3.1  32.6 3.7 2.6 8.2

- " > D - - - . "y AN - S T A R " o D P A o AD m . Ah s WP W = -
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Table A3.5 Pressure vs. sinkage data -
(Series 3, D = 4.5 am)
Sinkage Pressure” (kPa)

mm) $3-1 $3-2 $3-3  S3-4  S3-5 mean SE ' C.V.
2 92 60 68 6.4 5.3 6.7 1.5 22.1
4 15,8 10,4  1l.1  1l.1 9.5 11.4 2.0 17.8
6 182 13.7 143 14.8  13.1 14.8 2.0 13.6
8 2,0 175 168 174 16.0 17.7 1.9 10.7
10 23,3 18.6 187 19.7 18.6 19.8 2.0 1M1
12 255 21,0 21,0 22,2 2.l 22.1 1.9 8.8
14 7.6 232 23.0 2.6 23.4 24,3 1.9 7.8
16 29.8 25,3 25,3 25.3  25.9 26.3 2.0 7.5
13 32.0 274 27,5 28.6 28.0 28.7 1.9 6.7
200 +3%1 296 296 30.8 - 29.9 . 30.8 1.9 6.2
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Table M.1 Pressuwe vs. sinkage data
-(Series 4, D = 6.5 an)
Sinkage Pressure (kPa) |
(m) S4-1 %2 S4-3 Sh4 -5 mean SE C.V.
2 7.6 7.6 7.8 7.0 8.6 7.6 0.6 7.7
4 13.1  13.1  12.1 11.8  14.2 12.9 0.9 7.3
6 17.2  17.7 15.9 154  18.4 16.9 1.2 7.3
8  20.4 21.3  19.0 186 2.7 ° 20.2 1.k 6.8
10 23.0  24.0 21.5 21.1  24.5 22.8 1.5 6.5
12 25.5 26.5 23.9 23.6 27.0 25.3 1.5 6.0
14 27.6 28.7 25.6 25.7  29.1 277.3 1.6 6.0
A
16 29.7 30.8 28.4 27.8 3.1 29.6 1.5 5.0 <
18 31.8 33.0 30.5 29.8  33.1 3.6 1.5 4.7
20 33.8 35.1 32.1 31.8  35.3 36 16 4.8

- . o - - —— . L T - 8 . " v . oy v e . e T A AR D T W R M W S W P AR S e g et
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° Table .2 Presswe vs. sinkapge data
(Series. 4, D = 6.0 an)
R o mmemmmmmmmsmmemedemmesenmm e memmmm e emmmnmnenlan oo
Sinakge Pressure | (kPa) ’
m) Skl T2 3 b w5 mean SE C.V.
---------- ‘----P—--------’----—----‘---'.-‘----------_—‘-_--‘----------
2 7.2 8.2 6.6 7.0 6.6 7.1 0.7 9.6
4 12.8  13.9 116 123 11.4 “12.4 1.0 8.2
6 - 47.0 180 153 le4  14.8 16.3 1.3 7.9 \
8§ 20.2 21,1 182 196 17.4 . 19.3 1.5 7.8
10 22.9 23.8 20.8 2.3 19.8 21.9 l.6 7.5
(x]
12 25.2 26.2 23.0 24,7 22.1 26,2 1.6 6.8 ‘
14 27.3  28.1 25.3 27.0  24.1 26.4 1.6 6.1
16 29.5 30.2 27.2 29.0 26,1 28.4 1.7 6.0
18 31.5. 32,4 293 3.1 28.1 30.5 1.8 5.8
20  33.6°_ 3453 31.3 33.2  30.2 32.5 1.8 5.4
\«
° {
) . e e { H
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> , Table M.3 Presswe vs. sinkage data
' (Series %, D = 5.5 am)
\
Sinkage Pressure (kPa)
(m)  S4-1  S42  Sk-3 Skt Sh-S mean SE C.V
. 2 7.2 7.9 7.6 7.5 7.8 7.6 0.3 3.9
4 8.2 13.4 12.8 12.8 13.3 121 2.2 17.9
6 16.6 17.3  16.5 ' 16.5 16.9 l6.8 0.3 2.1
8 20.0 20.4 19.6 19.4° 19.8 19.8 0.4 1.9
10 22.9 2.8 2.2 21.8 22.2 ' 2.4 0.4 2.0
12 25.5 . 24.7 24.6 23.9 24.3 2.6 0.6 2.3
14 ° 28.0 27.0 26.8 26.1 26.3 2.8 0.8 2.8
16 30.2 28.9 29.0 28.0 28.3 28.9 0.8 2.9
18 32,2 30.9 31.2 30.1 30.4 30.9 0.8 2.6
20 34,3 32,8 33.2 32.2  32.3 32.9 0.9 2.6
*

e s S —— .



{
\ , A
Table Ab.4 Presswre vs. sinkage data )
(Series 4, D = 5.0 am)
< ‘ L)
............ e
Sinlkage Pressuwe (kPa)
NS T S— <
fm)  S4-1 %2 3 k-4 S4-5 mean, SE C.V.
. e )
’ 2 7.0 - 63 69 7.5 66 _ 6.3 0.4 6.6
5 12.0 .10.8 11.3  12.4  1L.5 1.6 0.6 5.3
6 160 143 148 14,8 152 15.0 0.6 4.2
8 189" 7.4 17.5 18,4  18.0 18.0 0.6 3.5
10 216 200 198 20.8 204 205 0.6 3.0
12 23.8 22,7 22.1 22.9 22.6 22.§ 0.6 2.7
- : 14  25.8 25.2  24.1  25.0 24.8 26.9 0.6 2.5
s 6 278 2.7 260 2.2 26.8 27.1 0.7 2.6
18 29.7  29.9 281 293 286  29.1 0.7 2.6 /
20 31.7 32.6  30.2 3.5 30.4 3.3 0.9 2.9
{
' 1
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\
" Table .5
. %
Sinkage
m)  Sh-l  Se2 -3
2 8.1 7.6 8.0
%, 13.7 126 13.1
. 6 180 159 17.1
g8 2.1 185 19.8
— 10 23.9 20.7 22.3
| 12 26,1  22.8 2.3
- 14 28.2  24.9  26.4
.16 . 304 27.1  28.3
- 18 32.7 293 30.3
: 20 36.8 3.4 32.4

Pressure vs. sinkage data

(Series 4, D =" 4.5 an)

22,6
24,6
26. 6

28,7

7.3
12.3
le.0
18. 8

23.4

25.5

27.6
30.0

© 31.9

..
SE C.V.
0.3 11.4
1.2 10.0
1.6 10.3
1.8 10.0
2.0 9.5
2.0 87
2.1 8.1
2.1 7.5
2.1 7.3
2.2 6.8
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